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Page 18, Line 2 after Equation (2.7): Change ejk·dn to ejk·dn
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Page 53, Section 3.6, line 9 and 10: Change 3-Sector and 6-Sector to 3sector and 6-sector, respectively
Page 180, Equation (11.20): Change H 0 x1+[m−2]M to H 0 x1+[m−1]M

∗

Errors or typos found in the hard copy version.
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Abstra t
In a wireless radio network system, with an evolving standard, there is a need to
in rease system apa ity due to the in rease in the tra demands, the higher data rate
usage, and the need to further extend the overage of the system. One possible solution
is to use multiple antennas ( o-lo ated or distributed) for the radio links. The aim of this
thesis is to estimate the apa ity gain for these advan ed antenna s enarios in omparison
to the ones in urrent use (e.g. single antenna in a 3-se tor site) with spe ial emphasis
on transmit diversity and beamforming te hniques. The quanti ation of su h gain is
mainly performed, evaluated and analyzed in dynami system simulators with an a urate
interferen e modeling. A generalized Signal to Interferen e Noise Ratio (SINR) estimation
for a MIMO DS-CDMA system is derived, and as a by-produ t a losed-form solution of
the orthogonality fa tor is obtained. Moreover the ee tiveness of an antenna system is
evaluated in a MIMO-test bed.
Transmit diversity (TXDiv) is evaluated in WCDMA systems for at fading (i.e.
Pedestrian A (PedA)) and frequen y sele tive hannels (i.e. Typi al Urban (TU)). While
in at fading hannels, TXDiv s hemes su h as Spa e Time Transmit Diversity (STTD)
and Closed Loop Mode 1 (CL1) oer a substantial system apa ity gain, the gain is negligible in frequen y sele tive hannels. In HSDPA systems, TXDiv oers negligible gain
in at fading hannels and auses a signi ant loss in frequen y sele tive hannels. The
loss is mainly due to random spatial interferen e patterns (the so alled Flashlight Ee t),
that are present in the HSDPA system. A simple s heme that mitigates this phenomena
is presented. The s heme yields a 70% gain for CL1 in a PedA hannel, while 10% gain is
observed in the TU hannel.
The introdu tion of beamforming in WCDMA systems leads to a substantial system
apa ity and overage gain. Three dierent implementations are evaluated and analyzed:
Higher Order Se torization (HOS), Fixed Beams (FB) with S-CPICH as a phase referen e
and nally FB as P-CPICH as a phase referen e. Further, the impa t of angular spread,
the intera tion and impa t of radio resour e management as power tuning of the ommon
hannel, s rambling ode allo ation te hnique, admission ontrol, handovers and various
antenna ongurations are analyzed. The 12-se tor sites yield the best system apa ity
gain in omparison to 3-se tor sites equipped with a single antenna, slightly more than
a 3-se tor sites equipped with 4FB ea h. In HSDPA systems, FB oers an impressive
apa ity gain, up to 200% for a 4 FB system.
Capa ity estimations with a dynami system simulator give a lear indi ation about
the gain of the simulated system, but the robustness of any method have to be veried
through test-beds. STTD with re eive diversity is implemented and tested in a realtime DSP MIMO test-bed for a single arrier frequen y domain equalization system. A
new pilot stru ture for joint Carrier Frequen y Oset (CFO) and hannel estimation is
proposed and evaluated to address the inter-symbol interferen e and the severe CFO due
to hardware impairments. The new pilot s heme results in signi ant redu tion of the
required overhead signalling ompared to previous s hemes.
Instead of having antennas o-lo ated and onne ted to the same radio unit (i.e. BS or
UE), antennas an be distributed but having the potential to ooperate together. Furthermore, the system provides a ma ro-diversity gain and also relaxes the hardware omplexity
at the BS and/or UE. Two novel methods that provide frequen y and spatial diversity
are proposed. The rst one alled Relay Cy li Delay Diversity (RCDD), provides frequen y and spatial diversity for a multihop system while requiring a lower overhead than
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the methods proposed in the literature. RCDD yields a high SINR gain whi h translates
into a substantial ell throughput gain in omparison to a single hop system. The se ond
method alled two dimensional y li prex (2D-CP), introdu es arti ial time diversity
and requires only a single transmission phase for ea h dire tion in a ooperative relaying wireless ommuni ation system. Besides not requiring an antenna spe i pilots, the
2D-CP provides a substantial data rate in rease.
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The permeability of the va uum
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Imaginary part of a omplex number x.
Real part of a omplex number x.
1
k=l
Krone ker delta: δkl = {
0 otherwise
xxi

xxii
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NOTATIONS AND SYMBOLS
A matrix of size N × M where all elements are equal to zero.
Spatial signature or array response ve tor dened by the angles (θ, φ).
Ele tri eld intensity.
FFT unitary matrix.
Transverse part of the radiation ve tor.
Identity matrix of size N × N .
Permutation matrix of shift k .
Weight ve tor.
noise varian e.
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Chapter 1

Introdu tion

A QUARTER of a entury ago, the year 1981, witnessed the birth of the rst
ommer ial deployment of the rst generation (1G) mobile ellular standard, Nordi
Mobile Telephone (NMT), in Saudi Arabia and the Nordi ountries. Shortly after,
began ourishing other 1G standards in the other parts of the Globe. In parti ular,
systems su h as Advan ed Mobile Phone System (AMPS) and Total A ess Communi ations System (TACS) thrived in the United States and the United Kingdom,
respe tively.
The 1G standards are alled the analog standards sin e they utilize analog
te hnology. Later, the 1980s, we witnessed the introdu tion of the se ond generation
(2G) hara terized by the adoption of digital te hnology. This te hnology allowed a
onsiderable improvement in voi e quality as well development of SMS messaging; a
form of data transmission. The Global System for Mobile Communi ations (GSM)
the most dominant 2G standard, started in Europe before it was progressively
adopted worldwide. The other main 2G standards in lude IS-136 aka 1 D-AMPS,
IS-95 aka CDMAOne, whi h are used mainly in the Ameri as, and nally Personal
Digital Cellular (PDC), are used ex lusively in Japan.
The evolution of the 2G, alled 2.5G, allowed the introdu tion of pa ket swit hed
servi e in addition to the ir uit swit hed (i.e. voi e servi e that hara terizes the
rst and the se ond generation). The 2.5G standards are mainly an extension
to the pre-existing 2G standards. For instan e High-Speed Cir uit-Swit hed Data
0 Ali Ben Abi Taleb,
1 also known as

Dar El Fikr El-Arabi, Beirut 1998
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(HSCSD), General Pa ket Radio Servi e (GPRS), and IS-95B are the extensions of
GSM and IS-95A respe tively.
Shortly after the 2G be ame operational, industrial players were already preparing and dis ussing for the next wireless generation standards. In January 1998, the
CDMA under its variants (WCDMA and TD-CDMA) was adopted as the third generation (3G) air interfa e. In fa t, Code Division Multiple A ess (CDMA) [HT00℄
has been one of the dominant areas of interest in a ademia and industry of wireless
ommuni ation for the last de ade. It is expe ted to remain2 the dominant topi
until the future generation, also alled the fourth generation (4G), emerges in the
next de ade. CDMA is the multiple a ess used in most 3G standards su h as
WCDMA, CDMA2000 and TD-CDMA. WCDMA is generally favored in ountries
using GSM like Europe and Japan. On the other hand CDMA2000, initially an
outgrowth of the 2G CDMA standard IS-95, is mainly dominant in the Ameri as
and Korea.
High Speed downlink Shared Channel (HS-DSCH) [3GP02a, PDF+ 01℄ is a
downlink transport hannel that oers a signi ant downlink apa ity improvement in WCDMA systems. It is the evolution path of the initial WCDMA system,
alled the 3.5G. The equivalent high speed hannels to HS-DSCH, in CDMA2000
are 1xEV-DO and 1xEV-DV. While CDMA 1xEV-DO has been already deployed,
WCDMA HS-DSCH3 and CDMA 1xEV-DV are expe ted to enter into servi e this
year, 2006. The major wireless standards from 1G to 3.5G are depi ted in Figure 1.1
1G

2G

2.5G

3G

3.5G

AMPS
CDPD
NMT
TACS

GSM
IS-95A
IS-136
PDC

GPRS
HSCSD
IS-95B

EDGE
CDMA 2000
TD-CDMA
WCDMA

CDMA 1xEV-DO
CDMA 1xEV-DV
HSDPA

1981

1990

2000

2001

2006

Figure 1.1: Evolution of Wireless Communi ation Systems.
During the 1980s only a handful of people had a mobile phone. At the end of
the 80s, the number of ellular subs ribers was merely around 5 millions. With
2 at least in the industry
3 WCDMA using the HS-DSCH

hannel is also alled the High Speed Downlink Pa ket A ess
(HSDPA) system. The terms HSDPA and WCDMA HS-DSCH are used inter hangeably in this
thesis.

3
the introdu tion of the 2G ellular systems in 1991, the ambition was to popularize
progressively the usage of mobile phones by making it aordable to a large part
of the population in the industrialized ountries. The progress of mi ro-ele troni s
made it hitherto possible to produ e heaper mobile phones. The gradual in reasing ompetition between mobile vendors brought down their prot margins and
ultimately the ost of ellular infrastru tures. The se ond part of the 90s, saw an
extraordinary surge in the number of mobile subs ribers in the developed ountries. In total the number was lose to half a billion. The progress ontinued
worldwide at a freneti pa e, where at the end of the year 2004 the number of
subs ribers rea hed 1.8 billions a ording to the International Tele ommuni ation
Union (ITU). Astonishingly, within two de ades ending in 2002, mobile subs ribers
surpassed xed-telephone line subs ribers [Uni℄. The evolution of the number of
mobile and xed line subs ribers from the year 1996 to 2004 is shown in Figure 1.2.
It is interesting to note that the number of GSM subs ribers [GSA℄ is predominant
and a ounts for 75% of the world total market share, while the 3G subs ribers [tod℄
a ount only for 13% (at the end of the year 2005).
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Figure 1.2: Evolution of Mobile and Fixed Phone Subs riptions during the last
de ade.
The in rease in usage of wireless systems drives the industrial players to seek
new methods to boost the apa ity of ellular networks (i.e. number of served users
or transmitted bits over the air interfa e). This is done in order to prevent any
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potential saturation in the network. In reasing the apa ity of a wireless network
an be done in many dierent ways as we will dis uss in the following se tion.

1.1 Capa ity Enhan ement Methods
Various methods or te hniques are ommonly used to in rease the apa ity of a
wireless system. For instan e a method may onsist of expanding the number of
frequen ies (or arriers), another method may onsist of augmenting the number
of Base Stations (BS) by deploying mi ro- ells (or overlays) for highly dense areas.
Moreover, a more robust hannel oding or a higher modulation may allow substantial apa ity in rease. Furthermore, lower bit rate spee h ode (e.g. AMR spee h
ode in WCDMA), advan ed re eivers (e.g. multi-user dete tors), or entralized
Radio Resour e Management (RRM) units may also be used to boost the system
apa ity.
Another way to extend the apa ity for a wireless ommuni ation link is to use
multiple antennas. They may be atta hed to the same unit or distributed. They
may be employed ex lusively or together with the te hniques mentioned previously.
This an be done by in reasing the number of antennas at the BS and/or mobile or
by installing relays that an form a distributed antenna system. For instan e smart
antennas (also alled beamforming) are one of the ways to improve the apa ity for
GSM [A+ 99℄ and are also onsidered for the urrent 3G standard.
The advan ed antennas te hnique is an old te hnique that started to attra t
interest in the sixties of the last entury. Nowadays, it is in on eivable to mention
a 4G system without embedding Multiple antenna at the Input (transmitter) and
Multiple ones at the Output (re eiver). The term MIMO is integrally part of
any future ommuni ation model as has been the ase for modulation and hannel
oding in a ommuni ation system.
Another lassi al apa ity enhan ement te hnology, Higher Order Se torization
(HOS), onsists in in reasing the number of se tors in a site. It is a simple and
well understood te hnique. Therefore, any envisioned beamforming system shall
be ompared to HOS by listing the advantages and disadvantages with regards to
ea h others.

1.2 Developed Methods and Test-bed
In order to demonstrate the ee tiveness of an advan ed antenna te hnique it is
ommon for operators and/or vendors to resort to eld trials in real life. This
is a ostly method that might prove the te hnique inadequate at a very high expense. An intermediate and more e ient method is to model the real networks
as realisti ally as possible and to perform simulations in a "virtual" radio network
system [ZK01℄.
An illustration of a typi al radio ellular network is given in Figure 1.3, where
the ell plan onsists of eight sites, ea h with three se tors ontrolled by a BS,
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thus resulting in 24 ells or se tors. From the operator perspe tive, it is important
to know how many users (or bit/se ond/Hertz/m2 ) a wireless network system an
sustain.

Figure 1.3: Example of a Cellular Radio Network.
The evaluation of Advan ed Antennas (AA)4 in radio networks have been relatively rare in the literature due to the onsiderable omputational omplexity and
the di ulty of interpreting and analyzing the results. Most studies tend to fo us
on signal pro essing or physi al layer.
In order to model a realisti radio network in a system tool the following layers are ne essary: proto ols, tra s, radio propagation hannels, physi al layers
(mainly modeled by the ommonly alled link to system interfa e) and multiple
a ess te hniques. Nevertheless, this pro ess remains a hallenging and daunting
task.
The estimation of signal to interferen e noise ratio (SINR) is the bedro k of a
radio network simulator. Thus, it is ne essary to ensure an a urate modeling. If
AA te hnique is onsidered, the SINR expression be omes more omplex to ompute. A omputationally e ient expression is ru ial to fa ilitate the evaluation
4 Any method using more than one antenna, su h as transmit diversity as well as beamforming
and MIMO an be grouped under the same family te hnology that an be denoted as Advan ed
Antennas.
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of the system. A generalized SINR estimation for an AA system employing linear
trans eivers is derived and presented in Chapter 5 of this thesis. The SINR model
is then used extensively to study the system apa ity of WCDMA system equipped
with multiple antennas.
By the early 1990's, resear hers showed strong interests to estimate the gain
that smart antennas an provide in a ellular system. Estimations of the gain were
obtained either through eld trials [BGN94℄ or numeri al analysis [NPK94℄. The
rst radio network dynami system performan e of smart antennas (or beamforming) in WCDMA were done by [C1℄, [C2℄ and [C3℄. Hitherto, even a simplied or
stati system simulations were rare to be found.
[C1℄ presents the evaluation of a xed multi-beams on ept in a mixed s enario
tra . [C2℄ fo uses on a natural omparison with the steered beams on ept. [C4℄
presents the intera tion of RRM, with emphasis on admission ontrol, with AA
te hniques. To improve system apa ity, Transmit diversity (TXDiv) was introdu ed in the 3G standard (3GPP and 3GPP2). Hen e a omparison between the
xed multi-beams and TXDiv te hniques is a natural path to he k the robustness and weakness in various s enarios. A system level omparison is ondu ted
herein ([J1℄ and [C6℄).
As is the ase of the initial WCDMA system, it is important to evaluate whi h
gains AA an bring to WCDMA systems with HS-DSCH. [C5℄ evaluates the deployment of a multi-xed beams system in HS-DSCH WCDMA. In addition it proposes
solutions to ounter spe i HS-DSCH problems. These problems are the results of
ertain interferen e patterns. They appear in the ase of HS-DSCH ombined with
TXDiv. It is ru ial to understand the intera tion between s heduling and TXDiv
in su h a system.
In the literature, many ru ial issues related to the deployment of smart antenna
systems in WCDMA and/or HSDPA are either omitted or insu iently studied.
Some of these omissions in lude the power setting of the pilot hannels. For instan e the ommon primary and se ondary physi al hannels. Another issue is the
method of s rambling ode allo ation for AA systems. One last issue is the hoi e
of the beam or antenna pattern that redu es the transmitted BS power and the
interferen e.
As mentioned above, apa ity estimations with a dynami system simulator
gives a lear indi ation about the gain of the simulated system. Yet, the ee tiveness
and robustness of any method have to be veried through eld trials or test-beds
before it an be transformed into a produ t. For that reason, one of the advan ed
antenna s hemes (spa e time transmit diversity (STTD) with re eive diversity) is
implemented and tested in real life. Issues that may not ount in a radio network
simulator be ome then riti al in real life. An illustration of su h fa tors in lude
syn hronization, hannel estimation, hardware impairments and DSP limitation.
The integration of multiple antennas at the BS and/or the UE may provide
array, diversity and spatial multiplexing gain at the expense of greatly in reasing
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hardware ost and omplexity5 . Instead of having antennas o-lo ated and onne ted to the same radio unit (i.e. BS or UE), antennas an be distributed while
having the potential to ooperate together in order to emulate the ee t of a MIMO
system. A xed relay station [P+ 04a℄ equipped with a single antenna and pla ed
in the ell of interest illustrates an example of su h system. The system provides
a ma ro-diversity gain and relaxes the hardware omplexity at the BS and/or UE.
Currently, the ooperative distributed antenna systems are an emerging promising
area. They are known under the names of ooperative ommuni ation and ooperative relaying [NHH04℄. They may be seen in ombination with onventional MIMO
systems as a step into the future of wireless generation systems.

1.3 S ope and Aim
In a radio network system, with an evolving standard, an in rease in the tra
demands, a higher usage of data rates and the further extension of a system overage
ause a need to in rease the system apa ity. One way to in rease the apa ity is to
use multiple antennas ( o-lo ated or distributed) for a wireless ommuni ation link.
The s ope of the thesis is to estimate the gain or the apa ity in rease for these
advan ed antenna s enarios ompared to the urrently in use (e.g. single antenna
in a 3-se tor site). In order to estimate su h gain, it is ru ial to model the whole
(radio network) system . Su h modeling involves the in lusion of a tra model,
radio hannels and physi al layers through the link to system interfa e.
The aim of this thesis is vefold:
• To derive an a urate and implementable SINR expression for advan ed antennas that an be used in dynami radio network simulator.
• To assess the system performan e of advan ed antenna te hniques su h as
xed multi-beams, steered beams, transmit diversity and STTD in WCDMA
and HSDPA.
• To study the impa t of advan ed antennas on radio resour e management algorithms su h as admission ontrol, power ontrol, s rambling ode allo ation,
s heduling and handover.
• To evaluate, design and test a MIMO s heme in a pra ti al environment.
• To investigate the potential of distributed antennas parti ularly ooperative
relaying.
5 A disadvantage of the antenna arrays is the dupli ation of antenna elements abling and radio
front-end, the more omplex signal pro essing and the in reased size of the total antenna.
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1.4 Outlines and Contributions
The thesis is divided into two parts. The rst part ontains the introdu tion, a
survey of advan ed antennas te hniques, a detailed summary of the thesis' related
publi ations and the on lusion. The se ond part ontains the journal and onferen e papers whi h form the ore of the thesis. In the following an outline of
the thesis and a summary of the ontributions, listed hapter by hapter, is given.
After the introdu tion in hapter 1 the following hapters are treated:

Chapter 2

gives a qui k survey of the advan ed antennas te hniques. A basi denition and properties of antennas are des ribed. It is followed by a reminder
of basi MIMO te hniques su h as re eive/transmit diversity, beamforming
and spatial multiplexing.

Chapter 3

onsists of a detailed summary of the whole thesis. Several additional
omments and information on the published papers are also in luded.

Chapter 4

on ludes the thesis.

Chapter 5

ontains a journal paper (see [J2℄) that derives the SINR modeling for
a MIMO CDMA systems. The main ontribution of this paper is:
• To a urately model the orthogonality fa tor and to derive a pre ise
estimate of the SINR.
• To expli itly model the multiple s rambling odes from the own ell and
other ells in the derivation of the SINR.
• To onsider multiple transmit (TX) and multiple re eive (RX) antennas
that utilize Finite Impulse Response (FIR) lters.
• To present an e ient way to ompute the SINR in a wireless network
simulator.

Chapter 6

presents the system performan e of beamforming in WCDMA and
HS-DSCH systems and studies the impa t of admission ontrol on the system
performan e. This hapter ontains three onferen e papers:
• The rst paper (see [C2℄) ompares the downlink system apa ity of xed
and steered beam antenna on epts in mixed tra s enarios. Detailed
radio network simulation studies are performed using a spatial hannel
model a ording to the COST 259 proposal. The performan e of both
on epts are shown for spee h, data and streaming servi es.
• The se ond paper (see [C4℄) ta kles admission ontrol strategies for smart
antennas WCDMA system. The paper fo uses on the omparison between admission ontrol based on ell level and admission ontrol based
on beam level for dierent s enarios su h as hot spots.
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• The third paper (see [C5℄) presents the system performan e in WCDMA
HS-DSCH systems, where base stations are equipped with four xed
beam antennas. Intera tion of s heduling and a xed multi-beam system
is investigated.

Chapter 7

fo uses on the performan e of transmit diversity in WCDMA and HSDPA. It in ludes two papers (see [J1℄ and [C7℄):
• The rst paper evaluates the performan e of various transmit diversity
s hemes in FDD WCDMA by in luding an a urate interferen e model.
The aim of this paper is to ompare the 2 xed-beam (2FB) antenna
system with a single antenna se torized (SA) system, STTD and losed
loop mode 1 (CL1) transmit diversity.
• The se ond paper [C7℄ summarizes the system performan e of HS-DSCH
in WCDMA using CL1 transmit diversity. In highly dispersive hannels,
we noti e a loss in the system throughput relative to the se tor antenna. This loss is mainly due to random spatial interferen e patterns
(the so alled Flashlight Ee t). They are present in the HS-DSCH
setting when a single user is s heduled with the maximum available resour es (power/ odes) at ea h time instant. In order to mitigate the
ashlight ee t, a simple s heme is proposed in whi h multiple users are
simultaneously s heduled using dierent s rambling odes. S heduling
multiple users makes the interferen e almost spatially white. It results
in a system throughput gain.

Chapter 8

is based on three publi ations [C8℄, [C10℄ and [C11℄. They were ompa ted in a single journal paper (see [J4℄). This paper presents a omprehensive study of smart antennas in WCDMA. It analyzes, evaluates and presents
methods and ideas for the deployment of smart antennas in WCDMA 3G
wireless system. Three major implementations are evaluated and analyzed in
a dynami system simulator: Higher Order Se torization (HOS), Fixed Beams
(FB) with Se ondary Common PIlot Channel (S-CPICH) and FB with Primary Common PIlot Channel (P-CPICH) as a phase referen e. Furthermore,
this paper analyzes the impa t of angular spread on various antenna ongurations, the intera tion and impa t of RRM as power tuning of the ommon hannel, S rambling COde (SCO) allo ation te hniques, soft and softer
handover algorithms. Moreover a SCO allo ation strategy is proposed. An
adaptive load-dependent power tuning algorithm of the P-CPICH is also proposed. Finally, we evaluate an alternative antenna onguration onsisting of
6-se tor sites where ea h se tor is equipped with two beams.

Chapter 9

in ludes a journal paper (see [J3℄) whi h ta kles the design of the
beam pattern. In this paper, Simulated Annealing is used for designing a
xed multi-beam antenna array in a multi-user radio WCDMA system. The
method an be used dynami ally in a real system and/or in a radio planning
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tool. The proposed method is applied on a linear array by designing the
Antenna Element (AE) pattern, the number of xed beams, the AE spa ing,
and the AA transmit weights. The proposed method leads to a substantial
BS power redu tion whi h an be used to in rease the system apa ity or data
throughput in a WCDMA system.

Chapter 10

fo uses on the design and pra ti al implementation aspe ts of an
advan ed system in a real test-bed. It in ludes two papers (see [C9℄ and
[C12℄). In the rst paper [C9℄, single arrier frequen y domain equalization
with STTD was implemented and evaluated in real-time using a DSP-based
wireless MIMO test-bed. The implemented s hemes supported a large set
of modulations, from BPSK up to QAM64. Zero padding is introdu ed to
mitigate inter-blo k interferen e. Robust time and frequen y syn hronization
together with hannel estimation based on Kalman ltering is used to address
the adverse inter-symbol interferen e and the severe Carrier Frequen y Oset
(CFO) due to hardware impairments. In the se ond paper [C12℄, a new pilot
stru ture for joint CFO and hannel estimation is proposed and evaluated,
to address the adverse inter-symbol interferen e and the severe CFO due
to hardware impairments. The hannel estimation method is done in the
frequen y domain using a non-parametri interpolation method.

Chapter 11

In this hapter, a novel diversity method, Relaying Cy li Delay Diversity (RCDD) is introdu ed. This method provides frequen y and spatial
diversity for a multihops system that requires a lower overhead than the
methods proposed in the literature. S hemes su h as RCDD oer transmit
diversity in the form of in reased frequen y sele tivity. Nevertheless, it requires two transmission phases for a 2-hops system. Consequently, a new
method is proposed. We all it two dimensional y li prex. Su h as new
method introdu es arti ial frequen y, time and spatial diversity. It requires a
single transmission phase for ea h dire tion in a ooperative relaying wireless
ommuni ation system.

1.5 Publi ations
The thesis is based on the following arti les that appeared in, were a epted by or
submitted to a number of dierent journals or onferen es:
[J1℄ A. Osseiran and A. Logothetis. Performan e of TX Diversity and 2
Fixed beams in W-CDMA. Kluwer Journal of Wireless Personal Communi ation, 31(1):3350, O tober 2004.
[J2℄ A. Logothetis and A. Osseiran. SINR Estimation and Orthogonality
Fa tor Cal ulation of DS-CDMA Signals in MIMO Channels Employing
Linear Trans eiver Filters. Wiley, Journal of Wireless Communi ation
and Mobile Computing, 2004. To appear.

1.5. PUBLICATIONS
[J3℄ A. Osseiran and A. Logothetis. A Method for Designing Fixed MultiBeam Antenna Arrays in WCDMA Systems. IEEE Antennas and Wireless Propagation Letters,vol.5, pp. 41- 44, 2006.
[J4℄ A. Osseiran and A. Logothetis. Smart antennas in a WCDMA Radio
Network System Revisited: Modeling and Evaluations. IEEE Trans.
Antennas and Propagation , Mar h 2006. Under Review.
[J5℄ A. Osseiran, A. Logothetis, Peter Larsson and Slimane Ben Slimane.
Relay Cy li Delay Diversity: Modeling & System Performan e for Future Wireless System. IEEE Journal of Sele ted Area in Communi ations, COOPERATIVE COMMUNICATIONS AND NETWORKING ,
February 2006. Submitted.
[C1℄ M. Eri son, A. Osseiran, J. Barta, B. Göransson, and B. Hagerman.
Capa ity Study for Fixed Multi Beam Antenna Systems in a Mixed
Servi e WCDMA System. In IEEE International Symposium on Personal, Indoor and Mobile Radio Communi ations (PIMRC), San Diego,
USA, 2001.
[C2℄ A. Osseiran et al. Downlink Capa ity Comparison between Dierent
Smart Antenna Con epts in a Mixed Servi e WCDMA System. In Proeedings IEEE Vehi ular Te hnology Conferen e, Fall, volume 3, pages
15281532, Atlanti City, USA, 2001.
[C3℄ B. Hagerman, B. Göransson, J. Barta, M. Eri son, A. Osserian, D. Astely,
and M. Sundelin. Smart Antenna Systems for WCDMA: Downlink Performan e in Mixed Servi e Tra Environments. In Future Tele ommuni ation Conferen e, Beijing, China, 2001.
[C4℄ A. Osseiran and M. Eri son. On downlink admission ontrol with xed
Multi-Beam antennas for WCDMA system. In Pro eedings IEEE Vehi ular Te hnology Conferen e, Spring, Jeju, Korea, April 2003.
[C5℄ A. Osseiran and M. Eri son. System Performan e of Multi-Beam Antennas for HS-DSCH WCDMA System. In IEEE International Symposium on Personal, Indoor and Mobile Radio Communi ations (PIMRC),
Bar elona, Spain, 2004.
[C6℄ A. Logothetis and A. Osseiran. Performan e of Spee h Servi es in
WCDMA using Fixed-Beams and Transmit Diversity Systems. In Proeedings IEEE Vehi ular Te hnology Conferen e, Spring, Sto kholm,
Sweden, 2005.
[C7℄ A. Osseiran and A. Logothetis. Closed Loop Transmit Diversity in
WCDMA HS-DSCH. In Pro eedings IEEE Vehi ular Te hnology Conferen e, Spring, Sto kholm, Sweden, 2005.
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[C8℄ A. Osseiran and A. Logothetis. Impa t of Angular Spread on Higher Order Se torization in WCDMA Systems. In IEEE International Symposium on Personal, Indoor and Mobile Radio Communi ations (PIMRC),
Berlin, Sept. 2005.
[C9℄ A. Logothetis, A. Osseiran, and P. Zetterberg. Single Carrier Frequen y
Domain Equalization on a Real-Time DSP-Based MIMO Test-Bed. In

IEEE International Symposium on Personal, Indoor and Mobile Radio
Communi ations (PIMRC), Berlin, Sept. 2005

[C10℄ A. Osseiran and A. Logothetis. System Performan e of Fixed Beams
with S-CPICH as a Phase Referen e in WCDMA. In Pro eedings IEEE
Vehi ular Te hnology Conferen e, Spring Melbourne, Australia, May
2006.
[C11℄ A. Osseiran and A. Logothetis. Capa ity Evaluation of Fixed Beams
in a WCDMA System using hannel estimation based on P-CPICH. In
IEEE International Conferen e on Communi ations (ICC), Istanbul,
Turkey, June 2006.
[C12℄ A. Osseiran and A. Logothetis.Pilot Design Criteria for Single Carrier
Frequen y Domain Equalization on a Real-Time DSP-Based MIMO
Test-Bed. IEEE Vehi ular Te hnology Conferen e, Fall , February
2006. Submitted.

Chapter 2

Advan ed Antennas Te hniques
The beginning of the nineteenth entury witnessed the rst transatlanti radio wave
transmission performed by Mar oni. At that time, the transmitted antenna system
onsisted of more than 50 wires supported by two 60-meter wooden poles (equivalently to several transmitting antenna elements). Two de ades later, Beverage and
Peterson were the rst to install spa e diversity stations [Rog02℄. World World Two
gave a great boost to wireless ommuni ations in general and the use of antennas
arrays was ex lusively used for radar systems.
The interest in multiple antennas at the re eiver and transmitter in the resear h
ommunity took a major leap with the appearan e of major arti les in the eld in
the late eighties and in the se ond part of the nineties [Win87, Fos96, FJ98, I.E99℄.
Sin e then, it has been one of the dominating resear h topi in the ommuni ations
eld. Initially, the resear hes fo used on investigating the apa ity limits of systems
using MIMO, the so alled information theory trend of MIMO in order to derive the
upper bound expressions of the apa ity. Goldsmith and Gesbert [G+ 03, GJJV03℄
are among many arti les where this aspe t is treated. Years that followed, MIMO
gave rise to plethora of arti les related to any thinkable future wireless te hnology at various frequen y bands from indoors to outdoors radio hannel environments [ML02, AH04, MH04, S+ 02, G+ 02℄. Presently we expe t MIMO to be ome
the default setting for any future wireless ommuni ation system [WW05a℄.
The utilization of the term MIMO is meant to dierentiate with a lassi al wireless system where a single antenna is used at both ends of the transmitting and
re eiving part and alled SISO (Single Input Single Output). More generally it
is ommon to dene an antenna system related to the number of antennas at the
re eiver and transmitter. Figure 2.1 shows four antenna ongurations that an
hara terize any wireless radio ommuni ation system [PNG03, PP97℄. The depi ted antenna ongurations that are used in a wireless system are: SISO system
(in Figure 2.1(a)), Single Input Multiple Output (SIMO) system whi h is hara terized by a single transmit antenna and multiple re eive antennas, Multiple Input
Single Ouput (MISO) system whi h is hara terized by multiple transmit antennas
13
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and a single re eive antenna, and nally MIMO where multiple antennas are used
at both ends of the transmission.

Rx

Tx

Tx

(a) SISO.

Tx

Rx

(b) SIMO.

Rx

( ) MISO.

Tx

Rx

(d) MIMO.

Figure 2.1: Antenna Congurations.

In this hapter, we begin with presenting a generi denition of a MIMO system. This generi view will allow to hara terize any known antenna transmission
s heme under a unied framework. In se tion 2.2 that follows, a reminder of the
basi antenna ele tromagneti properties is detailed. Subsequently the on epts
beamforming, transmit and re eive diversity, and spatial diversity are des ribed.

2.1 MIMO: Generi Denition
The term MIMO an be used as a generi term to over the following transmission
s hemes:
• Beamforming
• Re eive / Transmit Diversity and Spa e Time Coding
• Spatial Multiplexing

These multi-antenna transmission methods exploit dierent properties of the
radio hannel in order to a omplish performan e improvements. Typi ally, this
exploitation is realized by the spatial pro essing omponent of the multi-antenna
method that leverages, more or less, one or more of the following basi gains [P+ 04b℄:
• Array gain
• Diversity gain
• Spatial multiplexing gain
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Array gain is the average in rease in the re eive SNR due to a oherent ombining from multiple antennas at the re eiver or transmitter, or both. Transmit/re eive
array gain requires partial or full hannel knowledge at the transmitter and re eiver,
respe tively, and depends on the number of transmit and re eive antennas. A typi al multiple a ess s heme that provides array gain is Spatial Division Multiple
A ess (SDMA) where the BS transmits on the same frequen y and time, multiple
data streams to spatially separated users in the ell.
The diversity gain is the gain obtained from re eiving independently (or partially
orrelated) faded repli as of the signal. Diversity an be a hieved by transmitting
the signal over multiple independently fading paths (in time, frequen y or spa e).
In the following, the fo us is on diversity gains that an be a hieved from using
multiple antennas. Spatial diversity is preferred as it is both rate and bandwidth
e ient. Wittneben [Wit93℄ and Winters [Win94℄ were the rst to propose and
evaluate spatial transmit diversity based on linear transform-based transmitter in
1993 and 1994, respe tively. Non linear operations (i.e. transforms) su h as oding
the information a ross transmit antennas were later proposed. This method is
alled Spa e Time Coding (STC) [NSC00℄. STC allows the re eiver to extra t the
information and exploit spatial diversity (possibly while providing oding gain).
STC an be divided into two main ategories:
• Spa e Time Trellis Codes (STTC)
• Spa e Time Blo k Codes (STBC)

Spa e Time Trellis Codes [TSC98℄ is an extension of Trellis Coded Modulation
(TCM) to multiple transmit antennas. It provides diversity and Coding gain at
the expense of high de oder omplexity. On the other hand, Spa e-Time Blo k
Codes [TJC99℄ spread the symbols in time and spa e in a blo k by blo k fashion.
STBC is hara terized by a simple symbol by symbol de oder but it does only oer
diversity gain. The rst orthogonal STBC s heme was proposed by Alamouti for
two transmit antennas [Ala98℄.
Spatial multiplexing gain is the in rease of data rate at no additional power onsumption obtained by transmitting simultaneously independent data signals from
several transmit antennas [MH04℄. It onsists of exploiting the multiple dimensions
by reating several parallel and/or linearly independent sub- hannels (or hannel
eigenmodes) that an be obtained via the Single Value De omposition (SVD) of
the MIMO hannel [Pal03℄.

2.2 Antennas: Denition and Basi Properties
An antenna is the stru ture asso iated with the region of transition between a
guided wave and a free-spa e wave. It onverts ele tri al signals to ele tromagneti
wave signals and vi e versa. Radiation is produ ed by a elerating harges, or,
equivalently, by a urrent. On transmission, it a epts energy from a transmission
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line and radiates it into spa e, and on re eption, an antenna gathers energy from
an in ident wave and sends it down a transmission line.
One of the most basi s parameters that hara terizes the ability of an antenna
to radiate energy in a desired dire tion is the antenna gain. The antenna gain of an
antenna towards a given dire tion, Giso (θ, φ), is dened as the radiation intensity
U (θ, φ) (or the power) toward that dire tion whi h is given by the angles (θ, φ),
to the power PT whi h would be radiated if the entire available transmitter power
were radiated isotropi ally:
Giso (θ, φ) =

U (θ, φ)
.
PT /4π

(2.1)

The antenna patterns and the far-eld solutions of Maxwell's equation are best
des ribed in spheri al oordinates system [Orf04℄. The denitions of the spheri al
oordinates is shown in Figure 2.2, where the ve tors r̂ , θ̂ and φ̂ are the unit
ve tors of a spheri al system (i.e the dire tions of the unit ve tors orrespond to
the parameters (r, θ, φ) that dene the spheri al oordinates).
z

r̂

φˆ
θˆ
r

θ

y

φ

φˆ
x

Figure 2.2: Spheri al oordinates.

It an be shown that the radiation intensity an be dened from the radiation
ve tor and is proportional to the ele tri eld intensity E for a far eld radiation [Orf04℄[Sta03℄:
η0 k 2
U (θ, φ) =
|F ⊥ (θ, φ)|2 ∝ |E|2 ,
(2.2)
32π 2
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where F ⊥ is the transverse part of the radiation ve tor1 , k is the wave number
k = 2π/λ, λ = c/f is the wave length and is equal to the ratio between the speed of
the light c and theq arrier frequen y f . Finally η0 is the hara teristi impedan e
of va uum: η0 = µǫ00 = 377 ohms, where ǫ0 and µ0 denote the permittivity and
permeability of the va uum, respe tively.
Equation 2.2 simply derives from the time-averaged Poynting ve tor2 P whi h
is the ux of ele tromagneti energy radiated from an antenna at far distan es.
It is interesting to note that the radiation ve tor F is the 3-dimensional Fourier
transforms of the urrent densities. It depends on the wave ve tor k and the
dire tional ve tor r̂ dened ompletely by the spheri al oordinates θ and φ:
k = kr̂ = k[cos φ sin θ, sin φ sin θ, cos θ].

(2.3)

The expression of the ele tri eld assuming the far eld approximation is given
by [Orf04℄:
e−jkr
E = −jkη
F ⊥.
(2.4)
4πr
Equation (2.4) was obtained based on the far-eld approximation, whi h is des ribed in the following: assuming a sour e (e.g. a linear antenna) of size l, the
radiation eld at a distan e r from the sour e (dened by the eld ve tor r ) respe ts
the far eld onditions if [Orf04℄:
r≫l

and

r≫

2l2
λ .

(2.5)

Simply, the far-eld approximation assumes that the eld point r is far from the
urrent sour e (i.e. antenna). This ondition is easily satised for many pra ti al
antennas.

2.2.1 Antennas Arrays
The most basi property of an array is that the relative displa ements of the antenna
elements with respe t to ea h other introdu e relative phase shifts in the radiation
ve tors F (k), let an antenna translated by the ve tor d (i.e. positioned at a distan e
d from the origin i.e. d = dr̂ ), then the radiation ve tor is the three-dimensional
Fourier transform of the urrent density and is given by [Orf04℄:
Fd (k) = ejk·d F (k).

(2.6)

Consider a three dimensional array of N identi al antennas lo ated at positions
dn ,n ∈ {0, . . . , N − 1} with relative feed oe ients ωn then the total radiation
1 The radiation ve tor an be de omposed into a radial part and a transverse part, i.e. the
radiation an be written as F = r̂Fr + F ⊥ = r̂Fr + θ̂Fθ + φ̂Fφ . (Fr , Fθ , Fφ ) are the spheri al
oordinates of the ve tor F .
2 P = 1 R(E × H ∗ ), H is the magneti eld ve tor and × is the ross or url produ t (see the
2
denition in the list of notations).
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ve tor is given by:
Ftot (k) =

N
−1
X

Fn (k) =

n=0

N
−1
X

ωn ejk·dn F (k) = F (k)

n=0

N
−1
X

ωn ejk·dn .

(2.7)

n=0

It implies that the total radiation ve tor is simply theP
produ t of the radiation
−1
jk·dn
ve tor of a single antenna F (k) and the term A(d) = N
alled the
n=0 ωn e
array fa tor. Sin e k = kr̂ , is entirely dened by the angles (θ, φ) then the array
fa tor an be denoted as A(θ, φ). Dene the weight ve tor ω as
ω = [ω0 . . . ωN −1 ]H ,

(2.8)

and the spatial signature (also alled steering ve tor or spa e ve tor or array response ve tor) a(θ, φ) as
a(θ, φ) = [ejk·d0 ejk·d1 . . . ejk·dN −1 ]T .

(2.9)

The spatial signature ontains the responses of all elements of the array to a narrowband sour e of unit power. Let dene the artesian oordinates of the distan e
ve tor dn as dn = [xn yn zn ]T , the nth element of array fa tor an be simply
expressed as:
ejk·dn

to:

=

ejk(xn cos(φ) sin(θ)+yn sin(φ) sin(θ)+zn cos(θ)) .

(2.10)

By ombining Equations (2.8) and (2.9), then the array fa tor is simply equal
A(θ, φ) = ω H a(θ, φ).

(2.11)

2.2.1.1 Array Geometry
The geometri al onguration of the array an be linear, ir ular, planar, ylindrial, spheri al or any desired form. Most existing array antenna systems use linear
or planar array antennas as radiators whi h usually onsist of radiating elements
pla ed in a regular grid to a hieve the desired radiation performan e. This is the
most ommon stru ture due to its low omplexity. The ir ular array stru ture is
also used in some appli ations and has the advantage of performing narrow and
omni-dire tional beams in all azimuth angles. The antennas an be either losely
spa ed (e.g. λ/2) to provide angle diversity or widely spa ed (e.g. several λ) to
provide spatial diversity [Win98℄.
Consider now a ULA of N antennas as it is shown in Figure 2.3(a). As its
name indi ates the antennas are pla ed uniformly along the x axis parallel to the
y-axis (i.e. φ is simply equal to zero) where the separation between the antennas
is identi al and equal to d. Hen e the nth antenna position an be dened by the
ve tor dn = [nd 0 0]T , and the nth element of the array fa tor is simply equal
ejk·dn = ejknd sin(π/2−θ) = ejknd cos(θ) .

(2.12)
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A Uniform Cir ular Array (UCA) is another type of array antennas that is widely
used. In a UCA the antennas are pla ed uniformly on a ir ular ring. It is widely
used in air and spa e navigation, underground propagation, radar, and sonar systems. An example is shown in Figure 2.3(b) where eight antenna elements are
pla ed uniformly along a ir le in the x-y plane parallel to the z-axis (i.e. φ is
simply equal to π/2). The angle separation between two neighboring antennas is
simply equal to 2π/8. Similarly to the ULA the array fa tor of a UCA omposed
of N antennas an be easily derived. Let the ve tor dn = [xn yn 0]T be the position of the nth antenna element. Then the array fa tor of this element is simply
equal to
ejk·dn

=

ejk(xn cos(φ)sin(θ)+yn sin(φ) sin(θ)

=
=

ejknd(cos( N ) cos(φ)sin(θ)+sin(
2πn
ejknd sin(θ) cos(φ− N ) .

2πn

2πn
N ) sin(φ) sin(θ)

(2.13)

Note that the UCA suers from lower dire tivity ompared to ULA for a given
number of antenna elements however it has a lower mutual oupling between antenna elements hen e redu ing the alibration errors [TA04℄. It is interesting also
to note that planar arrays an provide more symmetri al patterns with lower side
lobes [Bal87℄ ompared to a ULA or a UCA.

2.2.1.2 Array Design Methods
The geometry of the antenna arrays will impa t the antenna array pattern or shape.
In fa t depending on the appli ation it might be desirable that the antenna array pattern full ertain requirements e.g. high dire tivity, narrow half power
beamwidth, sidelobe3 level. There are four ontrols that determines the overall
antenna array pattern [Bal87℄:
• The geometri al onguration of the array

• The antenna pattern of ea h Antenna Element (AE)
• The relative displa ement between the AEs
• The weight applied on ea h AE

In pra ti e, the last ontrol is the easiest to hange although nowadays with the
advent of mi ro-ele troni s, it is possible to use MEMS te hnology ([CJQ+ 04℄) to
hange rapidly the antenna array apparatus.
In ne, given the four listed hara teristi s, the antenna array pattern an
be dedu ed. But in pra ti e, it is ne essary to design (also alled synthesize) an
antenna system that yield a desired radiation pattern as stated before.
There are several methods that are widely used to design the antenna array,
su h as [Orf04, Bal87℄:
3A

sidelobe is a lobe in any dire tion other than the main lobe.
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• S helkuno method
• Fourier Transform method
• Woodward-Lawson method
• Binomial method
• Dolph-Chebyshev method

S helkuno method produ es nulls in the desired dire tions. Fourier Transform
method and Woodward-Lawson method produ e a desired pattern distribution in
the entire visible region. Finally Binomial and Dolph-Chebyshev method produ es
patterns with narrow beams or low side lobes.
In fa t when d > λ (or equivalently when the largest spa ing between the AE is
greater than one wavelength [Bal87℄), the values of the array fa tor A(θ, φ) are over
spe ied and repeated over the visible region [Orf04℄. Furthermore this will give
rise to (multiple maxima other than the main maximum) whi h are alled grating
lobes. Grating lobes are the spe tral images generated by the spa e sampling.
To ompletely avoid repetition the sampling theorem yields 1/d ≥ 2/λ whi h is
equivalent to d ≤ λ/2.
The impa t of the AE weights hosen a ording to one of the ited design
methods is shown in Figure 2.4. In Figure 2.4(a), the uniform method or array
means that the AE weights have identi al magnitude. All beams were steered
toward the broadside of the antenna (toward the angle 90 degrees). The uniform
array (whi h is also the rst beam generated by the FFT method) has the narrowest
beamwidth at the expanse of a high sidelobes. On the other hand the binomial
method (see in Figure 2.4(b)) suppressed ompletely the side lobes at the expanse
of wider beamwidth. Finally the Dolph-Chebyshev array provides an intermediate
way by redu ing the side lobes level for a slightly larger beamwidth.
Finally an example of the FFT method is shown in Figure 2.5. It an be noti ed
the FFT method helps the array to form several narrow beams towards dierent
dire tions in order to over the entire spa e.

2.3 Beamforming System or Antenna Arrays
Contrary to transmit diversity, where the transmit antenna elements are su iently
separated to ensure independent fading, antenna arrays onsist of an array of antenna elements, that are losely spa ed. Through the literature many terms are
used to express exa tly the same on ept for instan e the terms beamforming system, adaptive antennas, antenna arrays, phased arrays, spa e-time pro essing and
smart antennas are used inter hangeably. A general tutorial on smart antennas system an be found in [God97a, Win98, LP99℄. For more signal pro essing approa h
the reader an be refered to [VB88, APP99, God97b℄.
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Figure 2.4: Examples Of Array fa tor Patterns of 4 elements (N = 4, d = λ/2).

The pro ess of ombining the signals from dierent antenna elements is known
as beamforming. A beamformer an be regarded as a spatial lter that separates
the desired signal from interfering signals given that all the signals share the same
frequen y band and originate from dierent spatial lo ations. It weights and sums
the signals from the dierent antenna elements to optimize the quality of the desired
signal.
Smart antennas an be lassied into two ategories depending on the applied
beamforming method: xed multi-beams (also alled swit h beams) and adaptive
beams (also alled steered beams). The former method uses a set a predened
(xed) weights. In the latter the weights of the array are adapted (by hanging the
phase and amplitude) to maximize a ertain number of desired riteria.
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Figure 2.5: Array fa tor Patterns of 4 elements (N = 4, d = λ/2) for the FFT
Method.

Both on epts will be treated in the following subse tions. First the xed multibeams then the Steered beams. The advantages and disadvantages of ea h will be
given. In the steered beams on ept, the riteria for the weight optimization will
be presented and then the most widely used adaptive algorithms will be overed.
Finally the onventional methods of the dire tion of arrival will be summarized.

2.3.1 Fixed-beams on ept
Fixed-Beams (FB) on ept (also alled a non- oherent system) an be dened as
a set of beams that over a spe i area and typi ally ea h of these beams serves
more than one user.
The FB weight ve tors are generated by a Beam Forming Network (BFN) that
produ es generally N orthogonal beams using N antenna elements. Let us dene
the N × N BFN Matrix (BFNM) as T = [ω 0 ω1 ... ω N −2 ωN −1 ]. T omprises of
the weight ve tors of all the narrow xed beams. For instan e ωn is the weight
ve tor of the nth beam:
ω n = {ωn,0 , . . . , ωn,N −1 },
(2.14)
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where ωn,k is the weight fa tor of the k th antenna element of the array.
A onventional xed multi-beams system must be alibrated in order to ensure
similar amplitude dieren es between uplink and downlink signal paths for ea h
beam. This is due to the fa t that, in a xed-beams system, the uplink information
(this is espe ially true in a Frequen y Division Duplex (FDD) system) is used to
hoose the proper beam for downlink transmission.
The beamforming an be either done in RF frequen y (i.e. analog) using an
analog BFN or in base-band (i.e. digital) using a digital pro essor.
Figure 2.6 shows an example of an analog beamformer. The analog beamforming network onsists of phase shifters and power dividers. Traditionally Butler matrix [BL61℄ is the most ommonly used te hniques to implement a BFN. It onsists
of an array of as aded hybrid ouplers4 and xed-phase shifters [In 01, Wen02℄.
An example of four antenna elements Butler matrix onsisting of four ouplers and
two xed phase shifters is shown in Figure 2.7. In fa t it an be shown that the
Butler matrix is simply a realization of the Dis rete Fourier Transform (DFT), so
the array weights of the mth beam are given by [Orf04℄:
ωk,m = e−j2πmk/N , k ∈ {0, . . . , N − 1}.

(2.15)

The BFNM is then equal to the unitary dis rete Fourier transform matrix.
b1

Transceiver
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Transceiver

Fixed
Beamforming
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Transceiver

a2
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Figure 2.6: Analog Beamforming Network

Digital beamforming on the other hand is based on the onversion of the RF
signal at ea h of the antenna into two streams of binary baseband signals representing I and Q hannels [LL96℄. The pro ess of beamforming onsists of adjusting
4 A hybrid oupler is a re ipro al passive four-port oupler. A signal applied to a port is equally
divided between the two orresponding ports, while the remaining re eives none.
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Figure 2.7: Butler Matrix

the amplitude and the phase of these signals su h that they form the desired beam
when added together. A sket h of a digital beamformer is shown in Figure 2.8.
In digital beamforming, the beamforming network an be implemented using Fast
Fourier Transform. The drawba k of a digital beamforming is that oheren y has
to be ensured from digital beamformer up to the antenna element and in luding
the trans eiver (e.g. power ampliers, A/D onverters, lters)[Bau03℄. In the ase
of analog beamforming, oheren y has to be done from the beamforming network,
up to the antenna elements. On the other hand, the advantages of a digital beamforming reside in the fa t that the beam size an be adjusted in order to ope with
unequal tra distribution and also on possibility of sharing the transmit power
between beams.

2.3.1.1 Advantages and disadvantages
A xed multi-beams system is an attra tive one sin e it has a moderate intera tion
with BS re eiver, easy to implement and is widely available and heap.
On the other hand su h a system is 1) unable to take advantage of the path diversity by oherently ombining multi-path omponents and 2) unable to attenuate
or eliminate interferers that arrive with DOA near to the desired signal.

2.3.2 Steered Beams
When the weights of the antenna array are not pre-xed as in the xed beams
ase, it will be alled steered beams. It derives from the fa t that the beam is
steered toward a ertain dire tion in order to a hieve ertain quality obje tive or
riteria dened by an obje tive fun tion. A more ommonly used naming would
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Figure 2.8: Digital Beamforming Network

be adaptive beamforming whi h omes from the fa t that the antenna weights are
adapted (or adjusted) until a pres ribed obje tive fun tion is satised. A simple
example of the obje tive fun tion an be to maximize the re eived antenna gain or
array fa tor. Looking into Equation (2.11), this an be a hieved when the weight
ve tor is parallel to the steering ve tor:
ω=

1
a(θ, φ),
N

(2.16)

where ω has unity response in the look dire tion.
Steered beams or adaptive beamforming has been employed traditionally in
sonar and radar systems. It started in the late fties by Howelles when he proposed the side lobe an eler [LL96℄ for adaptive nulling. Later in 1965 Applebaum
developed a feedba k ontrol algorithm for maximizing the SNR at the array output.
In ne, in adaptive beamforming the obje tive is to optimize the weight with
respe t to a pres ribed riterion su h that the signal at the array output ontains
minimal ontribution from the noise or interferen e. The most ommonly used
riteria are the Minimum Mean Square Error (MMSE), Maximum Signal to Noise
Ratio (Max SNR) and Linearly Constrained Minimum Varian e (LCMV). While
the MMSE attempts to minimize the dieren e between the array output and a
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known referen e signal, in the max SNR the weights are hosen su h as the SNR is
maximized. Finally the LCMV tries to minimize the output noise varian e.
Steered beams on ept is implemented using digital beamformer, in su h a system and ontrary to a xed beams system, it is ru ial to estimate the relative phase
dieren es and time delays between dierent signal paths (i.e. beams feeder).
An illustration of an adaptive algorithm is shown in Figure 2.9, where xn is
the re eived signal at the nth element of the array input, ωn is the orresponding
weight oe ient and y is the array output signal. In a ve torized form let x =
[x1 , x2 , · · · , xN ]T = u + n, be the re eived data ve tor at the array where u and
n are the desired signal and the noise omponent of the re eived data signal x,
respe tively5 .

2.3.2.1 Criteria for Optimum Beamforming
MMSE
In the MMSE algorithm, the weights are hosen to minimize the Mean-Square
Error (MSE) between the antenna array output and d(t) a known referen e signal.
The ost fun tion is given by
J(ω) = E[|ω H x − d|2 ].

(2.17)

ω = R−1 p,

(2.18)

It an be shown that the optimal MMSE solution is

where R = E[xxH ] is the ovarian e matrix of the input data ve tor and p =
E [xd∗ ] is the ross- orrelation between the input data and the referen e signal.
The main disadvantage of the MMSE algorithm is that it requires a generation of
a referen e signal. But, on the other hand it does not require the knowledge the
Dire tion Of Arrival (DOA) of the desired signal.

Max SNR
The Max SNR algorithm hooses the weights su h as the SNR of the re eived
signal is maximized. In fa t the Max SNR ost fun tion is given by [LL96, LR99℄
J(ω) =

ω H Rn ω
,
ω H Ru ω

(2.19)

 H
where
is the ovarian e matrix of the desired signal and Rn =
 HRu = E uu
E nn is the ovarian e matrix of the noise. It an be shown that the optimum
weight ve tor satises the following
Rn −1 Ru = λmax ω,

(2.20)

5 Note that the variables x, u and n are time dependent but for notation onvenien e the
time variable is omitted.
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where λmax is the maximum eigenvalue of Ru , in another word the optimum
value of SNR [LR99℄.
The major drawba k of the Max SNR algorithm is su h that it requires knowledge of the DOA of the desired signal and the statisti s of the noise.

Linearly Constrained Minimum Varian e
The idea behind LCMV is to onstrain the response of the beamformer so the
desired signal from the dire tion of interest with spe ied gain and phase. The
weights are hosen to minimize the output power subje t to the response onstraint
g:
J(ω) = ωH Rω
subje t to
ωH a(θ, φ) = g.
(2.21)
The method of Lagrange multipliers an be used to solve Equation (2.21), yielding
the optimal LCMV weights [VB88℄:
ω=g

R−1 a(θ, φ)
.
aH (θ, φ)R−1 aH (θ, φ)

(2.22)

Finally it is interesting to note that the optimum riteria are losely related
to ea h other [LL96℄. Therefore the hoi e of a parti ular riterion is of minor
importan e in terms of ae ting the performan e.

2.3.2.2 Adaptive Algorithms
Knowledge of se ond order statisti s is required in order to solve the optimum
beamformer weight ve tor equations presented in se tion 2.3.2.1 (see (2.18), (2.20)
and (2.22)). These statisti s are usually unknown but they an be estimated from
the available data. Typi ally in a moving environment, they need to be updated.
Also the data used to estimate the optimal weight an be noisy, hen e it might be
desirable to use an update te hnique that an use previous optimal weight ve tor
solutions to smooth the estimate. This an be solved by using adaptive algorithm
that determines the weights. Typi ally these algorithms have a per-step omplexity
whi h is mu h lower than the dire t solution of the optimal weight (dened in
se tion 2.3.2.1). An adaptive algorithm updates the weight ve tor at the (k + 1)th

iteration (time) by using the weight ve tor and the ost fun tion of the previous
(k th ) iteration J(ω k ) su h as
1
ωk+1 = ωk − µ∇J(ω k ),
2

(2.23)

where µ is the onvergen e fa tor, ∇ is the gradient operator. Exa t al ulation of
∇J(ω k ) is umbersome and involves matrix inversions. Hen e the use of adaptive
algorithm will alleviate the al ulation pro ess.
The hoi e of the adaptive algorithm to derive the optimal weight is highly
important sin e it is desirable to have an algorithm that has a low omplexity (to
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make hardware implementation feasible) and a high speed of onvergen e (to be
able to work on a real time s ale).
The adaptive algorithms are broadly lassied as trained and blind algorithms.
Trained algorithms use a sequen e to adapt the weights of the array. While blind
algorithms do not require training signals to adapt their weights but attempt to
restore some known property to the re eived hannel.
The most ommonly used trained algorithms is the Least-Mean Squares (LMS)
algorithm [Win84℄. The main advantage of the LMS algorithm is its simpli ity. It
has an a eptable performan e in many appli ations; however it onverges slowly
when the eigenvalue of the ovarian e matrix are widely spread. One way to speed
up the onvergen e is to employ the dire t Sample Matrix Inversion (SMI). Although the SMI algorithm onverges more rapidly than the LMS algorithm it suers
from in reased omputational omplexity and numeri al instabilities. The re ursive
least-squares (RLS) algorithms over ome those limitations and oer good performan e provided that the SNR is high.
Many blind algorithms have been developed to derive the optimum weights ve tor. Examples of the blind algorithms are Constant Modulus Algorithm (CMA),
Least Squares CMA (LS-CMA). A referen e tutorial on adaptive beamforming algorithms an be found in [VB88℄.

2.3.2.3 Dire tion Of Arrival
Many of the adaptive beamforming algorithms require the knowledge of the dire tion of the emitter signal or more pre isely the Dire tion Of Arrival (DOA) of
the emitter signals impinging on the re eiving antenna arrays6. The DOA estimation algorithms has been a ourishing resear h a tivity. Broadly, the DOA estimation te hniques an be divided into two7 ategories [KV96℄, the spe tral based
and parametri approa hes. Spe tral based methods an be further divided into
beamforming te hniques and subspa e based te hniques. The most widely known
onventional beamforming methods are the onventional beamformer also known
as the delay and sum beamformer and the Capon's beamfomer. MUltiple SIgnal
Classi ation (MUSIC) [S h79℄ is an example of spe tral subspa e based methods.
Parametri based an be further be divided into subspa e based and Maximum
Likelihood (ML) methods. An example of the sub-spa e methods is Estimation of
Signal Parameters via Rotational Invarian e Te hniques (ESPRIT) [RPK86℄ algorithms.
While Spe tral based algorithms are simple, they do not oer su ient a ura y and perform poorly in low SNR onditions. On the other hand, parametri
te hniques perform better in orrelated signal onditions but require heavy om6 Note that the MMSE algorithms for adaptive beamforming do not require the knowledge of
the DOA of the signals.
7 Some authors divide the estimation te hniques into three ategories [FTH+ 99℄: spe tral
based, parametri subspa e based, and deterministi parametri based. Further MUSIC is lassied under the rst ategory
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Figure 2.9: Adaptive Beamforming Algorithm

putations. The most known used parametri te hniques is the ML. In fa t ML
te hniques were the rst to be investigated for DOA but were unpopular ompared to the suboptimal spe tral te hniques. Among the ML algorithms is the
Expe tation-Maximization (EM) algorithm. The SAGE (spa e-alternating generalized EM) algorithm [FH94℄, whi h is an extension of the EM algorithm, was
proposed [FDHT96℄ as a general approa h. It provides ML estimation of the DOA
at the expanse of a high omputational. In the following a qui k des ription of
the spe tral based onventional te hniques will be given, for the other te hniques
the readers an be referred [LR99, KV96℄. Note that the onventional beamforming te hniques for DOA estimation steer ele troni ally beams in all dire tions and
sear h for the output power peaks.

Delay and Sum method
In delay and sum method, the beam is s anned over angular region in dis rete
steps and the output power is measured. It an be shown that the output power of
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a lassi al beamformer as fun tion of Angle Of Arrival (AOA) is given by
P (θ) = ω H Rω = aH (θ)Ra(θ).

(2.24)

Hen e the output power as a fun tion of the AOA an be estimated from the
auto orrelation matrix R and the steering ve tors a(θ).

Capon's Beamformer Method
Capon's beamformer attempts to minimize the power ontribution of some interferes by forming nulls into those dire tions, while maintaining a xed gain in the
desired dire tion θ. The output power of the array as a fun tion of the AOA using
Capon's methods is given by [LR99℄
P (θ) =

1
aH (θ)R−1 a(θ)

.

(2.25)

2.4 Transmit Diversity
Transmit diversity [DGI+ 02, HTW03℄ an be subdivided into losed loop or open
loop transmit diversity modes, depending on whether or not feedba k information
is transmitted from the re eiver ba k to the transmitter.
The 3rd Generation Partnership Proje t (3GPP), Release 99, mandates that all
mobile user equipment (UE) must support transmit diversity using two downlink
transmit antennas [3GP02b℄. One open loop and two losed loop modes that must
be supported in Release 99 [3GP02b℄, for the downlink dedi ated physi al hannels.
WCDMA standard as proposed by the 3GPP, allows the following transmit
diversity modes with two transmit antennas:

2.4.1 Closed loop transmit diversity:
An illustration of the losed loop transmit diversity in WCDMA is shown in Figure 2.10. On ea h transmit antenna, the spread and s rambled signal S is subje t
to phase (in Mode I) or phase and amplitude (in Mode II) adjustments prior to
transmission [3GP02b℄. The weights are determined by the re eiver mobile user
and transmitted to the base station via the FeedBa k Indi ator(FBI).
T
Let hi = [h1i , h1i , · · · , hL
i ] for i ∈ {1, 2}, the hannel impulse response (of length
L) at the UE from the ith antenna. hli is the hannel impulse responses of the lth
time-delay (i.e path) from the ith transmit antenna. Let w = [w1 w2 ]T the transmit
weight ve tor, where w1 and w2 are the transmit weights of the rst and se ond
transmit antenna, respe tively. The transmit weight ve tor is hosen su h as the
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re eived power at the UE is maximized [Pla01℄8 :
L
X
Pmax = max(
kH l wk2 ),
w

(2.26)

l=1

where H l = [hl1 hl2 ] is the hannel matrix orresponding to the lth path. The
hannel impulse response from ea h antenna is estimated by the UE. This is simply
possible sin e ea h antenna transmits a spe i pilot on the Common PIlot Channel
(CPICH), that are orthogonal among ea h other.
In Mode I transmit diversity, the mobile an instru t the Base-Station (BS) to
rotate the phase of the dedi ated hannels transmitted on the diversity antenna
by multiples of 90 degrees. The feedba k message is ompleted in two slots. In
Mode II transmit diversity the BS an be instru ted by the mobile to rotate the
phase of the dedi ated hannels transmitted on the diversity antenna by a multiple
of 45 degrees and in addition, the relative transmit powers between the transmit
antennas an take 2 possible values - namely 20% on antenna 1 and 80% on antenna
2, or vi e versa. The feedba k message is ompleted in 4 slots. For instan e, in
Mode I transmit diversity, ωi the transmit weight at the ith antenna takes Q = 4
possible values given by
ωi ∈



1
√
2



1
ejπ(2q+1)/Q




: q = 0, . . . , Q − 1 .

(2.27)

2.4.2 Open loop transmit diversity:
The open loop transmit diversity employs a Spa e Time blo k oding Transmit
Diversity (STTD) and is based on Alamouti ode [Ala98℄. The STTD en oding is
applied on blo ks of four onse utive hannel bits. The mobile does not transmit any
feedba k information ba k to the transmitting diversity antennas. Two onse utive
symbol periods are required to de ode the data. For example as illustrated in
Figure 2.11, let sT = [s1 s2 ] the transmitted ve tor where the symbols s1 and
s2 are transmitted on antenna 1 at time instan e one and two respe tively, then
a ording to the STTD s heme the symbols transmitted on the diversity antenna
are −s∗2 and s∗1 . In order to keep the total transmit power onstant ompared to
a single antenna transmission, the power is split evenly at ea h transmit antenna
after spreading as shown in Figure 2.11. STTD is very attra tive s heme sin e
1) STTD de oder is simply a mat hed lter and 2) it oers a substantial gain in
terms of SINR in a at fading hannel. Let hT = [h1 h2 ] where h1 and h2 are the
8 Although the summation in Equation 2.26 an be written in a more ompa t form using the
Krone ker produ t [LS03℄, the urrent representation is easier to interpret.
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Figure 2.10: Close Loop Transmit Diversity.

hannel impulse responses from transmit antenna 1 and 2 to the UE respe tively9 .
The re eived signal at the UE, y , for two onse utive symbols is equal to10 :




s1 s∗2
y T = y1 y2 = hT ×
.
(2.28)
s2 −s∗1
It an be then easily shown that the estimated transmitted ve tor assuming linear
mat hed lter dete tion is given by [LS03℄:



H 

1
ŝ1
h1 h2
y1
ŝ =
=
×
.
(2.29)
ŝ2
y2∗
|h|2 −h∗2 h∗1
However, in ase of frequen y sele tive hannel, a spa e time equalizer is required
at the re eiver in order to ountera t the Inter Symbol Interferen e (ISI). To redu e
the re eiver omplexity, delay diversity may be used instead of STTD [MH04℄. In
fa t, the same equalizer algorithm may be used for delay diversity as for a single
antenna system but with a higher memory onstraint.

2.5 Re eive Diversity
Re eive diversity is a spatial diversity where multiple re eive antennas are used
to ombine or sele t the desired signal. The ombining an be done in several
9 Here

it is assumed that the hannels are at fading, for the frequen y sele tive ase, the
reader an be referred to [LS03℄.
10 By omitting the noise signal.
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ways whi h vary in omplexity and overall performan e. The separation between
antennas is generally su h that the fading amplitudes orresponding to ea h antenna
are approximately independent (greater than the oheren e distan e). Beverage
and Peterson were the rst to install spa e diversity stations in River-head, New
York by the late twenties of the last entury. Their work was published in the
thirties [BP31℄. In the fties re eive diversity be ome widely known and studied,
a des ription of the linear re eive diversity te hniques are given [Bre59℄ (and later
reprinted by IRE in 2003).
Re eive ombining an be divided into three ategories:
• Sele tion ombining whi h onsists of sele ting the re eived signal with largest
re eived power or SNR.
• Swit hed ombining whi h onsists of s anning the re eived antennas in sequential order and hoose the rst signal with a SNR above a given threshold.
• Linear ombining whi h onsists of weighting the re eived signal from ea h
antenna then summing linearly those signals.

In the following the SNR expression for the various re eive ombining methods
will be given in ase of a at fading hannel. For the frequen y sele tive ase, the
SNR expressions an be found in [LS03℄.
Let xi = hi s + ni and ωi , denote the re eived signal and weighting fa tor at
the ith antenna, respe tively. The re eive diversity operation is illustrated in Figure 2.12. At ea h re eive antenna a weight ωi , depending on the re eive ombining
method, is applied. Then the total re eived signal after ombining an be expressed
as
y=

N
X
i=1

ωi xi = s

N
X
i=1

ω i hi +

N
X
i=1

ω i ni .

(2.30)
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Assuming that the ombining oe ients are onstant over a short time and the
energy of the transmitted symbol is equal to one then the re eived SNR is
SN R =

PN

2
i=1 ωi hi s| ]
PN
E[| i=1 ωi ni |2 ]

E[|

P
2
| N
i=1 ωi hi |
,
= PN
2 2
i=1 ωi σi

(2.31)

where σi is the noise varian e on the ith re eived antenna.
In Maximum Ratio Combining (MRC), ωi are hosen su h as Equation (2.31)
is maximized whi h yields:
h∗
ωi = i .
(2.32)
σi
Assuming the noise varian e is identi al on all antennas and equal to σ then the
SNR for MRC be omes
N
N
X
X
|hi |2
γMRC =
γi .
(2.33)
=
σi2
i=1
i=1
Thus, the SNR of the ombiner output is the sum of γi , the SNRs on ea h antenna.
Assuming un orrelated Rayleigh fading amplitudes between the antennas then it
an be shown that E[γMRC ] = N E[γi ] = N γ
e, where γ
e is the mean SNR on ea h
re eive antenna.
For Equal Gain Combining (EGC) the signals are o-phased:
ωi =

h∗i
.
|hi |

(2.34)

Then the SNR for EGC is an be simply expressed as
γEGC =

PN
PN
( i=1 |hi |)2
( i=1 |hi |)2
=
.
PN 2
M σ2
i=1 σi

(2.35)

In sele tion ombining (SC), the weight fa tor ωi is given by
ωi =



1
0

for γi = maxk {γk } , where k ∈ {1, . . . , N }.
otherwise.

(2.36)

The mean SNR of SC re eive diversity is simply equal to [Gol05℄
γ
eSC = e
γ

N
X
1
i=1

i

.

(2.37)
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2.6 Spatial Multiplexing
In ri h s attering environments, independent data signals transmitted from dierent
antennas an be uniquely de oded to yield an in rease in hannel apa ity. This
in rease in apa ity is referred to as spatial multiplexing gain. This gain is linear
and at most equal to the minimum of the number of transmit and re eive antennas
(rmax = min(NR , NT )) used in the MIMO system. It requires no additional power
or bandwidth. The maximum multiplexing gain rmax is obtained at the expense
of the diversity gain. In fa t Zheng and Tse [ZT03℄ have shown that there is a
tradeo between diversity and multiplexing. They have shown that the optimal
tradeo urve, d⋆ (κ) is given by the linear pie ewise-linear fun tion onne ting the
points:
d⋆ (κ) = (NR − κ)(NT − κ)

for κ ∈ {0, 1, . . . , min(NR , NT )}.

(2.38)

In parti ular when the maximum multiplexing order is a hieved (i.e. κ = rmax )
then no diversity gain an be obtained (i.e. d⋆ (κ) = 0). On the other hand when
the multiplexing gain is nil (i.e. κ = 0), the maximum diversity d⋆max = NR NT
order is a hieved.
An illustration of the spatial multiplexing on ept is shown in Figure 2.13 for
NT transmit and NR re eive antennas. The basi idea of spatial multiplexing is

2.6. SPATIAL MULTIPLEXING

37

to send NT independent symbols per symbol period using the dimensions of spa e
and time. The en oded bit stream {x1 , x2 , . . . , xN T } is transmitted over all NT
transmit antennas as shown in the same gure. The re eiver, having knowledge of
the hannel, dierentiates between these streams and extra t ea h of them.
Several types of en oding an be used in onjun tion with spatial multiplexing,
for instan e horizontal en oding and verti al en oding. V-BLAST (Verti al Bell
Labs Layered Spa e Time Ar hite ture) [W+ 98℄) is an example of verti al en oding,
while D-BLAST (Diagonal BLAST Referen e) [Fos96℄ is a ombination of verti al
and horizontal en oding strategies.
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Figure 2.13: Example of Spatial Multiplexing.

Horizontal En oding
In the Horizontal En oding (HE), the bit stream to be transmitted is rst demultiplexed into separate data streams. Independent temporal en oding, symbol
mapping and interleaving will be applied to ea h stream before being transmitted
from the orresponding antennas. At the re eiver ea h data stream an be de oded
separately. The HE s heme an at most a hieve diversity order of NR [P+ 04b℄,
sin e for any given information bit is transmitted from only one antenna and reeived by NT antennas. Maximum likelihood or su essive an elation are possible
dete tion s hemes.

Verti al En oding
In the Verti al En oding (VE) ar hite ture, the temporal en oding, symbol mapping and interleaving is rst applied to the bit stream then it is de-multiplexed
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into streams before being transmitted from ea h antenna. The VE an a hieve full
(of order NR × NT ) diversity gain sin e ea h information bit an be spread a ross
all the transmit antennas. However, VE requires joint de oding of the sub-streams
whi h in reases substantially the re eiver omplexity ompared to HE.

2.7 Summary
In this hapter, a survey of the advan ed antennas te hniques was exposed. First
a generi denition of a MIMO system is given. This generi view allowed to hara terize any known antenna transmission s heme under a unied framework. The
MIMO term englobes the lassi al known s hemes su h as beamforming, re eive and
transmit diversity and newer ones su h as spatial multiplexing. After a reminder of
the basi antenna ele tromagneti properties, ea h of these s hemes were treated.
The rst te hnique, beamforming was presented. It was shown that beamforming
an be divided into two ategories: xed-beams and steered beams. While the
antenna weights of the FB ategory are xed, in the steered beams ategory they
are hosen su h as desired riteria dened by an obje tive fun tion are a hieved.
Examples of these riteria su h as MMSE, Max SNR and LCMV were presented.
Adaptive algorithms that allow to derive the optimal weight (based on the desired
riteria) were shown. Most of these algorithms required the knowledge of the DOA.
Hen e some of the onventional DOA estimation algorithms were summarized. The
se ond des ribed advan ed antenna te hnique is transmit diversity where the open
loop transmit diversity and losed loop of the 3G system were des ribed. The
third method is the well known re eive diversity was also treated. The various
re eive ombining methods and their respe tive SNR were shown. Finally spatial
multiplexing together with verti al and horizontal en odings were presented. This
overview will hopefully allow the reader to grasp the basi of advan ed antenna
te hniques thus allowing for a better understanding of the followings hapters of
the thesis.

Chapter 3

Summary of System Models and
Overall Results
In the previous hapter, we presented an overview of advan ed antennas te hniques
in order to introdu e the reader to those te hniques. In this hapter we will give a
basi des ription of the system models used in the arti les in luded in the se ond
part of the thesis. We will present rst the tra , propagation hannel models
and the performan e measure of system simulations. Afterward, we des ribe a
omplimentary des ription of the SINR derivation for a MIMO CDMA system.
For instan e the impa t of the phase mismat h on the SINR expression is shown.
Thereafter, the pra ti al aspe t of AA deployment in WCDMA and HSDPA is
treated, more spe i ally the intera tion of the RRM and beamforming is summarized. Finally a omprehensive summary of the performan e of advan ed antennas
in WCDMA and HSDPA is given.

3.1 Tra Models
Tra models are essential in order to estimate the system apa ity of wireless
multiple a ess te hniques in dynami system level simulations. The denition of
reliable and pre ise tra models is a omplex task requiring an a urate estimate
and veri ation, via real tra measurements, of statisti al parameters resulting
from the user behavior for various data tra s enarios. Sin e the goal of this thesis
is to ompare various antennas te hniques, the fo us will be on the relative and not
the absolute system apa ity values. Hen e in order to redu e the omplexity of
the used radio system simulators in the following hapters, simple tra models
will be adopted.
The 3G networks must simultaneously fulll the requirements of several tra
types whi h dier signi antly. Besides spee h, the dominant part of the arried
data is expe ted to be WWW tra . Audio/video streaming appli ations are also
39
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likely to be important. In the following hapters after, these three types of tra
servi es, spee h, data and streaming, are modeled in the simulations.
For the spee h users, a poisson distribution time of arrival is assumed. Furthermore, the user session time is exponentially distributed.
The best eort data (i.e. WWW tra ) is generated a ording to the tra
model presented in [VBKE00℄, and is based on real measurements. Ea h user
session has a Weibull distribution with an average of 50 se onds. During a session, a
user downloads on the average 10 web pages with geometri distribution. The page
requests are modeled as events with exponentially distributed inter-arrival time
with an average of 10 se onds. Ea h web page onsists of embedded obje ts. The
number of embedded obje ts per web page is modeled as geometri ally distributed
with an average of 7 obje ts. The obje t requests are modeled as events with
exponentially distributed inter-arrival time with an average of 1.5 se onds. The
obje t size has a trun ated Pareto distribution with a mean of 10 Kbytes and
trun ated at 100 Kbytes. The most relevant tra parameters for the best eort
model are summarized in Table 3.1.
It is important to separate the impa t of the tra model and the impa t of advan ed antenna s hemes on system performan e. One way to eliminate the impa t
of the data tra model is to study the system performan e under a ontinuous
data stream tra s enario. A 64 kbps radio bearer with neither buering of data
nor feedba k is the third servi e that is assumed in many of the studies in the
following hapters.

Tra parameter

User speed [km/h℄
User a eleration [m/s2 ℄
Session length [s℄
Page IAT [s℄
Obje t IAT [s℄
Obje t size [kB℄
Obje t number/page

Distribution Mean value
Gaussian
Gaussian
Weibull
Exponential
Exponential
Pareto
Geometri

3
0.2
50
10
1.5
10
7

Table 3.1: Tra Parameters settings of the WWW model. IAT = Inter Arrival
Time.
Note that mobile users are uniformly distributed in the ells whi h are of hexagonal shapes. The users are slowly moving in the ell plan with an average speed of
3 m/s and a small a eleration.

3.2 Channel Modeling for Advan ed Antennas
In order to be able to evaluate the system performan e of a multiple a ess system
te hnique using multiple antennas at the BS and/or the UE, it is ru ial to use
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a hannel model that provides the right radio propagation hara teristi s. For instan e it is important to apture the spatial aspe t of the Angular Spread and the
azimuthal DOA of the in oming waves at the BS. Consequently the dire tion of departure from the BS should be taken into a ount in the propagation model. These
matters have been extensively studied, theoreti ally and to some extent veried
with measurements (See [Lee73, AFWP86, SW94, PMF98, Ker02℄).
Channel modeling an be lassied into two ategories, deterministi and stohasti ally based models [MLKB01, MAH+ 02℄.
In the rst ategory the hannel properties are derived from the positions of the
s atterers by applying the ele tromagneti laws of wave propagation (i.e. rays an
be tra ed to nd the oupling paths [WW05b℄). While the deterministi models
provides a good agreement with physi al hara teristi of the propagation hannel,
it has many drawba ks. For instan e it requires large data bases, and is expensive
to produ e. Moreover, it is omputationally demanding and is site spe i . Finally,
the produ ed model depends on the used antenna ongurations.
In the se ond ategory, the hannel is onsidered statisti ally sto hasti , due to
the large variability in propagation. It is based on large measurement ampaigns,
and aims at reprodu ing observed phenomena by statisti al means. The sto hasti
model is best suited for assessment of a radio network rather than a radio planning.
Contrary to the deterministi based model, the sto hasti based model may apply
to a large number of sites and antenna ongurations. The sto hasti model an be
geometri , orrelation or parametri based. COST 259 model [Cor01, MAH+ 02℄ and
the 3GPP SCM model [3GP03℄ are examples of sto hasti geometri or parametri
based model. In the sto hasti model the delays, tap oe ients, and number of
taps/ lusters are modeled as random variables. The METRA model [Ker02℄ is
an example of the sto hasti orrelation based model. In this model, the spatial
orrelation between the antennas is expli itly dened and generated by means of
a spatial orrelation matrix. The orrelation between the antenna arrays at the
re eiver and at the transmitter is ondensed in two orrelation matri es. Although
this model is simple it has a major drawba k. The orrelation matrix is related to
the employed antenna elements polarization and radiation pattern.
Most of these models [Ker02℄ are designated for link level simulations, i.e. representing the hannel for a single onne tion between two antenna arrays at the
transmitter and the re eiver. On the other hand the COST 259 hannel model,
whi h is a spatial temporal radio propagation model that in ludes the ee t of fast
and slow fading is suited for link and system model1 . The COST 259 model is used
to assess the performan e of AA in the following hapters and is des ribed briey
in the following sub-se tion.

1 The

3GPP SCM model [3GP03℄ is also designed for link and system simulations.
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3.2.1 COST 259
The COST 259 system model used in this thesis have been simplied in order
to redu e the omputation omplexity of the system simulator. For instan e the
lustering has been disabled in the system model. In order to ompensate the
hange the standard deviation of the lognormal delay and azimuth spreads have
been in reased. Furthermore a orrelation matrix is introdu ed. The orrelation
matrix orrelates the fast fading between transmitting antennas.
The COST 259 version yields an instantaneous delay spread τm , the Ri e fa tor
κm , and the angular spread σm for the mth link in the system. The delay and
angular spread are modeled as orrelated random variables. The Power Delay
Prole (PDP) pm hara terizes the delay spread. It is an exponentially de reasing
fun tion. The Power Azimuth Spe trum (PAS) hara terizes the angular spread. In
an urban environment the PAS is a urately des ribed by a Lapla ian pdf [PMF00℄,
that is:


√ |φ − φm |
1
exp − 2
f (φ|φm , σm ) = √
,
σm
2σm

(3.1)

where φm denotes the nominal dire tion to the mobile. Given the PAS and the
spatial signature a(φ) of the antenna array, the user dependent hannel orrelation
matrix is given by
R(φm , σm ) =

Z

π

a(φ)aH (φ)f (φ|φm , σm )dφ.

(3.2)

−π

3.3 Performan e Measure
The most obvious hoi e in assessing the performan e of spee h servi e is the blo king and dropping rate for a given desired QoS (Quality of Servi e). The spee h QoS
is dire tly related to the BLo k Error Rate (BLER). It is assumed that a BLER
of 1.5% oers a satisfa tory QoS for spee h users. The apa ity for the spee h
servi e is thus dened here as the load in kbps/ ell (or served tra ) when the
mean BLER, the blo king (of new users) or the dropping (of on going alls) have
ex eeded the thresholds set in Table 3.2.
On the other hand, the QoS of the best eort and streaming data servi es depend
on the mean user bit rate and the total system throughput. The total system
throughput is dened by the sum of orre tly delivered bits to all data users during
the simulation period divided by the simulation period and the number of simulated
ells. The system apa ity is dened at the point where the system throughput fails
to in rease despite that the oered tra in reases. The user bit rate is given by
the ratio of the total re eived bits over the length of the user's session time.
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Blo k [%℄
5

Drop[%℄
1

Table 3.2: A epted quality for spee h servi e.

3.4 SINR Model for MIMO-CDMA
In hapter 5, an SINR model for the MIMO CDMA is derived. The link model is
used to al ulate the SINR of ea h link on the "y" during the system simulation
steps. Subsequently the SINR of ea h link is mapped to Frame Error Rate (FER)
depending on the used oding and modulation s heme. The symbol SINR of the
mth link at the symbol instant k is given by
SINRm [k] =

2
Nm γm,m
[k]pm [k]
,
⊢
0
2 [k]
Im [k] + Im [k] + σm

(3.3)

2
where Nm denotes the spreading fa tor, σm
[k], the varian e of the thermal noise
at the re eiver output, pm [k] the transmitted power to the mth user, and

⊢
Im
[k] =

M
X

2
αn,m [k]γn,m
[k]pn [k],

(3.4)

n=1
0
Im
[k] =

X

2
γn,m
[k]pn [k],

(3.5)

n∈S 0 (m)

αn,m [k] =

nX
F −1

l=−nH +1,l6=0

γn,m [k] = |rn,m,0 [k]|.

|rn,m,l [k]|2 /|rn,m,0 [k]|2 ,

(3.6)
(3.7)

αn,m [k] in (3.6) denotes the orthogonality fa tor [HW02℄. Note that the orthogonality fa tor an take values in the interval [0, ∞). Clearly αn,m [k] = 0 if and only
if2 nH = nF = 1, that is, the orthogonality fa tor is exa tly zero when the hannel
is at fading. The orthogonality fa tor goes to innity in ase the apture signal
at the entral tap is nil. Consequently the SINR tends toward the value zero. In
pra tise this situation will rarely o ur sin e a small fra tion of the power will be
always aptured at the entral tap by the Rake re eiver. Equation (3.7) denotes
the gain from the ombined ee t of the pre-lter, hannel and the re eiver lter.
⊢
[k], is a measure of the
The rst term in the denominator of Equation (3.3), Im
Multiple A ess Interferen e (MAI) originating from other users using the same
s rambling ode as the user of interest (i.e. when m 6= n). On the other hand, when
m = n, it is a measure of the Inter-Chip Interferen e (ICI) and the Inter-Symbol
2n

taps.

F

is the number of post-lter taps. nH is the sum of the radio hannel and the pre-lters
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0
Interferen e (ISI). The se ond term in Equation (3.3), Im
[k], is an additional MAI
originating from non orthogonal users belonging to S 0 (m), the set of all links using
dierent s rambling odes than the link m, and nally the last term is a measure
of the thermal noise.
Note that the overall hannel and re eiver lter gains γn,m [k] are real values.
Thus the symbol SINR does not depend on the phase mismat h between the hannel
and the re eiver lter.

3.4.1 Phase mismat h, raw BER and ee tive SINR
In order to measure the link quality, the symbol SINR derived above is onverted to
raw BER or FER. The raw BER Peb of QPSK modulation, under an AWGN noise
assumption, is related to the symbol SINR by the following well known formula
!
r
1
SINR
Peb = erf
(3.8)
,
2
2

where erf () denotes the omplimentary error fun tion.
Under a perfe t hannel estimation, the raw BER is simply al ulated by substituting the SINR of Equation (3.3) into Equation (3.8). In pra ti e, after the
de-spreading operation, the output of the symbol estimate b̂m [k] is subje t to a
phase rotation due to the possible mismat h of the re eiver lter and the hannel. The aforementioned mismat h auses " ross-talk" between the in-phase (I)
and quadrature (Q) hannels at the QPSK demodulator. This phase mismat h will
lead to erroneous link quality if not taken into a ount. Two ways an be used to
in lude this mismat h. The rst way is to modify the SINR expression before it is
onverted to raw BER or FER. The se ond way is to in lude the phase mismat h
in the raw BER expression. The se ond way implies that the link quality model
has to be modied. The modi ation in not re ommended sin e it makes the link
quality more omplex.
As stated above, the rst way is to modify the SINR derivation by taking into
a ount the ross-talk. A simple approa h is to in orporate the interferen e of the
I (or Q) hannel into the denominator and to adjust the gain in the numerator of
the modied SINR as follows

^m [k] =
SINR

2

Nm R {rm,m,0 [k]} pm [k]
2

⊢ [k] + I 0 [k] + σ 2 [k]
Nm I {rm,m,0 [k]} pm [k] + Im
m
m

,

(3.9)

where R(x) and I(x) denote the real part and the imaginary part of a omplex
number x, respe tively.
The se ond way is des ribed in the following. Assuming that there is no phase
and amplitude imbalan e in the QPSK transmitter, then the raw BER Pb (φ) of
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QPSK modulation for a given phase oset (or equivalently, the hannel and re eiver
lter phase mismat h) φ under AWGN is given by [Tso97℄ :
!
!
r
r
1
SINR
SINR
1
Pb (φ) = erf
[cos φ + sin φ] + erf
[cos φ − sin φ] , (3.10)
4
2
4
2
where SINR denotes the symbol SINR of (3.3). Let Pb denote the average raw
BER, that is
Z π
Pb = E {Pb (φ)} =
Pb (φ)f (φ)dφ,
(3.11)
−π

where f (φ) denotes the probability density fun tion of the phase mismat h φ.
The two methods are ompared in Figure 3.1. The Figure shows the raw bit
error rates as a fun tion of the phase mismat h. In parti ular, the measured (true)
raw BER under an AWGN assumption, and the approximate raw BER are shown.
The measured raw BER is obtained by substituting the SINR of Equation (3.3)
into Equation (3.10). The approximate raw BER is simply derived by substituting
the SINR of Equation (3.9) into Equation (3.8). As seen from the upper part of
Figure 3.1, where the symbol SINR is equal to 5.2 dB, the approximate and the
measured raw BER dier in ertain regions when a large phase oset o urs. The
dis repan y is even more apparent in the lower part of Figure 3.1. In fa t, the
approximate raw BER mat hes the measured but for very few phase oset values.
Thus, it is lear that an a urate phase estimation is important for demodulation.
Furthermore, the results in Figure 3.1 have demonstrated that an alternative SINR,
introdu ed below, is required that will mat h the measured raw BER.
Ee tive SINR:
Let SINR denote the SINR of an equivalent QPSK symbol, whi h under an
AWGN assumption and with nil phase oset, yields the same raw BER as omputed
by (3.11). Thus, for 0 ≤ Pb ≤ 1/2,

2
SINR = 2 erf−1 (1 − 2Pb ) .
(3.12)
The ee tive SINR, SINR, is shown in Figure 3.2 as a fun tion of the phase
oset. The approximate SINR of (3.9) is also presented. It an be observed that
there is a signi ant dieren e between the approximate and the ee tive SINR,
spe ially for large phase osets.
By obtaining an expression of the ee tive SINR, no modi ations of the SINRto-FER mapping is ne essary.

3.4.2 The SINR for nonlinear re eiver
The SINR expression for a MIMO CDMA presented in (3.3) is valid for any kind
linear MIMO s heme (at the trans eiver). The generalization of this expression
to non-linear re eivers or transmitters is di ult sin e the SINR derivation will
depend on the trans eiver type. For instan e for ommonly proposed s heme in
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Figure 3.1: Raw bit error rate of QPSK subje t to phase mismat h.

CDMA su h as STTD and Su essive Interferen e Can elation (SIC), the reader
an be referred to [MLS01, S+ 05℄ and [BS03℄. In [S+ 05℄, in addition of the SINR
expression for a multi- ell system, the orthogonality fa tor ontribution to the SINR
expression is also shown.

3.5 Pra ti al Aspe ts of Smart Antennas for WCDMA and
HSDPA
The deployment of smart antennas in a ellular system does not onsist of simply
in reasing the number of physi al antennas at the BS. In fa t it is required to rst do
a thorough analysis of the signalling (physi al and higher layer) in order to ensure
the apability that the standard in question an provide the fun tionality for smart
antennas. RRM algorithms and higher layers may have to be modied and adapted
if multiple antennas are implemented in the BS and/or the UE. This depends on
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Figure 3.2: Normalized symbol SINR subje t to phase mismat h.

the strategy used to make su h an implementation. For instan e, in WCDMA and
HSDPA, several strategies an be onsidered to implement the FB on ept. For
instan e, xed-beams system an be used as a way to in rease the se torization of
a base station [PMM03, Bau03℄. In that ase a beam will a t like a logi al ell.
This strategy an be alled xed-beams as higher order se torization. Another
alternative is to keep the ell stru ture as it is and to apply beamforming to the
data hannels and other related hannels (e.g. primary or se ondary ommon pilot
hannel). For any hosen strategy, it is ru ial to ensure an adequate radio resour e
management that takes into a ount the intera tion between AA and WCDMA.
Hen e, new RRM algorithms are proposed. Su h algorithms are admission ontrol,
hannel estimation, SCO allo ation, beam sele tion, beam swit hing, s heduling
and power setting for ommon hannels. These algorithms are briey summarized
in the following sub-se tions and treated in details in hapters 6, 7 and 8.
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3.5.1 Impa t Of Channel Estimation: Common and Dedi ated
Channel Mismat h
In WCDMA, several types of hannels are transmitted in a ell. One type onsists
of the Common CHannel (CCH) signalling (in luding the P-CPICH) and is transmitted through the wide beam using a single antenna element (to over the whole
ell). Another type onsists of Dedi ated CHannel (DCH) whi h arries all higher
layer information intended for a spe i user, and is transmitted over a narrow
beam.
The P-CPICH is generally used by the UEs for hannel estimation in se torized
systems, where ea h se tor is asso iated with its unique P-CPICH. In an FB system,
the user data is transmitted using a narrow beam and the P-CPICH is transmitted
on a se tor overing wide beam. This is illustrated in Figure 3.3 where as an example
four s atterers are shown. Moreover, the narrow beam may enhan e the signal from
some s atterers and attenuate from others. Consequently the hannel Impulse
Response (IR) of the wide beam may dier from the narrow beam hannel IR,
experien ed at the UE. The smaller the angular spread is, the higher the orrelation
will be (between the wide beam and narrow beam hannel IRs).
Let hc,m (t; τ ) and hm,m (t; τ ) be the time-varying hannel IR at time instant t of
the link m for the CCH and DCH, respe tively. The UE will estimate the hannel
on the P-CPICH. For the re eived signal on the P-CPICH, the data is mat hed to
the P-CPICH estimate. As it is shown in Figure 3.4(a), the re eived CCH signal is
mat hed to the orre t IR (i.e. fc (t; τ ) = h∗c,m (t; −τ ), where fc (t; τ ) is the mat hed
lter IR for the CCH). Similarly the signal re eived from the DCH (transmitted on
the narrow beam) is mat hed to the hannel IR estimated on the wide beam hannel
as shown in Figure 3.4(b), (note that fm (t; τ ) = fc (t; τ ) = h∗c,m (t; −τ ), where
fm (t; τ ) is the mat hed lter IR for the DCH3 ). This will result in a phase mismat h
between the DCH and CCH that impa ts the system performan e in parti ular for
large AS as illustrated in Figure 3.3. The impa t of the phase mismat h on the
system performan e of a four FB system is treated thoroughly in hapter 8. It
is shown that in a typi al urban hannel the degradation in terms of the system
apa ity is in the order of 5%.

3.5.2 Admission Control
The most widely used admission ontrol strategy in the DL is based on DL transmit
power, i.e. the DL power is not allowed to ex eed a pre-dened threshold. When the
threshold is rea hed, new users are blo ked. Two ases are onsidered: se tor power
based admission ontrol (SAC) and beam power based admission ontrol (BAC).
The SAC he ks the available power of the se tor where a new user is requesting a
onne tion, whereas BAC he ks the available power of the beam where a new user
would be admitted. Note that in both ases the power of the new user needs to be
3 Ideally

the DCH signal should be mat hed to h∗m,m (t; −τ ).
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Figure 3.3: Illustration of the wide and narrow beam radio hannels seen at the
UE.

estimated. A simple estimation is adopted. The predi ted power of the new user
is equal to a fra tion of the maximum link power for the type of servi e whi h is
requested by the user. In ne, a new user is admitted if the total DL needed power
per se tor or beam does not ex eed a pre-dened threshold Pth , thus

where

DL
Ptot
+ ∆P ≤ Pth ,

(3.13)

DL
∆P = λPmax
,

(3.14)

and
DL
Ptot
=

X

PiDL .

(3.15)

i∈area

PiDL is the DL power of the user i belonging to the area (e.g. a se tor or a beam)
and λ is the fra tion of the maximum link power. The BAC strategy requires
the transmit power per beam to be known in the radio network ontroller. The
BAC strategy requires that the transmit power of ea h beam needs to be known.
Therefore, power measurements need to be signalled to the radio network ontroller.
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Figure 3.4: The re eived signal of the CCH and DCH at the UE.

Also the measurement of the transmit power need to be ltered in order to avoid
huge u tuation and also to avoid measurement errors. The power AC strategies,
BAC and SAC, are presented in hapter 6 where it is shown that BAC an yield
up to 30% system apa ity gain ompared to SAC.

3.5.3 Beam Sele tion and Swit hing
For a FB system, the BS has to sele t a beam for the DL transmission to a spe i
UE. The beam sele tion is based on the measurements available at the BS and also
on the used transmission mode. For instan e in a TDD system, the beam sele tion
an be a urately done at the BS based on the uplink. In an FDD system the
beam sele tion an be either based on measurements reported by the UE or on the
uplink.
A fast me hanism has to ensure rapid beam swit hing when a user is travelling
fast in a ir ular fashion. In the ase of xed-beams based on HOS, the beam swit h
is equivalent to a handover. A soft handover an be a solution in order to prevent
some kind of a ping-pong ee t.

3.5.4 S heduling and CQI
When deploying xed-beam systems the interferen e pattern will undoubtedly hange
and the required measurements (for instan e CQI) must take this into a ount. In
HSDPA there is an inherent time delay between the instant the mobile user reports
the CQI and the instant the BS s hedules a user. The interferen e may hange
during this period. As a onsequen e, if the dis repan y between the reported CQI
of a user and the CQI for the same user after s heduling is large, then the sele ted
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MCS may not be robust enough to ensure error free transmission. If the data is in
error, then the BS will retransmit the data (or part of the data) using the HARQ.
The dis repan y between the reported CQI and the a tual CQI after s heduling is
even more apparent when multiple transmit antenna systems are used, sin e the
interferen e hanges in spa e and time depending on the transmit antenna weights
and the s heduling s heme. The spatial variation of the interferen e is ommonly
known as the "ashlight ee t" and is des ribed in hapter 7. A new method that
ounters su h a phenomena in proposed in hapter 7. This method insures that
intra- ell (and onsequently inter- ell) interferen e appears white in spa e. This is
a hieved by transmitting HS-DSCH to many users at the same time. Nevertheless, there is a trade o between how many simultaneous HS-DSCH users an be
s heduled and the overall system throughput. Thus, it is ru ial to allo ate the
system resour es (e.g. power, odes, oding and modulation s hemes) in an optimal way. One possibility is to use multiple s rambling odes (or a dierent ode
tree for ea h a tive HS-DSCH user). Using multiple s rambling odes in reases the
intra- ell interferen e, but at the same time stable spatial and temporal interferen e patterns are ensured without degrading the system throughput. As it turns
out, the "ashlight" ee t is mitigated and the system performan e is onsiderably
improved. S heduling more than one user on a dierent s rambling ode redu es
the dis repan y between the s heduled and reported SINR (see hapter 7).

3.5.5 S rambling Code Allo ation
In WCDMA, multiple a ess is performed in two steps. First the data is spread (i.e.
hannelized) with a hannelization ode belonging to the OVSF ode family. The
se ond step onsists of s rambling the data with a s rambling ode belonging to the
Gold ode family. Ea h user is asso iated with a unique s rambling ode and every
BS is asso iated with one or more unique s rambling odes. The hannelization
ode tree has a limited number of OVSF odes. Hen e when the tree is o upied
either new users are blo ked or a new s rambling ode should be opened. Sin e FB
systems are designed to in rease the load, the number of required s rambling odes
required to serve the mobile users may be greater than one. Thus strategies for
multiple SCO allo ation for FB systems are needed. Most studies have fo used on
OVSF ode re-assignment (or allo ation) in order to redu e the blo ked users due
to hannelization ode shortages and to avoid additional loss in the orthogonality
between the users. Re ently, [RH06℄ studied the impa t of opening a se ondary
s rambling ode in WCDMA systems equipped with a single antenna. The method
is not suited for FB systems. It onsisted simply of allo ating new users to the
se ondary s rambling ode when the ode tree of the primary s rambling ode was
fully o upied.
Two SCO allo ation strategies are proposed in hapter 8. The rst method and the most straightforward one - onsists of allo ating ea h beam with a unique
SCO (referred to as the "one Per Beam" (1PB) method). This solution has the
drawba k of utilizing more than one SCOs irrespe tive of the tra onditions. An
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alternative solution onsists of opening a new SCO when there is a need to do so. In
this s heme the users requiring high downlink transmit power are assigned the rst
SC. This is simply derived from the fa t the P-CPICH and other ommon hannels
are transmitted on the rst SC. Thus, a user allo ated to another SCO will suer
from higher interferen e power. This strategy is alled the "power based" (PB)
s rambling ode allo ation and an be summarized as follows:
1. Sort the users in a de reasing order a ording to their downlink transmit
power.
2. Allo ate users beginning from the top of the list to the rst SCO until all
hannelization odes are assigned.
3. Use se ondary SCOs and assign the required hannelization odes for the
remaining users. Use as few se ondary SCOs as possible as long as all the
users on the list have been allo ated the desired hannelization odes.
4. Periodi ally monitor the downlink power of the users and goto Step 1.
The two SCO allo ation strategies are ompared in an FB system in hapter 8.
As it will be shown in that hapter, the power based ode allo ation oers roughly
25% system throughput gain ompared to the 1PB strategy when two FB are used
per se tor. The gain de reases slightly for the ase when four FB are used per
se tor. This is not surprising sin e in a WCDMA radio network equipped with two
FB, one SCO is su ient in most ases. Thus allo ating one SC per beam will
in rease the intra- ell interferen e hen e de reasing the system apa ity.

3.5.6 Power Setting Common Channels
The per entage of the power allo ated to the ommon hannels in WCDMA impa ts the interferen e level [NL04℄ and onsequently the DL system apa ity. In
fa t [BB02℄ showed how the system apa ity related to the power used for ommon
hannels in a FB system. A proper sele tion an help to improve the air interfa e
performan e. Hen e it is ru ial to ensure a good quality of the re eived ommon hannel signal without ne essarily setting its value for the worst ase as it is
lassi ally done in radio planning tools.
A tuning algorithm for the power of the P-CPCIH and S-CPICH is proposed
and evaluated in hapter 7. The proposed algorithms apply power ontrol to the
transmitted P-CPICH and S-CPICH signals from all the BSs su h that 95% of the
users have their CIR greater than −18 dB and −21 dB, respe tively. In fa t a
target of −18 dB [Bau03℄ is onsidered more than adequate to dete t the ell and
perform measurements on the P-CPICH. The 3GGP re ommends that the CIR of
the ommon hannels (su h that BCH and the P-CPICH) at the UE is greater than
−20 dB [Thi05℄.
The implemented adaptive P-CPICH tuning algorithm will ompensate those
users with unsatisfa tory P-CPICH and S-CPICH (in ase it exists) quality, and
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will ensure a fair omparison between all FB on epts. The impa t of the P-CPICH
and S-CPICH tunings on the system apa ity is shown in hapter 7. Adapting the
P-CPICH and S-CPICH power, yields up to a 22% and 14% relative system apa ity
gain for the 2FB and 4FB ases, respe tively.

3.6 AA performan e in WCDMA and HSDPA
In this se tion the performan e of beamforming, HOS, TXDiv Cl1, STTD and
RXDiv in WCDMA and HSDPA is summarized. The results are analyzed and
presented thoroughly in hapters 6, 7 and 8.
The relative system throughput gain ompared to 3-se tor sites equipped with
single antenna, for HOS, FB with P-CPICH and S-CPICH respe tively are summarized in Table 3.3. The se ond olumn and third olumn of the table indi ates the
number of FB used per se tor and the name of the ommon hannel used as a phase
referen e (P=PCPICH, S=S-CPICH), respe tively. The 12-se tor sites yielded the
best system downlink apa ity, 2.6 times ompared to a 3-Se tor site, roughly 20%
more than to a 3-Se tor site equipped with 4FB ea h. The 6-Se tor sites equipped
with 2FB ea h redu ed the gap to 10%.

Se tors

FB/se tor

Phase Ref.

Relative Gain

6
3
3
3
3
6
12

1
2
2
4
4
2
1

P
S
P
P
S
P
P

1.52
1.57
1.58
2.11
2.21
2.36
2.61

Table 3.3: Relative system gain of HOS and FB to a single antenna in WCDMA.
The performan e of re eive diversity, transmit diversity (i.e. CL1 and STTD)
and SB are shown in Table 3.4 for PedA and TU hannels. In at fading hannels, transmit diversity s hemes su h as STTD and CL1 oer a substantial system
apa ity gain ompared to a single se torized antenna system irrespe tive of the
tra servi e (data/spee h). In fa t, CL1 demonstrates up to 3.7-times downlink
system improvement as it is shown in hapter 7.
In frequen y sele tive fading hannels, the additional diversity gain introdu ed
by the transmit diversity s hemes is negligible ompared to the inherent diversity
that is already present in the Typi al Urban radio propagation hannel. In su h
radio environments the system gain of the xed beam system is satisfa tory (approximately 40%). The SB on ept has a similar gain to a 4 FB on ept, around
200% regardless of the radio hannel environment. It should be noted that 2 RX
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diversity oers 4 substantial gain for both examined radio hannels. Ea h RX onsisted of a RAKE re eiver, higher apa ity gain may be obtained for more advan ed
re eiver [VTR03℄.

Channel
TU

PedA

Con ept

Relative Gain

SB
STTD
CL1
2-RX
SB
STTD
CL1
2-RX

3
1.1
1.1
2.1 to 2.4
3
2.5
3.7
1.8 to 2.7

Info.

from [RMPM02℄[VTR03℄

from [RMPM02, VTR03℄

Table 3.4: System gain relative to a single antenna in WCDMA.
The performan e of advan ed antennas in HSDPA are shown in Table 3.5. The
FB ase is ompared to an ordinary 3 se tor ase. The results show that regardless of
the studied radio hannel (Pedestrian A and Typi al Urban) and s enarios (tra
models plus s heduler types), the xed beam antennas network systems for HSDSCH WCDMA system oers an impressive apa ity gain (in terms of system
throughput), up to 200%, relative to the single se tor antenna.
On the other hand TXDiv gains depend on the radio environment. For instan e,
in the 3GPP TU hannel model, a signi ant loss in the system throughput relative
to the se tor antenna, is observed. This degradation is present despite that transmit
diversity oers greater gains on the link level. The loss in system throughput is
mainly due to random spatial interferen e patterns (the so alled Flashlight Ee t),
that are present in the HS-DSCH setting when a single user per ell is s heduled
at ea h time instant. The ashlight ee t an be mitigated, yielding a 70% system
throughput gain for CL1 ompared to a single antenna in a Pedestrian A hannel,
while 10% gain was observed in the TU hannel.
In HSDPA, a BS equipped with an FB system provides a gain up to 200%
irrespe tive of how sele tive the hannel is. While TXDiv oers some gain in
Pedestrian A hannels it indu es loss in a sele tive hannel for STTD. On the
other hand RX diversity is more robust and oers diversity gain for both hannels.
In [MGKE03℄, a 4x4 MIMO system using spatial multiplexing provided 3 times
more gain in omparison to a single antenna. It would be more ost e ient to
ombine beamforming and RX diversity for an HSDPA system sin e 4 FB system
provides almost the same apa ity gain as 4x4 MIMO system. In fa t the gain of
beamforming and RX diversity is additive sin e beamforming improves the antenna
4 These results are taken from other publi ations.
1 The gains of STTD and RXDiv are taken from the

external publi ations (mentioned in the
info olumn) and are in luded for omparison purposes.
2 Higher gain an be obtained for advan ed re eive like LMMSE hip equalizer [NKLR05℄.

3.7. IMPLEMENTATION ASPECTS OF ADVANCED ANTENNAS
Channel
TU

PedA

Con ept

Relative Gain

4FB
CL1
STTD1
2-RX
4FB
CL1
STTD1
2-RX 1 , 2

3
1.1
.85
1.35 to 1.61, 2
2.7
1.7
.93
1.2 to 1.3
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Info.
from [RM+ 03b, RM03a℄
from [RM+ 03b, NKLR05℄
from [RM+ 03b℄
from [PH04, NKLR05℄

Table 3.5: System gain relative to a single antenna in HSDPA.

gain while RX diversity ombats fast fading. For instan e for a Ped A hannel
ombining 4FB and 2 RX diversity would give more gain than a 4x4 MIMO while
requires 2 less antenna.

3.7 Implementation Aspe ts of Advan ed Antennas
In the previous se tion, lassi al advan ed antennas s hemes were evaluated for
CDMA using a dynami radio network simulator. That approa h indi ates the
gain of su h s hemes in an ideal environment without a ounting for the hardware
limitations. In fa t the hardware may add additional onstraints on the deployment
of any s heme, for example in terms of memory limitation and pro essor speed.
Besides, hardware impairments (e.g. A/D, frequen y syn hronization, et ...) may
ae t the performan e greatly. Hen e it is important to test any s heme that is
intended to be ommer ially produ ed. As an example STTD with re eive diversity
was implemented in a real-time DSP test-bed in hapter 10.
The test-beds hardware [Zet04℄ onsists of up to four radio nodes: two transmitters and two re eivers. All nodes have two antennas, one TI C6701 DSP pro essor
on an EVM board, and a host PC. The test-bed enables implementation, testing
and demonstration of MIMO systems in luding multi-user and multi- ell aspe ts.
It is worth mentioning that re ently there has been a ourishing work on the evaluation of MIMO system through test-beds [WJJ04, WPX04, DSCY04, C+ 06℄, in
a real or non-real time systems, whi h are either software-dened, DSP-based or
ASIC-based test-beds.
The experiment was performed for a narrow band hannel in the 1.8 GHz frequen y range. An adverse inter symbol interferen e and a severe CFO was observed
at the re eiver due to transmit and re eive lter impairments. Thus a new pilot
stru ture for joint CFO and hannel estimation in the frequen y domain using a
non-parametri one dimensional interpolation method is proposed in hapter 10.
The new pilot s heme results in signi ant redu tion of the required overhead signalling ompared to previous s hemes, and provided satisfa tory BER and BLER

56

CHAPTER 3. SUMMARY OF SYSTEM MODELS & RESULTS

performan e for modulations up to 64-QAM without any hannel oding.
The proposed hannel estimation method an be easily generalized to a 2-D
interpolation method that an be used for an OFDM system.

3.7.1 Non Parametri 2-D Channel Estimation
Channel estimation is normally done using known sequen es, so alled pilots. Pilot
signals are transmitted on spe i (and known to the re eiver) time and frequen y
slots. The hannel at these time/frequen y slots an be estimated using lassi al
pilot-assisted hannel estimation te hniques, su h as zero-for ing, MMSE, et . The
hannel estimation for the data slots is done by various predi tion methods, su h as
linear interpolation and MMSE interpolation te hniques. The proposed 2-D hannel
estimation method is performed in the frequen y domain using a non-parametri
interpolation method. It an be summarized by the following steps:
• Insert zeros at lo ations where there are no pilots.
• Take the Two-Dimensional Inverse Fourier Transform.
• Repeated opies of the hannel impulse response are observed. Only one opy
should be kept using a two-dimensional low pass lter.
• Take the Two-Dimensional Fourier Transform to obtain the hannel estimates
in the time-frequen y domain.

Note that the main dieren e ompared to the 1-D method presented in hapter 10 is that the data used to estimate the hannel has a 2-D (matrix) shape
instead of a ve tor, and a 2-D FFT is applied instead of a lassi al 1-D FFT, after
inserting zeros in the pilot symbols lo ations.

3.8 Distributed Antennas
In hapter 11, rst a novel method is introdu ed, alled Relaying Cy li Delay
Diversity (RCDD), that provides frequen y and spatial diversity for a multihop
system while requiring a lower overhead than existing methods in the literature.
S hemes su h as RCDD oer transmit diversity in the form of in reased frequen y
sele tivity. RCDD is modeled and evaluated in a radio network system simulation
tool. It yields an impressive 15 dB SINR gain whi h translates into 2.1 to 2.4
times ell throughput gain ompared to a single hop system. Conventional 2-hops
system requires two transmission phases whi h redu es the data rate e ien y in
a system. A new method is here proposed, alled two dimensional y li prex,
that introdu es arti ial frequen y, time and spatial diversity and requires only
a single transmission phase for ea h dire tion in a ooperative relaying wireless
ommuni ation system.
RCDD like CDD oers transmit diversity in the form of in reased frequen y
sele tivity without ae ting the hannel in the time domain. In fa t additional
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diversity an be obtained by in reasing the time sele tivity of the hannel whi h
an be exploited by the interleaving, Forward Error Corre tion (FEC) and spreading
to improve the system performan e. A method that generates time sele tivity an
be used on top of the frequen y sele tivity hen e the hannel an be exploited both
in the temporal and frequen y domain. The generation of the time sele tivity an
pre ede the frequen y sele tivity generation indu ed by y li shift for instan e.
This method an be seen as a generalization of the 2-D y li prex proposed in
hapter 11. Similarly to the 2-D y li prex method, the data at the re eiver is
subje t to a 2D-FFT before it is equalized. This method will allow to enable the
following:
• Adjusting the sele tivity of the hannel in the frequen y domain.
• Adjusting the sele tivity of the hannel in the time domain.
• Trading time sele tivity for frequen y sele tivity and vi e versa.
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Chapter 4

Con lusions & Future Works

4.1 Con lusions
In reasing the number of o-lo ated antennas at the BS and/or mobile, or the
number of distributed antennas by installing relays nodes, an boost the system
apa ity in wireless network systems to a great deal. The quanti ation of su h
gain was mainly performed, evaluated and analyzed in dynami system simulators
with an a urate intra- and inter- ell interferen e modeling. Su h modeling in luded
a omprehensive hannel modeling that grasp the spatial aspe t (su h COST 259
and the Spatial Channel Model). Moreover the ee tiveness of an antenna system
was evaluated in a real MIMO-test bed.
The estimation of Signal to Interferen e Noise Ratio (SINR) is the bedro k of a
radio network simulator. A generalized SINR estimation for a MIMO DS-CDMA
system was derived and presented. For ea h link, the downlink SINR was derived
analyti ally, and as a by-produ t an exa t losed-form solution of the orthogonality
fa tor was obtained. The orthogonality fa tor was derived for any linear re eiver
for a large lass of ombining te hniques, and for any number of transmit and/or
re eive antennas. The equivalent Single Input Single Output (SISO) hannel at the
re eiver was derived using a lter representation, and extended to a ve tor/matrix
formulation that permits a systemati and e ient way of omputing the SINR.
0 Ali

Ben Abi Taleb, Dar El Fikr El-Arabi, Beirut 1998
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4.1.1 Transmit Diversity
Transmit diversity was evaluated in WCDMA systems for at fading and frequen y
sele tive hannels. In at fading hannels, transmit diversity s hemes su h as Spa e
Time Transmit Diversity (STTD) and Closed Loop Mode I (CL1) oer a substantial
system apa ity gain ompared to a single se torized antenna system. In fa t, CL1
has demonstrated up to 3.8 times downlink system improvement as ompared to a
single antenna. In frequen y sele tive fading hannels, the additional diversity gain
introdu ed by the transmit diversity s hemes is negligible ompared to the inherent
diversity that is already present in the Typi al Urban (TU) radio propagation
hannel.
Similarly transmit diversity was evaluated in HSDPA systems. The obtained results showed that in the Pedestrian A hannel model similar system apa ity gains
relative to the se tor antenna, are expe ted. In the 3GPP TU hannel model, a
signi ant loss in the system throughput relative to the se tor antenna, was observed. This degradation is present despite that transmit diversity oers greater
gains on the link level. The loss in system throughput is mainly due to random
spatial interferen e patterns (the so alled Flashlight Ee t), that are present in the
HS-DSCH setting when a single user per ell is s heduled at ea h time instant. A
simple s heme that makes the interferen e spatially white, was also presented. The
ashlight ee t is mitigated, yielding a 70% system throughput gain for CL1 ompared to a single antenna in a Pedestrian A hannel, while 10% gain was observed
in the TU hannel.

4.1.2 Beamforming
The introdu tion of beamforming in Radio Network WCDMA System leads to a
substantial system apa ity and overage gain. Three dierent implementations
were evaluated and analyzed: Higher order se torization, Fixed Beams (FB) with
S-CPICH as a phase referen e and nally FB as P-CPICH as a phase referen e.
Further, the impa t of angular spread, the intera tion and impa t of RRM as
power tuning of the ommon hannel, S rambling COde (SCO) allo ation te hnique,
admission ontrol, handovers and various antenna onguration were analyzed. The
following observations were made:
• The 12-se tor sites yielded the best system downlink apa ity, 2.6 times ompared to 3-se tor sites equipped with a single antenna, roughly 20% more ompared to 3-se tor sites equipped with 4FB ea h. The 6-se tor sites equipped
with 2FB ea h redu ed the gap to 10%.
• The relative gain of 6- and 12-se tor sites ompared to 3-se tor sites all
equipped with a single antenna is approximately 1.5 and 2.6 respe tively.
• Besides ensuring a good quality for 95% of the users, the tuning of the PCPICH and S-CPICH powers, oered 14% and 7% system throughput gain
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for 3-se tor sites equipped with 2FB and 4FB respe tively when P-CPICH is
used as a phase referen e. Higher gains were obtained when S-CPICH is used
as phase referen e.
• The power based SCO allo ation method oered up to 25% system throughput
gain ompared to allo ating ea h beam with its one SCO.
• Admission ontrol based on a beam level (BAC) was ompared to the admission ontrol strategy based on a se tor level (SAC). BAC improved the
performan e in terms of the DL apa ity and guaranteed the system stability,
whi h SAC did not. While in a power limited one, BAC only performed 10%
better in terms of the DL system apa ity than the SAC, it oered a downlink
apa ity gain of 30% in an interferen e limited with a high tra variation
s enario.
• The ratio of users in soft and softer handover per ell is independent of the
number of beams used in a se tor, whi h implies that the handover signalling
over the Iub interfa e remain un hanged. But in reasing the number of se tors
per site to 12 led to 20% soft/softer handover in rease ompared to 3-se tor
sites equipped with 4FB.
• The system degradation due to spatial dispersion of the hannel is minor
in terms of system apa ity for most antenna onguration but noti eable,
around 10% for 12-se tor site or for 3-se tor sites equipped with 4FB ea h.

The FB system was also evaluated in HS-DSCH systems and ompared to an
ordinary 3-se tor site. The results showed that regardless of the studied radio
hannel (Pedestrian A and TU) and s enarios (tra models plus s heduler types),
the FB system for HS-DSCH WCDMA system oers an impressive apa ity gain
(in terms of system throughput), up to 200% for a 4 FB system.
The shape of the beam patterns was shown to impa t the system performan e
of beamforming. A method for shaping the beam pattern was proposed. Simulated
Annealing is used for designing a xed multi-beam antenna linear array. The obje tive is to minimize the total BS power required to guarantee an a eptable quality
of servi e to all users within a ell. The advantages of the proposed method may
be summarized as follows:
• Straddling Loss Mitigation: by optimizing the number of xed beams and
their patterns.
• Interferen e Management: sin e side-lobes are suppressed and the nulls are
steered towards the ross over regions.
• Resour e Optimization: the BS power was redu ed substantially whi h translates to system apa ity in rease or higher system throughput or lower hardware ost.
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System simulations showed that the proposed method yields up to 50% redu tion in the transmitted BS power ompared to a onventional Butler beamforming
network matrix.

4.1.3 MIMO Test-bed
A real-time DSP MIMO test-bed employing STTD with single arrier transmission and frequen y domain equalization, was evaluated. Although, the experiment
was performed for a narrow band hannel in the 1.8 GHz frequen y range, an adverse inter symbol interferen e and a severe Carrier Frequen y Oset (CFO) was
observed at the re eiver due to transmit and re eive lter impairments. A time
and CFO estimation together with hannel estimation based on Kalman ltering
provided satisfa tory BER and BLER performan e for modulations up to QAM64
without any hannel oding. A pilot stru ture, that takes into a ount a number
of design riteria was presented and evaluated. The pilots were hosen, su h that
ea h antenna was asso iated with a unique pilot sequen e that is about at in the
frequen y domain and orthogonal to other pilots transmitted on dierent antennas. The proposed s heme oered a higher system throughput due the signi ant
redu tion in the pilot overhead.

4.1.4 Distributed Antennas
Two novel methods that provide frequen y and spatial diversity were proposed.
The rst one alled Relay Cy li Delay Diversity (RCDD), provides frequen y and
spatial diversity for a multihop system while requiring a lower overhead that the
methods proposed in the literature. RCDD was modeled and evaluated in a radio
network system. It yields an impressive 15 dB SINR gain whi h translates into 2.1
to 2.4 times ell throughput gain ompared to a single hop system. Finally some
interesting observations an be mentioned:
• Retransmitting the data sequen e by the BS in the se ond transmission phase
led to a degradation (around 25%) in terms of the ell throughput due to a
substantial interferen e in rease.
• Maximum ratio ombining relaying (whi h onsists of estimating the hannel
impulse response from ea h relay node and applying MRC at the re eived
signal at the UE) yields no additional ell throughput gain while requiring
additional overheard and higher omplexity.
• Coherent ombining ooperative relaying method gives marginal gain ompared to RCDD in the order of 10% at the expense of higher overhead, feedba k signalling and omplexity.

S hemes su h RCDD oers transmit diversity in the form of in reased frequen y
sele tivity, nevertheless it requires two transmission phases for a 2-hops system. The
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se ond method alled two dimensional y li prex (2D-CP), introdu es arti ial
frequen y, time and spatial diversity and requires only a single transmission phase
for ea h dire tion in a ooperative relaying wireless ommuni ation system. The
arti ial sele tivity is exploited in onjun tion with forward error orre tion oding
to provide oding diversity gain. The BS transmits to the RNs and to the UE
during a predened period. The relay forwards the information re eived from an
BS a UE with one symbol delayed. Besides not requiring an antenna spe i pilots,
the 2D-CP provides a substantial Data Rate in rease in the order of 90% for a
hunk of length of 15 OFDM symbols.

4.2 Future Works
Although in this thesis a generalized SINR expression for MIMO CDMA linear
re eiver was derived, it remains a hangeling task to extend this expression to over
any kind of re eiver.
Many aspe ts and issues related to the methods developed and evaluated herein
have not been addressed. Some of these ideas that are interesting to be investigated
in the future are listed below:
• Steered beams on ept oered a negligible gain ompared to an FB system
in WCDMA as shown herein. SB with interferen e suppression methods or
nulling the signals of major interferes may be able to lift the negligible gain.
• It was assumed an error free feedba k for lose loop TXDiv methods presented
in this work. Hen e it would be natural in a future study to investigate the
impa t of feedba k errors on the performan e of lose loop TXDiv in WCDMA
and HSDPA.
• In the thesis, it was assumed that the MS are moving slowly. An interesting
work for future studies is to investigate the impa t of the Doppler frequen y
on the performan e of TXDiv s hemes.
• A new SCO allo ation power based te hnique was proposed and evaluated in
this work. New s rambling ode allo ation te hniques for advan ed antennas
in WCDMA based on dierent metri s su h as interferen e and/or SINR may
be more ee tive and able to oer better performan e.
• A new algorithm to ounter the ashlight ee t was proposed herein. It
would be interesting to ompare it to already know s heduling te hniques in
the literature su h as opportunisti s heduling.
• In this thesis, it was assumed 2-D antenna patterns. Hen e it is interesting
to model more realisti (3-D) antenna patterns and investigate its impa t on
the system apa ity.
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• A simple rake re eiver was onsidered when evaluating WCDMA and HSDPA. More advan ed re eivers su h G-RAKE, or advan ed equalizers su h as
hip rate equalizer may be able to improve further the system performan e
summarized in this thesis.
• In this work, it was assumed a simple RAKE re eiver for TXDiv in WCDMA.
It would be interesting to ompare it to single arrier frequen y domain equalization systems equipped with TXDiv.
• In this thesis, a novel method, RCDD was proposed. The y li shifts applied
at the relays were randomly hosen. Another alternative would be to oordinate these y li shifts in order to optimize the users' fairness and overall
system throughput.
• The optimization of the relay nodes lo ations in an RCDD system is also a
hangeling issue.
• The evaluation of the 2-D CP method proposed herein.
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Chapter 5

SINR estimation and orthogonality
fa tor al ulation of DS-CDMA
signals in MIMO hannels employing
linear trans eiver lters
Andrew Logothetis and Af Osseiran, in Wiley Journal Of Wireless
tions And Mobile Computing, to appear (a epted in 2004).

Communi a-

Abstra t
A dis rete-time model of DS-CDMA signaling using multiple transmit and re eive
antennas employing linear trans eiver lters is derived. For ea h link, onne ting
a base-station to a wireless mobile user, the downlink signal to interferen e plus
noise ratio (SINR) after despreading is derived analyti ally, and as a by-produ t an
exa t losed-form solution of the orthogonality fa tor is obtained. The orthogonality
fa tor is derived for any linear re eiver stru ture that is implemented by a bank
of orrelators and for any linear ombining te hniques (su h as MRC and MMSE),
and for any number of transmit and/or re eive antennas that utilize transmit (preRAKE) and re eive (post-RAKE) ltering. The MIMO DS-CDMA model is derived
using a lter representation, and is extended to a ve tor/matrix formulation that
permits a systemati and e ient way of omputing the SINR in a radio network
simulator.
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WIRELESS COMMUNICATIONS AND MOBILE COMPUTING
Wirel. Commun. Mob. Comput. (in press)
Published online in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/wcm.321

SINR estimation and orthogonality factor calculation
of DS-CDMA signals in MIMO channels employing linear
transceiver filters
Andrew Logothetis and Afif Osseiran*,y
Ericsson Research, Ericsson AB, SE-164 80 Stockholm, Sweden

Summary
A discrete-time model of DS-CDMA signaling using multiple transmit and receive antennas employing linear
transceiver filters is derived. For each link, connecting a base-station to a wireless mobile user, the downlink signal
to interference plus noise ratio (SINR) after despreading is derived analytically, and as a by-product an exact
closed-form solution of the orthogonality factor is obtained. The orthogonality factor is derived for any linear
receiver structure that is implemented by a bank of correlators and for any linear combining techniques (such as
MRC and MMSE), and for any number of transmit and/or receive antennas that utilize transmit (pre-RAKE) and
receive (post-RAKE) filtering. The MIMO DS-CDMA model is derived using a filter representation, and is
extended to a vector/matrix formulation that permits a systematic and efficient way of computing the SINR in a
radio network simulator. Copyright # 2006 John Wiley & Sons, Ltd.

KEY WORDS: multiple input multiple output; DS-CDMA; pre-RAKE; post-RAKE; SINR; orthogonality factor;
BER; radio network simulation

1. Introduction
In direct sequence code division multiple access (DSCDMA) systems, such as WCDMA, where the channelization codes are chosen to be orthogonal under the
same scrambling code, the own or intra-cell interference is non-existent when the wireless channel is flat
fading. On the other hand, when multiple copies of the
same signal arrive at different time instances, the
orthogonality properties of the signal are partially
(and at times quite significantly) destroyed depending
on the nature of the delay spread. Moreover, if another
scrambling code is used in the same cell, the intra-cell
interference is increased even further. A convenient

way to measure the increase in interference is the
introduction of the orthogonality factor (OF), which
can be seen as an indicator of orthogonality loss in the
own user cell.
Conflicting definitions of the OF are given in the
literature. The most widely used defines the OF
equal to one when the orthogonality is fully maintained and to nil when the intra-cell interference is
heavily dominant [1–3]. The other definition [4–6]
can be seen as the complement of the first one
(i.e., OF is equal to nil for perfectly preserved orthogonality and equal to one or as some have defined
OF  1 for considerable levels of downlink intra-cell
interference).

*Correspondence to: Afif Osseiran, Ericsson Research, Ericsson AB, SE-164 80 Stockholm, Sweden.
y
E-mail: afif.osseiran@ericsson.com
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As stated previously, the OF is an indicator of the
intra-cell interference hence, the OF will directly
appear in the expression of the signal to interference
plus noise ratio (SINR). In fact, the derivation of the
SINR in a CDMA system was the subject of wide
interest in the past decade. In Reference [7], the intracell interference was derived by averaging over the
channelization codes and the phases of the multi-path
components. Also, Reference [8] obtained the SINR
expression by averaging of the multi-path phases and
fractional chip delays between multi-paths. Finally,
Reference [9] derived elegantly and methodically the
SINR after RAKE receiver by averaging over the
channelization and spreading sequences.
Deriving accurately the SINR is a tedious exercise.
A number of detours were suggested to facilitate the
OF representation in the SINR expression. In fact, it
was proved through measurement that a certain correlation existed between delay spread and the orthogonality factor [1]. Also, Reference [2] simply
expressed the OF as inversely proportional to the
number of resolvable paths. Furthermore, the large
scale statistics of OF was investigated in Reference [3]
and the correlation was established with the shadow
fading and the distance to the base-station (BS). More
recently, Reference [10] characterized the OF in terms
of the diversity factor which reflects the relative time
delays and average power of the channel multi-paths.
The drawback of many approaches is that the
solution heavily depends on the type of antenna
systems used at the BS and the receivers implemented
at the mobile users. In fact, all the above-mentioned
studies assumed a single antenna at the BS and at the
mobile user. In many cases, the calculation of the OF
is overly simplified or based on long-term statistics.
Either way, the exact SINR derivation in case of
multiple input multiple output (MIMO) DS-CDMA
is of utmost importance since the instantaneous and
accurate SINRs are required during the link to system
interface when comprehensive dynamic system evaluations of advance antenna schemes are required.
The expected SINR per symbol for the mth linky
after despreading is generally modeled as follows

SINRm ¼

Nm gm pm
þ Im þ 2m

m gm pb

ð1Þ

y
Link is a connection between a BS and a mobile user
characterized by a unique scrambling and channelization
code.

Copyright # 2006 John Wiley & Sons, Ltd.

where Nm ; gm , pm , and 2m denote the spreading factor,
the path gain, the transmitted power to the mth link,
and the variance of the thermal noise, respectively. pb
is the total BS power allocated to signals using the
same scrambling code as m. These signals are mutually orthogonal since orthogonal variable spreading
factor (OVSF) channelization codes are assumed. Im is
the interference from the non-orthogonal signals originating from the own and other cells. Finally, m is
the downlink orthogonality factor, which represents
the fraction of the wide band received power of the
orthogonal signals causing interference to link m.
Contribution of this work: The purpose of the study
is to
 Accurately model the orthogonality factor and as a
by-product derive a precise estimate of the SINR.
 Explicitly model the multiple scrambling codes
from the own cell and other cells in the derivation
of the SINR.
 Consider multiple transmit (TX) and multiple receive (RX) antennas that utilize finite impulse
response (FIR) filters.
 Present an efficient way to compute the SINR on a
wireless network simulator.
In order to demonstrate the accuracy of the proposed
theoretical model, a comparison between the simulated (i.e., the true SIR derived using single link
simulations), the theoretical (proposed in this paper),
and the SINR estimation method suggested in
References [1,3], was carried and is summarized in
Figures 1 and 2. Closed loop mode I transmit diversity
in a 3GPP typical urban and Pedestrian A radio
channel model was considered. The transmit filters
are chosen according to the recommendations of the
3GPP WCDMA standard, where each user instructs
the BS to use one of a fixed number of transmit filter
weights such that the received SNR is maximized. The
mobile user utilizes a RAKE receiver and the receiver
filter coefficients are matched to the combined transmit filter and channel impulse response. In order to
highlight the effects of inter-symbol interference, the
spreading factor was set to 4 and no other source of
interference (i.e., inter-cell, intra-cell, and thermal
noise) was considered. The discrepancy between the
method in Reference [3] and the simulated signal to
interference ratio (SIR) is apparent and necessitated
the need to derive more accurate SIR estimates. As
seen in Figures 1 and 2, the theoretical SIR estimation
presented here, matches accurately the simulated
(true) SIR.
Wirel. Commun. Mob. Comput. (in press)
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Table I. National.

Typical Urban

1
0.9

nR
nT
nW
nG
nF
M
B
IU ðmÞ
IB ðmÞ
IS ðmÞ
SB ðmÞ
SU ðmÞ
SL ðbÞ
S‘ ðmÞ
S6‘ ðmÞ

0.8
0.7

cdf

0.6
0.5
0.4

Simulated

Theoretical
Pedersen et al

0.3
0.2
0.1
0
2

4

6

8

10

12

14

16

The number of receive antennas
The number of transmit antennas
The number of pre-filter taps
Upper-bound on the channel order
The number of post-filter taps
The number of active downlink links
The number of base-stations
ID number of the mobile user associated with link m
ID number of the base-station associated with link m
The scrambling code index for link m
Set of Node Bs that the mobile user IU ðmÞ is connected to
The mobile users that are connected to base-station IB ðmÞ
The set of links that originate from base-station b
Set of all links using the same scrambling code as link m
Set of all links using different scrambling codes than the
link m

SIR (dB)

Fig. 1. The cdf of SIR for the simulated (true SIR), theoretical (proposed in this paper), and the one presented in
Reference [3], for close loop mode I transmit diversity in the
3GPP typical urban radio channel with spreading factor of 4.

Notation: Let m and n denote the mth and the nth
active downlink link, respectively. Let x½k denote the
kth sample of an analog signal xðtÞ, sampled at time
t ¼ kT, where T is the sampling period. ðÞ , ðÞT , and
ðÞH represent, complex conjugation, transpose, and
the complex transpose operator, respectively. Scalar
variables are written as plain letters. Vectors are
represented as bold-faced and lower-case letters, and
matrices as bold-faced and upper-case letters. Furthermore, to distinguish between scalar/vector/matrix

variables, and scalar/vector/matrix operators, italic
letters are used for the former and non-italic letters
for the latter. Let Ir , and 0r;t respectively denote the
identity matrix of size r  r, and a r  t matrix of
zeros. fXgi;j , denotes the element of matrix X corresponding to the ith row and jth column. Variables and
constants widely used in this paper are summarized in
Table I.

2. System Model
The continuous time version of the transmitted DSCDMA signal dm ðtÞ for the mth link at time instant t,
after modulation and spreading, can be expressed as:

Pedestrian A

1

dm ðtÞ ¼

0.9

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 1
pm ðtÞ X
bm ½bk=Nm csm ½kcm ½kqðt  kTc Þ
2 k¼1
ð2Þ

0.8
0.7

cdf

0.6
0.5
0.4

Simulated
Theorical
Pedersen et al

0.3
0.2
0.1
0

10

15

20

25

30

35

SIR (dB)

Fig. 2. The cdf of SIR for the simulated (true SIR), theoretical (proposed in this paper), and the one presented in
Reference [3], for close loop mode I transmit diversity in the
3GPP Pedestrian A radio channel with spreading factor of 4.
Copyright # 2006 John Wiley & Sons, Ltd.

where pm ðtÞ denotes the transmitted power of the mth
link at time instant t. qðtÞ denotes the pulse shaping
filter, and Tc is the chip period. bxc rounds a real
number x to the nearest integers towards minus
infinity.
QPSK modulation is considered here, that
is bm ½k 2 f1  jg. cm ½k 2 f1g denotes the periodic OVSF sequence, with period Nm , that is
cm ½k þ Nm  ¼ cm ½k. Nm denotes the number of chips
per symbol for the mth link (Nm is known as the
spreading factor). Finally, sm ½k 2 f1  jg denotes
the mth link’s scrambling sequence. For example, in
WCDMA, sm ½k is periodic with period Ns ¼ 2560
(chips per frame).
Wirel. Commun. Mob. Comput. (in press)
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bm [k ]

w1(z;k)

f1(z;k)

w2(z;k)

f2 (z;k)
despread

spread

wn(z;k)

b̂m [k ]

fn (z;k)

T

R

Fig. 3. MIMO DS-CDMA system utilizing multiple transmit and receive antennas with pre-RAKE and post-RAKE filtering.

Assumption: Here, a chip sampled system is assumed. The extension to the oversampled case is
straightforward. Let nR denote the number of receive
antennas. If the received signal is oversampled by a
factor x, then the total number of ‘effective’ parallel
channels becomes nR x.
Given the stated assumptions above, the discretetime version of the spread signal is given by§
dm ½k ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pm ½k
bm ½bk=Nm csm ½kcm ½k
2

ð3Þ

The discrete-time model of the MIMO DS-CDMA
system investigated in this paper is shown in Figure 3.
Pre-filters: At each transmit antenna the signal is,
prior to transmission, subject to a user-specific prefiltering. Assuming nT transmit antennas, the linear
time-varying pre-filter wm ðz; kÞ for link m can be
written as
wm ðz; kÞ ¼

nX
W 1

wm;l ½kzl

ð4Þ

l¼0

where nW denotes the number of filter taps and

wm;l ½k 2 CnT 1 : l ¼ 0; . . . ; nW  1 is a set of
time-varying, user-dependent, filter weights.
wm ðz; kÞ is the equivalent of a wideband beamformer—applied to the transmit antennas rather than at
the receive antennas—that combine spatial transmit
filtering with temporal transmit filtering. Such techniques have been proposed for the time division
duplex (TDD) CDMA systems, which are commonly
known as pre-RAKE filtering [11–13]. Extensions of
pre-RAKE filtering to frequency division duplex
(FDD) CDMA systems can be found in Reference
[14]. In the most simplified case when the number of
§

The effects of the pulse-shaping transmit and receive filters,
which are usually implemented as root-raised cosine filters,
are assumed to be included in the channel impulse response.

Copyright # 2006 John Wiley & Sons, Ltd.

temporal filter taps is equal to one, that is nW ¼ 1,
wm ðz; kÞ reduces to wm;0 ½k, which is the steering
vector of a beamforming network.
MIMO channels: Let Gn;m ½z; k denote the equivalent baseband channel impulse response from the
transmit antennas of BS with index IB ðnÞ to the
receive antennas of the mobile user with ID number
IU ðmÞ. Assuming that nG is an upper-bound on the
channel order, then the channel impulse response can
be expressed as follows
Gn;m ½z; k ¼

nX
G 1

Gn;m;l ½kzl

ð5Þ

l¼0

where Gn;m;l ½k 2 CnR nT denotes the complex channel
taps of the lth path.
Received Signal: Let the equivalent, discrete-time,
base-band signal be denoted by ym ½k. Here, the rth
element of ym ½k corresponds to the rth receive antenna. ym ½k comprises terms involving the signal of
interest, the signals using the same scrambling code,
signals using different scrambling codes, and other
noise terms. The received signal is simply given by
ym ½k ¼

M
X

hn;m ðz; kÞdn ½k þ vm ½k

ð6Þ

n¼1

where M denotes the number of active downlink links
and the time-varying impulse response filters are
defined as
hn;m ðz; kÞ ¼ Gn;m ½z; kwn ½z; k ¼

nX
H 1

hn;m;l ½kzl ð7Þ

l¼0


where nH ¼ nG þ nW  1 and hn;m;l ½k 2 CnR 1 :
l ¼ 0; . . . ; nH  1g is a set of complex channel taps
that combine the effect of the radio channel and the
pre-filters. Note that hn;m ðz; kÞ, for n 6¼ m, denotes the
Wirel. Commun. Mob. Comput. (in press)
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ym [ k ]
×

f m ,0 [ k ]

z

z

z
×

f m , 2 − nF [ k ]

×

f m ,−1[k]

f m ,1−nF [ k ]

×

Σ

xm [k ]
Fig. 4. Linear receiver filter.

single input multiple output (SIMO) impulse response
experienced by user IU ðmÞ when the transmit pre-filter
is set by user IU ðnÞ.
The statistics of the noise vm ½k 2 CnR 1 are given
by

Substituting Equation (6) into Equation (10), the
following signal is obtained prior to despreading and
de-scrambling
xm ½k ¼

X

rn;m ðz; kÞdn ½k þ f Hm ðz; kÞvvm ½k

ð12Þ

n

Efvm ½kg ¼ 0nR 1


E vm ½kvvHm ½l ¼ Qm ½k; l

ð8Þ

where the combined effect of the pre-filter, MIMO
channel, and the receiver filter is given by
ð9Þ
nR nR

The noise covariance matrix Qm ½k; l 2 C
is
general enough to model both spatial and temporal
correlations. If, for example, vm ½k represents the
ambient additive white Gaussian noise (AWGN) with
power N0 per antenna and if the noise is uncorrelated
between the antennas, then for all k: Qm ½k; l ¼
N0 I nR nR for l ¼ k, and Qm ½k; l ¼ 0nR nR , otherwise.
Receiver filters:{ The discrete-time samples ym ½k
pass through the linear receiver filter (see Figure 4) to
yield a scalar estimate of the transmitted spread signal
as follows
xm ½k ¼ f Hm ðz; kÞym ½k

ð10Þ

where
f Hm ðz; kÞ ¼

0
X

f Hm;l ½kzl

ð11Þ

l¼nF þ1

and ff m;l ½k 2 CnR 1 : l ¼ nF þ 1; . . . ; 0g is a set of
time-varying, user-dependent, receiver filter weights.

{

Receiver filters are essentially a bank of linear FIR equalizers and are not to be confused with the pulse-shaping
receive filters.

Copyright # 2006 John Wiley & Sons, Ltd.

rn;m ðz; kÞ ¼ f Hm ðz; kÞhn;m ðz; kÞ ¼

nX
H 1

rn;m;l ½kzl

l¼nF þ1

ð13Þ

Note that the impact of the receiver filters f m ðz; kÞ is to
extend the channel impulse response as seen by the
correlator from nH taps to nH þ nF  1.

3. Data Detection and SINR Estimation
The output xm ½k of the receiver filter in Equation (10)
is de-spread/de-scrambled by the sequence sm ½kcm ½k
to yield the symbol estimate ^bm ½, where  ¼bk=Nm c.
The mean and variance of the symbol estimates
^bm ½ are derived in Appendix A, where the calculations are based on the well-known Gaussian approximation methods for computing the SINR after
despreading.
The symbol SINR of the mth link at the symbol
instant  is then given by
SINRm ½
¼ PM

n¼1

Nm
n;m ½k

2
n;m ½kpn ½k

2
m;m ½kpm ½k

þ

P

n2S6‘ ðmÞ

2
n;m ½kpn ½k

þ 2m ½k
ð14Þ
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where 2m ½k, which is defined in Appendix A, denotes
the variance of the thermal noise at the receiver
output, and

n;m ½k

¼

nX
F 1

jrn;m;l ½kj2

l¼nH þ1;l6¼0 jrn;m;0 ½kj

n;m ½k

2

¼ jrn;m;0 ½kj

ð15Þ

ð16Þ

factorize common terms. A similar approach was
applied to the WCDMA closed loop mode I transmit
diversity for high speed downlink data packet access
(HSDPA) in Reference [15]. The results are extended
in this paper to address an arbitrary number of TX and
RX antennas employing linear transceiver filters.
For notation convenience, the sampling instant k is
dropped. It can be shown (see Appendix A) that the
equivalent SISO impulse response vector rn;m is given
by

n;m ½k

in Equation (15) denotes the orthogonality
factor [4]. Note that the orthogonality factor can
take values in the interval ½0; 1Þ. Clearly n;m ½k ¼ 0
if and only if nH ¼ nF ¼ 1, that is, the orthogonality
factor is exactly zero when the channel is flat fading.
Equation (16) denotes the gain from the combined
effect of the pre-filter, channel, and the receiver filter.
The first term in the denominator of Equation (14)
is a measure of the multiple access interference (MAI)
originating from other users using the same scrambling code as the user of interest (i.e., when m 6¼ n),
on the other hand, when m ¼ n, it is a measure of the
inter-chip interference (ICI) and the inter-symbol
interference (ISI). The second term in Equation (14)
is an additional MAI originating from non-orthogonal
users belonging to the set S6‘ ðmÞ, and finally the last
term is a measure of the thermal noise.
Note that the overall channel and receiver filter
gains n;m ½k are real valued and thus, the symbol
SINR does not depend on the phase mismatch between the channel and the receiver filter.

3.1. An Efficient Method for Computing
the SINRs for a Radio Network Simulator
In a network wireless system simulator, the SINR
must be computed for all links, and updated regularly.
The update rate of the SINR values depends on how
often the channel or the TX/RX filter tap coefficients
change, that is, there is no need to recompute the
SINR when the channel and filter coefficients are
static. Furthermore, the computational complexity
grows exponentially with the number of simulated
users, since the TX weights for link n impact the
equivalent single input single output (SISO) channels
for all other links. In this section, an efficient method
to reduce the computational cost of the SINR, is
presented. Appendix A transforms the filter representation of the MIMO DS-CDMA system into an equivalent vector/matrix notation, that makes it possible to
Copyright # 2006 John Wiley & Sons, Ltd.

rn;m

2

3
rn;m;nF þ1
¼ 4 . . . 5 ¼ Fm Gn;m wn
rn;m;nG 1

ð17Þ

where Fm , Gn;m , and wn denote the receiver matrix
(defined in Equation (34)), the channel transfer
matrix (defined in Equation (29)), and the stacked
transmit weight coefficients (defined in Equation (24)),
respectively.
An alternative formulation of the symbol SINR (see
Appendix A) is as follows
SINRm ¼

Tr

Nm wHm C‘m wm pm

 ‘ ‘
2
b¼1 Cm ðbÞPðbÞ  Tr Cm Pm þ m

PB

ð18Þ

where B denotes the number of BSs, and

Cm ðbÞ



Cn;m ¼ GHn;m FHm Fm Gn;m

ð19Þ

Cn;m ; 8n : b ¼ IB ðmÞ ¼ IB ðnÞ

ð20Þ

PðbÞ ¼

X

pn wn wHn

ð21Þ

n2SL ðbÞ

C‘m ¼ GHm;m FHm enF eHnF Fm Gm;m

ð22Þ

X

ð23Þ

P‘m ¼

pn wn wHn

n2S‘ ðmÞ

and en denotes a vector of zeros except for the nth
position, where ½en n ¼ 1. Note that Cn;m are identical
for all downlink links n that originate from the same
BS as m. Thus, the number of terms in the summation
Wirel. Commun. Mob. Comput. (in press)
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in Equation (14) is drastically reduced from M to B.
Consequently, the calculation of the SINR for each
link can be computed efficiently since PðbÞ needs to
be calculated once per BS and is a common term for
every link.
To summarize, at each time slot the SINR of every
link is computed using the following two steps:
I For each BS b ¼ 1; . . . ; B compute:
 PðbÞ, using Equation (21).
II For each link m compute:





Cm ð1Þ; . . . ; Cm ðBÞ, using Equation (20).
C‘m , using Equation (22).
P‘m , using Equation (23).
SINRm , using Equation (18).

4. Conclusion
A discrete-time time-varying representation of a
MIMO DS-CDMA system, was presented. For each
link, the downlink SINR after de-spreading was derived analytically, and as a by-product an exact
closed-form solution of the orthogonality factor was
obtained. The orthogonality factor was derived for:
 Any linear receiver implemented by a bank of
correlators and for a large class of combining
techniques (such as maximum ratio combining
(MRC), G-RAKE, minimum mean square error
(MMSE), etc.), and
 For any number of transmit and/or receive antennas
that utilize transmit (pre-RAKE) and receive (postRAKE) filtering, as long as the signal passes
through an equivalent single input single output
(SISO) channel.
The equivalent SISO channel at the receiver was
derived using a filter representation, and extended to a
vector/matrix formulation that permits a systematic
and efficient way of computing the SINR in a radio
network simulator.
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For notational convenience, we define the following
vectors and matrices:


wm ½k ¼ vec ½wm;0 ½k; wm;1 ½k; . . . ; wm;nW 1 ½kT

ð24Þ



f m ½k ¼ vec ½ f m;nF þ1 ½k; . . . ; f m;1 ½k; f m;0 ½k

T

ð25Þ



ef ½k ¼ vec ½ f
m
m;nF þ1 ½k; . . . ; f m;1 ½k; f m;0 ½k ð26Þ

Contrary to Reference [16], the derivation of
Equation (32) explicitly models the spatial-temporal
observation noise. Let
fFm;r ½kgi0 ; j0 ¼

fGn;m;r;t ½kgi; j ¼

n;m ½k

¼

fGn;m;ij ½kgr;t i j
0;
otherwise

fGn;m; ½kgr;t ¼ Gn;m;r;t ½k

fWn;m;r ½kgq;i ¼



n;m ½k; i

Wn;m;r ½k;
0nF nH ;

ð28Þ

ð29Þ

 q

ð30Þ

r ¼ r0
otherwise

ð31Þ

for r; r 0 2 f1; . . . ; nR g; t 2 f1; . . . ; nT g; i 2 f1; . . . ; nH g;
j 2 f1; . . . ; nW g and q; q0 2 f1; . . . ; nF g.
wm ½k 2 CnT nW 1 and f m ½k 2 CnR nF 1 denote the
stacked finite impulse response filter coefficients for
the transmitter and receiver filters, respectively.
m ½k 2 CnR nF 1 is the stacked vector of the correlation between the noise and the scrambling/channelization codes. Gn;m ½k 2 CnR nH nT nW is the channel
transfer matrix, and Gn;m;r;t ½k 2 CnH nW is the channel
convolution matrix from transmit antenna t to receive
antenna r of user m. Wn;m ½k 2 CnR nF nR nH is the signal
correlation matrix.
It can be shown that the decission statistic for
symbol by symbol estimation on the mth link is given
by [16]
^bm ½k ¼

X

n;m ½k; nF
n;m ½k; nH

þ 1; . . . ;

ð33Þ

ð34Þ

n;m ½k; 0; . . . ;

 1T

ð35Þ

ð27Þ



fWn;m ½kgr;r0 ¼

f f m;i0 j0 nF þ1 ½kgr ; i j
0;
otherwise

Fm ½k ¼ Fm;1 ½k; Fm;2 ½k; . . . ; Fm;nR ½k

m ½k ¼ vecð½m ½k; nF þ 1; . . . ; m ½k; 1; . . . ;
m ½k; 0T Þ



f Hm ½kWn;m ½kGn;m ½kwn ½k þ f Hm ½km ½k

n

Copyright # 2006 John Wiley & Sons, Ltd.

ð32Þ

for i0 2 f1; . . . ; nH þ nF  1g; j0 2 f1; . . . ; nH g. Fm ½k 2
CðnH þnF 1ÞnR nH . It can be shown that Hn;m ½kFm ½k ¼
f Hm ½kWn;m ½k, thus Equation (32) can be rewritten as
follows
^bm ½k ¼

X

H
n;m ½kFm ½kGn;m ½kwn ½k

þ f Hm ½km ½k

n

ð36Þ

Note that the vector Fm ½kGn;m ½kwn ½k yields the
equivalent SISO impulse response vector, that is
2

3
rn;m;nF þ1 ½k
5 ¼ Fm ½kGn;m ½kwn ½k ð37Þ
...
rn;m ½k ¼ 4
rn;m;nG 1 ½k
^bm ½k ¼

X

H
n;m ½kr n;m ½k

þ f Hm ½km ½k

ð38Þ

n

The SINR is given by

SINR ¼


2
E b^m ½k


Var ^bm ½k

ð39Þ

where the expectation is with respect to the random
noise and the the channelization and scrambling
codes. Based on the assumptions
in Appendix B, the


expected value of E ^bm ½k is non-zero only for
m ¼ n, thus
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


E b^m ½k ¼ Nm rm;m;0 ½k pm ½kbm ½bk=Nm c

ð40Þ
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Var b^m ½k ¼ Nm


X

krn;m ½kk2 pn ½k  Nm

Appendix B: First-and Second-Order
Statistics of wn,m[k,l ] and um[k,l ]

n

X

jrn;m;0 ½kj2 pn ½k þ 2m ½k ð41Þ

n2S‘ ðmÞ

where the noise at the output of the receiver is given
by
H
2m ½k ¼ ef m ½kRm ½k ef m ½k

ð42Þ

(
)
B
X

^
Cm ðbÞPðbÞ
Var bm ¼ Nm Tr


ð44Þ

b¼1



 Nm Tr C‘m P‘m þ Nm 2m

ð45Þ

where B denotes the number of BSS, and

Cm ðbÞ

4
¼

¼

Cn;m ¼ GHn;m FHm Fm Gn;m

ð46Þ

Cn;m ; 8n : b ¼ IB ðmÞ ¼ IB ðnÞ

ð47Þ

E



n;m ½k; l

X

pn wn wHn

n


0
n;m ½k; l n0 ;m ½k; l  j Mn g
8
2
Nm jMn j ; n ¼ n0 ; IS ðmÞ 6¼ IS ðnÞ; l ¼ l0
>
>
>
<
Nm jMn j2 ; n ¼ n0 ; IS ðmÞ ¼ IS ðnÞ; l ¼ l0 6¼ 0
¼
> Nm2 jMn j2 ; n ¼ n0 ; n ¼ m; l ¼ l0 ¼ 0
>
>
:
0;
otherwise
ð53Þ

E

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where Mm ¼ pm ½kbm ½bk=Nm c. Equation (52),
merely represents the common assumption that the
cross-correlation on average (averaging over the channelization and scrambling codes) is zero. The variance, on the other hand, is non-zero, unless the
same scrambling codes are used and the time offset
is nil.
Let m ½k; l denote the correlation between the
noise and the scrambling/channelization code of the
mth link, that is
kþN
m 1
X

vm ½k0  lsm ½k0 cm ½k0 

ð48Þ

ð54Þ

The following statistical assumptions are assumed
Efm ½k; lg ¼ 0nR 1

C‘m ¼ GHm;m FHm enF eHnF Fm Gm;m

P‘m ¼

ð51Þ

k0 ¼k

n2SL ðbÞ

X

dn ½k0  lsm ½k0 cm ½k0 



Nm Mm ; n ¼ m; l ¼ 0
j jMm ¼
0;
otherwise
ð52Þ

m ½k; l ¼
PðbÞ ¼

kþN
m 1
X

The following statistical assumptions hold (confirmed
also by simulations)

ð43Þ

Using the definition of the orthogonality factor in
Equation (15) and the channel/filter gain in Equation
(16), the symbol SINR is given by Equation (14).
Alternative SINR formulation: Substituting
Equation (37) into Equations (40) and (41), and rearranging the terms, then the signal energy and interference can be computed as follows:
 2


E b^m ¼ Nm2 Tr C‘m wm wHm pm

n;m ½k; l

k0 ¼ k

Rm ½k is the spatial-temporal correlation matrix of the
observation noise and is given by
e m ½k; q  nF ; q0  nF 
fRm ½kgq;q0 ¼ Q

Let n;m ½k; l denote the cross-correlation between the
transmitted signal dn ½k of link n and the product
of the scrambling and channelization code sm ½kcm ½k
of the mth link, that is

ð49Þ

e m ½k; l; l0 
Efm ½k; lHm ½k; l0 g ¼ Q
¼

pn wn wHn

n2 S‘ ðmÞ
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ð50Þ

ð55Þ

m 1
X
2 kþN
Q ½k0  l; k0  l0 
Nm k0 ¼k m

ð56Þ
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If the noise vm ½k is AWGN but not necessarily uncorrelated between the antennas and assuming that the
first-and second-order statistics are non-time-varying
(i.e., Efvm ½kvHm ½kg ¼ Qm ), then Equation (56) reduces to


for l ¼ l0
2Qm ;
E m ½k; lHm ½k; l0 g ¼
0nR nR ; otherwise ð57Þ
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6.1 Downlink Capa ity Comparison between Dierent
Smart Antenna Con epts in a Mixed Servi e WCDMA
System
A. Osseiran et al, in

Pro . IEEE VTC 2001 fall, Atlanti City, US, O t 2001.

Abstra t
The apa ity of WCDMA Systems in whi h base stations are equipped with adaptive antenna (AA) is investigated in mixed servi e s enarios. The simulations show
that generally, a threefold downlink (DL) apa ity in rease an be gained by employing a xed or steered beam antenna system. For some s enarios DL apa ity
gains of 4 to 6 times an be a hieved. Further, a DL apa ity omparison between
the steered beam on ept and the xed (multi) beam AA on ept is presented.
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Abstract—The capacity of WCDMA Systems in which base stations are
equipped with adaptive antenna (AA) is investigated in mixed service scenarios. The simulations show that generally, a threefold downlink (DL)
capacity increase can be gained by employing a fixed or steered beam antenna system. For some scenarios DL capacity gains of 4 to 6 times can
be achieved. Further, a DL capacity comparison between the steered beam
concept and the fixed (multi) beam AA concept is presented.

I. I NTRODUCTION
Adaptive or smart antenna systems have generated a great interest in recent years [1–4] and is an important step in the system evolution of 2G systems, such as GSM. It is also expected
to be an important feature in third generation WCDMA systems. Even though WCDMA systems will have high capacity,
the limits may be reached in certain heavily loaded cells. For
instance this could be due to the large growth in the number of
subscribers that can be expected to use high data rate services.
One way to cope with this expected volume of traffic is to implement AA at the base stations. Further, macro cells in rural areas
will benefit from the increased coverage of advanced antenna
array systems.
Work as in [5] has hitherto investigated the benefits of using
an AA system in a single cell WCDMA (UMTS-FDD) system.
Simulation results of different uplink (UL) and DL algorithms
based on typical user scenarios were presented. In [6], both link
and system level results were presented for a scenario with uniformly distributed speech users. In addition to these contributions, [7] contains results on the interference distribution in a
mixed service environment based on similar scenarios as in [5].
The current study can be viewed as a continuation of these earlier studies and especially to the results obtained in [6]. The
focus is on the DL capacity since the UL capacity is not the limiting factor due to the asymmetric traffic [6]. Whereas in [8] the
fixed beam DL capacity was estimated, this contribution focuses
on the DL capacity comparison between fixed and steered beam
antenna concepts for a WCDMA system while emphasizing the
inhomogeneity of the traffic distribution.

Email:
1 {Afif.Osseiran,Bo.Goransson,Bo.Hagerman}@era.ericsson.se
2 Marten.Ericson@epl.ericsson.se
3 Jozsef.Barta@eth.ericsson.se

II. F IXED AND S TEERED B EAM A NTENNA C ONCEPTS
This paper includes a DL capacity comparison between fixed
and steered beam antenna concepts . We assume WCDMA base
stations equipped with an antenna array of 4 elements covering a
sector width of 120◦ . Fixed and steered beam antenna concepts
(AA concepts) are studied [2]. The fixed beam antenna system
consists of e.g. four beams with predefined beam patterns and
fix pointing directions. In UL the antenna elements are used to
collect all incoming energy resulting in increased diversity gain,
while in DL the beam with the largest UL power received from
the mobile of interest will be used for transmission. The second
type of antenna system considered in this paper is the more advanced steered beam solution. That is, the shape of the beams
are fixed and the pointing directions are steered towards the mobile of interest both in UL and DL directions within the cell.
As a consequence, the pointing errors of the fixed beam solution
can be eliminated. The two concepts require different system architecture, usually the requirements on hardware are more strict
for a steered beam system due to coherency requirements of the
RF chains.
III. S IMULATION E NVIRONMENT
A. General Description
The deployment model is a homogeneous hexagon cell pattern with wrap-around to eliminate border effects. In each iteration of the main loop the simulator time is increased by the
duration of one frame and all radio network algorithms are executed. However, the power control is executed for each slot.
Table I summarizes the system parameters used in the simulations. Note that in the following, the word cell and sector are
used interchangeably.
TABLE I
S UMMARY OF SYSTEM SIMULATION PARAMETERS .

Parameter
Number of sites
Number of cells per site
Frame duration
Slots per frame
Chip rate

Value
7
3
10
15
3.84

Unit
ms
Mchip/s
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Sector

Four Fixed beam

90
120

120

150

30

180

210

330

30

180

0

210

300

330
240

270

Steered beam example 2

90

90
60

120

150

30

180

210

60

150

0

330
240

300
270

Steered beam example 1
120

60

150

0

240

threshold, the neighboring cell is added as a new soft handover
leg (connection). On the other hand, for existing multiple leg
connections, if the threshold is outside the valid range, the leg
will be deleted. The power control consists of the inner loop,
outer loop and initial power settings. For each link there are
upper and lower power limits. The inner loop power control
and the fast fading act on slot level. After the slot loop, the C/I
for each block is converted to block error probability (BLEP).
Each block is then classified as erroneous or not, which gives
the block error rate (BLER) estimates. The BLER estimates are
used by the outer loop algorithm in order to decide if the SIR
target should be increased or decreased. Some of the relevant
radio network parameters are given in Table II.

90
60

30

180

0

210

300
270

TABLE II
S UMMARY OF R ADIO N ETWORK A LGORITHM PARAMETERS . T HE BASE
STATION MAXIMUM POWER IS 20 W FOR THREE SECTOR SYSTEMS AND 80
W FOR AA CONCEPTS .

330
240

300
270

Fig. 1. A sector, 4 element fixed beam antenna diagram and two steered beam’s
examples.

B. Antenna Diagrams
Typical antenna diagrams of a sector, a four element fixed
beam and steered antenna systems are depicted in Fig. 1. Similar beam patterns are used both in the fixed and the steered beam
case. In the later the beam points toward the user, see example
1 in Fig. 1, where a single beam is directed to e.g. a high data
rate user spatially separated from the other four users. Example
2 shows a case of many uniformly distributed users over a cell.

Value
4
20/80
Infinity
1
yes
3
2
4

Unit
W
W
dB
dB
dB

E. Traffic Models

C. Propagation Model
The propagation model is based on the COST259 model [9]
for a typical urban environment and can be written as in (1).
G = Ga + Gd + Gslow + Gf ast

Parameter
Common Channel Power
Base Station Maximum power
Admission Control Limit
Inner Loop Power Control step
Outer Loop Power Control
Max. of links in Active Set
SHO Add threshold
SHO Delete threshold

[dB],

(1)

where Ga is the antenna gain, Gd is the distance dependent gain,
Gslow is the log-normal (slow fading) gain and Gf ast is the fast
fading gain. The COST259 also models the spatial behavior
of the channel. The channel characteristics depend on the distance between the transmitter and receiver. Also, the DL code
orthogonality is calculated individually for each link based on
the channel properties. Detailed description on the implemented
COST259 model can be found in [9].
D. Radio Network Algorithms
Compared to previous system simulations [6], the models in
this study are based on more realistic radio network algorithms
working on a frame level basis. When a new user is created
by the traffic generation and is assigned an initial position by
the mobility model, the gain is calculated according to (1). Cell
selection and re-selection occurs for mobiles without a channel
(i.e. for packet users that do not currently have a channel) in
every radio frame. The cell with the highest sector antenna gain
is selected. The soft handover algorithm is evaluated in every
frame. It compares the path gain of the connected cell with the
path gain for neighboring cells. If the difference is within a

WCDMA networks must simultaneously fulfill the requirements of several traffic types which differ significantly. Beside
speech, the dominant part of the carried data in radio access networks is expected to be www traffic. Audio/video streaming applications are also likely to be important in WCDMA networks.
These traffic types are modelled in the simulations. The speech
model used in our simulations is a Poisson distributed model.
Based on modem-pool measurements a four-layer model is used
for simulating the behavior of www (high data rate) users. A
detailed description of the model and the performed measurements can be found in [10]. For simplicity, the traffic generated
by users of streaming applications is modelled as a continuous
stream of 64 kbps data with retransmission of erroneous frames.
Table III summarizes the parameters of the investigated user scenarios.
TABLE III
S UMMARY OF USER SCENARIO PARAMETERS .

Parameter
Max. data rate [kbps]
Spreading factor
Max. DL power [W]
BLER target
RLC Retransmission

Speech
12.2
128
1
0.01
No

Streaming
64
16
4
0.1
Yes

High data rate
384
8
10
0.1
Yes
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IV. S IMULATION C ASES

10

8

7

6

5

4

3

Accepted Quality Level
2

1

0

V. R ESULTS
In this section the DL capacity results for the different cases
are shown. The results focus on the relative DL capacity gain
and not the absolute figures. Note that, when the cell radius is
not specified, it is assumed to be 1000 m.

Steered Beam
Fixed Beam
Sector

9

DL Mean BLEP [%]

The capacity of the steered beam is compared to the fixed
beam and three sector antenna concepts. The antenna patterns
of these concepts are depicted in Fig. 1. Excluding the antennas, the only difference between the sector, the fixed beam and
the steered beam cases is the maximum base station transmit
power, which is 20 W for the three sector case and 80 W for AA
concepts. The pilot power setting is important and affects the
system capacity. The power of the common channels is modelled so that the mobiles experience the same common channel
power for all cases in order to achieve a fair comparison. Two
different types of traffic are used for each case: speech only and
a mixed traffic scenario consisting of 60% speech users, 20%
streaming users and 20% high data rate users.
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0

500

1000
Mean served traffic[kbps/cell]

1500

Fig. 2. Mean DL BLEP as the function of the served traffic for the sector and
AA concepts in a speech traffic scenario.

At 95 percentile blep for speech users
10
Steered Beam
Fixed Beam
Sector

9

8

There is no stricto sensu definition for the system capacity. In
this paper, it is defined as the load in kbps/cell (or served traffic) when either the 95 percentile of the DL BLEP or the mean
BLEP has reached the accepted quality for each service defined
in Table IV. The DL capacity can also be defined as the load
when the 95 percentile of the total base station power in the system reaches a predefined threshold (for instance, in a sector case
this value is 20 W, see [11]). The capacity for each service is

7
DL Mean BLEP [%]

A. Evaluation Criteria

6

5

4

3

Accepted Quality Level
2

1

TABLE IV
ACCEPTED QUALITY FOR THE DIFFERENT SERVICES .

Service
Speech
Streaming
High Data Rate

BLER Target
1%
10%
10%

Accepted Quality
2%
15%
20%

found by running simulations with different traffic load. Thereafter the mean BLEP as a function of the load for each service
can be determined. In the next subsections, the results of speech
and mixed traffic cases are shown.
B. Speech only Traffic Scenario
Fig. 2 shows the DL mean BLEP as a function of the served
speech traffic for the sector, and AA concepts. It can be deduced
that the relative capacity gain for the steered beam is about 3.5
times compared to the three sector case. Moreover, the capacity
of steered beam outperforms slightly the fixed beam by a few
percentage. Fig. 3 depicts the 95 percentile of the BLEP. It can
be noticed the resemblance behavior between the two figures.
Henceforth the mean BLEP can also be used for the capacity
gain comparison between antenna concepts.

0

0

500

1000
Mean served traffic [kbps/cell]

1500

Fig. 3. The 95 percentile speech capacity for the sector and AA concepts in a
speech traffic scenario.

C. Mixed Traffic Scenario
Fig. 4, 5 and 6 show the mean BLEP as a function of the
served traffic for the speech, the high data rate and the streaming services, respectively. The relative capacity gain at each service (assuming accepted quality level, see Table IV) is about 3.5,
3.6 and 3.6 times for the speech, high data rate and the streaming, respectively. Fig.7 depicts the mean BLEP for all services
and cases as a function of total served traffic for all services in
kbps/cell. Assuming the accepted quality as in Table IV, the
high data rate traffic is clearly limiting the capacity for both sector and fixed beam case. One way of dealing with this problem
is by utilizing radio resource management algorithms [12, 13]
such as admission control.
D. DL Capacity Gain as a Function of Cell Radius
Table V summarizes the relative DL capacity gains of AA
concepts compared to the sector case for different cell radius.
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Mean served versus mean blep for streaming users
24
10

Steered Beam
Fixed Beam
Sector

Steered Beam
Fixed Beam
Sector

9

22

20

7
DL Mean BLEP [%]

DL Mean BLEP [%]

8

6

5

4

3

18

16

Accepted Quality Level

15
14

12

Accepted Quality Level
2

10
1

0

8
0

50

100

150

200

250

0

50

100

150
200
250
Mean served traffic [kbps/cell]

300

350

400

Mean served traffic[kbps/cell]

Fig. 4. Speech capacity for the sector and AA concepts. Traffic scenario is
mixed traffic and cell radius 1000 m.

Fig. 6. Streaming capacity for sector, fixed and steered beam cases. Traffic
scenario is mixed traffic and cell radius 1000 m.
Mean served versus mean blep for all services
60

50

35

40
DL mean BLEP

40

DL Mean BLEP [%]

30

25

Steered Beam Speech
Data
Streaming
Fixed Beam Speech
Data
Streaming
Sector Speech
Data
Streaming

30

20

Accepted Quality Level
20

10

15

10

0

Steered Beam
Fixed Beam
Sector

0

20

40

60

80

100

0

100

200

300
400
Total served traffic [kbps/cell]

500

600

700

Fig. 7. Capacity of all services for sector and fixed beam case.

120

Mean served traffic [kbps/cell]

Mean served versus mean blep for all services

Fig. 5. High data rate capacity for the sector and AA concepts. Traffic scenario
is mixed traffic and cell radius 1000 m.

40
Steered Beam Speech
Data
Streaming
Fixed Beam Speech
Data
Streaming
Sector Speech
Data
Streaming

35

30

25
DL mean BLEP

For a cell radius of 500 m and 1000 m, the relative DL capacity gain for AA concepts compared to the sector case is about 3
times. This gain is even higher for cell radius of 2000 m, about
4 times or higher, see Table V. This is due to the fact that the
system is more power limited for 2000 m than for 1000 m and
500 m, and the fixed and the steered beam benefit from having a
better antenna gain compared to the sector concept.
Whereas the DL capacity gain of the steered beam compared to
the fixed beam for 500 and 1000 m cell radius is negligible, see
Table V; it ranges from 7% to 25% depending on the service for
the 2000 m cell radius, see Fig. 7 and 8. The negligible DL capacity gain of steered compared to fixed beam for 500 and 1000
m cell radius is due to the fact that the system is interference
limited.

20

15

10

5

0

0

100

200

300
400
Total served traffic [kbps/cell]

500

600

700

Fig. 8. Capacity of all services for the sector and AA concepts for cell radius
2000 m.
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TABLE V
S UMMARY OF DL CAPACITY AA CONCEPTS GAINS ( COMPARED TO THE
SECTOR ) FOR DIFFERENT CELL RADIUS .

Concept
Sector

500 m.

Fixed

Steered

Sector

1000 m.

Fixed

Steered

Sector

2000 m.

Fixed

Steered

Service
Speech
Data
Streaming
Speech
Data
Streaming
Speech
Data
Streaming
Speech
Data
Streaming
Speech
Data
Streaming
Speech
Data
Streaming
Speech1
Data
Streaming
Speech1
Data
Streaming
Speech1
Data
Streaming

20
Steered Beam
Fixed Beam
Sector
18

16

Relative Gain [kbps/cell]

1
1
1
3.4
3.4
3.4
3.0
2.7
3.4
1
1
1
3.5
3.7
3.2
3.5
3.6
3.3
1
1
1
5.7
6.8
4.2
7.0
7.3
4.7

Mean BS power [w]

Cell Radius

In this paper we compare the sector, and AA concepts in a
WCDMA system. The results are shown for different user scenarios in a typical urban area. In a interference limited system,
AA concepts provide around 3 times more DL capacity compared to a sector system. However, for power limited systems,
AA concepts have a 4-6 times capacity gain. The obtained DL
capacity gain can be traded for better coverage.
Comparison between the steered and the fixed beam in an interference limited system, yields almost exact DL capacity performance for both concepts. However, in a power limited system,
the gain of the steered beam concept will prevail up to the order
of 25 %.
1 Mean BLEP taken at 5%

12

10

6

4

0

100

200

300
400
500
Served Traffic [kps/Cell]

600

700

800

Fig. 9. Total mean base station power consumption for sector, fixed and steered
beam case, where the power limitation is 20 W.
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Abstra t
Fixed multi-beam base stations an signi antly in rease the apa ity of WCDMA
systems. Previous apa ity studies have not in luded important Radio Network
Algorithms (RNA) su h as Admission Control (AC) whi h are essential to guarantee
an a eptable Quality Of Servi e (QoS). Some of these RNA may have to be hanged
to se ure the full gains of xed multi-beam antennas. In this paper two downlink
AC strategies, beam AC and ell AC, are investigated by means of dynami system
simulations. Beam AC takes the spatial dimension into a ount by onsidering
the load in ea h beam, whereas ell AC does not. The performan e of the two
AC strategies is ompared in dierent user s enarios for a xed multi beam smart
antenna on ept. It is shown that beam AC ensures system stability and gives up
to 30% more apa ity than ell AC, when the tra distribution is non uniform.
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Abstract— Fixed multi-beam base stations can significantly increase the
capacity of WCDMA systems. Previous capacity studies have not included
important Radio Network Algorithms (RNA) such as Admission Control
(AC) which are essential to guarantee an acceptable Quality Of Service
(QoS). Some of these RNA may have to be changed to secure the full gains
of fixed multi-beam antennas. In this paper two downlink AC strategies,
beam AC and cell AC, are investigated by means of dynamic system simulations. Beam AC takes the spatial dimension into account by considering
the load in each beam, whereas cell AC does not. The performance of the
two AC strategies is compared in different user scenarios for a fixed multi
beam smart antenna concept. It is shown that beam AC ensures system
stability and gives up to 30% more capacity than cell AC, when the traffic
distribution is non uniform.

I. I NTRODUCTION
In previous work [1, 2] the downlink (DL) performance of
fixed multi-beams antennas systems has been investigated in
a uniform traffic distribution. These capacity evaluations did
not include important Radio Network Algorithms (RNA) such
as admission and congestion Control. A natural question that
may arose afterwards was to consider alternative RNA that could
fully exploit the capacity gains from a fixed multi-beam system.
The current study tackles this issue and can be viewed as a natural continuation of these earlier studies. This paper focuses on
the comparison between admission control based on cell level
and admission control based on a beam level for a different scenarios such as hot spots.
The rest of the paper is organized as follows. Section II gives
an overview of the admission control strategies. Section III describes the simulation models and setup. Results are presented
in section IV. Conclusions are drawn in Section V.
II. A DMISSION C ONTROL S TRATEGIES
Admission control is necessary in a CDMA system in order
to maintain system stability and an acceptable QoS for existing
users. If too many users are admitted to a cell, the so-called
party effect may occur, e.g. due to the SIR based closed loop
power control. This will lead to an extensive dropping of users
in the cell. Furthermore, neighboring cell may also be affected
if the inter cell interference is high. It is also known that a new
user may increase the average base station transmit power in an
almost exponential way[3]. Thus, a single new user may cause
a critical interference situation for the already existing users. In
general it can be said that all admission control (AC) algorithms
Email:
1 Afif.Osseiran@era.ericsson.se
2 Marten.Ericson@epl.ericsson.se

decrease the need for congestion control actions at the expense
of the increasing (intentional) blocking rate.
AC algorithms can be artificially divided into two types. The
first is called interactive AC and allows new users to interact
with the system before the admission control decision is taken.
Although improvement for FDMA and TDMA systems were
shown in [4], the slow convergence of the AC algorithm renders
this type impractical.
The second type is instantaneous and characterized by a decision based on a heuristic approach. Common for this type of
algorithms is that they set a threshold for the usage of a scarce
resource. The scarce resource can be an estimate of the power
(link or total base station transmit, or received) [5–7], codes,
number of users, throughput, SIR based (e.g. the sum of all
users’ SIR) and interference level or a combination of these. The
estimate can be local (only considers estimates from own cell)
or consider estimates from neighboring cells [8, 9]. Moreover,
the so-called noise rise or the load factor can be used as estimate
for AC [10, 11].
When a new user enters the system an estimate of the resource
needed for the new user may be done. This resource estimate for
a new user is added to the estimate of the resource currently utilized by the system. The algorithm then admits users as long
as the total estimate of the scarce resource is not exceeding the
threshold. The most widely studied AC algorithm in the literature is the SIR based AC. In [12], two types of AC algorithms
for the uplink CDMA systems, were suggested. The impact of
adjacent cell interference on the AC performance was studied.
In [13], further improvement of the algorithm, by considering
most interfering cells (calculated by the so-called residual capacity), was proposed. Note that these techniques (also called
threshold model) require a threshold optimization [14].
The interest in AC for mixed service scenarios (e.g. speech
and data service) became more trendy when CDMA was
adopted as the mobile standard for the third generation. Consequently, many researchers investigated AC in a mixed service
[15–17]. A numerical evaluation of UL AC using Markovian
models was done in [15][16]. Also, an analytical cell model
that integrates important elements affecting QoS e.g. other cell
interference (reflected by the virtual bandwidth that characterized the consumption of the network resources) was suggested
in [17]. Power based DL AC through dynamic simulations for
various propagation model was done in [18].
Very few studies have treated AC for WCDMA with antenna
arrays [19–21]. In [21], the SIR based AC for the uplink where
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the correlation matrix of the total received power was taken
into account, was investigated. A similar approach was done
in [20] where the covariance matrix of the interference was derived from an antenna array receiver. More recently, DL AC was
investigated in [19] where a directional power increase estimator
takes the coupling between different beams into account.

The only admission control strategy used in this report is
based on DL transmit power, i.e. the DL power is not allowed to exceed a pre-defined threshold. When the threshold
is reached, new users are blocked. Two cases were considered:
sector power based admission control (SAC) and beam power
based admission control (BAC). The SAC checks the available
power of the sector where a new user is requesting a connection,
whereas BAC checks the available power of the beam where a
new user would be admitted. Note that in both cases the power
of the new user needs to be estimated. A simple estimation was
adopted. The predicted power of the new user is equal to a fraction of the maximum link power for the type of service which
is requested by the user. In fine, a new user is admitted if the
total DL needed power per sector or beam does not exceed a
pre-defined threshold Pth , thus

∆P =
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Fig. 1. The simulated cell plan.
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PiDL is the DL power of the user i belonging to the Area (e.g.
a sector or a beam) and λ is the fraction of the maximum link
power. The BAC strategy requires the transmit power per beam
to be known in the radio network controller. The BAC strategy requires that the transmit power of each beam needs to be
known”. Therefore, power measurments need to be signalled to
the radio network controller. Also the measurement of the transmit power need to be filtered in order to avoid huge fluctuation
and also to avoid measurement errors. Note that terms cell and
sector are used interchangeably in the paper.
III. S IMULATION S ETUP
The simulated network topology is shown in Figure 1. It consists of seven sites, each composed of three cells. The cells have
an ideal hexagonal form with a cell radius of 500m. The corner excited cell planning is considered. The points in Figure 1
represent the center of each hexagon. In the center site, one hot
spot was placed in each cell of the site. In Figure 2, only the
center site is depicted. Each cell is covered by four fixed beams
of the same shape. A hot spot was placed in one of the beams
for each of the three cells. The hot spot area offers much higher
traffic load than the other areas. The offered number of users
of the surrounding sites is constant. The traffic models used
in our simulations all have a Poisson distribution for the birthdeath process. The mobile velocity is 10-20 km/h. However,
the hot spots are thought to represent a mall or a sports event

−400
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−1000

−500

0
Distance [m]

500

1000

Fig. 2. The hot spot areas.

where users move slowly, and therefore the velocity for hot spot
users are set to around 1 km/h. All cells have a sector covering antenna. A primary common pilot channel is transmitted on
the sector antenna. Cell selection and soft handover are based
on highest gain the UE measures on the sector antenna. A secondary common pilot channel is transmitted on each beam with
power
PbSCP ICH =

P P CP ICH
, ∀b ∈ {1, . . . , N},
N

(4)

where N is the number of beams covering a sector. The beam
with highest gain is selected. Note that there are no delays for
neither soft handover nor beam selections. If the power exceeds
the maximum BS transmit power, a simple congestion control
lowers the power just below the limit. Users with bad quality
over several consecutive frames are dropped. Both inner and
outer power control are included.
The propagation model is based on the COST259 model for
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typical urban environment and can be written as in (5).
(5)

IV. R ESULTS
The comparison between beam admission control and cell admission control is done for two different scenarios. In the first
scenario the service is 64 kbps streaming and the BS power is
limited to 20W. Also, the hot spot areas are close to the BSs
(roughly at one third of the cell radius). The second scenario is
a more interference limited scenario, and the BS power is limited to 80W. Also, in the second scenario only speech users with
12.2 kbps are present .
In all simulations the total load is high, in order to test the system stability. To compare the beam and cell AC cases, the AC
threshold is varied and the offered load is kept constant. This
will allow for an easy comparison between the beam and cell
AC cases for several different quality thresholds. The simulation time is several hundred of seconds (longer for the 64 kbps
scenario) in order to ensure high statistical accuracy of the data.
Data were collected from the center site where the hot spots are
located.
A. Scenario I
Scenario I can be divided into two cases, the first case is when
the hot spots are moderately loaded. It can be seen from Figure 31 that the system throughput at the 95 percentile BLEP and
mean BLEP [1] is almost identical for both BAC and SAC. The
BAC does not offer any improvement compared to SAC (even
though the traffic is non uniform).
In the second case of Scenario I which corresponds to heavily
loaded hot spots, the BAC provides a slight capacity gain. In
Figure 4 it can be noticed that BAC offers approximately 10%
gain for the mean and 95% BLEP (at 2% level), respectively
at the top and the bottom of Figure 4. The CDF of the beam
power is depicted at the top of Figure 5. The bottom of Figure 5
indicates that the additional 2W power for the median value that
was required by the SAC, harmed the system stability. In fact,
the benefit of the fixed multi-beam system was hindered by the
non spatial user distribution. Figure 6 shows that for a dropping
rate of 1%, the BAC is able to handle roughly 10% more system
throughput, thus we have a capacity gain of 10%.
Scenario I represents a more power limited case than an interference limited one. It is obvious from Figure 5, the system
1 The

value at each point is the transmit power threshold Pth .
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where Ga is the antenna gain, Gd is the distance dependent gain,
Gslow is the log-normal (slow fading) gain and Gf ast is the fast
fading gain. The COST259 also models the spatial behavior
of the channel. The channel characteristics depend on the distance between the transmitter and receiver. The delay spread is
achieved by interpolating in a Log-normal map and then scale
with distance. Each tap is individually modelled. The average powers of the taps in the channel is modelled by using the
delay spread and an exponentially decaying channel. DL code
orthogonality is calculated individually for each link based on
the channel properties. Detailed description on the implemented
COST259 model can be found in [22].
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Fig. 3. 95% and mean BLEP percentage versus the system throughput throughput when the hot spot has medium load (Scenario I(a)).
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Fig. 4. 95% and mean BLEP percentage versus the system throughput when the
hot spot has high load (Scenario I(b)).

B. Scenario II
By increasing the maximum BS power to 80W per cell we
will achieve a more interference limited system. The scenario
is once again the hot spot scenario, but now with speech users
only.
Figure 7 shows the dropping rate as a function of served traffic
for BAC and SAC respectively. There is a clear capacity gain by
utilizing BAC compared to SAC. At 2% dropping rate the BAC
gives a capacity gain of about 30%. For a higher dropping rate,
e.g. 6%, the gain is reduced slightly to 25%.
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The capacity can also be found by investigating the BLEP
directly. Figure 8 and 9 show the 95% BLEP and the mean
BLEP respectively.
The 95% BLEP in Figure 8 shows that the quality for the
worst users is fairly acceptable for both BAC and SAC. This is
because the worst users are already dropped. The mean BLEP
in Figure 9 shows that the capacity gain for BAC is in line with
the dropping results in Figure 7.
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Fig. 8. 95% BLEP of all blocks for beam and cell admission control (Scenario
II).
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Fig. 9. Mean BLEP for beam and cell admission control (Scenario II).
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C. Summary

[4]

The absolute capacity values are of minor interest. Generally
such a measure is scenario depend and one ought to consider the
relative gain instead. Thus, the gain of BAC relative to SAC is
studied here. The results of the two scenarios can be summarized in Table I. This is done for two different capacity definitions, 2% mean BLEP and 1% dropping for scenario I and 2%
dropping for scenario II. Scenario I(a) and I(b) represents the
moderately and high load respectively of scenario I.

Scenario
I(a)
I(b)
II

Normalized Capacity gain in terms of:
mean BLEP
dropping
1.0
1.1
1.25

N/A
1.1
1.3

TABLE I
N ORMALIZED CAPACITY GAIN FOR BAC OVER SAC ALGORITHM

[5]
[6]
[7]

[8]
[9]
[10]
[11]
[12]
[13]
[14]

V. C ONCLUSIONS
In this paper the admission control based on a beam level
(BAC) was compared to the admission control strategy based on
a sector level (SAC) for a FDD-WCDMA system equipped with
four fixed multi-beams antennas system. The scenario included
hot spots in some cells. The BAC improved the performance
in terms of the DL capacity (i.e. system throughput for a given
quality threshold). This is due to the fact that SAC does not act
properly in a non uniform traffic scenario, leading to acceptance
of user to a beam which was already overloaded (because of the
hot spot scenario). Therefore, SAC causes a quality deterioration for users already active in that area.
Two relevant scenarios were investigated. The first scenario
was a power limited one. Although the BAC only performed
10% better in terms of the DL system capacity than the SAC, it
guaranteed the system stability, which SAC did not. The inefficiency of a cell based admission control algorithm became more
evident in the second scenario which represents an interference
limited case with a high traffic variation. Here, the BAC offered
a downlink capacity gain of 30% .
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Abstra t
This paper summarizes the results for system performan e of the WCDMA high
speed downlink shared hannel (HS-DSCH), where base stations are equipped with
multi-beam antennas employing four xed beams (FB) per se tor. The implemented version assumes that ea h beam has its own HSDSCH hannel. In the FB
ases the power is equally divided between the beams belonging to the same se tor.
Ea h beam employs a s rambling ode, thus in total four s rambling odes per ell,
ompared to one s rambling ode for the se tor ase. A se ondary ommon pilot
hannel (S-CPICH) on whi h the UE measures the CIR is assumed to be available
for the FB system. In order to investigate thoroughly the intera tion between FB
and HS-DSCH (analyze the ee t of antenna te hnique), on one hand a WWW traf model and max-CIR s heduler, and on the other hand, a ontinuous data stream
with innite pa ket size in onjun tion with proportional fair s heduler, were examined. Two hannel models are also investigated: the 3GPP Typi al Urban and the
Pedestrian A. The results show that for four xed beam antennas in the Pedestrian
A hannel model and the highly dispersive hannels, signi ant apa ity gains are
obtained, threefold ompared to a single se tor antenna.
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Abstract— This paper summarizes the results for system performance of the WCDMA high speed downlink shared channel
(HS-DSCH), where base stations are equipped with multi-beam
antennas employing four fixed beams (FB) per sector. The
implemented version assumes that each beam has its own HSDSCH channel. In the FB cases the power is equally divided
between the beams belonging to the same sector. Each beam
employs a scrambling code, thus in total four scrambling codes
per cell, compared to one scrambling code for the sector case.
A secondary common pilot channel (S-CPICH) on which the UE
measures the CIR is assumed to be available for the FB system.
In order to investigate thoroughly the interaction between FB
and HS-DSCH (analyze the effect of antenna technique), on one
hand a WWW traffic model and max-CIR scheduler, and on the
other hand, a continuous data stream with infinite packet size
in conjunction with proportional fair scheduler, were examined.
Two channel models are also investigated: the 3GPP Typical
Urban and the Pedestrian A.
The results show that for four fixed beam antennas in the
Pedestrian A channel model and the highly dispersive channels,
significant capacity gains are obtained, threefold compared to a
single sector antenna.

I. I NTRODUCTION
Extensive evaluation of advanced antennas in wireless network for WCDMA, release 99, has been performed in previous
work [1], [2]. With the introduction of a new transport, HSDSCH (High Speed Downlink Shared Channel), a major step
forward to increase the user data rate is achieved. While
beamforming techniques are largely analyzed in the literature
at the link level, very few studies address the system level [1],
[2]. Hitherto, the interaction between the HS-DSCH channel
and advanced antenna systems, on network level, has been
addressed in very few studies [3].
In this paper the system performance of HS-DSCH in
WCDMA systems, where base stations are equipped with
four fixed beam antennas is presented. Two scenarios are
examined. The first consists of proportional fair scheduler [4]
in conjunction with a continuous data stream in the downlink
with infinite packet size and zero second read time. The second
scenario assumes a max-CIR scheduler and WWW traffic
model. Two channel models are investigated here: the 3GPP
Typical Urban and the Pedestrian A channel models.
II. HS-DSCH
High Speed Downlink Shared Channel (HS-DSCH) [5],
[6], [7] is a downlink transport channel that offers significant
higher peak rates, reduced round trip delays and higher capacity than other transport channel specified in the WCDMA
specifications. This is achieved since the HS-DSCH supports

Higher-Order Modulation and Coding Scheme, which
implies that higher user and system throughput can be
achieved.
• Fast Link Adaptation, that takes into account the instantaneous quality of the radio propagation environment and
adapts the coding and modulation scheme accordingly.
• Hybrid ARQ with Soft Combining, which is designed
to decrease the number of retransmissions and thus reduce
the round trip delays.
All HS-DSCH mobile users periodically report the instantaneous Channel Quality Indicator (CQI), which is a measure
of the instantaneous radio-channel condition. The Node B or
base station (BS), which is responsible for handling the HSDSCH, uses the CQI to assign the appropriate coding and
modulation scheme. Furthermore, the base station may also
use the CQI to decide which of the users should be scheduled.
Example of well known scheduling strategies [8] are Round
Robin, Maximum Carrier to Interference and Proportionally
Fair (PF). A comprehensive summary of scheduling techniques
for HS-DSCH can be found in [9].
•

III. F IXED BEAM ANTENNA CONCEPT & C OMMON
C HANNELS
This paper deals only with fixed multi-beam (FB) concept.
It is assumed that WCDMA base stations are equipped with an
antenna array of four elements covering a sector width of 120◦ .
The fixed beam antenna concept consists of e.g. four beams
with predefined beam pattern and fix pointing directions. In
the uplink all antenna elements are used to collect incoming
energy resulting in increased diversity gain, while in the
downlink the beam receiving the largest uplink power, from
the mobile of interest, will be used for transmission. Figure 1
shows the fixed beams diagram and the overlayed sector
antenna diagram employed for the this study.
Each high speed downlink shared channel is associated with
a dedicated channel. Furthermore, 15 percent of the total BS
power is equally divided between the primary common pilot
channel (P-CPICH) and four secondary common pilot channel.
The primary common pilot channel is transmitted on the sector
antenna. The secondary channels are transmitted per beam
(each secondary account of 7.5
4 percent of the total BS power)
with power
PbSCP ICH =

P P CP ICH
, ∀b ∈ {1, . . . , N},
N

(1)

where P P CP ICH is the total power per cell allocated to the
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pu,b,c is the transmitted DCH or HS-DSCH power from
beam b of BS c to MS u.
• gu,b,c is the path gain from beam b of BS c to MS u.
sec
• gu,c is the path gain from BS c to MS u including sector
antenna gain.
• αc,u is the DL orthogonality factor for user u connected
to cell c.
• PCCH is the power of common channel transmitted per
cell.
• PSCCH is the power of secondary pilot common channel
transmitted per beam.
• PSCH is the power of synchronization channel transmitted per cell.
• P̂CCH = PCCH − PSCH ; is the orthogonal power of
common channels per cell.
• N0 is the receiver, i.e. the mobile station, noise floor.
Note that the derivation of the orthogonality factor can be
found in [10].

Fixed Beam and Sector Antenna
Half Power Beam Width in Azimuth of the Beams: 20°
Half Power Beam Width in Elevation for Beams and Sector: 5°

•
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Fig. 1. Example of an fixed beams antenna diagram.

P-CPICH channel, and N is the number of beams covering a
sector. The beam with highest gain is selected.
All other overhead channels account for 11 percent of the
total BS power. All common channels (except the secondary
common pilot channels) are transmitted by the sector antenna.
For the single antenna case, the total overhead channels (including 10% for P-CPICH) accounts for 21% of the maximum
BS power and 26% for the FB case.
IV. CIR CALCULATION
In case of FB, the common channels (CCH) are transmitted
on sector antenna and dedicated channels (DCH) on the
beams antenna systems. When the BS employs more than one
scrambling code, the orthogonality is therefore affected. The
CIR at users u connected to beam b of BS c is calculated
according to the equation (2).
µ ¶
pu,b,c gu,b,c
C
=
(2)
I u,b,c I0 + I1 + N0
Where I1 is the inter-cell interference from DCH, HS-DSCH
& CCH and given by :
I1 =

Nbi
Nc X
X
i=1,
i6=c

j=1

Mj,k
sec
(PCCH gu,i
+

X

pk,j,i gu,j,i )

(3)

k=1

and I0 is the intra-cell interference from DCH, HS-DSCH &
CCH and given by :
sec
+
I0 = (PSCH + αu,c P̂CCH )gu,c

Nbc
X

PSCCH gu,j,c

j=1,
j6=b

+

Nbc Mj,c
X
X
j=1,
j6=b

k=1

Mb,c

pk,j,c gk,j,c + αu,c

X

pk,b,c gk,b,c

(4)

k=1

Where
• Nc is the total number of BSs.
• Nbi is the total number of beams in the BS i.
• Mj,k is the total number of users served by the beam j
of BS k.

V. S YSTEM S ETUP
The simulated network topology consists of seven sites,
each composed of three cells. The cells have an ideal hexagonal form with a cell radius of 500m. The corner excited cell
planning is considered. Each cell is either covered by four
fixed beams of the same shape or by a single antenna (SA).
The cell plan is repeated through a wrap-around technique to
avoid border effects. The maximum BS power is limited to
20W.
Two channel models are investigated : The 3GPP TU
(Typical Urban) and the Pedestrian A (PedA) channel models.
The former has 10 chips based taps with slowly decaying
power and the latter has three taps of which the first tap is
dominant and the subsequent taps are weak. Highly correlated
fast fading between the antennas is assumed (correlation factor
is equal to 1).
The average user speed is 3 km/h. Each mobile is assumed
to have one receive antenna. Furthermore, perfect channel
estimation is assumed in the terminals. The terminals employ
a standard receiver i.e. the RAKE receiver with 10 and 3
taps for the 3GPP TU and the Pedestrian A channel model,
respectively.
The system performance is evaluated by considering transmissions of packets from a server located in the Internet to
a mobile terminal using an HS-DSCH channel. The Internet
and Core network are modelled together by a fixed delay of
50 ms and without Internet losses. Two traffic scenarios are
investigated. In the first scenario the Transmission Control
Protocol (TCP) is not applied, and the traffic model used
generates a continuous data stream in the downlink with
infinite packet size and zero second read time. In the second
scenario, WWW traffic model, the TCP is applied and the
traffic model used generates packets on the downlink with
fixed size of 50 kbyte. A packet is generated at a random time
after the previous packet has been delivered. The read time
is modelled as having an exponential distribution, where the
mean is 5s. All these models have a Poisson distribution for
the birth-death process.
For channels other than HS-DSCH, note that cell selection
and soft handover are based on highest gain the UE measures
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on the sector antenna. Also both inner and outer power control
are included. No delays were assumed for soft handover and
beam selection algorithms.
A. Codes
On downlink WCDMA, orthogonal variable spreading factor (OVSF) codes are used to spread the data to the chip rate.
In this study, a code tree (i.e. one OVSF code) is allocated per
beam. For the HS-DSCH, 12 codes (of spreading factor 16)
are allocated for each beam, thus in total 48 codes per cell.
B. Scheduling & MCS
A proportional fair (PF) scheduler is employed for the first
scenario. And the max-CIR scheduler is used in conjunction
with WWW traffic for the second scenario. While max-CIR
more often schedules the users close to the BS, the PF, on
the other hand, ensures that users with poor CIR will receive
some data. The scheduling and link adaptation are based on
the Channel Quality Indicator (CQI) measured at the terminals.
The reported CQI measurements are assumed to be error-free.
In this study the CQI is identical to the received S-CPICH
CIR . The scheduling is done per beam, in fact the standard
specifies that the S-CPICH may be used for CQI in each beam.
Note that the HS-DSCH CIR prediction is important, because
it will decide which MCS (modulation and coding scheme)
will be used.
C. Performance Measure
The network load is measured by the system throughput,
which is defined by the sum of correctly delivered bits to all
users during the simulation period divided by the simulation
period and the number of simulated cells. The system capacity
is defined at the point where the system throughput fails to
increase despite that the offered traffic increases. Note that
the data user average session time was limited to 10 seconds.
These settings ensure that reasonably sufficient number of
radio propagation conditions are encountered and considered
during the simulation period. Note that the used criterion for
the system performance measure stresses the cell capacity
throughput and may lead to unfair throughput for some users.
D. Simulation tools
The simulation tool [2] is based on a WCDMA simulator
which includes additional modules (such as the fixed multibeams) and the HS-DSCH, i.e higher order modulation, fast
link adaptation, scheduling and hyprid ARQ. HS-DSCH features are applied on each transmission time interval (TTI),
i.e. every 2ms. While the fast fading, power control and C/I
are calculated on a slot by slot basis (i.e. every 0.66ms).
Others functions (e.g. radio resources management algorithms,
mobility, traffic generation etc. . . ) are done on a frame basis
(i.e. every 15ms).
E. Disclaimer
The absolute capacity values are of minor interest. Generally
such a measure is scenario dependent and one ought to
consider the relative gain instead.
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VI. R ECEIVED POWER AND I NTERFERENCE A NALYSIS
Note that the results of the second scenario (defined in section V) will be only shown in the system results (Section VIII).
The following definition are used thereafter :
• RPib is the DL intra-beam (or inside beam) received
power.
• RPic is the DL intra-cell (or inside cell) received power.
• Iib is the DL intra-beam interference.
• Iic is the DL intra-cell interference.
• Ioc is the DL inter-cell interference.
• Iob is the DL inter-beam (or outside beam) interference.
The single antenna (SA) case and FB (for both channel
types) have an identical orthogonality factor (OF) distribution
(see Figure 2). In fact, as mentioned previously, a complete
correlation of fast fading between the beams of the same
sector was assumed, consequently yielding an identical OF
(i.e. the 4FB and Sec plots, irrespective of the channel model,
superpose on each other). In the PedA channel where one
ray is dominant, the orthogonality is mostly preserved (see
cdf of OF in Figure 2). An interesting aspect to analyze is the
system behavior of the ratio between the inter- and intra-cell
interference. The cdf of the ratio is shown in Figure 3 for
both SA and FB in respectively TU and PedA. For SA in a
TU channel, the inter- and intra-cell interference are equally
dominant. This is expected since in a TU channel the intra-cell
interference is mainly due to the loss of orthogonality caused
by high scattering environment. Whereas for FB, the reduction
of the intra-cell interference due to the spatial separation is
noticeable (in 70% of the cases the inter-cell interference is
dominant).
In the PedA channel, the orthogonality factor is low which
means that the inter-cell interference is the main source of
disturbance for both SA and FB. Note a further reduction
of the intra-cell interference in the case of FB for the same
reason stated above (in almost 99% of the cases the inter-cell
interference is dominant).
The interference is also analyzed on an beam level in
Figure 4. The ratio between the received power from own
cell (e.g. connected to ) and own beam. For both channels,
and for more than 60% of the users, the own beam received
power is greater than the received power from the other beams
of the same cell due to the spatial separation. Finally, the
cdf of the ratio between the intra- and inter-beam interference
are depicted in the bottom of Figure 4. For the TU channel,
the UE experiences equal interference from other beams and
own beam. On the other hand, for PedA channel, the interbeam interference is more dominant (similar reasons as stated
previously).
VII. R ESOURCES : MCS & P OWER
The modulation and coding scheme (MCS) are shown for
the various channel and transmit schemes in Figures 5. Note
that for the PedA channel model the highest MCSs are used
very often (see Figure 5). We are thus MCS limited in this
scenario for both SA and FB. It is interesting to notice that
FB is less MCS limited than SA and is due to the power
restriction of the HS-DSCH channel on the beam level. Finally,
the transmitted downlink power of the HS-DSCH is shown in
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Fig. 2. cdf of the orthogonality factor.
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Figure 6. It can be noticed that for the FB case, the maximum
power per beam allocated to the HS-DSCH channel is slightly
greater than 3W. Whereas in the SA case up to 15W (per
cell) were allocated to the HS-DSCH channel. The remaining
power was allocated to the common channel or secondary (in
the FB case) and associated dedicated channels.
VIII. S YSTEM R ESULTS
In the following, the performance of a SA WCDMA system
(assuming HS-DSCH) is compared with a system equipped
with 4 FB antennas.
Figure 7(a) shows the mean user bit rate as a function of
the served system throughput. For a user bit rate of 200 kbps
(also for 500 kbps), the FB compared to the SA case exhibits
200% gain in terms of system throughput for TU and PedA
channels. Similar behavior is also observed for the 10 and 90
percentiles user bit rate, see Figure 7(b) for details. Note that
the system throughput decreases after reaching its peak and
this due to the retransmission experienced by the users when
their number increases beyond the system capacity, hence

causing more interference, and consequently an increase in
the retransmissions.
The relative gain of FB to SA case, and absolute system
throughput for both TU and PedA are summarized respectively
in tables I and II for the first scenario. Table III shows the
relative gain of FB to SA case for TU channel for the second
scenario (i.e WWW traffic and max-CIR scheduler). It is
important to notice that the relative gain of FB compared to
SA is not traffic scenario nor channel model dependent.
Criteria
10 percentile @ 100 kbps
90 percentile @ 500 kbps

Case
Sector
4FB
Sector
4FB

Throughput[Mbps]

Relative Gain

4.58
11.70
4.53
12.22

1
2.55
1
2.70

TABLE I
R ELATIVE CAPACITY GAIN OF FB & SECTOR HSDPA SETUP FOR P EDA
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Fig. 6. cdf of the power for the scheduled HS-DSCH users

System throughput vs 90 percentile user bitrate
3000

90 percentile @ 500 kbps

Case
Sector
4FB
Sector
4FB

Throughput[Mbps]

Relative Gain

2.46
6.62
2.30
6.78

1
2.69
1
2.95

2500
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10 percentile @ 100 kbps
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TABLE II
R ELATIVE CAPACITY GAIN OF FB & SECTOR HSDPA SETUP FOR TU
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System throughput vs 10 percentile user bitrate
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IX. C ONCLUSIONS
This paper studies the performance of HS-DSCH over a
system where each cell is equipped with four fixed beams
(FB). The FB case is compared to an ordinary 3 sector case.
The results presented in this paper have shown that regardless
of the studied radio channel (Pedestrian A and Typical Urban)
and scenarios (traffic models plus scheduler types), the fixed
beam antennas network systems for HS-DSCH WCDMA
system offers an impressive capacity gain (in terms of system
throughput), up to 200%, relative to the single sector antenna.
It is worthwhile mentioning that in a WCDMA system
(e.g. release 99), four fixed beams also provided a relative
gain (compared to a single sector antenna) of the same order
gain [2].
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(b) 10 & 90 percentile user bit rate.
Fig. 7. User bit rate versus system throughput for FB and single antenna.
Criteria
10 percentile @ 100 kbps

Case
Sector
FB

Relative Gain

1
2.7

TABLE III

R ELATIVE GAIN OF FB COMPARED TO SA IN TU AND FOR THE
SECOND SCENARIO .
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Abstra t
Downlink transmit diversity modes for WCDMA together with a two xed-beam
antenna array system are ompared relative to the single antenna se torized system
in a radio network simulator. The transmit diversity methods investigated are:
spa e-time transmit diversity and losed-loop mode I transmit diversity. Frequen y
sele tive (COST 259) and at fading hannels are onsidered and their impa t to
spee h-only and data-only servi es is evaluated. A third servi e, whi h highlights
the system performan e of the various advan ed antennas, is also investigated. The
results in this investigation point out that the diversity gain in at fading hannels
is substantial. In frequen y sele tive fading, the benets of xed beam systems is
en ouraging, whereas transmit diversity methods (espe ially Spa e-Time Transmit
Diversity) is unsatisfa tory.
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System Performance of Transmit Diversity Methods and a Two
Fixed-Beam System in WCDMA
AFIF OSSEIRAN and ANDREW LOGOTHETIS
Ericsson Research, Ericsson AB, SE-164 80 Stockholm, Sweden
E-mail: afif.osseiran@ericsson.com

Abstract. Downlink transmit diversity modes for WCDMA together with a two fixed-beam antenna array system
are compared relative to the single antenna sectorized system in a radio network simulator. The transmit diversity
methods investigated are: space-time transmit diversity and closed-loop mode I transmit diversity. Frequency
selective (COST 259) and flat fading channels are considered and their impact to speech-only and data-only
services is evaluated. A third service, which highlights the system performance of the various advanced antennas,
is also investigated.
The results in this investigation point out that the diversity gain in flat fading channels is substantial. In frequencyselective fading, the benefits of fixed beam systems is encouraging, whereas transmit diversity methods (especially
Space-Time Transmit Diversity) is unsatisfactory.
Keywords: single antenna, closed loop mode I transmit diversity, space time transmit diversity, 2 fixed-beam,
system performance

1. Introduction
Time-varying multipath fading seriously degrades the quality of the received signals in many
wireless communication environments. One method that mitigates the effects of deep fades
and provides reliable communications is the introduction of redundancy (diversity) in the
transmitted signals. The added redundancy can take place in the temporal or the spatial domain. Temporal diversity is implemented using channel coding and interleaving, while spatial
diversity is achieved by transmitting the signals on spatially separated antennas.
Transmit diversity [1, 2] can be subdivided into closed- or open-loop transmit diversity
modes, depending on whether or not feedback information is transmitted from the receiver
back to the transmitter.
The 3rd Generation Partnership Project (3GPP), Release 99, mandates that all mobile user
equipment (UE) must support transmit diversity using two downlink transmit antennas [3]. One
open loop and two closed loop modes must be supported in Release 99 [3], for the downlink
dedicated physical channels.
In contrast to transmit diversity, where the transmit antenna elements are sufficiently separated to ensure independent fading characteristics, adaptive antennas consists of an array of
antennas elements, that are closely spaced. Under some assumptions, for example a uniform
linear array where the antenna elements are separated by a half wavelength, there is a one-toone correspondence between a certain direction-of-arrival (DOA) of an incoming wave front
and the phase shift of the signals at the output of the antenna elements. Thus, appropriately
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shifting the signals prior to transmission (or reception), an adaptive antenna system is capable of steering the radiated energy toward (or from) the desired user, while at the same time
minimize the interference to other users [4].
It is very important to highlight, that very few studies [5] have tackled the system aspects
of transmit diversity in an exact and accurate fashion. The link to system interface presented
in the open literature are typically overly simplified and may lead to invalid conclusions. This
paper attempts to give an accurate account on the complex behavior of transmit diversity
methods in wireless networks, by correctly modelling the instantaneous orthogonality factors.
The derivation of the orthogonality factor for the single antenna case is presented in [6]. Note,
that the methodology employed in [6] has been extended to the advanced antenna systems
investigated here [7].
The rest of the paper is organized as follows. In the next two sub-sections transmit diversity and multi-beam antenna systems are introduced. The system setup e.g. antenna models,
mobility models, traffic models, propagation environment, receiver structure and simulator parameters are described in Section 2. The simulation results are presented in Section 3. Finally,
some concluding remarks are summarized in Section 4.
1.1. T R A N S M I T D IV E R S I T Y

IN

WCDMA SYSTEMS

WCDMA standard as proposed by the 3GPP, allows the following transmit diversity modes
with two transmit antennas:
– Closed-loop transmit diversity. The spread and scrambled signal is subject to phase (in
Mode I) or phase and amplitude (in Mode II) adjustments prior to transmission on antennas
1 and 2. The weights are determined by the receiver mobile user and transmitted to the base
station via the Feedback Information Indicator (FBI). In Mode I transmit diversity, the UE
can instruct the Node B to rotate the phase of the dedicated channels transmitted on the
diversity antenna by multiples of 90 degrees. The feedback message is completed in two
slots. In Mode II transmit diversity the Node B can be instructed by the UE to rotate the
phase of the dedicated channels transmitted on the diversity antenna by a multiple of 45
degrees and in addition, the relative transmit powers between the transmit antennas can take
two possible values. The feedback message is completed in four slots. For instance in a case
of Mode I, the transmit weights take Q = 4 possible values given by




1
1
w∈ √
:
q
=
0,
.
.
.
,
Q
−
1
(1)
j π (2q+1)/Q
2 e
– Open loop transmit diversity. The open loop transmit diversity [8] employs a Space Time
block coding Transmit Diversity (STTD). The STTD encoding is applied on blocks of four
consecutive channel bits. The UE does not transmit any feedback information back to the
transmitting diversity antennas. Two consecutive symbol periods are required to decode the
data.
1.2. M U L T I - B E A M A N T E N N A S Y S T E M
Adaptive antenna arrays have been used successfully in GSM and TDMA systems [4]. The
aim in an adaptive antenna array system is to replace the conventional sector antenna by
two or more closely spaced antenna elements. Such strategies have been shown in GSM and
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TDMA systems to yield an improved performance, in terms of increased system capacity
and/or increased coverage [4]. In [9], results show that the performance gain obtained by an
advanced antenna system could be substantial compared to an ordinary three sectors system.
Broadly speaking, adaptive antenna systems are grouped into two categories:
(a) fixed-beam systems, where radiated energies are directed to a number of fixed directions,
and
(b) steerable-beam systems, where the radiated energy is directed toward any desired location.
Fixed-beams can be generated in baseband or in Radio Frequency (RF). The former approach requires a calibration unit that estimates and compensates for any signal distortion from
baseband up to the output of each and every antenna element in the array. The later method
generates the fixed-beams using for an example a Butler matrix [10, 11] and thus does not
require uplink or downlink phase coherency.
1.3. O B J E C T IV E S
To the best of our knowledge, no system level results for closed-loop modes transmit diversity
for FDD WCDMA systems have appeared in the open literature, nor accurate interference
modeling of transmit diversity methods for various services have been investigated. The aim
of this paper is to compare the two fixed-beam (2FB) antenna-system with a sectorized single
antenna (SA) system, space-time transmit diversity (STTD) and closed-loop mode I (CL1)
transmit diversity. A WCDMA system simulator is used to conduct the comparative study.
Why do we investigate the two fixed beam system and not another fixed multi-beam antenna
system with more than two beams? The answer is quite clear: Antenna array with two antenna
elements results in similar radio base-station (RBS) complexity as TX diversity.
The various downlink transmit schemes investigated here offer spatial diversity, antenna
array gain or both as illustrated in Table 1. It is generally believed – and has been demonstrated
using link level simulations [12] that transmit diversity yields significantly much higher gains
than a single antenna system. Consequently, one would expect to see the performance of the
various schemes to be ordered from best to worst as follows: (1) CL1, (2) STTD, (3) 2FB, and
(4) SA. Thus the purpose of this study is to confirm if the S N R gain on the link level can be
translated into system throughput gain.
It is important to note that Closed-loop mode II (CL2) transmit diversity is not supported
in future releases of the WCDMA standard. Furthermore, it has been demonstrated that the
performance of CL2 is similar to CL1 in low Doppler frequencies and degrades substantially
for higher Doppler frequencies [1]. For these reasons, CL2 will not be considered here.
Table 1. Spatial and antenna array gains possibilities of the
various investigated schemes
TX mode
Closed loop mode I
STTD
Two fixed-beam

Spatial diversity
gain

Antenna
array gain



×


×
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Table 2. System parameters
System parameter

Value

Number of sites
Site type
Number of cells
Cell radius [m]
Number of beams/sector
Channel model
Number of RAKE fingers
SF of the 64 kbps service

7
3-sector
21
1000
2 for 2FB, 1 otherwise
COST259
1 for flat-fading channel & 10 for TU channel
32

2. System Setup
A system level simulator is used to evaluate the performance of the various downlink transmit
schemes. The simulated area consists of seven sites and each site comprises of three cells.
The site-to-site distance is 3 km, i.e. the cell radius is 1 km. Important system parameters are
summarized in Table 2. Note that the simulation tool is similar to the one used in [9]. The
deployment model of the simulator is a homogeneous hexagon cell pattern with wrap-around
to eliminate border effects. In each iteration of the main loop, the simulator time is increased
by the duration of one frame and all radio network algorithms are executed, except for the
power control which is executed on a slot level.
2.1. O R T H O G O N A L I T Y F A C T O R
As shown in [6, 7], the Signal to Interference plus Noise Ratio (SINR) is a function of the orthogonality factor. The expected SINR for the mth user after despreading is generally modelled
as follows
SINRm =

Nm G m Pm
αm G m Po + Im + No

(2)

where Nm , G m , Pm and N0 denote the spreading factor, the path gain, the transmitted power to
the mth user, and the thermal noise respectively. Po is the total base station power allocated to
signals using the same scrambling code as m. Im is the interference from the non-orthogonal
signals originating from the own and other cells. Finally αm is the downlink orthogonality
factor, which represents the fraction of the wide band received power of the orthogonal signals
causing interference to user m. It can be shown (see [7]) that the orthogonality factor may be
written as follows:
αm [k]=

n
F −1

l=−n H +1,l=0

|rm,l [k]|2 /|rm,0 [k]|2

(3)

where {rm,l [k] : l = −n H + 1, . . . , n F − 1} is the impulse response of the combined effect of
the transmit weights, radio channel and the receiver filter at time instance k. n H and n F are
the channel length and number of receiver filter taps, respectively.
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Figure 1. Single antenna and two fixed beams antenna patterns.

2.2. A N T E N N A M O D E L S
In the simulations studies, it is assumed that antenna 1 and 2 are separated by a distance of 20λ
and have identical antenna element patterns. The same antenna pattern is assumed for the single
antenna (SA) system. The antenna gain of SA, which is based on real measurements, is shown
in Figure 1 marked with the plus sign and thick line. The fixed beam system investigated here is
implemented using a Butler matrix forming two orthogonal beams. The two fixed-beams used
in this study are depicted in Figure 1 (two antenna elements separated by half λ is assumed). It
is well known that the antenna weights of the Buttler matrix are derived using the Fast Fourier
Transform [13].
Finally, note that the beam selection in the downlink is based on the uplink information i.e.
the beam with highest uplink received power is selected for transmission in the downlink.
2.3. M O B I L I T Y

AND

TR A F F I C M O D E L S

The mobile users are uniformly distributed in the cells. The average user speed is 3 km/h with
small variations around the mean value. Two types of services are investigated: speech and
data.
A poisson distribution time of arrival is assumed for the speech users. Furthermore, the
user session time is exponentially distributed.
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Table 3. Traffic parameters settings of the Budapest
WWW model. IAT = inter arrival time
Traffic parameter

Distribution

Mean value

User speed (km/h)
User acceleration (m/s2 )
Session length (s)
Page IAT (s)
Object IAT (s)
Object size (kB)
Object number/page

Gaussian
Gaussian
Weibull
Exponential
Exponential
Pareto
Geometric

3
0.2
50
10
1.5
10
7

The best-effort data (i.e. WWW traffic) is generated according to the traffic model presented
in [14], and is based on real measurements. Each user session has a Weibull distribution with
an average of 50 s. A user during its session, downloads on the average 10 web pages with
geometric distribution. The page requests are modeled as events with exponentially distributed
inter-arrival time with an average of 10 s. Each web page consists of embedded objects. The
number of embedded objects per web page is modeled as geometrically distributed with
an average of seven objects. The objects requests are modeled as events with exponentially
distributed inter-arrival time with an average of 1.5 s. The object size has a truncated Pareto
distribution with a mean of 10 Kb and truncated at 100 Kb. Traffic parameters used in this
paper are summarized in Table 3.
A third traffic model is also considered. In this scenario the data are transmitted in a
continuous stream using a 64 kbps RAB (Radio Access Bearer).
2.4. P R O P A G A T I O N E NV I R O N M E N T
The propagation model used is the COST 259 channel model [15]. The COST 259 is a spatial–
temporal radio propagation model that includes the effect of fast and slow fading. Note that
the elevation dimension is not considered in the propagation model.
Two channel models were investigated: (1) the frequency selective typical urban (TU)
macro-cell, and (2) a modified version that was characterized by a single tap.
2.5. R E C E IV E R S T R U C T U R E
Each mobile is assumed to have one receive antenna. Furthermore, perfect channel estimation
is assumed in the terminals. The terminals employ a conventional Maximum Ratio Combining
(MRC) receiver i.e. a RAKE receiver with 10 and 1 fingers for the TU and the single tap
channel model, respectively. Power control (PC) is also implemented and consists of the inner
and outer loop [16]. The inner loop power control and the fast fading act on slot level. The
inner loop PC assumes ideal C/I estimation (i.e. no measurement error is considered). After the
slot loop, the instantaneous C/I for each block is mapped to block error probability (BLEP).
Each block is then classified as erroneous or not, which gives the BLER estimates. The BLER
estimates are used by the outer-loop algorithm to decide if the S I R target should be increased
or decreased.
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Table 4. Simulation parameters
Parameter

Value

Max BS output power (W)
Admission control threshold (W)
Power of common channels (W)
Downlink BLER target (%)
Inner loop power control step (dB)
Maximum links per active set
Soft handover add threshold (dB)
Soft handover delete threshold (dB)
Spreading factor of data user
Spreading factor of speech user
Channel setup time (s)
Channel release time (s)
Simulation time (s)

20
20
5 for STTD, CL1, 2FB; 4 for SA
10 for data; 0.7 for speech
1
3
2
4
32
128
0
1
300

2.6. S I M U L A T O R P A R A M E T E R S
Some important simulation parameters that have been used are listed in Table 4.

2.7. P E R F O R M A N C E M E A S U R E
The most obvious choice in assessing the performance of speech service is the blocking
and dropping rate for a given desired QoS (Quality of Service). The speech QoS is directly
related to the BLER. It is assumed that a BLER of 1.5% offers a satisfactory QoS for speech
users. The capacity for speech service is defined as the load in kbps/cell (or served traffic)
when the mean BLEP, or the blocking or the dropping have exceeded the thresholds set in
Table 5.
On the other hand, the QoS of the best-effort and streaming data services depend on the
mean user bit rate and the total system throughput. The total system throughput is defined by
the sum of correctly delivered bits to all data users during the simulation period divided by
the simulation period and the number of simulated cells. The system capacity is defined at the
point where the system throughput fails to increase despite that the offered traffic increases.
The user bit rate is given by the ratio of the total received bits over the length of the user’s
session time. This performance measure for the data services can be referred as the maximum
system throughput criterion.

Table 5. Accepted quality for speech
service
BLER (%)

Block (%)

Drop(%)

1.5

5

1
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3. Results
Closed-Loop Mode I, STTD, two fixed beams antenna array and a single sectorized antenna
system have been compared for both speech and data services in frequency selective (TU) and
flat fading (single tap) channels. The results are analyzed depending on the radio environment
and the user service type. Note that absolute throughput and capacity numbers are of minor
interest, and one ought to consider relative gains instead.
3.1. F L A T - F A D I N G C H A N N E L
When the channel is frequency non-selective, the multiple access interference originating
from the same cell (intra-cell interference) is non existent. Thus, in this case the interference
originates from adjacent cells.
3.1.1. Speech
From Figure 2, we note that the dropping rate is acceptable for all transmit modes. Thus,
the system performance is determined by the blocking rate (Figure 3) and the mean BLEP
(Figure 4). Given the acceptable QoS threshold levels set in Table 5, it can be concluded that
the transmit diversity methods outperform the sector and the fixed-beam systems. This is not
Speech service.
5
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2FB
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3
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Figure 2. Dropping rate versus the system throughput of speech service for flat-fading channels.
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Speech service. One tap channel.
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Figure 3. Blocking rate versus the system throughput of speech service for flat-fading channels.

surprising because in a flat fading channel the diversity schemes will protect the data against
fading by duplicating and transmitting the same (or similar in the STTD case) information
from an alternative antenna. The likelihood that a deep fade occurs simultaneously from both
antennas is significantly reduced compared to the SA system.
Comparing the two fixed-beam with the sector antenna case, it can be observed that the
capacity almost doubles as one would expect. On the other hand, comparing CL1 with STTD,
it can be noticed that there is a gain of approximately 50% in utilizing the feedback information
from the mobiles. This gain is expected to reduce and possibly turn into a loss for high velocity
mobiles.
3.1.2. Best Effort (WWW traffic)
It is interesting to note that the performance of the data-only user scenario, when applying the
maximum system throughput criterion (see Section 2.7), is different to the speech-only user
scenario for flat fading channels (see Figure 5). Note that, the numbers appearing on the top of
each point of Figure 5 represent the value of the mean offered traffic in the simulations. While
CL1 nearly doubled the system throughput compared to the single antenna case, the performance of STTD is rather disappointing, yielding only 10% improvement (see Table 6). The
improvement of the fixed beam system compared to the single antenna case is approximately
33%. The considerable reduction of the diversity gain in general, and especially for STTD,
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Speech service. One tap channel.
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Figure 4. Mean BLEP versus the system throughput of speech service for flat-fading channels.

is probably due to the so called multi-user diversity [17] which is present in best-effort data
scenarios. One way to verify such a claim is to study the impact of scheduling for transmit
diversity schemes in a best-effort scenario. Furthermore, CLI gain was still substantial due to
the feedback information obtained from the UEs that helped the system exploit the antenna
array gain and to some degree spatial transmit diversity compared to the open-loop transmit
diversity scheme (i.e. STTD). For the 2FB case, the reduction of the gain for data services
compared to the speech service is mainly due to the intra-beam interference increase. In fact,
for a data service, users have a lower spreading factor and higher transmit power (compared to
speech users) and in case they are not spatially separated, the gain provided by a fixed-beams
system will be reduced [18].
3.1.3. Continuous Data Traffic
To comprehend the performance of the various schemes in the best-effort scenario, it is important to separate the impact of the traffic model and the impact of advanced antenna schemes
on the system performance. One way to eliminate the impact of the data traffic model is to
study the system performance under a continuous data stream traffic scenario. A 64 kbps radio
bearer with neither buffering of data nor feedback was assumed.
The system performance is captured in Figure 6, where the mean user throughput versus
the system throughput of the studied schemes is depicted. Note that the performances are very
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Figure 5. Mean user bit rate versus the system throughput of best-effort service for flat-fading channels.

similar to the best-effort case. The absolute and relative capacity gain relative to the single
antenna are summarized in Table 7. In this scenario, STTD now clearly shows a gain of 30%
compared to a single antenna. This figure (30%) was obtained by applying the criterion defined
in Section 2.7.
An alternative performance measure was also investigated. Rather than measuring the
maximum system throughput, the alternative criterion consisted of comparing the system
throughput of all schemes at the same mean user throughput. In other words, the quality is
ensured on a user level, i.e. all users will on the average be guaranteed a certain bit rate. If the
target average user bit rate is 56 kbps then the relative gain of STTD compared to the SA case
is 40%.
Table 6. System throughput for speech and best-effort service in flat-fading
channels
TX Mode

Service

Single antenna
Closed loop mode I
STTD
Two fixed-beam
Single antenna
Closed loop mode I
STTD
Two fixed-beam

Speech

Best effort

System throughput
(Mbps/cell)

Relative gain

0.290
1.085
0.735
0.530
0.990
1.650
1.050
1.335

1.0
3.7
2.5
1.8
1.0
1.7
1.1
1.34
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Figure 6. Mean user bit rate versus the system throughput for flat-fading channels in a continuous data traffic
scenario.

3.2. F R E Q U E N C Y - S E L E C T IV E C H A N N E L
Frequency selective channels introduce inter-chip and inter-symbol interference, whereas at
the same time provide multipath diversity. The former tends to degrade the link gain because
interference is increased, the latter can be exploited by the Rake receiver to combat deep fast
fading.
Table 7. System throughput for continuous data service in flat-fading channels
TX Mode

Criterion

Single antenna
Closed loop mode I
STTD
Two fixed-beam
Single antenna
Closed loop mode I
STTD
Two fixed-beam

Maximum system
throughput

User throughput
at 56 kbps

System throughput
(Mbps/cell)

Relative
gain

0.95
1.63
1.21
1.22
0.85
1.6
1.2
1.1

1.0
1.7
1.3
1.3
1.0
1.9
1.4
1.3
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Table 8. System throughput for speech and best-effort service in
frequency-selective channels
TX Mode

Service

Single antenna
Closed loop mode I
STTD
Two fixed-beam
Single antenna
Closed loop mode I
STTD
Two fixed-beam

Speech

Best effort

System throughput
(Mbps/cell)

Relative
gain

0.810
0.895
0.865
1.110
1.120
1.470
1.125
1.560

1.0
1.1
1.1
1.4
1.0
1.3
1.0
1.4

3.2.1. Speech
The results of speech service for all the studied schemes are presented in Table 8. The gains for
the speech service were obtained by applying the capacity definition presented in Section 2.7
to Figures 7, 8 and 9. It can be noted that the mean BLEP, in Figure 7, and dropping rate,
in Figure 9, fulfil the QoS criterion, for all transmit modes. Thus, the system performance is
determined by the blocking rate shown in Figure 8. Introducing diversity in a rich scattering
environment does not yield the anticipated gains. In fact, frequency-selective channels already
Speech service. TU channel.
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Figure 7. Mean BLEP versus the system throughput of speech service for frequency-selective fading channels.
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Figure 8. Blocking versus the system throughput of speech service for frequency-selective fading channels.

contain sufficient diversity (i.e. delay diversity). On the other hand, in the two fixed-beam case,
where an additional antenna gain is introduced, the system throughput is boosted by 40%. The
relative gain compared to the SA is much lower than the one obtained in a flat fading channel.
The cause of this loss is due to the significant increase of the intra-cell interference originating
from the side-lobes of the second beam, see Figure 1. In fact the presence of sides-lobes was
less critical in case of flat fading channel where the orthogonality factor is almost zero (i.e.
very low intra-cell interference and the channelization codes under the same code tree remain
orthogonal in the downlink).
3.2.2. Best Effort
The performances of data-only service in frequency selective channel are approximately the
same as the performance of the speech only scenario. The results which are shown in Table 8,
are obtained by applying the maximum system throughput criterion to Figure 10.
3.3. C O M P A R I S O N T O P R I O R WO R K
F O R T R A N S M I T D IV E R S I T Y

ON

S Y S T E M L EV E L R E S U L T S

From the results presented here, it was to show that STTD outperforms the two fixed-beam case
in slow flat fading channels, irrespective of the traffic service being employed. This result is in
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Figure 9. Dropping rate versus the system throughput of speech service for frequency-selective fading channels.

line with [19], where in a single link level analysis (point-to-point), it was shown that in slow
fading channels, space-time block codes (i.e. STTD in our study) outperforms beam-forming
(i.e. two fixed beams in our study). Only for high velocities where sufficient diversity is ensured
from forward error control, beam-forming prevails over STTD. System performance of STTD
was also presented in [20] which claimed a 30% gain (the channel model used was not specified). In fact, the assumptions made in [20] were overly simplified, since the gain was derived
from the E b /N0 improvement in the transmitted link level and the intra-cell interference introduced by the diversity scheme was identical to the intra-cell interference of the single antenna
system. A similar approach was also presented in [5]. Finally, in [21], numerical expressions
were derived to compare beam-forming with open loop transmit diversity. The comparison between these techniques was carried out in high SNR range (around 17dB) which is unrealistic for
a WCDMA system where the power control outer target is usually assumed to be around 5 dB
[16].

4. Conclusion
From the extended simulation studies, many key comments on the behavior of the various
downlink transmit schemes have been identified. In particular,
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Figure 10. Mean user bit rate versus the system throughput of best-effort service for frequency-selective fading
channels.

– In flat-fading channels, transmit diversity schemes such as STTD and CL1 offer a substantial
system capacity gain (measured in system throughput) compared to a single sectorized
antenna system irrespective of the traffic service (data/speech). In fact, CL1 has demonstrated
up to 3.7-times downlink system improvement. Although beamforming offers an improved
gain of 80% (relative to the single antenna case) it failed to match the promising benefits of
diversity methods. In fact, the gain provided by the antenna array is not sufficient to combat
fading in the case of single tap channels.
– In frequency-selective fading channels, the additional diversity gain introduced by the transmit diversity schemes is negligible compared to the inherent diversity that is already present
in the Typical Urban radio propagation channel. In such radio environments the system
gain of the fixed beam system is satisfactory (approximately 40%). For the two fixed-beam
system, the gain decrease of the speech service from 80% in flat fading channels to 40%
in frequency-selective channels, is mainly due to the introduction of additional intra-cell
interference originating from the side lobes of the antenna array system. Additional gains
are anticipated when the:
1. number of beams and the beam patterns are optimized.
2. power setting on the common channels, in particular the secondary common pilot channels, are also optimized.
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7.2 Closed Loop Transmit Diversity in WCDMA HS-DSCH
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Abstra t
This paper summarizes the system performan e of the high speed downlink shared
hannel (HS-DSCH) in WCDMA using losed loop mode 1 transmit diversity. The
results show that, s heduling one user at a time in the Pedestrian A hannel model,
transmit diversity will yield similar apa ity gains as the se tor antenna. On the
other hand, in highly dispersive hannels, a loss in the system throughput relative
to the se tor antenna, is observed. This loss is mainly due to random spatial
interferen e patterns (the so alled Flashlight Ee t), that are present in the HSDSCH setting when a single user is s heduled with the maximum available resour es
(power/ odes) at ea h time instant. In order to mitigate the ashlight ee t, a
simple s heme is proposed in whi h multiple users are simultaneously s heduled
using dierent s rambling odes. S heduling multiple users makes the interferen e
almost spatially white resulting in a system throughput gain.
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Abstract— This paper summarizes the system performance of
the high speed downlink shared channel (HS-DSCH) in WCDMA
using closed loop mode 1 transmit diversity. The results show
that, scheduling one user at a time in the Pedestrian A channel
model, transmit diversity will yield similar capacity gains as
the sector antenna. On the other hand, in highly dispersive
channels, a loss in the system throughput relative to the sector
antenna, is observed. This loss is mainly due to random spatial
interference patterns (the so called Flashlight Effect), that are
present in the HS-DSCH setting when a single user is scheduled
with the maximum available resources (power/codes) at each
time instant. In order to mitigate the flashlight effect, a simple
scheme is proposed in which multiple users are simultaneously
scheduled using different scrambling codes. Scheduling multiple
users makes the interference almost spatially white resulting in
a system throughput gain.

I. I NTRODUCTION
High Speed Downlink Shared CHannel HS-DSCH [6], [7],
[8] is a downlink transport channel that offers significant
higher peak rates, reduced round trip delays and higher capacity than other transport channel specified in the WCDMA
specifications. This is achieved since the HS-DSCH supports
Higher-Order Modulation and Coding Scheme, Fast Link
Adaptation and finally Hybrid ARQ with Soft Combining.
All HS-DSCH mobile users periodically report the instantaneous Channel Quality Indicator (CQI), which is a measure
of the instantaneous radio-channel condition. The Base Station
(BS), which is responsible for handling the HS-DSCH, uses
the CQI to assign the appropriate Modulation and Coding
Scheme (MCS). Furthermore, the BS may also use the CQI
to decide which of the users should be scheduled.
Few studies in the open literature have evaluated the system
performance of HS-DSCH using transmit diversity in general
and closed loop transmit diversity, in particular. In [1] it was
shown that STTD led to no gain compared to a single antenna
in a Pedestrian A channel model. In fact, even on the link
level, open loop transmit diversity yields only marginal gain
[2], and this is due to other sources of diversity such as HARQ which are available in a HS-DSCH environment. In [3],
[4], the 3GPP Closed Loop mode 1 (CL1) transmit diversity
was evaluated in a quasi static system simulator assuming a
simplified intra-cell interference modelling using a SINR trace
simulator. Recently, [5] suggested an improved model of the
inter-cell interference that takes into account the partial HSDSCH inactivity due to power on/off switching and concluded
that their impact is negligible in the system performance using
quasi static system simulator.

In this paper, CL1 is evaluated in a dynamic system simulation with an accurate intra-cell and inter-cell interference
modelling, involving instantaneous (”on-the-fly”) SINR calculations using time varying channel impulse responses.
II. S YSTEM S ETUP
The system consists of 7 sites, each of 500 m radius. A site
is equipped with three sectors, each with two sector-covering
transmit antennas. Two channel models were investigated:
The 3GPP Typical Urban (TU) and the Pedestrian A (PedA)
channel model. The former has 10 chips spaced taps with
slowly decaying power and the latter has three taps of which
the first tap is dominant and the subsequent taps are weak.
Independent fast fading between the transmit antennas is
assumed.
Codes: Orthogonal Variable Spreading Factor (OVSF) codes
are used to spread the data to the chip rate. For the HS-DSCH,
12 codes (spreading factor = 16) are allocated for each cell.
Downlink Channels: Each user using the HS-DSCH has an
associated dedicated channel. Furthermore, 10 percent of the
total BS power is used for the primary common pilot channel (P-CPICH). All other overhead channels account for 12
percent of the total BS power.
Scheduling & Traffic Model: The system performance is evaluated by considering transmissions of packets from a server
located in the Internet to a mobile terminal using an HS-DSCH
channel. The Proportional Fair (PF) scheduler in conjunction
with a continuous data stream in the downlink with infinite
packet size and zero second read time is used.
Performance Measure: The network load is measured by the
system throughput, which is defined by the sum of correctly
delivered bits to all users during the simulation period divided
by the simulation period and the number of simulated cells.
The system capacity is defined at the point where the system
throughput fails to increase despite that the offered traffic
increases. For completeness, the system throughput of the
Single Antenna (SA) sectorized system, is also evaluated.
III. I NTERFERENCE MODELLING AND SINR
C ALCULATIONS
The own-cell (or intra-cell) and the other-cell (or inter-cell)
interference are treated separately. The aim is to reduce the
complexity of the system simulator without sacrificing the
accuracy of the results.
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A. Inter-Cell Interference Modelling
The received (inter-cell interfering) signals from cell c to a
specific mobile user m are modelled as the superposition of
many planar waves. Assuming m is equipped with an omnidirectional antenna, then similarly to [9], it can be shown that
the average received power at m from c is given by
Pm,c (L) =

L Nc
¯
³
´¯2
d
gm,c X X
¯
¯
pn ¯a(θl ) wn,1 ej2π λ cos θl + wn,2 ¯
L
n=1
l=1

where gm,c , θl , a(θ), d, Nc , pn , wn,1 and wn,2 , respectively
denote the distance and shadow fading gain from c to m, the
angle of departure of the lth propagation path, the antenna
element gain at angle θ, the distance between the two diversity
antennas on c, the number of mobiles connected to c, the
transmitted power of the nth user, the transmit antenna weight
for the nth mobile on diversity antenna 1 and 2.
As the number of planar waves goes to infinity (L →
∞), then the average received inter-cell interference power
becomes

Pm,c (θ̄, σ) = lim Pm,c (L) = gm,c ×
L→∞
´¯2
³
R ∞ ¯¯
PNc
d
¯
cos θ
j2π λ
+ wn,2 ¯ f(θ|θ̄, σ)dθ
n=1 pn −∞ ¯a(θ) wn,1 e

CL Mode 1. Laplacian Azimuth Spread. 0.0 deg.

CL Mode 1. Laplacian Azimuth Spread. 3.0 deg.

20

20
Antenna Array Gain (dB)

Antenna Array Gain (dB)

where f(θ|θ̄, σ) is the probability density functions of the
Power Azimuth Spectrum (PAS). θ̄ represents the mean angle
of arrival and σ the standard deviation of the PAS, which is
commonly referred to as the angular spread.
From Fig. 1, where the inter-cell interference is shown as
a function of the angle of departure for all possible transmit
antenna weights in CL1, we conclude that the inter-cell interference patterns of CL1 and SA is similar in most directions.
System level simulations were carried to verify the difference
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Fig. 1. Closed loop mode I transmit diversity. Inter-cell interference power
for Laplacian azimuth spread.

(measured in system throughput) between modelling the intercell interference as the product of the total transmitted power
of other-cells times the sector antenna gain and explicitly
modelling the other-cell CL1 antenna patterns. Simulations
revealed that the difference is approximately 1.5% in both
Pedestrian A and Typical Urban channels.

B. Intra-Cell Interference Modelling
Let Pm denote the total base station power allocated to
signals using the same scrambling code as user m. The intracell interference is computed ”on-the-fly”, which means that
the instantaneous channel impulse responses are taken into
account on a slot by slot basis. As shown in [10], the intracell interference is the product of the orthogonality factor
αm , the path gain gm and the orthogonal code power Pm .
The statistical behavior of the orthogonality factor for the two
channels models considered can be summarized as follows:
Typical Urban: As seen from Fig. 2, the orthogonality factor
of CL1 and the orthogonality factor of SA are identical
(statistically speaking).
Pedestrian A: The orthogonality factor of CL1 is considerably
reduced, compared to the orthogonality factor of SA (see
Fig. 2).
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Fig. 2. cdf of the orthogonality factor.

C. On-the-fly SINR Calculations
The SINR is calculated for each user on a slot by slot basis,
using the instantaneous intra-cell interference. As shown in
[10], the expected SINR for the mth user after despreading is
given by
Nm gm pm
(1)
SINRm =
αm gm PM + Im + N0
where Nm , and N0 denote the spreading factor, and the
thermal noise respectively. Im is the interference from the nonorthogonal signals originating from the own- and other-cells.
According to Sec. III-A, Im is expected to be the same for
SA and CL1. Since CL1 has the potential to offered diversity
gain and antenna array gain relative to the SA case, then from
Eq. (1) the SINR in the CL1 case is expected to be much
greater than the in the SA case. Thus, the SINR gain of closed
loop transmit diversity should result in system throughput gain.
IV. R ESULTS
The performance of SA and CL1 with one, two, three, and
four scrambling codes (SC) - one for each scheduled user is investigated. The CL1 cases are referred to, in the figures’
legend, as: ”CL1, 1SC”, ”CL1, 2SC”, ”CL1, 3SC”, and ”CL1,
4SC”. If the number of SCs is omitted it implies that only one
scrambling code per cell was used.
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A. MCS
The cumulative mass function (cmf) of the MCSs for TU
and PedA channels is shown in Fig. 3(a) and Fig. 3(b),
respectively. For the PedA channel model the highest MCS
are used very often (see Fig. 3(b)).
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CIR distribution of the scheduled HS-DSCH users of SA and
”CL1, 1SC”.
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Fig. 4. C.D.F of the true CIR of the scheduled HS-DSCH users when the
offered load is 10.

(b) Pedestrian A.
Fig. 3. CMF of the selected MCS for various channel conditions.Distribution
of the scheduled HS-DSCH users.

The difference between the active and scheduled CIR is a
measure of the multiuser diversity offered by the system. SA
offers 5dB gain, whereas CL1 offers 3dB.
C. Flashlight Effect

B. Transmit, Multi-path and Multiuser Diversity
The CIR distribution of the scheduled HS-DSCH users
is shown in Figs. 4(a) and 4(b). The scheduled users is a
subset of the active HS-DSCH users. This subset of users is
determined dynamically by the scheduler. The impact of the
PF scheduler is clearly evident. The average CIR is increased
and the variance of the CIR is reduced for all schemes and
channel models for the scheduled users. Furthermore, the PF
scheduler serves users with high link gains without ignoring
those in the lower CIR ranges.
When the channel has a dominant Rayleigh path, as in the
PedA channel model, then the CL1 gain, relative to the SA,
of the scheduled users is approximately 3dB (see Fig. 4(b)).
In highly dispersive channels, where multi-path diversity is
present, the CIR of the scheduled users is similar for CL1 and
SA. In order to visualize the above mentioned effects, one
has to compare in the lower parts of Figs. 4(a) and 4(b), the

In Fig. 5, the cdf of the reported and the actual CIR of
the scheduled users, is shown. The reported CIR is computed
at the scheduler based on the available HS-DSCH power and
the CIR measurement of the P-CPICH reported by the active
HS-DSCH users.
As shown in Fig. 5, the difference between the reported and
the actual CIR is small for the SA case. The median of the
error is around 0dB irrespective of the channel type. On the
other hand, the error is quite substantial in the CL1 case, both
for the TU (compare ”SA” with ”CL1, 1SC” in Fig. 5(a))
and the PedA (compare ”SA” with ”CL1, 1SC” in Fig. 5(b))
channel model.
Problem: There is an inherent time delay between the instant
the mobile user reports the CQI and the instant the BS
schedules a user. The interference may change during this
period. As a consequence, if the discrepancy between the
reported CQI of a user and the CQI for the same user after
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The ratio between the scheduled and active CIR users

is considerably improved. It is clear from Fig. 5(a) that
scheduling more than one user on a different scrambling code
reduces the discrepancy between the scheduled and reported
CIR. For instance the 10th percentile was improved by more
than 1.0 dB.
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The performance of the conventional SA is compared to
CL1 transmit diversity where for each cell, one user is
scheduled at each time instant. Fig. 6(a) shows the mean user
bit rate as a function of the system throughput, normalized to
the system throughput of the SA. For a user bit rate of 200
kps, CL1 transmit diversity (case ”CL1, 1SC”) compared to
the SA case exhibited 15% loss for the TU and only 5% gain
for the PedA channel model in terms of system throughput.
This is not surprising since there is a large (biased) mismatch
between the reported CIR and the actual CIR, as shown in
Fig. 5.
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scheduling is large, then the selected MCS may not be robust
enough to ensure error free transmission. If the data is in
error, then the BS will retransmit the data (or part of the data)
using the HARQ. The discrepancy between the reported CQI
and the actual CQI after scheduling is even more apparent
when multiple transmit antenna systems are used, since the
interference changes in space and time depending on the
transmit antenna weights and the scheduling scheme. The
spatial variation of the interference is commonly known as
the ”flashlight effect”.
Mitigating the flashlight effect: The key idea is to insure that
intra-cell (and consequently inter-cell) interference appears
white in space. This is achieved by transmitting HS-DSCH
to many users at the same time. Nevertheless, there is a trade
off between how many simultaneous HS-DSCH users can be
scheduled and the overall system throughput. Thus, it is crucial
to allocate the system resources (e.g. power, codes, coding
and modulation schemes) in an optimal way. One possibility
is to use multiple scrambling codes (or a different code tree
for each active HS-DSCH user). Using multiple scrambling
codes increases the intra-cell interference, but at the same time
stable spatial and temporal interference patterns are ensured
without degrading the system throughput. As it turns out, the
”flashlight” effect is mitigated and the system performance
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(b) Pedestrian A.
Fig. 6. Mean user bit rate versus system throughput for CL1 and single
antenna.

As mentioned above, one method to mitigate the flashlight
effect is to, within the same cell, schedule simultaneously
multiple users using different scrambling codes. From Fig. 6 it
is evident that scheduling more than one user at a time yields
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Fig. 7. 10 and 90 percentile user bit rate versus system throughput for CL1
and single antenna.

a system throughput gain compared to the case ”CL1, 1SC”.
In fact for a TU channel scheduling two users at the same time
improved the system capacity 30% (see Fig. 6(a)). In the PedA
case, the gain compared to scheduling one user at a time is
more impressive and is slightly more than 60%). The relative
system throughput gain of CL1 schemes compared to the SA
is summarized in Table I. It is worthwhile mentioning that the
same range of gains are obtained for the best and worst 10
percent users (see 10% and 90% in Fig. 7).

Pedestrian A
TU

Transmit Diversity
One User per Cell Multiple Users per Cell
1.05
1.70
0.86
1.10
TABLE I

P ERFORMANCE RELATIVE TO A SINGLE ANTENNA SECTORIZED SYSTEM .

V. C ONCLUSIONS
The results presented in this paper have shown that in the
Pedestrian A channel model similar system capacity gains
relative to the sector antenna, are expected.
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In the 3GPP TU channel model, a significant loss in
the system throughput relative to the sector antenna, was
observed. This degradation is present despite that transmit
diversity offers greater gains on the link level. The loss in
system throughput is mainly due to random spatial interference
patterns (the so called Flashlight Effect), that are present in the
HS-DSCH setting when a single user per cell is scheduled at
each time instant. A simple scheme that makes the interference
spatially white, was also presented. The flashlight effect is
mitigated, yielding a 70% system throughput gain for CL1
compared to a single antenna in a Pedestrian A channel, while
10% gain was observed in the TU channel.
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Abstra t
This paper presents a omprehensive study of smart antennas for WCDMA. It
analyzes, evaluates and presents methods and ideas for the deployment of smart
antennas in WCDMA 3G wireless systems and for future generations. Three major implementations are evaluated and analyzed in a dynami system simulator:
Higher Order Se torization (HOS), Fixed Beams (FB) with Se ondary Common PIlot Channel (S-CPICH) and FB with Primary Common PIlot Channel (P-CPICH)
as a phase referen e. The system modeling integrates antennas and waves propagation modeling to evaluate and design smart antennas in wireless ommuni ations.
Further this paper analyzes the impa t of angular spread of various antenna ongurations, the intera tion and impa t of Radio Resour e Management (RRM) as
power tuning of the ommon hannel, S rambling Code (SC) allo ation te hnique,
soft and softer handover algorithm. Moreover a SC allo ation strategy and an
adaptive load-dependent power tuning algorithm of the P-CPICH are proposed.
Furthermore, a SINR derivation is given. Extensive simulation studies are arried
out to evaluate the apa ity gains of HOS and FB. The 12-se tor sites yields the
best system downlink apa ity gain ompared to 3-se tor sites equipped with a
single antenna, slightly more than a 3-Se tor sites equipped with 4FB ea h. The 6Se tor sites equipped with 2FB ea h redu es the gap between HOS and FB systems
to 10%.
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Abstract— This paper presents a comprehensive study of smart
antennas for WCDMA. It analyzes, evaluates and presents methods and ideas for the deployment of smart antennas in WCDMA
3G wireless systems and for future generations. Three major
implementations are evaluated and analyzed in a dynamic system
simulator: Higher Order Sectorization (HOS), Fixed Beams (FB)
with Secondary Common PIlot Channel (S-CPICH) and FB
with Primary Common PIlot Channel (P-CPICH) as a phase
reference. The system modeling integrates antennas and waves
propagation modeling to evaluate and design smart antennas in
wireless communications. Furthermore this paper analyzes the
impact of angular spread of various antenna configurations, the
interaction and impact of Radio Resource Management (RRM)
as power tuning of the common channel, Scrambling Code
(SCO) allocation technique, soft and softer handover algorithm.
Moreover a SCO allocation strategy and an adaptive loaddependent power tuning algorithm of the P-CPICH are proposed.
Furthermore, a SINR derivation is given. Extensive simulation
studies are carried out to evaluate the capacity gains of HOS and
FB. The 12-sector sites yield the best system downlink capacity
gain compared to 3-sector sites equipped with a single antenna,
slightly more than 3-sector sites equipped with 4FB each. The
6-sector sites equipped with 2FB each reduce the gap between
HOS and FB systems to 10%.

Key Words: Antenna configuration, Angular Spread, Fixed beams,
Higher Order Sectorization, P-CPICH and S-CPICH as Phase
Reference, Propagation modeling, Scrambling code allocation, Pilots
tuning, Radio Resource Management, System Performance, WCDMA.

I. I NTRODUCTION
Conventional wireless systems make use of omni-directional
or sectorized antenna systems. The major drawback of such
antenna systems is that electro-magnetic energy, intended for
a particular user located in a certain direction, is radiated
unnecessarily in every direction within the entire cell (i.e.
sector), thus causing interference to other users in the system.
One way to limit this source of interference and direct the
energy to the desired user, is to introduce smart antennas. In
fact smart antennas have been already been used in GSM and
TDMA [1] systems in the aim of replacing the conventional
sector antenna by two or more closely spaced antenna elements. Smart antennas [2], [3], [4], [5] can be divided into
two major groups depending on the level of intelligence: 1)
Fixed Beam (FB) and 2) Steered Beam (SB). In this paper the
steered beam will not be addressed, since as shown in [6], it
offers minor system capacity gain compared to the FB concept
at the expense of much higher complexity.
Manuscript received 15 September, 2005; revised March 24, 2005.
3 Dr. Logothetis was with Ericsson Research, he is currently with Airspan
Networks.

Another well known method that increases the capacity of
a cellular system is sectorization or more precisely Higher
Order Sectorization (HOS). This is done by splitting the cells
into smaller sectors. The cell splitting is achieved using highly
directional antennas, that provides higher antenna gains for the
served users in the sector and ensure reduced interference to
adjacent cells. In fact HOS can be implemented via beamforming, where each beam is treated as a logical cell. Hence HOS
will be considered as a simple way of implementing smart
antennas in a wireless cellular network.
When introducing smart antennas in a wireless system, it is
important to ensure that the User Equipment (UE) is able to
make an adequate estimation of the radio channel over which
the intended data for the UE is transmitted. The first 3GPP
release of WCDMA system envisaged the creation of specific
common channels, e.g. Secondary Common Pilot CHannel
(S-CPICH), transmitted over a specific area of the cell in order
to assist the UE to estimate the radio channel. In fact the
S-CPICH will ensure an ideal phase reference for the fixed
multi-beams concept. Later it was suggested to use the DCH
as a phase reference. Currently it is not clear if such a channel
will be required in the future. Consequently the introduction
of smart antennas in WCDMA necessitates taking into account
the impact of existing channels on the overall performance.
An alternative choice to the S-CPCIH is the Primary
Common PIlot CHannel (P-CPICH). It is transmitted in the
entire cell and can be used for channel estimation. The main
advantage of such a method is to eliminate the need of the
S-CPICH thus potentially decreasing the intra- and inter-cell
interference. The main drawback of the scheme is: 1) the
antenna gain of the primary P-CPICH is lower than the narrow
beams used for data transmission, 2) the channel Impulse
Response (IR) of the sector covering beam and the narrow
beams may be considerably different due to angular spread.
When signals transverse a radio channel the signals become
subject to spatial and temporal dispersions. The spatial distribution of the signal power is known as the Power Azimuth
Spread (PAS). The standard deviation of the PAS is commonly
referred to as the Angular Spread (AS). The degree of AS
directly impacts the signal strength at the mobile and correlates
the signal power from adjacent antennas. As the angular spread
increases the effective antenna gain decreases. On the other
hand, as the angular spread decreases the variation of the signal
power from adjacent Base Station (BS) antennas becomes
increasingly correlated.
Although earlier studies [7], [6], [8] quantified the gains of
FB systems in WCDMA using dynamic system simulators,
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the impact of AS, Scrambling Code (SCO) allocation and the
power settings of the common channels were largely neglected.
Other published work investigating the system performance
of FB systems in WCDMA can be found in [9]. In these
studies, the evaluation was conducted by means of quasi-static
system simulation and in most of these studies a simplified
channel model was assumed. Furthermore, the aspect of Radio
Resource Management (RRM) was neglected (e.g. power
control, handover). Recently, [10] took into account major
RRM functionalities, while a mean AS was assumed, no optimal scrambling code allocation strategies nor optimal power
settings of the common channel were studied. Other studies
evaluated the performance of HOS, for instance, [11] and [12]
assumed a simplified AS model and evaluated sectorization
using a static simulator. Similarly, [9] and [13] used a static
system simulation with no soft handover or power control and
simplified AS modelling to evaluate sectorization. Recently
[14] and [15], evaluated sectorization using a Uniform Linear
Array (ULA) [14] in a dynamic system simulator but either
did not investigate the impact of AS [14] or did not even
considered it [15]. More recently [16] evaluated HOS in a
dynamic system simulator with an accurate AS modeling.
As mentioned previously, few studies have evaluated the
system performance of steered beams. In [17], [18] no explicit
capacity gain figures were given, only the gain in term of
SIR. In [19] absolute capacity values are given but without a
comparison to a reference case (i.e. a single antenna).
Open Loop (OL) and Close Loop (CL) Transmit diversity
have a similar hardware complexity as a 6-sector site or a
3-sector site equipped with two FB each. Thus it is natural
to compare the concept studied in this paper and transmit
diversity techniques. The reader can find the detailed information about system performance in [20], [21] for a more
comprehensive overview.
In this paper, the system evaluation of smart antennas is
limited to WCDMA. It can be noted that the system performance of smart antennas in HSDPA can be found in [22],
[23], where the evaluation of FB and transmit diversity (TD)
in HSDPA were treated in [22] and [23], respectively. The
system improvement by introducing FB is comparable to the
one presented here. The major difference resides in scheduling
which is this the core of the HSDPA concept. Introducing FB
or diversity techniques will contribute to a fast interference
change thus rendering the channel quality indicator unreliable.
Hence the scheduler [23] has to predict such rapid changes in
order to avoid a system capacity degradation.
Moreover the scheduling nature of transmissions in HSDPA
offers multi-user diversity and the availability of retransmission using Hybrid-ARQ, which increases time diversity, renders the gain of transmit diversity schemes meager especially
in a rich multi-path environment [23], [24], [25].
The purpose and contributions of this paper are to:
• Investigate the downlink (DL) system throughput gain going from a 3-sector to 6- or 12-sector sites in a WCDMA
system, and compare it to 2FB or 4FB with S-CPICH and
P-CPICH as a phase reference, respectively, in a dynamic
system simulations.
• Highlight the advantages and inconveniences of each
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solution.
Analyze the system degradation due to spatial and temporal dispersions of the radio propagation channel.
• Propose and evaluate a method for channel estimation for
a fixed multi-beams concept, based on P-CPICH.
• Suggest a scrambling code allocation technique.
• Present and evaluate a power tuning method for the
common channel.
• Derive an SINR expression for the studied concept with
an accurate intra- and inter-cell interference modelling
involving instantaneous SINR calculations.
• Analyze antenna configuration aspects such as the impact
of antenna orientations and beam-width.
The rest of the paper is composed as follow: first the FB
and SB concepts are described briefly in Section II. Then
Section III tackles the interaction of RRM and smart antennas.
The assumed used channels propagation model and antenna
configuration are described in Section IV. The derivation of
the SINR expression is given Section V. Afterwards, the
system environment is described Section VI. The results are
presented in Section VII. The performance of each concept (i.e
HOS, FB with S-CPICH and P-CPICH as a phase reference,
respectively) are analyzed. Thereafter the relative gain of all
studied concepts to Single Antenna (SA) are summarized.
Finally conclusions are drawn in Section VIII.
•

II. F IXED AND S TEERED B EAM A NTENNA C ONCEPTS
Generally speaking, smart antennas can be divided into two
major groups depending on the level of intelligence:
• fixed beam or fixed multi-beam (also called switched
beam).
• steered beam (also called adaptive array).
The fixed multi-beam system consists of e.g. a finite number
of fixed beams with predefined beam patterns and fix pointing
directions. In uplink (UL) the antenna elements are used to
collect all incoming energy resulting in increased antenna gain,
while in DL the beam with the largest UL power received
from the mobile of interest will be used for transmission.
The second type of antenna system is the more advanced
steered beam solution. That is, the shape of the beams are fixed
and the pointing directions are steered towards the mobile of
interest both in UL and DL directions within the cell. As a
consequence, the pointing errors of the fixed beam solution
can be eliminated. The two concepts require different system
architecture. For example, in order to translate the AOA (Angle
Of Arrival) into AOD (Angle Of Departure), the steered beam
solution requires stringent UL and DL calibration (coherency
requirement). Furthermore, a dedicated pilot signal is required
to be transmitted by the BS to each user. The dedicated pilot
signal should have high enough power such that the channel
estimation is sufficiently good to ensure adequate signal to
noise ratio within the demodulator.
III. RRM FOR S MART A NTENNAS
The introduction of smart antennas in WCDMA does not
only impact the physical layer and signal processing but also
the RRM. In fact the RRM algorithms do not have to be
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modified at the expense of degrading the full system capacity
gain. For instance it was shown in [26] that Admission Control
(AC) can provide additional capacity gain when applied on
a beam level especially in a Hot-Spot scenario. Previously
neglected RRM aspects such as the SCO allocation and
adaptive power tuning of the common channel are presented
in the following.
A. Scrambling code allocation
In WCDMA, multiple access is performed in two steps.
First the data is spread (i.e. channelized) with a channelization
code belonging to the OVSF code family. The second step
consists of scrambling the data with a SCO belonging to the
Gold code family. Each user is associated with a unique SCO
and every BS is associated with one or more unique SCOs.
The channelization code tree has a limited number of OVSF
codes. Hence when the tree is occupied either new users are
blocked or a new SCO should be opened. The later case will
lead to a loss of orthogonality resulting in the degradation
of the system capacity. Since FB systems are designed to
increase the load, the number of required SCOs required to
serve the mobile users may be greater than one. Most studies
have focused on OVSF code re-assignment (or allocation)
in order to reduce the blocked users due to channelization
code shortages. Recently, [27] studied the impact of opening
a secondary SCO in WCDMA systems equipped with a single
antenna. The method consisted simply of allocating new users
to the secondary SCO when the code tree of the primary SCO
was fully occupied.
Two SCO allocation strategies are investigated here. The
first method - and the most straightforward one - consists
of allocating each beam with a unique SCO (referred to as
the ”one Per Beam” (1PB) method). This solution has the
drawback of utilizing more than one SCOs irrespective of the
traffic conditions. An alternative solution consists of opening
a new SCO when there is a need to do so. In this scheme the
users requiring high downlink transmit power are assigned the
first SCO. This is simply derives from the fact the P-CPICH
and other common channels are transmitted on the first SCO.
Thus, a user allocated to another SCO will suffer from higher
interference power. This strategy will be called thereafter the
”power based” (PB) scrambling code allocation and can be
summarized as follows:
1) Sort the users in a decreasing order according to their
downlink transmit power.
2) Allocate users beginning from the top of the list to the
first SCO until all channelization codes are assigned.
3) Use secondary SCOs and assign the required channelization codes for the remaining users. Use as few secondary
SCOs as possible as long as all the users on the list have
been allocated the desired channelization codes.
4) Periodically monitor the downlink power of the users
and goto Step 1.
An illustration of the SCO allocation methods is shown
in Fig. 1. In this example a 3-sector site is shown, where
a 2FB system is used. In Fig. 1(a) the 1PB SCO method
is illustrated. The UEs associated with the first and second

3

beam are plotted and highlighted in blue (with the cross sign)
and stripped light yellow (with the circle sign), respectively.
As indicated in the same figure each color is associated with
a unique SCO. For instance SCO1 and SCO2 are associated
with beam1 and beam2, respectively. The power based SCO is
illustrated in Fig. 1(b) where the UEs associated with the first
SCO are plotted in blue. It can be noticed that these users can
be associated to any of the beams. It was also assumed that the
number of required SCOs is more than one. The majority of
the users were allocated to SCO1 until the entire code tree was
utilized. Further a second scrambling code SCO2 was opened.
According to the PB algorithm, the users requiring the lowest
power were assigned to SCO2 (users plotted in light yellow
color with the circle sign).

Beam1 = SCO1 x
Beam2 = SCO2

x

x

x

x

x

x
x

(a) One SCO Per Beam.

SCO1 x
SCO2

Beam2
x
x
x
x
x

Beam1

x

x

x

x
x

(b) Power Based SCO.
Fig. 1. Scrambling Code allocation Algorithm.

B. Power Setting For Common Channels
The percentage of the power allocated to the common
channels in WCDMA impacts the interference level [28] and
consequently the DL system capacity. In fact [29] showed how
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the system capacity relates to the power used for common
channels in a FB system. A proper selection can help to
improve the air interface performance. Hence it is crucial to
ensure a good quality of the received common channel signal
without necessarily setting its value for the worst case as it is
often done in radio planning tools.
Load and coverage balancing algorithms using heuristic
rules that control the pilot power were suggested in [30].
Besides the complexity of such algorithms, the decision was
based on long term measurements in the order of hours
or days. Hence no alternative was offered to a relatively
rapid power setting of the common channels. Here a tuning
algorithm for the power of the P-CPCIH and S-CPICH is
proposed and evaluated. The proposed algorithms apply power
control to the transmitted P-CPICH and S-CPICH signals from
all the BSs such that 95% of the users have their CIR greater
than −18 dB and −21 dB, respectively. In fact a target of
−18 dB [12] is considered more than adequate to detect the
cell and perform measurements on the P-CPICH. The 3GGP
recommends that the CIR of the common channels (such that
BCH and the P-CPICH) at the UE is greater than −20 dB [31].
The implemented adaptive P-CPICH tuning algorithm will
compensate those users with unsatisfactory P-CPICH and
S-CPICH (in case it exists) quality, and to ensure a fair
comparison between all concepts. Note that feedback of the
P-CPICH and S-CPICH quality to the BSs is possible, since
according to the WCDMA standard, the mobiles periodically
report this measure.
IV. A NTENNA AND C HANNEL M ODEL
Assuming a plane wave incident in the horizontal plan on
a Uniform Linear Array (ULA) from an angle θ relative to
the axis of the array, it can be shown that the array factor (or
antenna gain) of a ULA consisting of N Antenna Elements
(AE) is given by [3]:
g(θ) = ωi H a(θ)

(1)

a(θ) = [1 e−jβx1 cosθ . . . e−jβxN −1 cosθ ]H

(2)

where

is the spatial signature, xi is the coordinate of the ith AE on
the x-axis1 , and
ωi = [ωi,0 . . . ωi,N −1 ]H )

(3)

is the weight vector of the ith beam. β = 2π/λ is the phase
propagation factor, and λ is the wavelength.
In case of a FB system, the number of the weight vectors
is fixed and usually equal to the number of the antenna
elements in the ULA. The FB weight vectors are generated by
a Beam Forming Network (BFN) that produces N orthogonal
beams using N antenna elements. Let us define the N × N
BFN Matrix (BFNM) as T = [ω0 ω1 ... ωN −2 ωN −1 ]. T
comprises of the weight vectors of all the narrow fixed beams.
The most commonly used techniques to implement a BFN is
to use cascaded hybrid couplers known as the Buttler matrix,
1 All AEs are assumed to be placed on the x-axis. The first AE is placed
at the origin of the x-axis.

which is simply a realization of the Discrete Fourier Transform
(DFT), so the array weights are given by [32]:
ωi,m = e−j2πmi , i ∈ {0, . . . , N − 1}

(4)

The BFNM is then equal to the unitary discrete Fourier
transform matrix.
A. Propagation Environment & Model
In order to capture the spatial aspect of the AS, the
azimuthal Direction Of Arrival (DOA) of the incoming waves
at the BS, and consequently the direction of departure from
the BS should be taken into account in the propagation model.
This has been extensively studied, theoretically and to some
extent verified with measurements (See [33], [34], [35], [36]).
Here the propagation model used is the COST 259 channel
model [37], which is a spatial temporal radio propagation
model that includes the effect of fast and slow fading. The
COST 259 version used in the current system simulator yields
an instantaneous Power Delay Profile (PDP) ξm , the Rice
factor κm , and the angular spread σm for the mth link in the
system. The COST 259 can model several radio environments.
Here we investigate the Typical Urban (TU) channel model.
In an urban environment the power azimuth spectrum (PAS)
is accurately described by a Laplacian pdf [38], that is:


√ |θ − θm |
1
exp − 2
(5)
f (θ|θm , σm ) = √
σm
2σm
where θm denotes the nominal direction to the mobile. Given
the PAS and the spatial signature a(θ) of the antenna array,
the user dependent channel correlation matrix is given by
Z ∞
R(θm , σm ) =
a(θ)aH (θ)f (θ|θm , σm )dθ
(6)
−∞

B. Channel Estimation
Two types of channels are transmitted in a cell. The first one
consists of Common CHannel (CCH) signalling (including the
P-CPICH) and is transmitted through the wide beam using a
single antenna element (to cover the whole cell). The second
type consists of Dedicated CHannel (DCH) which carries all
higher layer information intended for a specific user, and is
transmitted over a narrow beam. Higher layer information
includes data as well higher layer control information. For a
FB system with S-CPICH as a phase reference, the DCH and
S-CPICH are transmitted through the same beam, hence the
UE will be able to correctly estimate the received signal on the
DCH. In case the P-CPICH is used by the UEs for channel
estimation, the user data and the P-CPICH will experience
different phase shifts (due to the difference for their spatial
signature). Moreover, the narrow beam will enhance some and
attenuate other scatterers.
Let hc,m (t; τ) and hm,m (t; τ) be the time-varying channel
IR at time instant t of the link m of the P-CPICH and
DCH2 , respectively. The UE will estimate the channel on
the P-CPICH or the S-CPICH. For the received signal on
the P-CPICH, the data is matched to the P-CPICH estimate.
2 The

S-CPICH and DCH are transmitted through the same beam.
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As it is shown in Fig. 2(a), the received P-CPICH signal
is matched to the correct IR (i.e. fc,m (t; τ) = h∗c,m (t; −τ),
where fc,m (t; τ) is the matched filter IR for the P-CPICH).
When S-CPICH is used as phase reference the received
signal on the DCH will be matched to h∗m,m (t; −τ) (i.e
fm,m (t; τ) = h∗m,m (t; −τ), where fm,m (t; τ) is the matched
filter IR for the DCH). Whereas when P-CPICH is used
as a phase reference, the signal received from the DCH
(transmitted on the narrow beam) is matched to the channel
IR estimated on the wide beam channel as shown in Fig. 2(b),
(fm,m (t; τ) = fc,m (t; τ) = h∗c,m (t; −τ)). This will result in a
phase mismatch between the DCH and CCH that impacts the
system performance in particular for large AS [39], [40].
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C. Antenna Configuration:

xc,n = r cos(2πc/C) − nd sin(2πc/C)

yc,n = r sin(2πc/C) + nd cos(2πc/C)

(7)
(8)

for c ∈ {0, 1, . . . , C − 1} and n ∈ {N1 , . . . , 0, . . . , N2 }. Note
that N1 ≤ 0 ≤ N2 , and N = N2 − N1 + 1.
One of the antenna configurations employed in this study
consisted of placing 3, 6 or 12 antennas equally distributed
on a circle of radius r. The antenna patterns of the 3-, 6and 12-sector antennas are shown in Fig. 4. The 3 dB beamwidth of the 3, 6 and 12 sector beams are 63◦ , 35◦ and 20◦ ,
respectively.
The antenna gains of the 4FB, another antenna configuration
which is investigated in this paper, is shown in Fig. 5,
respectively. The 4FB are generated assuming a Butler matrix.
The AE3 gain is also illustrated in Fig 5.
Recall that the COST 259 channel model yields a position
dependent AS. In the TU case the 90th percentile of the AS
is 19 degrees, thus more severe losses in the effective antenna
gains are anticipated. As an example, Fig. 6 shows the effective
antenna gains for a 12-sector site when AS is 8 degrees, which
corresponds to the median AS in the TU case. It is clear that
AS results in reducing the maximum effective antenna gain
and widening of the main lobe.
V. SINR C ALCULATIONS
In the following the expression of the received signal will be
derived. Afterward the assumptions made are stated. Based on
3 We assume that the number of generator fixed beams by an ULA is equal
to the number of AE.
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Fig. 4. Gains for 3, 6, and 12 sector antennas.
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Let C denote the number of sectors per site. Each sector c
comprises of an antenna array consisting of N AEs forming
a ULA. The distance between two adjacent AEs within the
same ULA is d. The central AE of each ULA form a uniform
circular array with radius r. Finally, the orientation of the
ULAs are on the tangent (i.e. perpendicular to the radius) of
the circle. Fig. 3 shows the antenna configuration for a 3-sector
site. Such configurations can model OL and CL Transmit
Diversity (TD), HOS, FB and SB advanced antenna systems.
Let (xc,n , yc,n ) denote the two dimensional co-ordinates of
the nth AE of the ULA at sector c. For the specified antenna
configuration investigated here, the co-ordinates are given by
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Fig. 5. Antenna pattern for a 3-sector site equipped with 4FB each.

these assumptions, we will proceed to compute the intra-and
inter-site interference. The difference between the two, is that
fast fading is assumed in the former, whereas no fast fading
is assumed in the latter. This distinction is done to minimize
the computational complexity of the system simulator. Finally
the SINR after despreading is also derived.
A. Received Signal:
In this section we will derive an expression of the received
signal for a particular link. The UE receives multiple delayed
copies of the signal due to scatterers in its surrounding
area. The scatterers are located within a circle (or other
shape) that surrounds the UE. θ̄ represents the mean angle
of arrival. Typically the data signal of the user transmitted by
antenna n of sector c will be phase shifted by approximately
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P-CPICH

hc,m (t; τ)

fc,m (t; τ)

Common Channel IR

Matched Filter

rc,m (t; τ)

(a) P-CPICH.

DCH

hm,m (t; τ)

fm,m (t; τ)

Dedicated Channel IR

Matched Filter

rm,m (t; τ)

(b) Dedicated Channel.
Fig. 2. The received signal of the P-CPICH and DCH at the UE.
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Fig. 3. Antenna configuration of a 3-sector site.


2π (xc,n − xc,0 ) cos θ̄ + (yc,n − yc,0 ) sin θ̄ /λ compared to
the same signal transmitted by the central antenna (n = 0)
of sector c. The approximation is valid when the antenna
separation between the antennas is much smaller than the
distance between the UE and the BS. Let zc,n denote the
received signal at the UE from antenna n of sector c. The
received signal is modelled as the superposition of many planar
waves. It can be shown that the baseband equivalent signal is

given by [34], [35], [36] :
zc,n = χc,n

L
X

αl ejβl ej2π(xc,n cos θl +yc,n sin θl )/λ gc (θl )

(9)

l=1

where4 λ, αl and βl denotes the carrier wavelength, the signal
attenuation and the phase of the lth plane wave, respectively.
αl is Rayleigh distributed and βl is uniform distributed. θl
4 Note that, while Eqs. (7) and (8) describe the ULA configuration, Eq. (9)
is valid for any geometry - as long as the phase centers of each element are
in the same plane.
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In the following each one of the terms that composes the SINR
(see Eq. (14)) will be derived in order to obtain the SINR
expression.
Let a(θ) and wk denote the spatial signature and the transmit antenna weights of the whole site5 for user k, respectively.
Let the mth element of the vector a(θ) be denoted by [a(θ)]m .
The elements of a(θ) and wk are given by
[a(θ)]cN +n−N1 +1 = ej2π(xc,n cos θ+yc,n sin θ)/λ ×
×g(2πc/C − θ)
(15)

0

[wk ]cN +n−N1 +1 = wk,c,n

210

240

300
270

Fig. 6. Antenna gains of a 12-sector site with and without AS.

denotes the angle of departure of the lth plane wave, and gc (θ)
denotes the gain of the AE in sector c in the direction θ.
Without loss of generality, we assume that all the AEs have
the same gain g(θ) such that
gc (θ) = g(2πc/C − θ)

χc,n =

xk wk,c,n

L K

1 XX
pk w H
E |r|2 θl =
k a(θl )
L

N2
C−1
X X

zc,n

(12)

c=0 n=N1

The received (instantaneous) power is given by
|r|2 = |

N2
C−1
X X

e

K
X

xk wk,c,n

L
X

c=0 n=N1 k=1
l=1
j2π(xc,n cos θl +yc,n sin θl )/λ

αl ejβl × . . .

g(2πc/C − θl )|2 (13)

The power of the received signal of the mth link contains
the power of wanted signal Sm (i.e. signal of interest), the
interference power from the own site I (Intra) (Intra-site), the
interference power from other sites I (Inter) (Inter-other) and
the thermal noise γm . Hence, a generic expression of the
Signal to Interference plus Noise Ratio (SINR) can be written
as:
Sm
SINRm = (Inter)
(14)
(Intra)
Im
+ Im
+ γm

2

(19)

As the number of planar waves goes to infinity (L → ∞),
then the average received power becomes

E |r|2 |θ̄, σ

=

K
X

pk w H
k R(θ̄, σ)w k

k=1

(

= Tr R(θ̄, σ)

k=1

r=

(18)

l=1 k=1

(11)

where K denotes the number of transmitted signals.
We assume that the UE is equipped with a single omnidirectional receive antenna with antenna gain of 0 dBi, then
the received signal r at the UE is simply given by

(17)

where pk denotes the transmitted power for the k th user. We
assume the signals for different users are independent. Finally,
the phases βl are independent and identically distributed, the
scatterers are uncorrelated and the normalization in Eq. (18)
is assumed to ensure a constant average fast fading power.
Using the assumptions above, then the average power at the
UE is given by

(10)

The signal to be transmitted on antenna n of sector c is
denoted by χc,n . The transmitted signal xk for the k th user
is multiplied by the transmit weight wk,c,n prior to being
transmitted on antenna n of sector c. χc,n is given by
K
X

(16)

Assumptions: We make the following assumptions

pk , for k = k ′ ,
E {xk x∗k′ } =
0,
otherwise.

 jβ
1/L, for l = l′ ,
−jβl′
l
E αl e αl′ e
=
0,
otherwise.

330

K
X

k=1

pk w k w H
k

)

(20)

B. Inter-site Interference
Let m denote the link of interest, and S = {1, 2, . . . , S}
the set of all sites. Is (m) and L(s) respectively denote the
site index of the mth link, and the set of all links originating
from site s.
Using Eq. (20), the inter-site interference for link m is given
by (see [41])
X
(Inter)
Im
=
Tr {R(θm (s), σm (s))W (s)} γm (s) (21)
s∈{S−Is (m)}

where R(θm (s), σm (s)) denotes the correlation matrix defined
in Eq. (6), γm (s) is the path gain (that includes the distance
and shadow fading) and θm (s) is the angle of the vector
connecting the site s to the UE corresponding to link m. W (s)
is a site specific transmit weight/power matrix, given by
X
pl w l w H
(22)
W (s) =
l
l∈L(s)

5A

site will be treated like a single antenna system composed of several
ULAs which implies that the definition of the spatial signature and weight
vector of a ULA given in Eqs.(2) and (3) is generalized to include all the
ULAs of the site.
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C. Intra-site Interference
Let the rth row of Z

∈ C N C×Lh denote a realization
of the channel IR from the rth antenna to the mth link.
Lh denotes the upper bound of the channel order and, as
mentioned previously, N is the total number of antennas per
sector and C is the number of sectors per site. The elements
of Z m are obtained by sampling from N CLh independent
Rayleigh fading processes and each row is then multiplied by
the same power delay profile ξm . Let m and n denote two
links connected to the same site s. Let hm,n denote the IR as
seen by link m when the site s transmits to link n using the
transmit weight vector wn ∈ C N C×1 . hm,n is given by
m



1/2
H
(θm , σm )Z m + ρm
hH
m,n = w n R
= wH
n Hm
κm
a(θm )ej2πdm /λ ⊗ v H
where ρm =
1 + κm

(23)
(24)
(25)

ρm is the Rice component of the channel IR and R1/2 is the
square root of the matrix R (i.e. R1/2 R1/2 = R). ⊗ denotes
the Kronecker product, dm is the relative distance between the
BS and the UE, and the vector v = [1, 01×(L−1) ]H ensures
that the Rice component appears on the first tap of the channel
IR6 .
Let the receiver IR be denoted by f m ∈ C Lf ×1 . Note that
for perfect channel estimation the RAKE receiver f m is the
complex conjugate, time reversed (flipped up-down) version
of the channel IR hm,m 7 . The overall IR rm,n at the output
of the receiver is given by the convolution of f m and hm,n .
r m,n is computed by the following product
r m,n = F m hm,n

m

0

...

0

fm

Toeplitz macolumn and

where

Q0m = γm H m F H
F mH H
m
X m
0
Wm =
pn w n w H
n
n∈L0
m (s)










L(s) = L⊢m (s) ∪ L0m (s)
We define the matrix Xm,n ,

⊢
I L − eL,q eH
L,q , if n ∈ Lm (s),
X m,n =
otherwise
I L,

(31)

(32)
(33)


H
H
Q⊢m = γm H m F H
m I L − eL,q eL,q F m H m (34)
X
⊢
H
pn w n w n
(35)
Wm =
n∈L⊢
m (s)

D. SINR after Despreading
The SINR after despreading for link m is given by (see [41])

SINRm =

2
Nm keH
L,q r m,m k γm pm

(Inter)
Im

(Intra)

+ Im

+ kf m k2 N0

(36)

where N0 is the thermal noise and Nm is the processing
gain. Assuming a perfect channel estimation (i.e. q = Lh
2
and kf m k2 = khm,m k2 ) then keH
L,q r m,m k = khm,m k and
Eq. (36) becomes
SINRm =

Nm khm,m k4 γm pm

(Inter)
Im

(Intra)

+ Im

+ khm,m k2 N0

(37)

E. Orthogonality factor


(27)

Dividing the numerator and denominator of Eq. (37) by
the filter gain khm,m k2 and defining Gm = khm,m k2 γm ,
rearranging the terms in Eq. (36) yield
SINRm =

Let L = Lf + Lh − 1. Let L⊢m (s) denote the set of links
connected to site s that use the same SCO as link m. The
set of all links that use different SCOs than m is denoted by
L0m (s). Note that

60
N×M is the zero matrix of size N × M .
7 In our analysis, we do not restrict ourselves

n∈L(s)

o
n
o
n
= Tr Q0m W 0m + Tr Q⊢m W ⊢m

(26)

where the matrix F m is a non-symmetric
trix having [f Tm , 01×(Lh −1) ]T as its first
[[f m ]1 , 01×(Lh −1) ] as its first row. That is

fm 0 . . . 0
0

..
..
 0 fm ...
.
.


.
.
.
.
Fm =  0
.
.
0
0

 .
..
..
 ..
. f
.
0
0

where I L is the identity matrix of size L × L, and eL,q is
a L × 1 vector of zeros except for the q th element, where
[eL,q ]q = 1. q denotes the timing offset of the correlator. For
a RAKE receiver with Maximum Ratio Combining (MRC), q
is equal to Lh .
(Intra)
is given by (see [41])
The intra-site interference Im
X
(Intra)
H
Im
=
r m,n X m,n r m,n γm pm
(30)

(28)

Nm Gm pm
αm Gm po + Im + No

(38)

where po is the total base station power allocated to signals
using the same SCO as m. Im is the interference from the
non-orthogonal signals originating from the own cell and other
cells. Finally αm is the downlink orthogonality factor, which
represents the fraction of the wide band received power of the
orthogonal signals causing interference to user m. It can be
shown (see [41]) that the orthogonality factor may be written
as follows:
Lf −1

(29)

to the conventional RAKE
receiver. In fact, the SINR calculation is valid for any linear receiver with an
IR given by f m .

αm =

X

l=−Lh +1,l6=0

|r m,,m (l)|2 /|rm,m (0)|2

(39)

where r m,m is the IR of the combined effect of the transmit
weights, radio channel and the receiver filter, defined in
Eq. (26).
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VI. S YSTEM S ETUP

Parameter
Number of sites
Site type
Number of cells
Cell radius [m]
Number of Antenna Element/sector
Number of beams/sector
Channel model
Number of RAKE fingers
SF of the 64 kbps user
Max BS output power [W]
Downlink BLER target [%]
Inner loop power control step [dB]
Maximum links per active set
Soft handover add threshold [dB]
Soft handover delete threshold [dB]

Value
19
3- 6- or 12-sector
57, 114 or 228
1000
1,2 or 4
1, 2 or 4
COST259
10
32
20, 40 or 80
1
1
3
2
4

TABLE I
S YSTEM AND S IMULATIONS PARAMETERS .

A. Radio Network Algorithms
The radio network algorithms are executed on a frame level
basis expect for a PC. At first, new users are created by the
traffic generator. Afterward the users are assigned an initial
position and they will move according to the mobility model.
Cell selection and re-selection occurs for mobiles in every
radio frame. The cell with the highest gain (excluding fast
fading) is selected. Link AC is turned off in order not to
influence the capacity results. Further no users are dropped
for bad quality instead the erroneous data is retransmitted.
The soft handover algorithm is evaluated in every frame. It
compares the path gain of the connected cell with the path gain
for neighboring cells. If the difference is within a threshold,
the neighboring cell is added as a new soft handover leg
(connection). On the other hand, for existing multiple leg
connections, if the threshold is outside the valid range, the
leg will be deleted. PC is also implemented and consists of
inner and outer loop. The inner loop power control and the

5000
4000
3000
2000

Distance[m]

The simulated area consists of a central site and two
surrounding tiers of sites. The total number of sites is 19.
Each site comprises of 3, 6 or 12 sectors (i.e. cells). Users
are dynamically generated in the central site and the first tier
(which consists of 6 sites). The second tier consists of 12
sites where no users are generated. Instead the BSs power of
the second tier is time varying and is modelled as a random
walk with upper and lower bounds determined by the 90th
and 10th percentile of the BSs power located in the central
and first tier sites. An illustration of the simulated area is
drawn in Fig. 7. Each star represents a site where the center of
each star represents the site’s coordinates. The arrows indicate
the orientation of the cells. In Fig. 7, sites with 6 sectors are
assumed. The site-to-site distance is 3 km. For each iteration of
the main loop, the simulator time is increased by the duration
of one frame and all radio network algorithms are executed,
except for the Power Control (PC) which is executed on a slot
level. The most relevant system and simulation parameters are
summarized in Table I.

1000
0
−1000
−2000
−3000
−4000
−5000
−6000

−4000

−2000

0
Distance[m]

2000

4000

6000

Fig. 7. The simulated cell plan for 6-sector sites.

fast fading act on slot level. The inner loop PC assumes ideal
SINR estimation (i.e. no measurement error is considered).
B. Receiver Structure
Each mobile is assumed to have a single receive antenna.
Furthermore, perfect channel estimation is assumed in the
terminals. The terminals employ a conventional MRC receiver,
i.e. a RAKE receiver. The number of the RAKE fingers is
assumed to be equal to the number of the paths (i.e rays
or taps) in the radio propagation channel. For example, we
assume 10 fingers for the TU channel model. After the slot
loop, the instantaneous SINR are averaged and mapped to a
BLock Error Probability (BLEP). Each block is then classified
as erroneous or not, which gives the block error rate (BLER)
estimates. The BLER estimates are used by the outer loop
algorithm in order to decide if the SINR target should be
increased or decreased.
C. Mobility & Traffic Models
The mobile users are uniformly distributed in the cells. The
average user speed is 3 km/h with small variations around
the mean value. A poisson distribution time of arrival is
assumed for the users. Furthermore, the user session time is
exponentially distributed with mean holding time of 5s. The
data are transmitted in a continuous stream (no TCP) using a
64kbps RAB (Radio Access Bearer) with retransmissions.
D. Performance Measure
The total system throughput is defined by the sum of
correctly delivered bits to all users connected to the central site
divided by the simulation period and the number of simulated
cells in the central site. The user bit rate is given by the ratio
of the total received bits over the length of the user’s session
time. The Quality of Service (QoS) depends on the user bit
rate. The QoS is met when the average bit rate of all users
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Sectors
3
6
12

is greater than 55kbps. The system capacity is defined as the
total system throughput when the QoS is met.

Relative Gain
1.0
1.65
3.13

VII. R ESULTS

TABLE II

To ease the readability of the results, the performance of
HOS, FB using S-CPICH and P-CPICH as a phase reference
will be treated separately. The impact of AS, the power tuning
of the common channels, the SCO allocation and handovers
of each concept is analyzed. The relative gains compared to
a 3-sector sites equipped with a single antenna are given in
each section. Thereafter, the performance of three concepts
compared to each other is summarized. Note that the when
the number of sectors per site is not mentioned, it is assumed
to be 3.

R ELATIVE S YSTEM THROUGHPUT G AIN IN TU.

Sectors
3

Channel
AS0
TU
AS0
TU
AS0
TU

6
12

Relative Loss
1.00
0.99
1.00
0.95
1.00
0.91

TABLE III
R ELATIVE S YSTEM THROUGHPUT IN AS0 AND TU.

A. Higher Order Sectorization
1) Impact of Angular Spread: The system performance is
evaluated with and without angular spread modelling. Fig. 8
shows the average user bit rate versus the system throughput
for 3-, 6- and 12-sector sites. The system throughput results
are normalized to the system throughput of the 3-sector TU
case and are summarized in Table II. The performance when
the standard deviation σm of the AS is set to zero, which is
labelled as ”AS0” in Fig. 8 and designated as such thereafter,
is also shown for 3-, 6- and 12-sector sites. It is clear, based
on QoS defined in Section VI-D, the AS induces a 1%, 5%
and 10% system throughput loss in a TU channel compared to
the AS0 case for 3-, 6- and 12-sector sites, respectively. The
results are summarized in Table III. Obviously, a narrower
beam is more susceptible to the effects of the AS.
Stream64k, PCPICH Tune=Off
65

60

Average user bitrate (kbps)

55

50

3Sec, AS0
6Sec, AS0
12Sec, AS0
3Sec, TU
6Sec, TU
12Sec, TU

45

40

35

30

0

0.5

1

1.5
2
2.5
Normalized system throughput

3

3.5

4

Fig. 8. Average user bit rate versus the relative system throughput in the
TU and AS0 radio channels.

2) Primary CPICH Tuning: The cumulative density function of the CIR of the P-CPICH for various offered traffic
loads is shown in Fig. 9. A target of -16.5 dB for 90% of the
users is considered more than adequate to detect the cell and
perform measurements on the P-CPICH [42], or alternatively
-18 dB for 95% of the users as was mentioned earlier. From

Fig. 9, it can be seen that there are occasions (e.g. 12 sectors
with Offered Traffic (OT) equal to 10) where more that 5%
of the users fail to meet the P-CPICH target. If the number of
users in the system further increases, then more users will not
be able to decode the P-CPICH. Thus the CIR of the P-CPICH
is load dependent.
It is a common rule to allocate 10% of the BS power to
the P-CPICH, but from analyzing Fig. 9, it can be seen that
for low loads (OT=5), 95% of the users have a CIR around
-17 dB for 3-sector sites. Hence less power can be allocated
to the P-CPICH without sacrificing the cell coverage. Since
the P-CPICH quality is load dependent, for high loads and
certain antenna configurations, the P-CPICH power needs to
be increased. The proposed tuning method is compared to the
case when the power of the P-CPICH is fixed at 33 dBm in
Fig. 10. At high loads (see Fig 10), it is clear that tuning
the P-CPICH power ensured that 95% of the users met their
P-CPICH quality regardless of the number of sectors, whereas
for the fixed P-CPICH power case, slightly less than 90% of
the users were able to meet the required P-CPICH quality for
the 6- and 12-sector sites.
The impact of the P-CPICH tuning on the system capacity
is shown in Table IV. There is no system capacity gain for
the 12-sector case when adaptively tuning the P-CPICH power.
However, we must point out that, it is necessary to adapt the
P-CPICH power (especially in high traffic loads) in order to
ensure the desired P-CPICH quality for all the antenna systems
investigated here. In doing so, the relative system capacity gain
going from 3-sector sites to 6- and 12-sector sites is 1.52 and
2.61, respectively.
Sectors

Relative Gain

3
6
12

16%
6%
0%
TABLE IV

R ELATIVE S YSTEM THROUGHPUT GAIN WHEN P-CPICH IS TUNED ON
VERSUS TUNED OFF .
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Stream64k, TU, PCPICH Tune=Off

In [17], it was shown that 12-sector sites offer 3dB gains in
terms of SIR when implementing sectorization. Unfortunately,
it is not clear how much of the reported SIR gain translates
into system capacity gain. Finally in [14], a gain of 1.8 was
obtained using 18-sector sites, but the total BS power was
limited to 60W.

100

90
3Sec, OT=5
3Sec, OT=10
6Sec, OT=5
6Sec, OT=10
12Sec, OT=5
12Sec, OT=10

80

70

11

cdf

60

B. FB with S-CPICH as Phase Reference
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20
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0
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−8

−6

CIR of the P−CPICH (dB)

Fig. 9. cdf of the CIR of the P-CPICH for various OT in the TU channel.

In this section the performance of WCDMA BSs equipped
with FB systems, where S-CPICH is used as a phase reference,
is presented. First the impact of the SCO allocation method
on the system performance is shown. The impact of tuning the
power of pilot channels, is also presented. Finally, the impact
of the AS is investigated.
The capacity gain of 2FB and 4FB respectively over a sector
antenna is presented is shown in Table V. This is the reference
case where each beam has its own SCO, also the power of the
P-CPICH and S-CPICH was constant and strong enough to
ensure reliable channel estimation.

Stream64k, TU, OT=10

FB/Sector

Relative Gain

1
2
4

1.0
1.2
2.0

100

90

80

3Sec, PCPICH Tune=On
6Sec, PCPICH Tune=On
12Sec, PCPICH Tune=On
3Sec, PCPICH Tune=Off
6Sec, PCPICH Tune=Off
12Sec, PCPICH Tune=Off

TABLE V
R EFERENCE CAPACITY GAIN . 1PB SCO ALLOCATION .

70

cdf

60
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CIR of the P−CPICH (dB)

Fig. 10. cdf of the CIR of the P-CPICH with and without P-CPICH power
tuning. High load (OT = 15).

1) Scrambling code allocation: The impact of the SCO
strategy on the system performance is shown in Table VI.
The power based code allocation offered roughly 25% system
throughput gain compared to the 1PB strategy when two FB
are used per sector. The gain decreased slightly for the case
when four FB are used per sector. This is not surprising since
in a WCDMA radio network equipped with two FB, one
SCO is sufficient in most cases. Thus allocating one SCO
per beam in that case will increase the intra-cell interference
hence decreasing the system capacity. In fact the PB strategy
will not use another SCO unless it is required.
FB/Sector
2
4

3) Comparison to Prior Work on System Level Results:
Although some assumptions of the system model (e.g. antenna
patterns and configuration, channel models, mobile velocity,
angular spread) may have been simplified in other published
work, the system capacity gain of 6-sector over 3-sector sites
in WCDMA obtained here is in line with other work. A system
capacity gain of 1.6 to 1.7 were shown in [9], [13] and [15].
Further [11] and [14] obtained a lower system capacity gain
(1.4 and 1.5 respectively) due to the total site power limitation
of 60W. A mere 20% gain was found in [43] where the sectorto-sector isolation was rather poor. A live field trial in a CDMA
system using 6-sector sites was conduced by [44] and led
to a gain of 1.73 compared to a 3-sector site. Higher order
sectorization was implemented using 3 ULAs per site, each
comprising of two antenna elements that formed 2 sectors.

SCO algorithm
1PB
PB
1PB
PB

Relative Gain
1.0
1.24
1.0
1.12

TABLE VI
P OWER BASED VERSUS ONE PER BEAM IN TU CHANNEL , P-CPICH &
S-CPICH T UNE O FF .

2) Primary and Secondary CPICH Tunings: From analyzing Fig. 11, it can be seen that for 2FB, 95% of the users have
a CIR around -16.5 dB. Hence less power can be allocated to
the P-CPICH without sacrificing the cell coverage. Whereas
for 4FB the CIR of the P-CPICH is -17.5 dB which is close
to the target. The proposed power tuning algorithm for the
P-CPICH and S-CPICH is compared in Fig. 11(a) and 11(b)
to the case where the power of the P-CPICH and the combined
S-CPICH power were each fixed to 33dBm. It is clear that
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Stream64k, 3Sec, TU, SC=PB, DOT=20
100

90

80

70
AE=2, PCPICH Tune=Off, SCPICH Tune=Off
AE=4, PCPICH Tune=Off, SCPICH Tune=Off
AE=2, PCPICH Tune=On, SCPICH Tune=On
AE=4, PCPICH Tune=On, SCPICH Tune=On

60
cdf

tuning the P-CPICH power ensured that 95% of the users
met their P-CPICH and S-CPICH qualities regardless of the
number of beams and traffic in the sector. Another interesting
observation is that the CIR distribution has been shifted by a
couple of dB to the left for high CIR since there is no need for
such high signal to noise ratio for those users, hence reducing
the interference toward other sectors.
The impact of the P-CPICH and S-CPICH tuning on the
system capacity is shown in Table VII. Adapting the P-CPICH
and S-CPICH powers, yields a 22% and 14% relative system
capacity gain for the 2FB and 4FB cases, respectively.

50

40

30

20

FB/Sector
2
4

Tune
Off
On
Off
On

Relative Gain
1.0
1.22
1.0
1.14

10
5
0
−22

−20

−18

−16
−14
−12
CIR of the P−CPICH (dB)

−10

−8

−6

(a) P-CPICH.

TABLE VII
P-CPICH & S-CPICH T UNE O FF VS T UNE O N , P OWER BASED IN TU.

Stream64k, 3Sec, TU, SC=PB, DOT=20
100

3) Impact of Angular Spread: The impact of AS is summarized in Table VIII. The AS induces 6% and 9% relative
system throughput loss compared to the AS0 case for 2FB and
4FB per sectors, respectively.

90

80

70
AE=2, PCPICH Tune=Off, SCPICH Tune=Off
AE=4, PCPICH Tune=Off, SCPICH Tune=Off
AE=2, PCPICH Tune=On, SCPICH Tune=On
AE=4, PCPICH Tune=On, SCPICH Tune=On

4

Channel
AS0
TU
AS0
TU

Relative Gain
1.0
0.94
1.0
0.91

cdf

60

FB/Sector
2

40

30

20

TABLE VIII
R ELATIVE SYSTEM GAIN IN AS0 AND TU, P OWER BASED , P-CPICH &
S-CPICH T UNE O N .

Assuming PB SCO allocation and an adequate tuning of the
common channel, the relative system throughput gain of 2FB
and 4FB is about 1.6 and 2.2 times compared to a SA as it
shown in Table IX. In an ideal channel without AS the gains
are slightly higher and closer to the ones in [6].
Channel
AS0

TU

50

FB/Sector

Relative Gain

1
2
4
1
2
4

1.0
1.67
2.38
1.0
1.57
2.21

TABLE IX
S YSTEM GAIN RELATIVE TO A SINGLE ANTENNA FOR AS0 AND TU.

10
5
0
−22

−20

−18

−16
−14
CIR of the S−CPICH (dB)

−12

−10

−8

(b) S-CPICH.
Fig. 11.
tuning.

CDF of the CIR of the common channel with and without power

in a 3-sector configuration is summarized. While the 2FB case
offered 63% capacity gain, the 4FB case offered only 130%
gain capacity.
FB/Sector

Relative Gain

1
2
4

1.0
1.63
2.31
TABLE X

R EFERENCE CAPACITY GAIN FOR A 3- SECTOR SITE CONFIGURATION .

C. FB with P-CPICH as a Phase Reference
In this section the performance of various antenna configurations is presented. Then the impact of tuning the power of
the common channels is shown. Finally the impact of the AS
and the antenna configurations are investigated.
The system capacity for TU channels is shown in Table X
where the capacity gain of 2FB and 4FB relative to the 1FB

1) Primary CPICH Tuning: The proposed power tuning
algorithm for the P-CPICH is shown in Fig. 12. It is clear
that tuning the P-CPICH power ensured that 95% of the users
met their P-CPICH quality regardless of the number of beams
and traffic in the sector. The impact of the P-CPICH tuning
on the system capacity is shown in Table XI. Adapting the
P-CPICH yields substantial system capacity gain.
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FB/Sector
2
4

Tune
Off
On
Off
On

Relative Gain
1.0
1.13
1.0
1.05

and narrow beams differs substantially due to AS. In order to
mitigate some of the losses in the 4FB case, it is suggested to
increase the number of sectors per site and reduce the number
of beams per sector while keeping the product of the two
constant (i.e. identical hardware complexity). For instance, an
alternative to a 3-sector site equipped with 4FB each is to have
a 6-sector site equipped with 2FB each. In Table XIV the two
site configurations are compared. The 6-sector site with 2FB
case yields 12% and 13% capacity gain for the TU and AS0
radio channel, respectively.

TABLE XI
P-CPICH T UNE O FF VS T UNE O N , P OWER BASED IN TU.

Stream64k, 3Sec, TU, SC=PB, DOT=20
100
AE=1, PCPICH Tune=Off
AE=2, PCPICH Tune=Off
AE=4, PCPICH Tune=Off
AE=1, PCPICH Tune=On
AE=2, PCPICH Tune=On
AE=4, PCPICH Tune=On

90

80

13

Channel

Sectors

FB/sector

Relative Gain

AS0

3
6
3
6

4
2
4
2

1.0
1.13
1.0
1.12

70

TU
cdf

60

TABLE XIV
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S YSTEM GAIN RELATIVE TO A SINGLE ANTENNA FOR AS0 AND TU. T UNE
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Fig. 12.
tuning.

D. Summary
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CDF of the CIR of the common channel with and without power

2) Impact of Angular Spread: The results of the impact
of AS are summarized in Table XII. The AS induces 7% and
16% relative system throughput loss compared to the AS0 case
for 2FB and 4FB per sector, respectively. Assuming PB SCO
allocation and an adequate tuning of the common channel, the
relative system throughput gain of 2FB and 4FB is about 1.6
and 2.1 times compared to 1FB as it shown in Table XIII.
FB/Sector
2
4

Channel
AS0
TU
AS0
TU

Relative Gain
1.0
0.93
1.0
0.84

TABLE XII
R ELATIVE SYSTEM GAIN IN AS0 AND TU, P OWER BASED , P-CPICH
T UNE O N .

Channel

FB/sector

Relative Gain

TU

1
2
4

1.0
1.58
2.11

TABLE XIII
S YSTEM GAIN RELATIVE TO A SINGLE ANTENNA FOR TU.

The relative system throughput gain compared to 3-sector
sites equipped with single antenna, for HOS, FB with
P-CPICH and S-CPICH respectively are summarized in Table XV. The second column and third column of the table
indicates the number of FB used per sector and the name of
the common channel used as a phase reference (P=P-CPICH,
S=S-CPICH), respectively. The 12-sector sites yielded the best
system downlink capacity roughly 20% more than to a 3-sector
site equipped with 4FB each. The 6-sector sites equipped with
2FB each reduced the gap to 10%. In fact a large number of
antenna configuration parameters can be optimized in order
to increase further the downlink system capacity. For instance
the antenna pattern e.g. side-lobes level, beam-width, antenna
tilting and antenna spacing have been shown to impact the
signal quality [45], [18]. Moreover the number of the beams
can be also optimized for a FB concept [10], [46], [47] in
order to further increase the capacity gain for a FB system.
It is also worth mentioning that the antenna orientation for
HOS had minor impact on the system capacity, [48] came to
a similar conclusion.
Sectors

FB/sector

Phase Ref.

Relative Gain

3
6
3
3
3
3
6
12

1
1
2
2
4
4
2
1

P
P
S
P
P
S
P
P

1
1.52
1.57
1.58
2.11
2.21
2.36
2.61

TABLE XV
R ELATIVE SYSTEM GAIN TO A SINGLE ANTENNA IN TU. T UNE O N .

3) Impact of the Antenna Site Configuration: The relative
gain of 3-sector sites equipped with 4FB is rather low. As
it was mentioned earlier, as the number of beams increases
then the mismatch between the channel IR from the broad

1) Handover ratio: The expected number of soft and softer
links per user for all the studied concepts in a TU channel for
a static power setting of the common channels are shown in
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Table XVI. All configuration required 33% handover overhead
per user except for 12-sector sites which is around 44%. This
implies that on the average one and a third links are utilized
per user for most cases. The expected number of soft/softer
links is also shown in Table XVII when the power of common
channels are adaptively tuned to the radio conditions. An
increase of approximately 20% is observed for all cases. This
is not surprising since the quality of the pilot channels is
adjusted thus increasing the probability that more BSs will
be included in the active set of the mobiles. This implies
that on the average up to one and a half links are utilized
per user. It is interesting to mention that the overhead is
almost traffic independent. In fact the overhead is tightly
connected to the log-normal fading and the antenna beamwidth (which impacts the overlapping region between the
sectors, see Fig. 6 for the 12-sector site case). Although the
capacity in terms of cell throughput has increased when the
common pilots are tuned, the number of active users decreases
due to handover overhead. The handover overhead can be
reduced by optimizing the handover parameters (thresholds
and timers). In [49], it was shown that the capacity (defined
in terms of the number of active users for the same service)
saturates when the handover threshold is within the range of
[0, 1.7]dB. From both tables it can be deduced that increasing
the number of sectors per site to 12 will lead to 20% soft/softer
handover increase compared to 3-sector sites equipped with
4FB.
Sectors

FB/sector

Phase Ref.

Soft

Softer

3
6
3
3
3
3
6
12

1
1
2
2
4
4
2
1

P
P
S
P
P
S
P
P

0.301
0.299
0.293
0.302
0.308
0.318
0.305
0.315

0.041
0.045
0.034
0.034
0.036
0.025
0.054
0.117

covering each of the sectors by more than one beam. Three
different implementations were evaluated and analyzed in a
dynamic system simulation with an accurate intra- and intercell interference modeling: Higher order sectorization, Fixed
Beams (FB) with S-CPICH as a phase reference and finally
FB as P-CPICH as a phase reference. A realistic propagation
modeling with focus on typical urban channel was integrated
in the modeling in order to simulate the WCDMA wireless
communication system. Furthermore, this paper analyzes the
impact of angular spread, the interaction and impact of RRM
as power tuning of the common channel, Scrambling Code
(SCO) allocation technique, various antenna configuration, and
the percentage of users in soft and softer handover. Moreover,
a SINR derivation of the signal received at the UE was given.
Finally the following observations were made:
•

•

•

•

•

TABLE XVI
E XPECTED NUMBER OF SOFT AND SOFTER HANDOVERS PER USER IN TU.
T UNE O FF
•

Sectors

FB/sector

Phase Ref.

Soft

Softer

3
6
3
3
3
3
6
12

1
1
2
2
4
4
2
1

P
P
S
P
P
S
P
P

0.381
0.371
0.345
0.368
0.368
0.355
0.371
0.390

0.041
0.055
0.047
0.044
0.046
0.046
0.066
0.144

TABLE XVII

The 12-sector sites yielded the best system downlink
capacity, 2.6 times compared to 3-sector sites equipped
with a single antenna, roughly 20% more compared to
3-sector sites equipped with 4FB each. The 6-sector sites
equipped with 2FB each reduced the gap to 10%.
The relative gain of 6- and 12-sector sites compared
to 3-sector sites all equipped with a single antenna is
approximately 1.5 and 2.6 respectively.
Besides ensuring a good quality for 95% of the users, the
tuning of the P-CPICH and S-CPICH powers, offered
14% and 7% system throughput gain for 3-sector sites
equipped with 2FB and 4FB respectively when P-CPICH
is used as a phase reference. Higher gains were obtained
when S-CPICH is used as phase reference.
The power based SCO allocation method offered up to
25% system throughput gain compared to allocating each
beam with its one SCO.
The ratio of users in soft and softer handover per cell
is independent of the number of beams used in a sector,
which implies that the handover signalling over the Iub
interface remain unchanged. But increasing the number
of sectors per site to 12 led to 20% soft/softer handover
increase compared to 3-sector sites equipped with 4FB.
The system degradation due to spatial dispersion of the
channel is minor in terms of system capacity for most
antenna configuration but noticeable, around 10% for
12-sector sites or for 3-sector sites equipped with 4FB
each.

ACRONYMS
In order to facilitate the readability, the most commonly
used acronym in this paper are shown in Table XVIII.

E XPECTED NUMBER OF SOFT AND SOFTER HANDOVERS PER USER IN TU.
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1PB
AE
AS
AS0
BS
CCH
CIR
DCH
DL
FB
HOS
IR
MRC
QoS
PC
P-CPICH
RRM
SB
S-CPICH
SCO
TU
UE
UL
ULA

One Per Beam
Antenna Element
Angular Spread
Angular Spread equal to zero
Base Station
Common CHannel
Carrier to Interference Ratio
Dedicated CHannel
DownLink
Fixed-Beam
Higher Order Sectorization
Impulse Response
Maximum Ratio Combining
Quality of Service
Power Control
Primary Common PIlot Channel
Radio Resource Management
Steered Beam
Secondary Common PIlot Channel
Scrambling COde
Typical Urban
User Equipment
UpLink
Uniform Linear Array
TABLE XVIII

L IST OF MOST USED ACRONYMS .

R EFERENCES
[1] S. Anderson et al., “Adaptive antennas for GSM and TDMA systems,”
IEEE Personal Communications, vol. 6, no. 3, pp. 74–86, June 1999.
[2] L. Godara, “Applications of antenna arrays to mobile communications,
Part I: Performance improvement, feasibility, and system considerations,” in Proceedings of the IEEE, vol. 85, no. 7, July 1997, pp. 1031
– 1060.
[3] J. C. Liberti and T. S. Rappaport, Smart Antennas for Wireless Communications: IS-95 and Third Generation CDMA Applications. Prentice
Hall, 1999.
[4] T. S. Rappaport, Smart Antennas: Adaptive Arrays, Algorithms &
Wireless Position Location. IEEE Press, 1998.
[5] G. V. Tsoulos, Adaptive Antennas for Wireless Communications. IEEE
Press, 2001.
[6] A. Osseiran et al., “Downlink Capacity Comparison between Different
Smart Antenna Concepts in a Mixed Service WCDMA System,” in Proceedings IEEE Vehicular Technology Conference, Fall, vol. 3, Atlantic
City, USA, 2001, pp. 1528–1532.
[7] B. Göransson, B. Hagerman, S. Petersson, and J. Sorelius, “Advanced
antenna systems for WCDMA: Link and system level results,” in
IEEE International Symposium on Personal, Indoor and Mobile Radio
Communications (PIMRC), London, UK, 2000, pp. 62–66.
[8] M. Ericson, A. Osseiran, J. Barta, B. Göransson, and B. Hagerman,
“Capacity Study for Fixed Multi Beam Antenna Systems in a Mixed
Service WCDMA System,” in IEEE International Symposium on Personal, Indoor and Mobile Radio Communications (PIMRC), San Diego,
USA, 2001.
[9] M. Schacht, A. Dekorsy, and P. Jung, “System Capacity from UMTS
Smart Antenna Concepts,” in Proceedings IEEE Vehicular Technology
Conference, Fall. Orlando, USA: IEEE, October 2003.
[10] J. R. Moreno, K. I. Pedersen, and P. E. Mogensen, “Capacity Gain of
Beamforming Techniques in a WCDMA System Under Channelization
Code Constraints,” IEEE Transactions on Wireless Communications,
vol. 3, no. 4, pp. 1199–1208, July 2004.
[11] T. Baumgartner, T. Neubauer, and E. Bonek, “Performance of Downlink
Beam Switching for UMTS FDD in the Presence of Angular Spread,” in
IEEE International Conference on Communications. NY, USA: IEEE,
May 2002.
[12] T. Baumgartner, “Smart Antenna Strategies for the UMTS FDD Downlink,” Ph.D. dissertation, Technische Universitat Wien, Austria, Aug.
2003.
[13] A. Wacker, J. Laiho-Steffens, K. Sipilae, and K. Heiska, “The impact of
the base station sectorisation on WCDMA radio network performance,”
in Proceedings IEEE Vehicular Technology Conference, Fall, vol. 5,
no. 50, Amsterdam, The Netherlands, Sep. 1999, pp. 2611–2615.

15

[14] K. I. Pedersen, P. E. Mogensen, and J. R. Moreno, “Application and
Performance of Downlink Beamforming Techniques in UMTS,” IEEE
Communications Magazine, pp. 134–143, October 2003.
[15] H. Zhu, T. Buot, N. Rin, and H. Schreuder, “Performance Study of
Space-Time Transmit Diversity and Sectorisation in WCDMA Radio
Networks,” in Proceedings IEEE Vehicular Technology Conference,
Spring, Milan, Italy, May 2004.
[16] A. Osseiran and A. Logothetis, “Impact of Angular Spread on Higher
Order Sectorization in WCDMA Systems,” in IEEE International
Symposium on Personal, Indoor and Mobile Radio Communications
(PIMRC), Berlin, Sept. 2005.
[17] A. Czylwik and A. Dekorsy, “System Level Simulations for Downlink
Beamforming with Different Array Topologies,” in Global Conference
on Communications. San Antonio, USA: IEEE, November 2001.
[18] ——, “System-Level Performance of Antenna Arrays in CDMA-Based
Cellular Mobile Radio Systems,” EURASIP Journal on Applied Signal
Processing, vol. 9, pp. 1308–1320, 2004.
[19] V. A. de Sousa Jr., C. H. M. de Lima, E. B. Rodrigues, F. R. P.
Cavalcanti, and A. R. Braga, “Coverage and Capacity of WCDMA
Systems with Beam Steering Antennas,” in Proceedings IEEE Vehicular
Technology Conference, Fall. Orlando, USA: IEEE, October 2003.
[20] A. Osseiran and A. Logothetis, “Performance of TX Diversity and
2 Fixed beams in W-CDMA,” Kluwer Journal of Wireless Personal
Communication, vol. 31, no. 1, pp. 33–50, October 2004.
[21] A. Logothetis and A. Osseiran, “Performance of Speech Services in
WCDMA using Fixed-Beams and Transmit Diversity Systems,” in
Proceedings IEEE Vehicular Technology Conference, Spring, Stockholm,
Sweden, 2005.
[22] A. Osseiran and M. Ericson, “System Performance of Multi-Beam
Antennas for HS-DSCH WCDMA System,” in IEEE International
Symposium on Personal, Indoor and Mobile Radio Communications
(PIMRC), Barcelona, Spain, 2004.
[23] A. Osseiran and A. Logothetis, “Closed Loop Transmit Diversity in
WCDMA HS-DSCH,” in Proceedings IEEE Vehicular Technology Conference, Spring, Stockholm, Sweden, 2005.
[24] J. Ramiro-Moreno et al., “Performance of Transmit and Receive Diversity in HSDPA under Different Packet Scheduling Strategies,” in
Proceedings IEEE Vehicular Technology Conference, Spring, vol. 2,
no. 57, Jeju, South Korea, April 2003, pp. 1454–1458.
[25] P. Monogioudis et al., “Intelligent Antenna Solutions for UMTS: Algorithms and Simulation Results,” IEEE Communications Magazine, pp.
28–39, Aug 2004.
[26] A. Osseiran and M. Ericson, “On downlink admission control with
fixed Multi-Beam antennas for WCDMA system,” in Proceedings IEEE
Vehicular Technology Conference, Spring, Jeju, Korea, April 2003.
[27] H. Rong and K. Hiltunen, “Performance Investigation Of Secondary
Scrambling Codes in WCDMA Systems,” in Proceedings IEEE Vehicular Technology Conference, Spring, Melbroune, Australia, May 2006.
[28] J. Niemela and J. Lempiainen, “Mitigation of Pilot Pollution through
Base Station Antenna Configurationin WCDMA,” in Proceedings IEEE
Vehicular Technology Conference, Fall, vol. 6, no. 26-29, LA, USA,
Sept. 2004, pp. 4270–4274.
[29] T. Baumgartner and E. Bonek, “Influence of the Common-channel
Power on the System Capacity of UMTS FDD Systems that Use Beam
Switching,” in IEEE International Symposium on Personal, Indoor and
Mobile Radio Communications (PIMRC). Lisbon, Portugal: IEEE, Sep.
2002.
[30] K. Valkealahti and all, “WCDMA common pilot power control for load
and coverage balancing,” in IEEE International Symposium on Personal,
Indoor and Mobile Radio Communications (PIMRC), vol. 3, no. 15-18,
Sept. 2002, pp. 1412– 1416.
[31] Third Generation Partnership Project (3GPP), “Requirements for support
of radio resource management,” 3GPP, Tech. Rep. TS 25.133 V6.9.0,
Mar. 2005.
[32] S. J. Orfanidis, Electromagnetic Waves and Antennas Applications.
Rutgers University, USA, 2004, www.ece.rutgers.edu/ orfanidi/ewa.
[33] W. Lee, “Effects on correlation between two mobile radio base station
antennas,” IEEE Transactions on Communications, pp. 1214–1224,
1973.
[34] F. Adachi, M. Feeney, A. Williamson, and J. Parsons., “Cross Correlation
Between the Envelopes of 900 MHz Signals Received at a Mobile Radio
Base Station Site,” IEE Proceedings, vol. 133, no. 6, pp. 506–512,
October 1986.
[35] J. Salz and J. Winters., “Effect of Fading Correlation on Adaptive Arrays
in Digital Mobile Radio,” IEEE Trans. on Vehicular Technology, vol. 43,
no. 4, pp. 1049–1057, November 1994.

141

16

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, 2006

[36] K. Pedersen, P. Mogensen, and B. Fleury, “Spatial channel characteristics in outdoor environments and their impact on BS antenna system
performance,” Proceedings IEEE Vehicular Technology Conference, pp.
719–723, May 1998.
[37] L. Correia, Ed., Wireless Flexible Personalized Communications - COST
259 Final Report. John Wiley & Sons, 2001.
[38] K. Pedersen, P. Mogensen, and B. Fleury, “A stochastic model of the
temporal and azimuthal dispersion seen at the base station in outdoor
propagation environments,” IEEE Transactions on Vehicular Technology,
vol. 49, no. 2, pp. 437–447, March 2000.
[39] R. Soni et al., “Intelligent Antenna System for cdma2000,” IEEE Signal
Processing Magazine, pp. 54–67, July 2002.
[40] J. Ylitalo and E. Tiirola, “Studies on correlation between wcdma
common pilot and dedicated pilot channels,” in IV Finnish Wireless
Communication Workshop, Oulu, Finland, Oct. 2003.
[41] A. Logothetis and A. Osseiran, “SINR Estimation and Orthogonality
Factor Calculation of DS-CDMA Signals in MIMO Channels Employing
Linear Transceiver Filters,” Wiley, Journal of Wireless Comunication and
Mobile Computing, 2005, to appear.
[42] Y. Sun, F. Gunnarsson, and K. Hiltunen, “CPICH Power Settings in
Irregular WCDMA Macro Cellular Networks,” in IEEE International
Symposium on Personal, Indoor and Mobile Radio Communications
(PIMRC), Sept. 2003.
[43] P. Zetterberg, “Performance of Three, Six, Nine and Twelve Sector Sites
in CDMA - Based on Measurements,” in IEEE International Symposium
on Spread Spectrum Techniques and Applications, Aug. 2004.
[44] J.-H. Yea, “Smart antennas for multiple sectorization in CDMA cell
sites,” in RF Design magazine, http://rfdesign.com/, 2001, pp. 28–38.
[45] J. Niemela and J. Lempiainen, “Impact of the Base Station Antenna
Beamwidth on Capacity in WCDMA Cellular Networks,” in Proceedings
IEEE Vehicular Technology Conference, vol. 1, 2003, pp. 80–84.
[46] A. Osseiran and A. Logothetis, “A Method for Designing Fixed MultiBeam Antenna Arrays in WCDMA Systems,” IEEE Antennas and
Wireless Propagation Letters, vol. 5, pp. 41– 44, 2006.
[47] T. Baumgartner and E. Bonek, “On the Optimum Number of Beams for
Fixed Beam Smart Antennas in UMTS FDD,” IEEE Transactions on
Wireless Communications, vol. 5, no. 2, pp. 560–567, March 2006.
[48] J. Niemela and J. Lempiainen, “Impact of Base Station Locations and
Antenna Orientations on UMTS Radio Network Capacity and Coverage
Evolution,” in IEEE 6th Int. Symp. on Wireless Personal Multimedia
Communications Conf., vol. 3, Yokosuka, Japan, 2003, pp. 82–86.
[49] Y. Chen, “Soft Handover Issues in Radio Resource Management for
3G WCDMA Networks,” Ph.D. dissertation, Queen Mary, University of
London, London, UK, May 2003.

Afif Osseiran

PLACE
PHOTO
HERE

Andrew Logothetis

PLACE
PHOTO
HERE

Chapter 9

Beam shape Optimization
A. Osseiran and Andrew Logothesis, in
Letters, vol. 5, pp. 41-44, 2006.

IEEE Antenna and Wireless Propagation

Abstra t
In this paper, Simulated Annealing is used for designing a xed multi-beam antenna
array in a multi-user radio WCDMA system. The method an be used dynami ally
in a real system and/or in a radio planning tool. The proposed method is applied on
a linear array by designing the Antenna Element (AE) pattern, the number of xed
beams, the AE spa ing, and the antenna array transmit weights. The proposed
method leads to a substantial BS power redu tion whi h an be used to in rease
the system apa ity or data throughput in a WCDMA system.
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Abstract— In this paper, Simulated Annealing is used for
designing a fixed multi-beam antenna array (AA) in a multi-user
radio WCDMA system. The method can be used dynamically in a
real system and/or in a radio planning tool. The proposed method
is applied on a linear array by designing the Antenna Element
(AE) pattern, the number of fixed beams, the AE spacing, and the
AA transmit weights. The proposed method leads to a substantial
BS power reduction which can be used to increase the system
capacity or data throughput in a WCDMA system.

I. I NTRODUCTION
Conventional wireless systems make use of omni-directional
or sectorized antenna systems. The major drawback of such
antenna systems is that electro-magnetic energy, intended for
a particular user located in a certain direction, is radiated
unnecessarily in every direction within the entire cell (i.e.
sector). One way to limit this source of interference and
direct the energy to the desired user, is to introduce smart
antennas. Smart antennas can be divided into two major groups
depending on the level of intelligence: fixed multi-beam (also
called switched beam) systems and steered beam (also called
adaptive array) systems. Fixed multi-beam systems consist of
a finite number of fixed beams with predefined beam patterns
and fix pointing directions. In the uplink (UL) the antenna
elements are used to collect all incoming energy resulting
in increased antenna gain, while in the downlink (DL) the
beam with the largest UL received power will be used for
transmission to the mobile of interest. The second type of
antenna system is the more advanced steered beam solution.
That is, the shape of the beams may or may not be fixed
but the pointing directions are steered towards the mobile
of interest both in UL and DL directions within the cell.
Besides requiring stringent uplink and downlink calibration
(coherency requirement), the steered beam solution shows only
a marginal system gain [1] relative to a fixed multi-beam
system in WCDMA.
The two major impairments that limit the full potential
offered by a fixed-beam Antenna Array (AA) system are (see
Fig. 1) : 1) Straddling loss: which represents the loss of the
antenna gain of the fixed multi-beam system compared to the
steered beam system for users who are not located in the
beam direction, 2) Side-lobes: which naturally arise in antenna
arrays that must be suppressed as much as possible since they
generate interference to users not located in the main beam.
In this paper, AA parameters are optimally designed to
minimize the total BS power required to guarantee an ac-
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Fig. 1. Straddling loss and side lobes of a three fixed-beam antenna array.

ceptable Quality of Service (QoS) to all users within a cell
of a WCDMA system. The AA parameters that are optimized
are: Antenna Element (AE) pattern (azimuth 3dB beam-width),
number of fixed beams, AE spacing, and AA transmit weights.
Simulated Annealing (SA) is the method used to perform the
optimization. The method can be used dynamically (e.g online) in a real network system and/or (off line) in a classical
radio planning tool.
It in interesting to note that the proposed beam-shape
optimization method can be used to optimize the uplink
system capacity, where for instance the AA parameters can
be designed in order to minimize the noise rise.
II. S IMULATED A NNEALING
SA [2], [3] is a widely known simulation optimization
technique. Its strength remains in the fact that it renders
possible to compute the global maxima of a multi-variable
nonlinear function and avoid being trapped in local maxima,
whereas other optimization methods tend to get trapped in
local maxima. SA methods are based on an analogy with
thermodynamics and the way that liquids freeze and crystallize. In short, SA consists of finding a good solution to
an optimization problem by trying random variations of the
current solution. In SA the constraints are expressed through
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the minimization of a loss function or cost function. Starting
from an initial configuration (which corresponds to a value of
the cost function), a sequence of iterations is generated. Each
iteration consists of 1) random selection of a configuration
from the neighborhood of the current configuration and, 2) the
calculation of the corresponding change in cost function. The
neighborhood is defined as a transition from one configuration
into another by provoking a small perturbation. The transition
is unconditionally accepted if the cost is lowered (corresponds
to a negative cost function). On the other hand, a higher
cost is accepted as the new solution with a probability which
decreases as the computation proceeds. Toward the end of the
iteration, the probability of accepting a worse solution (higher
cost function), is nearly zero, and thus the solution converges
to a global maximum or at least proceeds away from local
maxima depending on the formulation of the cost function.
The application of SA to optimize linear sparse arrays was
first suggested by [4], [5] for acoustic imaging applications.
The optimizations in [4], [5] were limited to a single beam and
thus they are inappropriate for optimizing fixed multi-beam
systems in a multi-user dynamic system.
III. S YSTEM S ETUP AND A LGORITHM
Let N denote the number of elements of the AA, θ3dB is
the 3dB azimuth beam-width of each AE, d is a 1 × N vector
representing the coordinates of the AEs, b is the number of
beams, and finally W is the N × b BeamForming Network
(BFN) matrix (e.g. the kth column of W has unit norm
and represents the weights of the kth beam). The simulation
consisted of a large number of snapshots where for each
snapshot, a number of users are generated randomly in a cell.
Taking into account the fast fading, the log-normal fading and
assuming the COST 231-Walfisch-Ikegami path loss model,
the BS power is computed per snapshot. Some of the relevant
system deployment parameters are summarized in Table I.
The aim of the proposed method is to optimize a fixed multibeam system such that the BS transmit power is minimized
given that all served users are guaranteed an acceptable QoS.
Hence the SA algorithm aims simply at minimizing the
total consumed power by exciting some of the linear array
parameters: AE pattern (azimuth 3dB beam-width), number
of fixed beams, AE spacing and AA transmit weights.
Parameter
Cell radius [m]
Path Loss
Max BS output power [W]
Average Orthogonality factor
Spreading Factor
base station height
STD of the Log Normal fading
Noise power

Value
1000
COST 231-Walfisch-Ikegami
20
0.64
128
50
8
7dB

TABLE I
S YSTEM AND S IMULATIONS PARAMETERS .

A. The Algorithm
A flowchart of the SA optimization algorithm is shown is
Fig 2. Before describing the SA algorithm, let us define the
following:
•
•

•
•
•

•

•

•

•

•

•

λ is the wave length.
Pi (b, θ, d, W ) is the total BS power of the ith snapshot corresponding the linear array parameterized by
(b, θ, d, W ).
IN×N is the N × N identity matrix.
fft(X) is the discrete Fourier transform of a matrix X.
randn() sample of a normally distributed random variable with mean 0 and variance 1.
crandn() sample of a complex circulant symmetric
normally distributed randompvariable (i.e. crandn() =
(randn() + i ∗ randn())/ (2)).
rand() sample of a uniformly distributed random variable between 0 and 1.
randint(1, N) generates a random integer between 1
and N.
Pb , Pd , Pθ and PW are respectively the probability of
updating the number of beams, AE spacing, AE 3dB
beam-width, and BFN matrix.
αd , αθ and αW denotes the standard deviation of the
perturbation for the AE spacing, the AE beam-width, and
the transmit weight, respectively.
τk is the cooling schedule of the SA (limk→∞ τk = 0).

First, the antenna parameters are initialized. Then for each
iteration k, a random number is generated by the random
generator rand(). This number is compared to Pd . If it is
greater than Pd then the array spacing is kept as it is, otherwise
the AE spacing is slightly modified. Once all AE spacing have
been perturbed, then the AE beam-width, the AA transmit
weight and the number of beams are perturbed in the same
manner. Once these parameters are perturbed, the total BS
e d,
eW
f ), of the ith snapshot corresponding the
power, Pi (eb, θ,
e d,
eW
f ), is computed.
newly perturbed array parameters (eb, θ,
Then the power difference ∆Pi between the newly computed
BS power and one from the previous SA iteration is computed
for all snapshots. The cost function ∆P , is defined as the
95th percentile of the power difference for all snapshots (i.e
P r{∆Pi ≥ ∆P } = 0.95). Once the decision to update the
array parameters is done, then the iteration index k is increased
by one. This process will be repeated until k reaches the value
K (i.e. the desired number of simulated annealing iterations).
IV. R ESULTS
Several aspects of the proposed schemes have been evaluated and tested via simulations. The solution is illustrated
by two examples. In the first example, the improvement and
robustness of the proposed method is shown in case of weight
optimization, only i.e Pb = 0, Pd = 0 and Pθ = 0. Whereas
the second example demonstrates the effectiveness of the
proposed method by jointly optimizing the number of beams
and the beam shape, i.e. Pd = 0 and Pθ = 0.
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k: = 1, θ := π / 2

b := N ,

W := fft ( I N × N ),
d := [0 λ / 2

P := ∞

( N − 1)λ / 2]

~
d =d
~
θ =θ
~
b =b
~
W =W

n = randint(1, N )
~
d (n) = d (n) + α d randn()

yes

k>K

yes

k = k +1

rand() < Pd

~
d =d
~
θ =θ
~
b=b
~
W =W

no

rand() < Pθ

STOP

~
θ = θ + αθ randn()

yes

rand() < PW

no

no

yes

no

∆P < 0 or
rand() < eτ

yes
~
n = randint (1, N )
m = rand int(1, b )
~
~
~
~
W (n, m) = W (n, m) + α W crandn () W (:, m) = W (:, m) / W (:, m)

k

∆P

rand() < Pb
2

yes

∆P = 95th percentile of ∆Pi
no

randn() < 0

yes

~
b = b +1

~ ~ ~ ~
∆Pi = Pi (b ,θ , d ,W ) − Pi (b,θ , d , W ), ∀i

~
insert new column in W

~
b = b −1

no

~
randomly delete one column in W

(a)
Fig. 2. Algorithm Description for designing a Fixed-Beam Antenna Array.

A. Antenna Weight Optimization

B. Number of Beams & Antenna Weight Optimization

In this example, the downlink power consumption was
reduced by exciting the transmit antenna weights when the
traffic load was high. A conventional three column AA was
assumed. The conventional fixed multi-beam antenna pattern is
depicted in dashed line in Figure 3. By applying the proposed
method, the DL power was reduced by up to 50% compared to
a Butler BFN Matrix (BFNM). The optimized beam weights
are shown in bold in Figure 3. It can be observed that the
interference from other beams is minimized at the cross over
regions, in contrast to the conventional solution where the nulls
are located near the maximum of the beam lobes, the nulls
in the optimized case are closely located at the cross over
regions. Note that the side lobe levels were also suppressed
by approximately 4 to 5dB, and finally the straddling loss was
slightly reduced.

In order to overcome the straddling loss problem it may
be necessary to increase the number of beams while keeping
the number of antenna columns fixed. On the other hand, introducing additional beams will require extra power resources
for the complementary common pilot signals, since each fixed
beam is associated with a unique pilot signal used for pilot
assisted channel estimation at the mobile. Therefore there is
a trade-off between increasing the number of beams and the
total power allocated to the common pilots and data signals.
In Figure 4, a four multi-beam antenna system generated by
an AA of four columns served as a starting point to optimize
the BS consumed power. In a fashion similar to the previous
example, the number of beams and the antenna weight were
exited until the simulated annealing converged to the global
maximum or at least avoided to be locked in a local maximum.
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Fig. 3. Weight optimization of a three fixed beams antenna system (optimized
beams are in bold lines whereas original ones in dotted lines).
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V. C ONCLUSIONS
Simulated Annealing is used for designing a fixed multibeam antenna linear array in a multi-user dynamic WCDMA
simulator. The objective is to minimize the total BS power
required to guarantee an acceptable quality of service to all
users within a cell. The advantages of the proposed method
may be summarized as follows:
• Straddling Loss Mitigation: by optimizing the number of
fixed beams and their patterns.
• Interference Management: since side-lobes are suppressed and the nulls are steered towards the cross over
regions.
• Resource Optimization: the BS power was reduced substantially which translates to system capacity increase or
higher system throughput or lower hardware cost.
System simulations showed that the proposed method yields
up to 50% reduction in the transmitted BS power compared
to a conventional Butler beamforming network matrix.
ACKNOWLEDGEMENT
The authors would like to thank Dr. Sverker Magnusson
from Ericsson and the reviewers for their helpful comments.
R EFERENCES
[1] A. Osseiran et al., “Downlink Capacity Comparison between Different
Smart Antenna Concepts in a Mixed Service WCDMA System,” in
Proceedings IEEE Vehicular Technology Conference, Fall, vol. 3, Atlantic
City, USA, 2001, pp. 1528–1532.
[2] S. Ross, Simulation, 2nd ed., ser. Statistical modeling and decision
science. Academic Press, 1997.

15

Antenna Array Gain (dB)

The optimized solution provided a DL power gain of nearly
50% compared to a Butler BFNM shown in Figure 4(a). As
it turns out, the optimal number of beams is six. Furthermore,
the nulls are located closer to the cross over regions whereas
in conventional Butler BFNM the peaks of the side lobes are
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note that the straddling loss was almost eliminated.
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Abstra t
In this paper, single arrier frequen y domain equalization with spa e time transmit
diversity was implemented and evaluated in real-time using a DSP-based wireless
MIMO test-bed. The implemented s hemes supported a large set of modulations,
from BPSK up to QAM64. Zero padding is introdu ed to mitigate inter-blo k
interferen e. Robust time and frequen y syn hronization together with hannel
estimation based on Kalman ltering is used to address the adverse intersymbol
interferen e and the severe arrier frequen y oset due to hardware impairments.
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Abstract— In this paper, single carrier frequency domain
equalization with space time transmit diversity was implemented and evaluated in real-time using a DSP-based wireless
MIMO test-bed. The implemented schemes supported a large
set of modulations, from BPSK up to QAM64. Zero padding
is introduced to mitigate inter-block interference. Robust time
and frequency synchronization together with channel estimation
based on Kalman filtering is used to address the adverse intersymbol interference and the severe carrier frequency offset due
to hardware impairments.

I. I NTRODUCTION
Frequency Domain Equalization (FDE) of Single Carrier
(SC) systems appeared in the 1970’s. But it is only in the
mid-nineties, and with the surging interest in OFDM, that
the concept started to gain momentum [1]. Sari correctly
pointed out that when SC-FDE is used with cyclic prefix, not
only does SC-FDE outperform OFDM systems in the absence
of channel coding but also loosens the requirement on the
power amplifiers due to the low peak to average ratios of the
transmitted signals. Later both transmission techniques were
seen as complementary to each other since OFDM and SCFDE can coexist in a dual-mode multiple access system [2]
allowing some parts of the signal processing to shift from the
mobile to the Base Station (BS) .
In a wireless environment the performance of SC-FDE
can be further improved by exploiting the diversity offered
by employing multiple transmit and receive antennas. Space
Time Transmit Diversity (STTD) [3] is investigated here. Very
few studies have evaluated STTD for a SC-FDE system. For
instance, [4] and [5] evaluated SC-FDE by STTD encoding
blocks of data by means of computer simulations using ideal
assumptions, for example the impact of Carrier Frequency
Offset (CFO) was not studied. In this paper, the authors
evaluated SC-FDE using symbol based STTD encoding in a
real-time DSP test-bed. It is worth mentioning that recently
there has been a flourishing work on the evaluation of multicarrier MIMO (i.e. MIMO-OFDM) system through test-beds,
in a real-[6], [7] or non-real- time [8] systems, which are either
software-defined, DSP-based or ASIC-based test-beds [9].
II. T HE MUMS P LATFORM & DATA S TRUCTURE
A. MUMS
The Multi-User MIMO Test System (MUMS), is a test-bed
which has been developed at the Signal Processing group (S3)
at the Royal Institute of Technology (KTH) in Stockholm. The

MUMS consists of up to four radio nodes: two transmitters
and two receivers. All nodes have two antennas, one TI C6701
DSP processor on a EVM board, and a host PC. The test-bed
enables implementing, testing and demonstration of MIMO
systems including multi-user and multi-cell aspects. For more
information about MUMS, see [10] and [11].
The most relevant air interface parameters are summarized
in Table I.
Sample rate
Symbol rate
Pulse shape
Receiver filter
Slot and buffer length
Run time
Feedback channel data rate
Carrier frequency
Receiver noise figure
Maximum output power

48000Hz
11200Hz
Root-raised cosine roll-off 0.5
Pulse shape
32 symbols or 2.9ms
84 frames
32bits / slot.
1766.600MHz
4dB
0.2mW per antenna

TABLE I
A IR INTERFACE PARAMETERS

B. Data Structure
To enable block-by-block transmissions, we consider removing inter-block interference (IBI), by inserting Guard
Intervals (GI). GIs can be implemented using: 1) Cyclic Prefix,
or 2) Zero Padding, which is a special case of inserting a
Unique Word (UW) (i.e. a known pilot sequence at the end of
each block). Here, we consider the zero padding case.
Frame Structure: The radio frame which is 244ms long is split
into 84 slots. N = 32 symbols are transmitted on each slot.
Pilot signals are sent on the first 5 slots. These slots form
the Synchronization and Channel Estimation Slots1 : where
each transmit (TX) antenna transmits a unique pilot signal,
which is not STTD encoded enabling the mobile to estimate
the channels from each TX antenna. Fig. 1 shows the first 5
slots of the radio frame. p1 and p2 denote two known pilot
sequences. The receiver (RX) computes the start of the frame
during slot number 0. Carrier frequency offset estimation is
done during slots 0 and 1. Slots 1 to 4 are used for channel
estimation. The subsequent frames form the Data Payload
Slots: where data and UWs are time multiplexed (See Fig. 2).
The UW is inserted at the end of each slot. Ideally, the length
of the UW should be greater than the channel order.
1 The pilot signals are periodically transmitted to update the time-varying
channel parameters.
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Fig. 1. Pilot Structure.
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Fig. 2. Data Structure.

Modulation: QAM modulation with Gray coding, is used.
BPSK, QPSK, 16QAM, 32QAM and 64QAM are supported.
Channel Estimation: The receiver uses a fractionally spaced
Kalman filter for channel estimation. Note that due to four
times over-sampling, the channel as seen from each receive
antenna will consist of four parallel multi-channels.
Equalization: By inserting the same UW at the end of each
data slot, the channel matrix becomes circulant. Hence each
channel can be diagonalized by the Discrete Fourier Transform
(DFT) [12]. Consequently the complexity of the equalization
in the frequency domain compared to temporal domain reduces
drastically.
Notation: (·)∗ , (·)T , and (·)H represent, complex conjugation,
transpose, and the complex transpose operator, respectively.
Scalar variables are written as plain letters. Vectors are represented as bold-faced and lower-case letters, and matrices
as bold-faced and upper-case letters. Let I M , and 0M,N
respectively denote the identity matrix of size M × M , and
a M × N matrix of zeros. For convenience, we denote the
e (i.e x
e = F x). Let D(x) denote a
DFT of a vector x as x
N × N diagonal matrix with x in its main diagonal, (i.e. the
(i, i)th element of D(x) is equal to the ith element of vector
x). Finally, ⊗ denotes the Kronecker tensor product and ⊙
the element wise product of two matrices.
III. STTD FOR SC-FDE
Space Time Transmit Diversity (STTD) [3] is considered.
Let t and r denote the transmit antenna and receive multichannel index, respectively. Note that t ∈ {1, 2} and r ∈
{1, . . . , R}, where R = 2 × 4 is the product of the number
of RX antennas (= 2) and the over-sampling factor (= 4).
Let s1 [k] and s2 [k] denote the transmitted symbol sequence
during the kth slot on antenna 1 and 2, respectively. s1 [k] and
s2 [k] are column vectors of length N. The received signal on
the kth slot for the rth multi-channel is given by
y r [k] = D(o[k])H r,1 s1 [k]+D(o[k])H r,2 s2 [k]+nr [k] (1)

where o[k]
=
[ej2πf0 (kN)/N , ej2πf0 (kN+1)/N , · · · ,
ej2πf0 (kN+N−1)/N ]T , and f0 denotes the normalized CFO and
is given by
δf
(2)
f0 = N
B
where δf is the carrier-frequency offset, B is the signal
bandwidth. nr [k], in Eq. (1), is the noise sequence observed
from the rth multi-channel. Finally, H r,t is a N × N channel
transfer matrix from TX antenna t to the rth multi-channel.
Note that H r,t is a column-wise right circulant matrix with
first column the channel impulse response hr,t from t to r.
Thus, H r,t can be diagonalized with the DFT matrix [12], as
follows
√
e r,t )F
H r,t = NF H D(h
(3)
where F = [f 0 , . . . , f N−1 ] is the unitary discrete Fourier
transform (DFT) N × N matrix, and f k is defined as follows:
1
f n = √ [1, e−j2πn/N , e−j2π2n/N , . . . , , e−j2π(N−1)n/N ]T
N
(4)
Taking the DFT of the received signal y r [k], then Eq. (1)
becomes:
√
e r [k]
ye r [k] =
NF D(o[k])F H C r es[k] + n
(5)

where

i
e r,2 )
e r,1 ) D(h
(6)
D(h


es1 [k]
es[k] =
(7)
es2 [k]
√
Note that the product NF D(o[k])F H is not a diagonal
matrix and is the reason for the Inter-Carrier Interference (ICI).
If the CFO is nil (i.e. δf = 0), then D(o[k]) becomes the
identity matrix and Eq. (5) reduces to
Cr =

h

e r [k]
ye r [k] = C r es[k] + n

(8)

The signal processing consists of the Synchronization Phase
and the Data Extraction Phase which are described below.
A. Synchronization
The synchronization phase comprises of three steps: 1) time
synchronization, 2) frequency offset estimation, and 3) channel
estimation.
1) Time Synchronization: The start of the frame has to be
detected correctly. If the start of the FFT block is incorrect,
then the channel estimation will be erroneous resulting in low
SNR. The SNR of the SC-FDE system can be improved if
the start of the FFT block is a few samples to the left in
the guard interval as suggested in [13]. Thus, a coarse timing
synchronization is sufficient. Here, the timing is obtained by
looking at the peak of the cross-correlation of the received
data y r [0], and the known pilot2 sequence p1 . Fig. 3 shows
the the auto-correlation function of p1 .
2p
1

and p2 are designed to be as flat as possible in the frequency domain.
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Fig. 3. Auto-correlation function of the pilot sequence p1 .
Fig. 4. Channel impulse response from TX1 to RX1.

2) Carrier Frequency Offset Estimation: Doppler shift due
to transmitter receiver motion and/or a mismatch between
the transmitter and receiver frequency generators can lead to
severe ICI, resulting in a time-varying amplitude and phase
variation of the signal constellation. When higher modulation
is used, even a small frequency mismatch will cause a high
probability of symbol error. For carrier frequency offset estimation, Moose [14] proposed to repeat the OFDM symbols
twice. The CFO in [14] is derived from time-domain data
(i.e. y r [k]), whereas [15] used the frequency domain data
(i.e. ye r [k]). Extending the results in [15] to deal with the
multiple TX antennas, the maximum likelihood (ML) estimate
of the CFO is given by


1
arg ye H
fb0 =
y r [1]
(9)
r [0]e
2π
3) Channel Estimation: Since H r,t is circulant, the roles
of H r,t and st [k] can be interchanged, i.e. H r,t st [k] =
S t [k]hr,t , where S t [k] is a column-wise circulant matrix with
first column st [k]. Assuming that the CFO has been removed,
then the received signal after FFT is given by

where

e r [k]
ye r [k] = F S 1 [k]hr,1 + F S 2 [k]hr,2 + n
er + n
e r [k]
= S[k]h


D(es1 [k]) D(es2 [k])
#
"
e r,1
h
=
e r,2
h

S[k] =
er
h

(10)

(11)
(12)

Although the symbol rate of the air-interface is only 11025
symbols per second, the system is significantly affected by
Inter-Symbol Interference (ISI). In Fig. 4, the measured magnitude of the channel IRs from TX1 to RX1 on the first
and on the 80th slot are shown. It is clear that the channels
change very little during the transmission over the frame.
Considering an over-sampling of 4, it can be deduced that
the channel IR spans over 6 symbols. In order to estimate
e r , we use a linear Minimum Mean Square
the channels h

Error (MMSE) estimator, implemented via the Kalman Filter.
be
e
Let h
r [k] denote the estimate of the channel hr [k] computed
using the data sequence ye r [1], . . . , ye r [k]. Assuming the initial
be
channel estimate h
r [0] is a vector of zeros, then the channel
estimates are recursively computed as follow:


be
be
be
e r [k] − S[k]h
h
(13)
r [k] = hr [k − 1] + K[k] y
r [k − 1]
where K[k] denotes the Kalman gain on the kth iteration.
Note that the Kalman gains do not depend on r (i.e. K[k]
is the same for all multi-channels) and most importantly, the
Kalman gains are computed off-line (i.e. do not depend on
the realization of the measurements). K[k] is a function of
the pilot sequence and the signal to noise ratio.
B. Data Extraction & Equalization
Since equalization and symbol detection operate on a blockby-block basis, we will henceforth omit the block index k. The
M symbols on TX1 is padded with N − M zeros, that is


IM
s1 = Gd =
d
(14)
0(N−M)×M
where G is a N × M matrix and d demotes the modulated
data.
1) Space Time Transmit Diversity: The signal s2 on the
second antenna is generated from s1 via the nonlinear STTD
encoder, i.e.
(15)
s2 = T(s1 ) = As∗1
where
A = I M/2 ⊗



0 −1
1 0



(16)

s1 can be derived from s2 using the following STTD
decoder
∗
s1 = T−1 (s2 ) = A−1 s2
(17)
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r

r

r

For various choices of α and β, we obtain one of the following classical equalization techniques (e.g. Matched Filter
(MF), Zero Forcing (ZF) and Minimum Mean Square Error
(MMSE)):
er
MF (α = 0, β = 1) :
sebr = C H
r y
−1 H e
ZF (α = 1, β = 0) :
sebr = (C H
r
r Cr) Cr y
H
H
b
er
MMSE (α = 1, β = 1) : ser = (C r C r + σ 2 I 2N )−1 C r y
(19)
Expanding Eq. (18) gives
 


H e
H e
∆−1 A−1
11 A22 D (hr,1 ) − A12 D (hr,2 )
  ye r
sber =  −1 −1 
e r,2 ) − A21 DH (h
e r,1 )
∆ A11 A11 D H (h

(20)

IV. T EST- BED R ESULTS A ND A NALYSIS
By over-sampling the received signal, one can improve the
performance by maximum ratio combining the estimates after
equalization. This can be seen in Fig. 5 where the detected
symbols are shown. In fact, comparing the constellations of
Fig. 5(b) to Fig. 5(a), one can see that the spread of the
constellation points in the MRC case is substantially less than
the SC case.
1

0.8

0.6

0.4

0.2
Quadrature

2) Equalization: For each multi-channel r, an estimate sber
of the TX signal es, is derived as follows.
(18)
sber = (αC H C r + βσ2 I 2N )−1 C H ye

0

−0.2

where

∆ = A22 − A21 A−1
11 A12
e r,1 )D(h
e r,1 ) + βσ2 I N
A11 = αD H (h

e r,1 )D(h
e r,2 )
A12 = αD H (h
H e
e r,1 )
A21 = αD (hr,2 )D(h

e r,2 )D(h
e r,2 ) + βσ2 I N
A22 = αD H (h

−0.4

−0.6

−0.8

−1
−1

−0.4

−0.2

r,1

(24)

2
where Λ = αC r C H
r + βσ I M . Note Λ is a diagonal matrix
e r,t ).
and so is the matrix product of Λ−1 with D H (h
3) Combining: The estimates from the multi-channel are
linearly combined as follows:
#
"
R
X
b
bes = es1 =
wr besr
(25)
bes2
r=1

The scalar combining weights wr are derived using: i) Selection Combining (SC), or ii) Maximum Ratio Combining
(MRC).
4) Decoding: The symbol sequence estimate of d is obtained by first taking the Inverse Discrete Fourier Transforms
(IDFT) of bes1 and bes2 , then by applying the STTD decoding to
the data, that is
∗
b = GH F H bes1 + A−1 GH F T bes
d
(26)
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Thus, the equalization in the frequency domain is very simple and computationally efficient since for each multichannel
r, the estimates of s1 and s2 are derived from the element
wise product of the received data with the filter coefficients
f r,1 and f r,2 of length (N × 1), respectively. The filters are
given by
e r,1 )
D(f ) = Λ−1 DH (h
(23)

2

−0.6

(a) Selection Combining.

Since A11 , A12 , A21 , A22 and ∆ are diagonal matrices,
Eq. (20) can be simplified to
"
# 

b
besr = esr,1 = f r,1 ⊙ ye r
(22)
besr,2
f r,2 ⊙ ye r

e r,2 )
D(f r,2 ) = Λ−1 DH (h

−0.8

(21)
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(b) Maximum Ratio Combining.
Fig. 5. The signal constellation after demodulation for QAM16 constellation
when CP length is 6.

The performance in terms of the Bit Error Rate (BER)
and the BLock Error Rate3 (BLER) for various CP lengths
is shown in Fig. 6. Similarly to multi-carrier transmission,
the performance of SC transmission using FDE depends on
the length of the cyclic prefix. In fact, in order to eliminate
the ISI and ensure that the channel matrix remains circulant
3 A block consists of 100 data bits. A block is in error if one or more bits
in the block are incorrectly decoded.
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0

(i.e. the linear convolution becomes circular convolution), the
CP length should at least be equal to the channel order. This
can be seen in Fig. 6 where for a fixed SNR the BER and the
BLER flatten out for CP lengths greater than 6 symbols.
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Fig. 7. BER and BLER versus Transmitted power for various modulations
when CP length is 6.
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Fig. 6. BER and BLER versus the CP length for QAM16 for MRC and SC.

Finally the BER and BLER as a function of the transmitted
power for the implemented modulation schemes is shown in
Fig. 7. MRC and CP of length 6 symbols were assumed. It
is obvious from the same figure that BPSK is the most robust
modulation scheme and QAM64 has the highest BER and
BLER in comparison to other modulations. For instance to
achieve a BER of 10−3 , QAM64 requires 7 dB more transmit
power than BPSK. It is interesting to notice that for the same
quality, the spectral efficient has increased from 2[b/s/Hz] to
6[b/s/Hz] by simply increasing the transmitted power by 6 dB
(going from QPSK to QAM64).
V. C ONCLUSION
A real-time DSP MIMO test-bed employing space time
transmit diversity with single carrier transmission and frequency domain equalization, was evaluated. Although, the
experiment was performed for a narrow band channel in the
1.8 GHz frequency range, an adverse inter symbol interference
and a severe carrier frequency offset was observed at the receiver due to transmit and receive filter impairments. A robust
time and carrier frequency frequency offset estimation together
with channel estimation based on Kalman filtering provided
satisfactory BER and BLER performance for modulations up
to QAM64 without any channel coding.
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Abstra t
In this paper, single arrier frequen y domain equalization with spa e time transmit
diversity was implemented and evaluated in real-time using a DSP-based wireless
MIMO test-bed. A new pilot stru ture for joint Carrier Frequen y Oset (CFO)
and hannel estimation is proposed and evaluated, to address the adverse intersymbol interferen e and the severe CFO due to hardware impairments. The hannel estimation method is done in the frequen y domain using a non-parametri
interpolation method. The new pilot s heme results in signi ant redu tion of the
required overhead signalling ompared to previous s hemes.
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Abstract— In this paper, single carrier frequency domain
equalization with space time transmit diversity was implemented
and evaluated in real-time using a DSP-based wireless MIMO
test-bed. A new pilot structure for joint Carrier Frequency Offset
(CFO) and channel estimation is proposed and evaluated, to
address the adverse inter-symbol interference and the severe
CFO due to hardware impairments. The channel estimation
method is done in the frequency domain using a non-parametric
interpolation method. The new pilot scheme results in significant
reduction of the required overhead signalling compared to
previous schemes.

I. I NTRODUCTION
Frequency Domain Equalization (FDE) of Single Carrier
(SC) systems appeared in the 1970’s. But it is only in the
mid-nineties, and with the surging interest in OFDM, that the
concept started to gain momentum [1]. When SC-FDE is used
with cyclic prefix, not only does SC-FDE outperform OFDM
systems in the absence of channel coding but also loosens the
requirement on the power amplifiers due to the low Peak to
Average Power Ratios (PAPR) of the transmitted signals. Later
both transmission techniques were seen as complementary to
each other since OFDM and SC-FDE can coexist in a dualmode multiple access system [2] allowing some parts of the
signal processing to shift from the mobile to the Base Station.
In a wireless environment the performance of SC-FDE can
be further improved by exploiting the diversity offered by
employing multiple transmit and receive antennas. Space Time
Transmit Diversity (STTD) [3] were investigated in [4].
Optimal training sequences that yield MMSE channel estimates for zero-padded (ZP) single carrier block transmission in
a MIMO setup is presented in [5], where channel estimation is
done in the time domain and the impact of Carrier Frequency
Offset (CFO) is ignored. In this paper, a new pilot structure for
joint CFO and channel estimation is presented and evaluated
in a SC-FDE system using STTD in a real-time DSP test-bed.
Unlike [5], the channel estimation is done in the frequency
domain using a non-parametric interpolation method.
II. T HE MUMS P LATFORM , DATA AND P ILOT S TRUCTURE

the symbol rate of the air-interface is low, the system is
significantly affected by Inter-Symbol Interference. In Fig. 1,
the measured magnitude of the channel Impulse Response (IR)
from the first Transmit antenna 1 (TX1) to the first Receive
antenna 1 (RX1) is shown. In fact, the channel IR spans over
6 symbols (over-sampling of 4 was assumed).
A. Data Structure
Block-by-block processing is achieved by inserting guard
intervals using a Unique Word (UW) at the end of each block.
Frame Structure: The radio frame which is 1813ms long is
split into 84 slots. N = 32 symbols are transmitted on each
slot. The first two slots of the radio frame consist of pilots
signals. These slots form the Synchronization and Channel
Estimation Slots: where each TX transmits a unique pilot
signal. Fig. 2(a) shows the first 2 slots of the radio frame. The
receiver computes the start of the frame during slot number 0.
CFO estimation and channel estimation are done periodically
starting from slot 1. The subsequent frames1 form the Data
Payload Slots: where data and UWs are time multiplexed (See
Fig. 2(b)). The UW is inserted at the end of each slot. Ideally,
the length of the UW should be greater than the channel order.
By inserting the same UW at the end of each data slot, the
channel matrix becomes circulant. Hence each channel can
be diagonalized by the Discrete Fourier Transform (DFT).
Consequently the complexity of the equalization reduces considerably compared to time domain equalization techniques.
B. Pilot Design
The choice of the pilot sequence is crucial to ensure good
channel estimates. For a SISO system Frank-Zadoff [6] and
Chu [7] are well known sequences that were proposed for a
SC-FDE system. These sequences have the following properties: 1) Constant envelope in the time domain 2) Constant
envelope in the frequency domain 3) Zero autocorrelation for
all non-zeros lags. The first property ensures a PAPR of the
signal equal to one. The second property yields identical Minimum Mean Square Error (MMSE) estimates for all frequency
components of the channel. The third property is ideal for
time synchronization. The extension of these sequences to
the MIMO system is not trivial. One possibility is to time
multiplex the pilots sequences from different antennas at the
expense of longer training periods and data rate reduction.
Here, in order to keep the training period as short as possible,

The Multi-User MIMO Test System, is a test-bed that has
been developed at the Royal Institute of Technology in Stockholm. It consists of up to four radio nodes: two transmitters
and two receivers. All nodes have two antennas, one TI C6701
DSP processor on a EVM board, and a host PC. The test-bed
[4] enables implementing, testing and demonstration of multiuser and multi-cell MIMO systems. The carrier frequency
1 A pilot signal consisting of one slot is inserted periodically between data
is 1766.600MHz and the symbol rate is 11.2KHz. Although slots for CFO and channel estimation.
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the pilot sequences need to satisfy multiple criteria. These
criteria sometimes result in conflicting goals, hence the pilots
should be judiciously designed such that:
• The samples of the channel IR in the frequency domain
are equally spaced and the number of samples should be
at least equal to the channel order L.
• Each antenna is associated with a unique pilot which
is orthogonal to other pilots in the frequency domain.
This is done by spreading orthogonal sequences with a
common pilot sequence p0 . Each antenna is associated by
a unique orthogonal sequence. For example, in Fig. 2(a)
TX1 and TX2 are associated with codes (1,1) and (-1,1),
respectively.
• The pilots are as flat as possible in the frequency domain
(high mean and small standard deviation). This will ensure high signal to noise ratio estimates on the frequency
domain. An illustration is shown in Fig 3 where the
magnitude of the pilot sequence in the frequency domain
is plotted. The mean and the standard deviation (plotted
in straight and dotted lines, respectively) of the pilot
sequence in the frequency domain is also shown.
• The last L symbols of the spread pilot sequences from all
TX antennas are identical. This is a constraint imposed
by the time synchronization slot that uses the same pilot
sequence on all antennas.
• Jointly estimate the channel and the CFO.
In this paper, two transmit antennas were implemented. In
Fig. 2(a), the transmitted pilots p1 and p2 from the first
and the second antenna respectively are shown. These pilots
were designed to fulfill the specified criteria using exhaustive
search2 .
Notation: (·)∗ , (·)T , and (·)H represent, complex conjugation,
transpose, and the complex transpose operator, respectively.
Scalar variables are written as plain letters. Vectors are represented as bold-faced and lower-case letters, and matrices
as bold-faced and upper-case letters. Let I M , and 0M,N
respectively denote the identity matrix of size M × M, and
a M × N matrix of zeros. The DFT of a vector x is
e (i.e x
e = FN x), where FN = [f 0 , . . . , f N−1 ]
denoted as x
is the unitary DFT N × N matrix, and f n is defined as:
√
Nf n = [1, e−j2πn/N , e−j2π2n/N , . . . , , e−j2π(N−1)n/N ]T .
D(x) denotes a N × N diagonal matrix with x in its main
diagonal. diag(X) denotes the diagonal of a matrix X. The
ith element of a vector x is denoted by x(i). Finally, ⊗ denotes
the Kronecker tensor product and ⊙ the Hadamard product.
III. STTD FOR SC-FDE
Let t and r denote the transmit antenna and receive multichannel index, respectively. Note that t ∈ {1, 2} and r ∈
{1, . . . , R}, where R = 2 × 4 is the product of the number
of RX antennas (= 2) and the over-sampling factor (= 4).
Let s1 [k] and s2 [k] denote the transmitted symbol sequence
during the kth slot on antenna 1 and 2, respectively. s1 [k]
and s2 [k] are column vectors of length N. The DFT of the
2 QAM

modulated pilot sequences are used in order to minimize the search.

received signal, y r [k], on the kth slot for the rth multi-channel
is given by [4]:
√
e r [k] (1)
yer [k] =
NFN D(o[k])FN H C r es[k] + n

e r,1 ), D(h
e r,2 )], es[k] = [esT [k], esT [k]]T , hr,1
where C r = [D(h
1
2
and hr,2 are the channel impulse responses of the rth multichannel from transmit antenna 1 and antenna 2, respectively.
nth element of o[k] is given by exp (j2πf0 (kN +n)/N), and
f0 denotes the normalized CFO and is given by
f0 =

∆f
N
B

(2)

where ∆f is the CFO, B is the signal bandwidth. nr [k], in
Eq. (1), is the noise sequence observed from the rth multichannel. When the CFO is accounted for, D(o[k]) becomes
the identity matrix and Eq. (1) reduces to
e r [k]
ye r [k] = C r es[k] + n

(3)

The signal processing consists of the Synchronization Phase
and the Data Extraction Phase which are described below.
A. Synchronization
The synchronization phase comprises of three steps: 1)
time synchronization, 2) CFO estimation, and 3) channel
estimation.
1) Time Synchronization: Here, the timing is obtained by
looking at the peak of the cross-correlation of the received
data y r [0], and the known pilot sequence ps .
2) CFO Estimation: Doppler shift due to transmitter receiver motion and/or a mismatch between the transmitter and
receiver frequency generators can lead to severe inter-carrierinterference, resulting in a time-varying amplitude and phase
variation of the signal constellation. When higher modulation
is used, even a small frequency mismatch will cause a high
probability of symbol error. By design, the first half of the pilot
sequence on each transmit antenna is identical to the second
half:
z Tr1 [k]
z Tr0 [k]
z
}|
{z
}|
{
N
N
y r [k] = [yr [k](0), . . . , yr [k]( 2 −1), yr [k]( 2 ), . . . , yr [k](N −1)]T
Then the maximum likelihood (ML) estimate of the CFO is
given by [8]:


1
z r1 [k]
(4)
fb0 = arg zeH
r0 [k]e
π

3) Channel Estimation: Assuming that the CFO has been
removed and that on the kth slot, p1 and p2 were transmitted
on the first and second antenna respectively then the received
signal after DFT is given by3
e r,1 + pe ⊙ h
e r,2 + n
er
yer = pe1 ⊙ h
2

(5)

3 Since equalization and symbol detection operate on a block-by-block basis,
we will henceforth omit the block index k.
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e r,1 and
Due to the special structure of p1 and p2 , pe1 ⊙ h
e r,2 yield sample estimates of h
e r,1 and h
e r,2 respectively
pe2 ⊙ h
and are given by:

IV. T EST- BED R ESULTS A ND A NALYSIS

2
where Λ = αC r C H
r + βσ I M , is a diagonal matrix. Thus,
the equalization in the frequency domain is very simple
and computationally efficient since for each multi-channel r,
the estimates of s1 and s2 are derived from the element
wise product of the received data with the filter coefficients
e ∗ and diag(Λ−1 ) ⊙ h
e ∗ of length (N × 1),
diag(Λ−1 ) ⊙ h
r,1
r,2
respectively. The values of the parameters α and β depend on
the desired equalization technique (e.g. α = 1, β = 1 yields
the MMSE estimates). The estimates from the multi-channel
T
T
are linearly combined as follows: bes[k] = [bes1 [k], bes2 [k]]T =
PR
b
sr ,
r=1 wr e
The scalar combining weights wr are derived using Selection Combining, Maximum Ratio Combining (MRC) or
MMSE. The symbol sequence estimate of d is obtained by
taking the Inverse DFT of bes1 and bes2 , then by applying the
STTD decoding to the data, that is

[2] D. Falconer et al., “Frequency domain equalization for single-carrier
broadband wireless systems,” IEEE Communications Magazine, vol. 40,
no. 4, pp. 58 – 66, April 2002.
[3] S. M. Alamouti, “A simple transmit diversity technique for wireless
communication,” IEEE J. Select. Areas Commun., vol. 16, pp. 1451–1458,
Oct. 1998.
[4] A. Logothetis, A. Osseiran, and P. Zetterberg, “Single Carrier Frequency
Domain Equalization on a Real-Time DSP-Based MIMO Test-Bed,” in
IEEE International Symposium on Personal, Indoor and Mobile Radio
Communications (PIMRC), Berlin, Sept. 2005.
[5] X. Ma, L. Yang, and G. B. Giannakis, “Optimal Training for MIMO
Frequency-Selective Fading Channels,” IEEE Transactions on Wireless
Communications, vol. 4, no. 2, pp. 453–466, March 2005.
[6] R. L. Frank and S. Zadoff, “Phase Shift Codes with Good Periodic
Correlation Properties,” IRE Trans. Info. Theory, pp. 381– 382, Oct. 1962.
[7] D. Chu, “Polyphase codes with good periodic correlation properties,”
IEEE Transactions on Information Theory, vol. 18, no. 4, pp. 531– 532,
Jul. 1972.
[8] P. H. Moose, “A technique for orthogonal frequency division multiplexing
frequency offset correction,” IEEE Transactions on Communications,
vol. 42, no. 10, p. 29082914, Oct. 1994.

The performance in terms of data throughput as a function
of the transmitted power for QAM modulations is shown in
Fig. 4. MRC and UW of length 6 symbols was assumed.
be
ye r (4l+3(i−1))
(6)
g r,i (l) = h
r,i (4l + 3(i − 1)) = p
e i (4l+3(i−1))
The proposed scheme (denoted by Pb ) increased the data
throughput by 15% for all modulations due to the 50%
for i ∈ {1, 2}, and l ∈ {0, 1, . . . , N4 − 1}. Note that zero
reduction of the overhead signalling required for CFO and
forcing equalization is assumed. The down sampled estimates
channel estimation compared to the pilot design in [4] (denoted
of the channels in the frequency domain are converted to time
by Pa in Fig. 4). Note that for the same quality, the spectral
domain, zero padded and transformed back to the frequency
efficiency increased from 2 to 6 [b/s/Hz] by simply increasing
domain. A cyclic shift of the channel estimates for the second
the transmitted power by 6 dB (going from QPSK to QAM64).
antenna is also required. This is due to the different sampling
offsets used in the design of the pilots on the second antenna.
V. C ONCLUSION
The steps are summarized below:
A pilot structure, that takes into account a number of
#
"
design criteria, for a single carrier using frequency domain
F NH gr,i
be
4
(7) equalization was presented and evaluated in a DSP-MIMO
hr,i = P 2(i−1) FN
0 3N
,1
4
test-bed. Although, the experiment was performed for a narrow
where P l x denotes the cyclic permutation of the vector x by band channel in the 1.8 GHz frequency range, an adverse
inter symbol interference and a severe carrier frequency offset
l places.
(CFO) was observed at the receiver due to transmit and
B. Data Extraction & Equalization
receive filter impairments. Joint ML CFO and MMSE channel
The STTD encoding is applied on a block of M data estimation were obtained. The pilots were chosen, such that
symbols then the coded symbols are padded with the UW of each antenna was associated with a unique pilot sequence
length N − M, yielding s1 and s2 the transmitted sequences that is about flat in the frequency domain and orthogonal to
on the first and second antenna respectively. For each multi- other pilots transmitted on different antennas. The proposed
channel r, an estimate sber of the TX signal es, is derived as scheme offered similar performance in terms of BER as the
follows.
one proposed in [4], but a higher system throughout was
achieved here due the significant (50%) reduction in the pilot
2
−1 H
e
y
C
+
βσ
I
)
C
(8)
sebr = (αC H
r
2N
r
r r
overhead.
Eq. (8) can be simplified to (see [4])
R EFERENCES
# "
#
"
−1
b
e ∗ ⊙ ye
[1] H. Sari, G. Karam, and I. Jean-claude, “Transmission techniques for
r
besr = esr,1 = diag(Λ ) ⊙ hr,1
(9)
digital terrestrial TV broadcasting,” IEEE Communications Magazine,
besr,2
e ∗ ⊙ ye
diag(Λ−1 ) ⊙ h
r
r,2
vol. 33, no. 2, pp. 100–109, Feb. 1995.

∗

b = GH F H bes1 + A−1 GH F T bes
d
2

2

Where G=664

IM

0(N −M)×M

3
77
5

and A = I M/2 ⊗

(10)
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Chapter 11

Cooperative Relaying
In the previous hapters, we studied and evaluated the performan e of several
antenna te hniques. We assumed that the antennas were o-lo ated and ontrolled
by the same radio unit. In this hapter we will investigate s enarios where the
antennas are distributed while having the potential to orporate together. The
ooperation will emulate the ee t of a MIMO system.

11.1 Introdu tion
The main driving for e in the development of wireless ommuni ation networks
and systems is providing, amongest other aspe ts, in reased overage and/or support for higher data rate. At the same time, the ost of building and maintaining
the system is of great importan e and is expe ted to be ome even more so in the
future, as data rates and/or ommuni ation distan es are in reased. The problem of in reased battery onsumption is another area of on ern. Until re ently,
the main topology of wireless ommuni ation systems has been fairly un hanged,
for the three existing generations of ellular networks. The topology of existing
wireless ommuni ation systems is hara terized by the ellular ar hite ture, whi h
onsists of xed radio A ess Points (AP) or BS and UEs or Mobile Stations (MS)
as the only transmitting and re eiving entities in the network. Several radio a ess
te hnologies have been proposed to in rease apa ity, exibility and/or overage in
ommuni ation systems. A promising te hnology is Orthogonal Frequen y Domain
Multiplexing (OFDM). The OFDM re eiver is relatively simple, sin e the multiple data streams are transmitted over a number of parallel at fading hannels,
and equalization is done in the frequen y domain involving a single tap lter per
frequen y tone. Despite the simpli ity of the OFDM re eiver, un- oded OFDM
la ks diversity whi h is required to ombat the fast fading in the radio propagation
environment. In fa t fast fading may generate nulls in the frequen y domain whi h
renders ommuni ations impossible.
161
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One way to introdu e diversity in the re eived signal is to utilize multiple antennas at the transmitter and possibly also at the re eiver. The use of multiple
antennas oers signi ant diversity and multiplexing gains relative to single antenna systems. The spatial diversity oered by MIMO an thus improve the link
reliability and the spe tral e ien y relative to SISO systems. An alternative approa h is to introdu e ma ro-diversity utilizing ooperative relaying. A relaying
system is based on a onventional radio network omplemented with relay nodes
(RNs). The RNs ommuni ate wirelessly with other network element (e.g. AP, another relay or a UE). A ooperative relaying system is a relaying system where the
information sent to an intended destination is onveyed through various routes and
ombined at the destination. Ea h route an onsist of one or more hops utilizing
the RNs. In addition, the destination may re eive the dire t signal from the sour e.
Su h systems oer possibilities of signi antly redu ed path loss between ommuniating (relay) entities, whi h may benet the end-to-end (ETE) users. Cooperative
relaying systems are typi ally limited to only two (or a few) hops. An overview
of ooperative ommuni ation s hemes an be found in [Lan02℄. In the literature,
several names are in use, su h as ooperative diversity, ooperative oding [SE04℄,
and virtual antenna arrays.
Cooperative relaying systems are generally divided into two ategories. A signal
may be de oded, re-modulated and re-transmitted, or alternatively simply amplied
and re-transmitted. The former is known as de ode-and-forward or regenerative
relaying, whereas the latter is known as amplify-and-forward, or non-regenerative
relaying. Various aspe ts of the two approa hes are addressed in [LW01℄.
The introdu tion of ooperative relaying systems will in rease ma ro-diversity
gains. There are at least two well-known s hemes that oer diversity gain: Alamouti diversity based ooperative relaying for example des ribed in [A+ 02, AK06℄
and oherent ombining based relaying, whi h in addition oer a beamforming gain
as des ribed in [Lar03℄. Alamouti diversity based ooperative relaying requires a
re eiver to perform signal pro essing in a ordan e with the Alamouti ode. Besides that the Alamouti diversity order is limited to two, it oers little system
apa ity gain [WIN05, RZL06℄. This is also true for other spa e-time odes similar to Alamouti diversity. Higher order spa e-time odes annot be onstru ted
without redu ing the ode rate. Coherent ombining based ooperative relaying
requires some sort of feedba k to estimate hannel phase and amplitude. This inreases the ontrol signalling in the system, whi h in turn may redu e the user data
rate. Additionally the feedba k hannel ontaining information (about the hannel)
may be erroneous thus disallowing to rea h the expe ted maximum system performan e. In the amplify-and-forward s hemes the desired signal is amplied at the
Relay Nodes (RN) at the expense of amplifying the interferen e. However, in the
oherent ombining ase, the signal of interest is oherently added whereas noise
and interferers are added non- oherently. In the de ode-and-forward s hemes if the
signal is erroneously de oded, the error will be propagated.
In Se tion 11.2, a new ooperative relaying s heme for future wireless ommuni ation systems referred to as Relay Cy li Delay Diversity (RCDD), is proposed.
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The idea is to use a set of distributed RNs ea h asso iated with a dierent y li
shift. This y li shift an be pre-determined or random. Besides the improved link
gain usually obtained from a ooperative relaying system, the proposed s heme introdu es frequen y sele tivity and ma ro-diversity in OFDM based systems. The
proposed RCDD s heme is investigated and evaluated in a multi- ell (radio network) s enario. Moreover the re eived SINR at the mobile unit is derived. The
obtained results show that the proposed s heme provides better system overage
and throughput as ompared to the lassi al one hop system and other similar
(multi-hop) s hemes that exist in the literature. S hemes su h RCDD oers transmit diversity in the form of in reased frequen y sele tivity, nevertheless it requires
two transmission phases for a 2-hops system. In Se tion 11.3, a new method, two
dimensional y li prex, that introdu es arti ial frequen y, time and spatial diversity and requires only a single transmission phase for ea h dire tion in a ooperative
relaying wireless ommuni ation system is proposed.

11.2 Cy li Delay Diversity for Cooperative Relaying
As an alternative to the diversity methods des ribed in the ba kground, an arti ial diversity, whi h mimi s the ee ts of spatial diversity, an be introdu ed in
an OFDM system by the use of Cy li Delays Diversity (CDD). Methods for introdu ing arti ial delay with the use of y li delays are des ribed in [Lar℄ and
[W+ 01, B+ 02℄. CDD transmitter is depi ted in Figure 11.1. Up to the inverse FFT
(IFFT), whi h is used to modulate data onstellations on the OFDM sub- arriers
and whose output is the time-domain OFDM signal, a onventional OFDM system
is present. In order to generate signals for a number of transmit antennas, y li
delays are introdu ed to the (ee tive) FFT parts of the OFDM symbols. A y li
delay means that the l samples shifted beyond the ee tive part are transmitted
in the beginning of that part of the symbol. An alternative term for y li delay
is the term y li shift. In the onventional manner of OFDM, the y li prex
(guard interval) is transmitted prior to the ee tive part. The signals are then
up- onverted from the base-band into the RF-band and transmitted.
Let s = [s(1), . . . , s(n), . . . , s(N )]T denote the data ve tor ontaining the N
generated symbols on all the sub- arriers. The symbols s(n) are subje t to the
IFFT operation before transmission. Let x = F H s be the ve tor ontaining the N
transmitted samples forming the OFDM symbol. F is the unitary dis rete Fourier
transform matrix of size N × N and its (n, m)th element for n, m ∈ {1, 2, . . . , N },
is given by
1
F (n, m) = √ e−j2π(n−1)(m−1)/N
(11.1)
N
In CDD, the data ve tor x will undergo a y li shift of length δl , yielding:
xδl (n) = x([n + δl ]N )

(11.2)
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Figure 11.1: CDD

Where [a]b , denoted also a modulo b, is the remainder of the division of a number
a by another number b. It is interse ting to note that the y li shift of length l in
eδl (n) =
Equation 11.2, is equivalent to a phase shift in the frequen y domain(i.e. x
e=
(ej2π/N )nδl x̃(n), where the tilde symbol over a ve tor x denote its FFT i.e. x
F x). In a more ompa t form xδl an be expressed as: xδl = P δl x, where P δl is
a permutation matrix.

11.2.1 Relays as distributed CDD
In analogy to CDD and in order to provide frequen y sele tivity and spatial diversity
in a ooperative relaying wireless ommuni ation system, a set of distributed RNs
is treated as an single entity omposed of multiple antennas where at ea h RN (in
analogy an antenna in CDD) a y li shift is applied to the OFDM symbol that is
forwarded between the a ess point and the user equipment.
An example of a ooperative relaying network is shown in Figure 11.2. The gure
shows one ell of the wireless network omprising a transmitting ommuni ation
node, the AP, a plurality of RNs and a plurality of re eiving ommuni ation nodes or
User Equipment (UE). The AP is typi ally a BS providing the point of a ess to and
from the ore network to the radio a ess network. User equipments an be mobile
stations, laptop omputers and PDAs equipped with wireless ommuni ation. As
shown in the gure, the RNs are mounted on masts, but may also be mounted
on buildings, for example. Fixed RNs may be used on line of sight onditions
and dire tional antennas may be used to improve SNR or interferen e suppression.
However, mobile relays may also be used, either as a omplement to xed RNs or
independently. The user terminal is in a tive ommuni ation with the base station.
The radio ommuni ation, as indi ated with arrows, is essentially simultaneously
using a plurality of paths, hara terized by two hops, i.e. via at least one RN. The
rst part, from the a ess point to at least one RN, will be referred to as the rst
link, and the se ond part, from the RN or nodes to the user terminal will be referred
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to as the se ond link. In addition dire t ommuni ation between the a ess point
and the user terminal may be utilized, in the gure indi ated with a dashed arrow.
The ellular system is depi ted in Figure 11.2 is for simpli ity modeled by system model shown in Figure 11.3, where is shown a single pair of transmitter and
re eiver, utilizing an arbitrary number K of RNs. A ording to the method artiial frequen y sele tivity and spatial diversity is provided in a ooperative relaying
wireless ommuni ation system, e.g. the system illustrated in Figures (11.2) and
(11.4). The arti ial frequen y sele tivity is exploited in onjun tion with forward
error orre tion oding (FEC) to provide a oding diversity gain. Ea h of the RNs
is equipped with one or more antennas. The AP transmits to K RNs and possibly
also dire tly to the UE. The RNs forward the information re eived from a rst node
(e.g. AP) to a se ond node (e.g. UE) using y li delay diversity. Ea h RN uses its
individual y li shift. This an be done either with "amplify and forward" (nonregenerative) or "de ode and forward" (regenerative) or a hybrid of both. Ea h RN
en odes the data and applies an individual y li shift and adds the y li prex
(CP) before transmitting the signals. The re eiver and transmitter of the RN is
illustrated in Figure 11.5.
The se ond node, e.g. the UE, re eives the ombined signals and de odes the
data that may be ombined with a signal dire tly re eived from the AP. Several possibilities are envisioned for the re eiver operation, i.e. i) ombining/non- ombining
with dire t and forwarded signal, ii) maximum ratio ombining when the re eiver
is equipped with multiple antennas.
The AP transmits data to ea h of the sele ted relay stations. This transmission
may be performed in many dierent ways, in luding but not limited to the use of
beamforming antennas, OFDM with or without CDD. The RNs re eives, demodulate and/or de ode the data from the AP. The RNs forwards the data with the use
of CDD. Ea h relaying node uses its individual y li shift. The UE re eives the
ombined signal from several RNs, demodulates and removes the y li prex and
de ode the forwarded data. By ombining the signal from the relaying nodes the
positive ee ts of the arti ial diversity is utilized.
The ombined signal as experien ed by the UE will in a sense be similar to the
signal from transmitter with multiple antennas, utilizing CDD, but with the added
benets with regards to gain and overage asso iated with ooperative relaying.
It should be noted that not all RNs in the set of sele ted RNs are ne essarily
able to re eive and forward every data transmission from the AP. On o asion a
transmission will fail due to hanges in the radio environment, error or faults in the
equipment et . The ontrol of y li delays an be managed in dierent ways, su h
as:
• Assigning a xed y li shift at relay deployment. The value may be preal ulated preferably taking into a ount the relation to other RNs e.g. the
geographi distribution of the RNs. Alternatively the y li shifts may be
randomly assigned.
• Reassigning the y li shifts over time in a deterministi or random man-
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ner. The AP, RN or possibly the UE may ontrol this. The setting should
preferably attain as ri h arti ial frequen y sele tivity as possible, and hen e
together with oded OFDM attain a oding diversity gain. This suggests that
the y li shifts in neighbouring RNs are preferably set to dissimilar values.
The y li shift values should not hange rapidly in order to allow the hannel
estimator (su h as the LMMSE) to tra k the hannel impulse response.
A Maximum Ratio Combining (MRC) method may advantageously and preferably be used. Store the oded data in order to be further pro essed and forwarded
in the next transmitting time slot. The forwarding pro edure will depend on if
non-regenerative relaying or regenerative relaying is used. If non-regenerative, the
oded output data is Modulated (the modulation is implemented using IFFT) and
Forwarded. If regenerative, the oded output data is De oded, Re-En oded, Modulated, and Forwarded. The forwarding step omprises of the substeps of: A y li
shift is applied to the OFDM symbol. A y li prex is then added. The signal is
up- onverted to the RF-band and fed to the antenna. Note that the RNs may be
also equipped with a multiple antenna transmitting in a CDD fashion. The UE will
experien e an in reased spatial diversity, without any in reased omplexity in the
re eiving operations. The situation is equivalent to having more RNs. Fixed y li
delays may assigned for ea h RN and for ea h antenna of the RNs with multiple
antennas antenna and at relay deployment. Alternatively a range of y li shifts
are distributed to the RNs and the individual RNs generate y li shifts within
that range for its antenna bran hes. Random generation of y li shifts provides a
simple and ee tive way of providing the RNs with individual y li shifts. Therefore, given the simpli ity of implementation a random generation of y li shifts
may be an attra tive alternative ompared to a more elaborated and optimized
distribution.
Cell
RN

AP

RN

RN-UE
RN

Figure 11.2: Illustration Of a ooperative System.

UE
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Figure 11.3: The hannel impulse responses of a simple 2 hops ooperative system:
One AP, K relays and a UE.

11.2.2 Illustration
In the following a two hops ommuni ation system will be assumed, i.e. the transmission is made in two phases as illustrated in Figure 11.6. In the rst transmission
phase as it is shown in Figure 11.6(a), the AP will transmit the desired data to the
s heduled UEs and to the a tive RNs in a spe i ell. In the se ond transmission
phase (see Figure11.6(b)), the a tive RNs or/and the AP will retransmit the same
data sent by the AP to the s heduled users in the rst transmission phase.
To illustrate the RCDD on ept we onsider K RN nodes and one AP as shown
in Figure 11.3, where the AP and ea h RN is equipped with one transmit and one
re eive antenna. Let x be the OFDM symbol at a given symbol interval. A y li
shift of length δ0 and δk is applied to the signal at the antenna of the AP and the
k th RN before transmission, respe tively.
Denoting by hk the hannel impulse response from the k th transmit antenna
to the re eive antenna of the UE and assuming that the CP is greater than the
hannel order then the re eived signal y0 from the AP and y1 from the RNs an be
expressed as:
y 0 = H 0 P δ0 x + n0 ,

y1 =

K
X

H k P δk x + n1

(11.3)

k=1

where P δk is a right ir ulant matrix with e1+[1−δk ]N as the rst row i.e. P δk =
Cir (e1+[1−δk ]N ), ek is olumn ve tor with all elements are equal to zero ex ept
the element at position k whi h is equal to one. n0 and n1 represent the thermal

CHAPTER 11. COOPERATIVE RELAYING

168
Select nodes

Each selected RN
retrieves or generate
cyclic shift

Down conversion
Remove CP

AP transmits to nodes

FFT
Equalization

RN receives,
demodulate/decode

IFFT

Add cyclic shift
RN forwards data with
added cyclic shift

Add CP
Up conversion

UE receives combined
signal

Figure 11.4: A box diagram illustrating the RCDD on ept.

Transmiter of a
RN

Receiver of a RN

DC

Rem
CP

FFT

Equal

IFFT

Pδ

Add
CP

1

UC

Pδ x
1

Figure 11.5: The re eiver and transmitter stru ture of a RN for RCDD.

noise at the UE from the rst and se ond transmission phases, respe tively. The
matrix H k represents the hannel matrix from the k th transmit antenna to the
re eive antenna of the UE. Sin e H k is a ir ulant matrix, the hannel matrix an
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(b) Phase II.

Figure 11.6: Transmission Phases.

be diagonalized as follows:
Hk =

√
e k )F
N F H D(h

(11.4)

where D(x) is a diagonal matrix with x on its main diagonal.
P
Sin e H k and P δk are ir ulant matri es then H e = K
H P is also a
√ k=1 H k δk
e e )F where
ir ulant matrix [Dav94℄ and an be de omposed as H e = N F D(h
he an be alled the ee tive hannel impulse response from the relays, where its
FFT an is given by:
ee =
h

K
√ X
e k ⊙ eeδ )
N
(h
k

(11.5)

k=1

where ⊙ denotes the Hadamard produ t. Taking the DFT of the re eived signal in
Equation yields:
e 0 )e
e0
ye0 = D(h
x+n

,

e e )e
e1
ye1 = D(h
x+n

(11.6)

The signals an be ombined using the MRC method. Note that the hannels from
ea h antenna do not need to be expli itly estimated. The ee tive hannel impulse
response and the hannel response from the AP an be estimated using a ommon
time-frequen y pilot pattern, whi h are not antenna spe i . The same on lusion
is rea hed when multiple transmit antennas are used in the AP and/or the RNs.
It an be learly seen from Equation (11.6) that the shift in the data signal is
equivalent to phase shift in the hannel frequen y response (see Equation (11.5)).
An example 1 is shown in Figure 11.7 where h1 and h2 are the hannel Impulse Responses (IRs) seen at the UE from two RNs. The amplitude of the ee tive hannel
1 For notation onvenien e, the tilde symbol that indi ates the FFT operation is dropped sin e
the hannel impulse responses is this example are in the frequen y domain.
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he omposed from h1 and h2 (when RCDD uses the 2 RN by applying a random
y li shift to ea h of the RNs) is shown and ompared to hMRC , the hannel IR
obtained when MRC ombing ofp
the hannel IRs from the two transmitting RNs, is
done at the UE (i.e. |h|MRC = |h1 |2 + |h2 |2 ). In Figure 11.7(a) and 11.7(b), h1
and h2 are randomly generated hannels, whereas in Figures 11.7( ) and 11.7(d),
h1 and h2 are extra ted from the Spatial Channel Model (SCM), urban model
[3GP03℄. The applied y li shift on the two relays impa ts hugely the form of the
ee tive hannel he , for instan e in Figure 11.7(a) and 11.7( ), he has a greater
amplitude for most for the sub arriers ompared to hMRC , up to 5dB greater for
some of the sub arriers. In general, the y li shift will produ e a more sele tive
hannel (big varian e in terms of its amplitude, see Figure 11.7( )). In Figure
11.7(b), |he | has a bowl shape, the outermost sub- arriers have mu h higher amplitude ompared to hMRC , while the entral sub arriers have mu h lower amplitude.
The ee tive hannel shown in Figure 11.7( ) exhibits onsiderable sele tivity, thus
having substantially lower amplitude for some sub- arrier and higher for others.
In ne, the AP may greatly benet from this large s ale varian e in terms of the
hannel amplitude by hoosing to transmit to the desired users on those sub arriers
with favorable hannel onditions that was produ ed arti ially by the y li shift.

11.2.3 SINR derivation
In the previous se tion, the re eived signal at the RN was derived by ignoring the
intra- ell and inter ell interferen e. Assuming that Nu radio elements (AP or RN),
are transmitting on the same frequen y band, then the re eived signal at the UE
of interest an be expressed as

y 1 = H 1e x1 +

Nu
X

H je xj + n1

(11.7)

j=2

where Hje is the ee tive hannel matrix between the transmitting j th radio element and the UE of interest (here UE = 1), xj is the transmitted data sequen e
by the j th radio element. Assuming that the Hje are ir ulant otherwise the interferen e is ounted as a part of the noise term , these matri es an be diagonalized
using the FFT de omposition. Hen e the expression y 1 be omes:

y1 =

Nu
X
√
√
e 1e )e
e je )e
N F H D(h
x1 +
N F H D(h
xj + n1
j=2

Taking the FFT of Equation (11.8):

(11.8)
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ye1

=

Nu
√
√ X
e je )e
e 1e )e
e1
N D(h
x1 + N
D(h
xj + n
j=2

=

√
√
e 1e ⊙ x
e1 + N
Nh

Nu
X
j=2

e je ⊙ x
ej + n
e1
h

(11.9)

The SINR an be simply derived from Equation (11.9). Assuming that the
hannel impulse response is at per tone, then the SINR an be derived after
applying zero for ing equalization to the re eived signal:
e 1e ∗
h
⊙ ye1
e 1e k2
kh

=

Nu e ∗ e
e 1e ∗
√
√ X
h1e hje
h
e1 + N
ej +
e 1 (11.10)
Nx
⊙x
⊙n
e 2
e 1e k2
kh
j=2 kh1e k
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Assuming the xj are independent variables with zero mean and having pi as
varian e, the thermal noise is AWGN (with zero mean and varian e σ 2 ) then the
SINR on the nth tone an be shown to be given by
SINRn = PNu

j=2

2
g
p1 (n)|h
1e (n)|
2
2
g
p (n)|h
je (n)| + σ

(11.11)

j

11.2.4 System Modeling and Assumptions

In this se tion the air interfa e hara teristi s, the system assumptions for the evaluation of the RCDD method are des ribed. The evaluation is made via a dynami
system simulator that fo uses on the physi al layer, radio network deployment and
algorithms (su h as link adaptation and s heduling), utilizing the extended spatial
hannel model proposed in [BSG+ 05℄. Higher layer signalling is not onsidered.
The RCDD on ept will be evaluated in a two hop radio network and ompared to
a single hop system. The following related aspe ts are investigated:
• Max-SINR s heduler in ombination with relay y li delay diversity.
• Interferen e management for the RCDD in ase of a 2-hop system.
• The system and user throughput gains of RCDD.

The most relevant parameters that hara terizes the air interfa e are summarized in Table 11.1. Note that only the downlink onne tion (when the UE is
re eiving) is onsidered.

11.2.4.1 AP and RN deployment
The simulated ell plan onsists of 7 sites, ea h site with three se tors, with a regular
hexagonal deployment topology as shown in Figure 11.8. The APs are represented
by red ir les and are pla ed at the interse tion of three hexagons. The RNs are
pla ed on a ir ular ar with an AP as an origin. As seen from Figure 11.8, six RNs,
represented by the star sign, per se tor were assumed. The distan e of the RNs to
their asso iated APs is set to three quarters of the ell radius. The optimization of
the RN lo ations will be onsidered in future studies.
An average number of 10 UE per se tor is generated. A simple data tra model
is used sin e the interest is in the relative performan e of the simulated s hemes and
not in the tra modelling performan e per se. Generated users have full buers,
ready to transmit when they are s heduled.

11.2.4.2 Path Loss and Channel
he distan e path model is an extension of the one proposed in the SCM [3GP03℄
and developed by the Winner proje t2 [BSG+ 05, WW05 ℄. The path loss of the
2 Winner

is a part of the European Union's 6th Framework Programme.
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Table 11.1: Air Interfa e parameters.
Parameter
Carrier Frequen y
Bandwidth
Multiple A ess Method
Multiplexing S heme
Modulation Type
Number Of Sub arrier
Number of Data Sub arriers
Sub Carrier Spa ing
Symbol Period
Frame Length
Super Frame Length
Coding Rate
Signalling Overhead
Power Control
Handover
S heduling

Value
5.0
20
OFDM
TDM
[4 16 64 128 256 512℄
512
416
39.062
28.8
12
2
[1/3 1/2 2/3 8/9℄
Not Modeled
None
Hard
Max-SINR

Unit/Type
GHz
MHz
QAM
kHz
µs
OFDM symbol
Frame
Turbo

extended SCM [WW05b℄ is given by:
L = A ∗ log10(d) + B

(11.12)

where d is the distan e, A and B depend of the radio hannel s enario (e.g. for
Metropolitan suburban A = 35 and B = 31). The path loss attenuation as a
fun tion of the distan e is shown in Figure 11.9.

11.2.4.3 Link to System interfa e
he model used for the link to system interfa e is based on the mutual-information
metri whi h a ounts for the modulation alphabet [B+ 05℄, alled the Mutual
Information Ee tive SINR Metri (MIESM). In fa t this method has been shown
to be an e ient link quality model for predi ting the Pa ket Error Rate (PER)
in system simulations involving low omplexity. In order to al ulate the PER or
BLo k Error Rate (BLER) the method follows the following steps:
• The user SINR of a spe i resour e element (a ording to SINR sampling
period in time and frequen y in an OFDM system) is al ulated after re eiver
pro essing.
• For ea h resour e element, the average mutual information per bit (MIB)
is al ulated (depending on the modulation used). The Mutual information
values orresponding to a spe i SINR are shown in Figure 11.10.
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Figure 11.8: Cell Plan
• The MIB is mapped to a PER depending on the hannel oding type and
rate.

11.2.4.4 Antenna Arrangement
The antenna patterns used at the AP and RN are depi ted in Figure 11.11. The
AP is equipped with a 3-Se tor site antenna with maximum antenna gain of 14 dBi
as dened in [3GP03℄, while an omnidire tional antenna of 10dBi was assumed at
the RNs.

11.2.4.5 Radio Network Algorithms
The most relevant Radio Network Algorithm (RNA) used to simulate RCDD are
des ribed in this se tion.

Handover

Only hard handover is onsidered. In order to avoid ping-pong ee t a handover
margin of 3 dB is used.

Power Control & Link Adaptation

No power ontrol is applied. Modulation and hannel oding were adapted to the
hannel onditions, whi h an be onsidered as an alternative and preferred method
to power ontrol.
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Figure 11.9: Path Loss for the SCM Sub-urban s enario.

S heduling

In order to fully exploit the RCDD on ept, Max-SINR s heduling is used. The
frequen y bandwidth is divided into several sub-bands ( onsisting of more than
one sub- arrier ea h), the user having the highest (i.e. maximum) SINR on ea h
sub-band is s heduled. For instan e, if the bandwidth is divided into 10 sub-bands
then up to 10 users an be s heduled (i.e. one user is s heduled in ea h sub-band)
for the whole available bandwidth. Note that the SINR or an equivalent measure
per sub- arrier or sub-band of the UEs onne ted to an AP is onsidered to be
available at the AP.

Radio Node Sele tion

The AP sele tion is based on the path loss and shadow fading. The a tive RNs in
a ell are also hosen based on the path loss and shadow fading. Note that during
the se ond transmission phase, only two out of 6 RNs will retransmit data to the
s heduled users. Note that the number of a tive RNs and their positions is not
addressed in this paper and will be addressed elsewhere.

11.2.5 Environment Des ription and Evaluations Criteria
The simulations were arried out using a dynami system level simulator. The radio
network ell plan is simulated over a ertain number of snapshots. Ea h snapshot
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Figure 11.10: Mutual Information versus SNR for the used modulation.

onsists of a large number of super-frames whi h itself is omposed of a ertain
number of radio frames. Ea h radio frame onsists of a number of OFDM symbols.
A set of new users is generated at the start of ea h super-frame, pla ed in the ell
plan and asso iated to an AP a ording to the path loss and shadow fading. On the
frame level, rst the users will move a ording to the hosen mobility model and
then the propagation hannel onditions will be generated (i.e. path loss, slow and
fast fading). Thereafter the tra model will generate the data pa kets for all a tive
users. Then, the s heduler will de ide whi h users will be s heduled a ording to the
hannel quality measure whi h is the signal to noise ratio. The users' modulation
and oding s hemes will be de ided by the link adaption algorithm. The link to
system interfa e derives the blo k error rate taking into a ount the interferen e
of all APs and RNs. This pro ess will be repeated until the desired number of
snapshots is rea hed. The most relevant simulation parameters are des ribed in
Table 11.2.
Two measures are used in order to ompare the performan e of various on epts:
ell and user throughput. The ell throughput is the average number of orre tly
re eived bits over the entire simulation time divided by the simulation time and
the number of ells. The user throughput is the number of orre tly re eived bits
by the user divided by the length of the user session time during whi h the user is
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a tive.

11.2.6 Results
As it was mentioned earlier, for a 2-hop system in the se ond transmission phase,
two alternatives are possible, in the rst alternative the AP is ina tive whereas in
the se ond alternative the AP may retransmit the same data sequen e. The rst
alternative is designated as the default RCDD and denoted "2-hops RCDD". While
retransmitting the data will in rease the diversity, it will generate interferen e to
the neighboring APs. The proposed method, i.e "2-hops RCDD", is ompared to
the following methods:
• The referen e ase, i.e. a single hop system and is designated in the gures
by "1-hop".
• The se ond alternative when the AP retransmits in the se ond transmission
phase is denoted "2-hops RCDD-PII:AP-On".
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Table 11.2: Simulation parameters.

Parameter
Number Of Sites
Number Of Se tors Per Site
Wrap Around
Cell Radius
BS power
RN power
BS Antenna Gain
RN Antenna Gain
UE Antenna Gain
UE Speed
UE Noise Figure
Shadow Fading Varian e for LOS
Shadow Fading Varian e for NLOS

Value
7
3
Yes
200 to 2000
43
37
14
10
0
3
9
3.5
8

Unit/Type

m
dBm
dBm
dBi
dBi
dBi
m/s
dB
dB
dB

Additional Info

Modeled

3-Se tor
Omni
Omni
Line Of Sight
Non LOS

• The method when the hannel from ea h relay
p is estimated and MRC ombining is applied at the UE (i.e. |h|MRC = |h1 |2 + |h2 |2 ), is denoted "2-hops
RCDD MRC".
• The method proposed by Larsson [Lar03℄, where the signal at ea h RN is
multiplied by a phase that ompensates the one introdu ed by the hannel.
In fa t the ee tive hannel at the UE will be a onstru tive summation of
all the RN signals transmitting to the desired UE. For instan e assuming
two a tive RNs in the se ond transmission phase then the hannel IR for the
h∗
h∗
oherent ombining s heme is simply: hCC = |h11 | h1 + |h22 | h2 . Note that this
s heme is designated by "2-hops RCDD CohComb" in the gures label.

11.2.6.1 Performan e of 2-hops RCDD
The df of the SINR of the single hop and two hops system for two various ell
radii are shown in Figure 11.12( ). The proposed method (i.e. RCDD) yields an
impressive 15 dB SINR gain for the df median value. The df for the re eived
interferen e and desired signal power are shown respe tively in Figures 11.12(b)
and 11.12(a). While the interferen e of RCDD in reases slightly ompared to a
1-hop system, the re eived power improves greatly due to the gain in terms of path
and the additional diversity provided by the y li shift that was exploited by the
Max-SINR s heduler.
The impressive SINR gain for the RCDD translates into a substantial ell
throughput gain as it is shown in Figure 11.13(a). In fa t for a ell size ranging from 200m to 2Km, the relay y li delay diversity yields 2.1 to 2.4 times ell
throughput gain ompared to a single hop system.
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Figure 11.12: df of the re eived Sub- arrier Powers of the 1 hop and 2 hops s hemes.

The RCDD also improves the fairness for the user throughput sin e the artiially introdu ed sele tivity in the hannel allowed at least some hunks for most
users to be s heduled. This an be dedu ed by examining Figure 11.13(b), whi h
ompares the dfs of a hieved UE throughputs for the two s enarios. For instan e
the median user throughput for a ell radius of 1km in reases from 200kps to approximately 1.2Mbps. In fa t at least 75% of the UEs get a han e to be s heduled
ompared to 60% for the single hop system.

11.2.6.2 Comparison with other s hemes
he normalized ell throughput of the default RCDD (i.e. "2-hops RCDD") versus
the ell radii is ompared in Figure 11.14 to the s hemes dened in the beginning
of this se tion. The rst interesting observation is that retransmitting the data sequen e by the AP in the se ond transmission phase leads to a degradation (around
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Figure 11.13: df of the throughput of 2-hops RCDD ompared to a 1 hop system
for various ell Radii.

25%) in terms of the ell throughput, this an dedu ed by omparing the ase
"2-hops RCDD PII:AP-On" to the ase "2-hops RCDD". As mentioned earlier, a tivating the AP in the se ond transmission phase leads to a substantial interferen e
in rease while not providing any noti eable diversity gain sin e the diversity gain
provided by the RN ombined with the AP dire t transmission to the UE provided
enough diversity. The se ond observation is that RCDD maximum ratio ombining
"2-hops RCDD MRC" yields no additional ell throughput gain while requiring
additional overheard and higher omplexity ompared to the ase "2-hops RCDD".
Although the ase "2-hops CDD CohComb" gives the highest ell throughout, its
relative gain ompared to the ase "2-hops RCDD" remains marginal in the order
of 10% at the expense of higher overhead, feedba k signalling and omplexity.

11.2.7 Summary
In this Se tion 11.2, a novel method that introdu es frequen y and ma ro diversity
in a ooperative ommuni ation OFDM system is proposed, modeled and evaluated
in a radio network system. The proposed method, Relay Cy li Delay Diversity
(RCDD) yields an impressive 15 dB SINR gain whi h translates into 2.1 to 2.4
times ell throughput gain ompared to a single hop system for a ell size ranging
from 200m to 2Km. RCDD also improves the fairness for the user throughput.
Finally some interesting observations an be mentioned:
• Retransmitting the data sequen e by the AP in the se ond transmission phase
led to a degradation (around 25%) in terms of the ell throughput due to a
substantial interferen e in rease while not providing any noti eable diversity
gain.
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• Maximum ratio ombining relaying (whi h onsists of estimating the hannel
impulse response from ea h RN and applying MRC at the re eived signal at
the UE) yields no additional ell throughput gain while requiring additional
overheard and higher omplexity.
• Coherent ombining ooperative relaying method gives marginal gain ompared to RCDD in the order of 10% at the expense of higher overhead, feedba k signalling and omplexity.

11.3 2-D Cy li Prex
As des ribed in the previous se tion, in a relaying TDD a ess based system two
transmission phases for ea h dire tion (i.e DL and UL) are required: for instan e
in the downlink the rst transmission phase designates the AP transmission to the
RN, the se ond transmission phase onsists of the RN transmission to the UE. The
two phases transmission method redu es the data throughput by half. S hemes
su h RCDD oer transmit diversity in the form of in reased frequen y sele tivity.
Nevertheless it requires two transmission phases.
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A method that introdu es arti ial frequen y, time and spatial diversity and
requires only a single transmission phase for ea h dire tion in a ooperative relaying
wireless ommuni ation system is proposed. The arti ial sele tivity is exploited in
onjun tion with forward error orre tion oding to provide oding diversity gain.
Ea h radio element (i.e. AP, RN and UE) onsists of one or more antennas. The
AP transmits to K RNs and to the UE during a predened period. The relay
forwards the information re eived from a rst node (e.g. AP) to a se ond node
(e.g. UE) with one symbol delayed. This an be done in either with amplify and
forward, de ode and forward, or a hybrid or both.
Before des ribing the 2-D y li prex method, several denitions will be presented in order to fa ilitate the understanding of the mathemati al model derived
subsequently.

11.3.1 Denitions
Denition 1. F M denotes the FFT matrix of size M × M . The (n, m)th element
of F M , for n, m ∈ {1, 2, . . . , M }, is given by
1
F M (n, m) = √ e−j2π(n−1)(m−1)/M
M

(11.13)

Denition 2. For an M × 1 ve tor a = [a(1), a(2), . . . , a(M )]T , the right ir ulant
matrix A is generated as follows





A=




a(M − 1) . . . a(2)
a(M )
. . . a(3) 

a(1)
. . . a(4) 

..
..
..
.. 
.
.
.
...
. 
a(M ) a(M − 1) a(M − 2) . . . a(1)
a(M )
a(1)
a(2)

a(1)
a(2)
a(3)

(11.14)

The right ir ulant matrix A is diagonalized using the FFT matrix F M as follows
A=

√
MF H
M D(F M a)F M

(11.15)

Denition 3. For an M × 1 ve tor a = [a(1), a(2), . . . , a(M )]T , the left ir ulant
matrix A is generated as follows





A=



a(1)
a(2)
a(3)

..
.

a(2)
a(3)
a(4)

..
.

a(M ) a(1)

a(3) . . .
a(4) . . .
a(5) . . .

..
.

a(M )
a(1)
a(2)

.

..
...
a(2) . . . a(M − 1)









(11.16)

The left ir ulant matrix A is diagonalized using the FFT matrix F M as follows
A=

√
H
MF H
M D(F M a)F M

(11.17)
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Denition 4. Let P Rn and P Ln be dened as the right and left permutation matrix
respe tively:
PR
m = [ e1+[1−m]M
PL
m

= [ e1+[2−m−1]M

. . . e1+[M−m]M ]

(11.18)

. . . e1+[2−m−M]M ]

(11.19)

e1+[2−m]M

e1+[2−m−2]M

In fa t P Rm and P Lm are respe tively a right and left ir ulant matrix with em as
the rst olumn.

11.3.2 Con ept Des ription
The basi time-frequen y resour e unit in a OFDM system is dened as a hunk.
Ea h hunk entity omprises of N sub- arriers and spans a time window of M
OFDM symbols. Let B denote the N ∗ M matrix of the hunk. Figure 11.16 shows
an example of the proposed transmitter. A 2-dimensional IFFT is applied to the
data blo k B . The output of the IFFT is denoted by X . X is subje t to two
dimensional y li prex. This is simply done by pre-appending to the hunk X
the last OFDM symbol of X . The last rows of the augmented hunk is opied at
the top as shown in Figure 11.15. In fa t the row-wise y li prexing eliminates,
as in lassi al OFDM system, the inter-symbol-interferen e.

xM

x1

x2

xM-1

xM

N

{
(M+1) OFDM symbols

Figure 11.15: Two Dimensional Cy li Prex
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Let X ′ denote the output of the 2D-CP. The blo k X ′ is subje ted to linear
operations and then transmitted. The linear operations simply onsist of sele ting
one olumn of X ′ . At the rst instant the rst olumn of X ′ is sele ted. At the
se ond time instant the se ond olumn of X ′ is sele ted. This pro ess is repeated
until all olumns of S ′ are transmitted. The fun tional blo k "Up Conv" in Figure 11.16, performs the up- onversion of the signals from the baseband into the
RF-band. At the UE, the signal estimation an be only pro essed when the whole
OFDM hunk was sent at the AP.
coded input
data stream
2D
IFFT

B

X

2D
CP

X'

Column
Selection

Up
Conv

Figure 11.16: Example of a 2-D y li prex transmitter
The re eiver stru ture of the UE is shown in Figure 11.17. For ea h re eive
antenna, the data is rst down- onverted from the RF-band into baseband and
then the CP is removed. The data is then subje t to a 2D-FFT and equalized.
b . In this
The equalized outputs are then ombined to yield the hunk estimate B
example the Maximum Ratio Combining (MRC) method was assumed.
M RX antennas
Down
Conv

Rem
CP

2D
FFT

2D
Equal

Down
Conv

Rem
CP

2D
FFT

2D
Equal

MRC

Down
Conv

Rem
CP

2D
FFT

Bˆ N × M

2D
Equal

Figure 11.17: Example of 2D-FFT Re eiver at the UE
Contrary to the re eiver of the UE, the re eiver and the transmitter of the RN
applies one dimensional FFTs and an IFFT, respe tively. The RNs employed in
this system are identi al to the lassi al relayed OFDM systems.
In ne 2D- y li prex provides the following advantages:
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• Substantial Data Rate in rease in the order of
M = 15 then the gain is about 87%.

2M−2
M .

For instan e in ase of

• Does not need antenna spe i pilots. Instead the same pilot pattern on the
frequen y/time grid needs to be transmitted from all the transmit antennas.
The UE knows the pilot pattern so that hannel estimates an be obtained.
• In rease frequen y and time sele tivity.

11.3.2.1 Mathemati al Model
An illustrative example is shown in Figure 11.18 where one AP, K RNs and one
UE are depi ted. It is assumed that the AP, the RN nodes are equipped with one
transmit antenna. As it shown in Figure 11.15, the rst transmitted OFDM symbol
at the AP is xM whi h is followed by the symbols xm , m = 1, . . . , M .
Assume that the RNs are one symbol delayed ompared to the AP and that
the OFDM symbol is orre tly dete ted by the RNs before being forwarded to
the UE, then the re eived symbol y m at the instant m at the UE is omposed
from the dire t transmitted symbol xm from the AP and the delayed symbol xm−1
transmitted from the K relays. y m an be expressed as:
ym

= H 0 x1+[m−2]M + H e x1+[m−2]M ,

(11.20)

where H 0 = Cir (h0 ) is the hannel3 matrix between the AP transmit antenna and
4
the UE, H e is the ombined
PK hannel matrix from all K relays to the UE. H e an
be expressed as: H e = k=1 Cir (hk ) = Cir (he ), where hk for k ∈ {1, . . . , K},
denotes the hannel impulse response the k th RN to the UE. he is the ee tive
hannel impulse response and an be expressed as shown in (11.5) as:
he =

K
X
√
H
e k ⊙ eeδ )).
N FM
( (h
k
k=1

Ignoring the rst re eived symbols of the hunk at the UE, the M following
re eived symbols from the same hunk at the UE an be written in a matrix form
as follows:





y1
H0
0
0 · · · 0 He
x1
 y2 
 He H0


0 ··· 0
0 



  x2 
 y3 
 0 He H0 · · · 0


0   x3 





 =  ..
 . (11.21)
..
..
..
.
..  
..
..
..


 .


.
.
.
.
.
.





 y M−1 
 0
0
0 · · · H0
0   xM−1 
yM
0
0
0 · · · He H0
xM
3 Cir (a) denotes a ir
4 H is also alled the
e

ulant matrix [Gra02℄ dened by its rst olumn a.
ee tive hannel matrix.
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Dene the following

by:

Y
X

= [y 1 , y 2 , . . . , y M ],
= [x1 , x2 , . . . , xM ],

H

= [h0 , he , 0, . . . , 0].

(11.22)
(11.23)
(11.24)

Then it an be shown that the re eived signal after applying a 2D-FFT is given

Ye =

√

f ⊙ B,
NMH

(11.25)

f denote the 2-Dimensional Dis rete Fourier Transforms (DFT) of the hanwhere H
nel matrix H . The term ⊙ denotes the Hadamard produ t. In fa t Ye = F N Y F M ,
f = F N HF M .
H
RN1

h0

h2

h1

RN2

hK
AP

RNK

Figure 11.18: AP and K relays

11.3.3 Proof of the 2D-FFT form of the re eived signal.
In the previous se tion, it is stated that the 2D-FFT of the re eived signal of the
2-D y li prex method is simply the produ t of the 2D-FFT of the sent data
and the hannel. The stated results will be proven for a more generalized form of

11.3. 2-D CYCLIC PREFIX

187

hannel matrix form dened in Equation (11.21). Let



y1
H1
HM
H M−1 · · ·
 y2 
 H2
H
HM
···
1



 y3 
 H3
H
H
···
2
1




 = 
..
..
..
..
..



.
.
.
.
.



 y M−1 
 H M−1 H M−2 H M−3 · · ·
yM
HM
H M−1 H M−2 · · ·

=

ym

M
X

H3
H4
H5
..
.

H2
H3
H4
..
.

H1
H2

HM
H1



x1
x2
x3
..
.








  xM−1
xM

H 1+[m−m′ ]M xm′







,




(11.26)

(11.27)

m′ =1

=

M
X

H m′ x1+[m−m′ ]M .

m′ =1

Rewrite the hm , xm , y m y m in a matrix form by dening the following:
Y
X

= [y 1 , y 2 , . . . , y M ],
= [x1 , x2 , . . . , xM ],

H

= [h1 , h2 , . . . , hM ].

(11.28)
(11.29)
(11.30)

It an be noted that Equation (11.26) redu es to Equation (11.21) by simply
setting H 1 = H 0 , H 2 = H e , and H i = 0N ×N , for i ∈ {3, . . . , M }, where 0N ×N
is the zero matrix of dimensions N × N .

Theorem 1. The two-dimensional Fourier transform of Y is given by
Ye =

√
f ⊙ X,
f
NMH

(11.31)

f = F N HF M , X
f = F N XF M ,
where Ye = F N Y F M , H
Proof. Substituting Equation (11.27) into Equation (11.28) and rearranging the

terms, yields
Y

= [H 1 x1 , H 1 x2 , . . . , H 1 xM ] + [H 2 xM , H 2 x1 , . . . , H 2 xM−1 ] + . . .
+[H M x2 , H M x3 , . . . , H M x1 ]
= H 1 [x1 , x2 , . . . , xM ] + H 2 [xM , x1 , . . . , xM−1 ] + . . . + H M [x2 , x3 , . . . , x1 ]
R
R
= H 1 XP R
1 + H 2 XP 2 + . . . + H M XP m
=

M
X

H m XP R
m

(11.32)

m=1

=

M
X
√
√

H
NF H
N D (F N hm ) F N X M F M D F M e1+[1−m]M F M .

m=1

(11.33)
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Sin e H m and P R
m are right- ir ulant matri es, Equation (11.33) immediately follows from Equation (11.32).
Taking the two-dimension Dis rete Fourier Transform of Y , yields

Ye

=

M
X
√

H
NM
D (F N hm ) F N XF M F H
M F M D F M e1+[1−m]M F M F M
m=1

=

M
X
√
 L
NM
D (F N hm ) F N XF M P L
1 D F M e1+[1−m]M P 1

(11.34)

m=1

=

M
X
√

f P L F M e1+[1−m]
NM
D (F N hm ) XD
1
M

(11.35)

m=1

=

M
X
√
f (F M em )
NM
D (F N hm ) XD

(11.36)

m=1

=

M
X
√

f ⊙ 1N ×1 ⊗ eT F M
NM
(11×M ⊗ F M hm ) ⊙ X
M

(11.37)

m=1

=

√
√
f ⊙ F N HF M = N M H
f
e ⊙ X.
NMX

(11.38)

Equation (11.35) is obtained using Lemma 4, Equation (11.36) uses Lemma 3, and
nally Equation (11.38) is derived using Lemma 1. Note that Equation (11.37) is
obtained by repla ing the produ t of a diagonal matrix with another matrix by the
Krone ker produ t [Lut96℄ (demoted by the symbol ⊗).

11.3.4 Lemmas
Lemma 1. Let A = [a1 , a2 , . . . , aM ] be an N ×M matrix, and B = [b1 , b2 , . . . , bM ]
an M × M symmetri matrix. Let C be given by
C=

M
X

m=1



(11×M ⊗ am ) ⊙ 1N ×1 ⊗ bTm .

(11.39)

The produ t of A and B is equal to C .
Proof. The (k, l)th element of the C , whi h is denoted by C(k, l), is obtained by
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multiplying Equation (11.39) left and right by eH
k and el , respe tively,
eH
k Cel

=

=

=

C(k, l) =


M
X

m=1




eH
(11×M ⊗ am ) ⊙ 1N ×1 ⊗ bTm el
k



eH
k  am

m=1
M
X

M
X

am (k)bTm el

m=1

. . . am

am

=

M
X







⊙


am (k)bm (l) =

m=1

bTm
bTm
..
.
bTm

M
X

(11.40)





  el

A(k, m)B(m, l).

m=1

PM
Sin e the (k, l)th element of the produ t AB is given by m=1 A(k, m)B(m, l),
for ∀k ∈ {1, . . . , N }, ∀l ∈ {1, . . . , M }, it ne essarily follows that C = AB .

Lemma 2.

PL
1

an be written as
(11.41)

H
H
PL
1 = FMFM = FMFM.

Proof. Sin e P L1 is left ir ulant matrix it an be diagonalized as follows
PL
1

√
H
=
MF H
M D(F e1 )F M
H
= FH
MFM.

(11.42)
(11.43)

Sin e P L
1 is symmetri , it follows that
PL
1 = F MF M.

(11.44)

Lemma 3. The fourier transform of em , denoted by F M em , is given by
(11.45)

F M em = P L
1 F M e1+[1−m]M .

Proof. From the denition of P L1 and using Lemma 2
e1+[1−m]M
PL
1 F M e1+[1−m]M
PL
1 F M e1+[1−m]M
PL
1 F M e1+[1−m]M

(11.46)

= PL
1 em ⇔
=
=

L
PL
1 F M P 1 em ⇔
H
FH
M F M F M F M F M em

= F M em

(11.47)
⇔

(11.48)
(11.49)
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Lemma 4. Let c = [c1 , c2 , . . . , cM ]T be a olumn ve tor of length M , then
L
L
PL
1 D(c)P 1 = D(P 1 c).

(11.50)

Proof. From Lemma 2, P L1 = F M F M . The (k, l)th element of P L1 , for k, l ∈
{1, 2, . . . , M }, is given by
PL
1 (k, l) =

M
X

F M (k, m)F M (m, l) =

m=1

=



M
1 X −j2π(m−1)(k+l−2)/M
e
M m=1

1, if k + l = 2 or k + l = M + 2
0, otherwise

(11.51)

L
Let W = P L
1 D(c)P 1 . Using the fa t that D(c) is a diagonal matrix, then the
(k, l)th element of W an be written as

W (k, l) =

M
X

L ′
′
PL
1 (k, l )cl′ P 1 (l , l).

(11.52)

l′ =1
L ′
L
L ′
′
′
The produ t P L
1 (k, l )P 1 (l , l) is non-zero when P 1 (k, l ) and P 1 (l , l) are non
′
′
zeros when (k + l = pM + 2 and l + l = pM + 2 , for p ∈ {0, 1}. This ondition
implies that k should be equal to l. Thus, W is a diagonal matrix and the diagonal
elements are given by

W (k, k) =

M
X
l=1

L
PL
1 (k, l)cl P 1 (l, k) =

M
X

PL
1 (k, l)cl ,

(11.53)

l=1

L
whi h implies that the diagonal of W is given by P L
1 c, thus W = D(P 1 c).
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