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Sammanfattning

Vi presenterar studier av mätmetoder för tester av trådlös kommunika-
tion mellan antenner med singel (SISO) och multipel (MIMO) input/output
motsvarande den första respektive den andra delen av denna avhandling.

För SISO, tre metoder för att uppskatta prestandan av upplänken inom
mobila antenner är utvärderade: EMSCAN Lab Express plana närfältssystem,
Telias spridningsfältsmetod och Bluetest modväxlarkammare. Dessa metoder
jämförs med standarden: ekofri kammare.

Varje metod är utvärderad genom att mäta TRP (utstrålad effekt) från ett
antal kommersiellt tillgängliga mobiltelefoner. Jämförelsen görs via statistisk
regressionsanalys. En utvidgad analys görs för modväxlarkammaren. Speciellt,
en “maximum likelihood” (ML) metod utvecklas för Rician K−faktor.

Slutsatser från den första delen är att EMSCAN Lab Express överskat-
tar prestandan för mobiltelefoners upplänk och inför därmed en osäkerhet.
Telias spridningsfältmetod överensstämmer med referensen men lider av ut-
dragen mätprocess och svagt upprepningsresultat. Bluetest modväxlarkam-
mare överensstämmer väl i upplänken men den beräknade K−faktorn från
ML-metoden blir större än noll vilket indikerar en ofullkomlighet i fortplant-
ningsmiljön inne i kammaren.

I andra delen studeras metoder med en ekofri kammare tillsammans med
en mångvägs-simulator (MPS) samt modväxlarkammare med en mycket stora
MIMO (VLM). På detta sätt kan MIMO trådlösa system studeras.

Med MPS-metoden studeras påverkan av återspridningen från omgivande
antenner inom MPS av den statistiska fördelningen med utgångspunkt från
en given MPS-modell och kriterier för fjärrfält. Resultatet visar att effekter
av återspridning måste beaktas och minimeras genom att optimera simula-
torns geometri. Eftersom man här måste uppfylla fjärrfälts-kravet finns en
nedre gräns för minsta storlek av systemet, dikterat av storleken på använda
antenner.

I VLM-metoden används en mycket stor likformig linjär grindantenn med
fokus på mångdimensionell karaktärisering av kanalens transfereringsfunktion
och impulsrespons. Resultatet visar att modväxlarkammare kan användas för
att generera än mer realistiska kanaler för test av antennsystem.
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Abstract

This thesis work presents studies on the available measurement methods
for estimating the over-the-air (OTA) performance of wireless device antennas.
This thesis is divided into two parts. The first part is focused on studies of
single-input single-output (SISO) OTA measurement methods and the second
part is focused on studies of multiple-input multiple-output (MIMO) OTA
measurement methods.

In the first part, the three methods for estimating the up-link radio per-
formance of mobile phone antennas are evaluated, including the “EMSCAN
Lab Express” planar near-field system, the “Telia Scattered Field Measure-
ment method (TSFM),” and the “Bluetest” reverberation chamber. These
methods are compared to the standard reference anechoic chamber methods.

Each method is experimentally evaluated by measuring the total radiated
power from a number of commercially available mobile phones in addition to
comparing the measurements to the results from a standard reference system.
The comparison is performed statistically using simple regression analysis.
For the reverberation chamber (RC), applying simple physical and statistical
modeling extends the analysis. In particular, a maximum likelihood (ML)
estimator for the Rician K−factor is derived, followed by both statistical and
experimental evaluations.

Based on the results of the first part of this thesis, it can be concluded that
the EMSCAN Lab Express planar near-field method overestimates the up-
link performance of mobile phones, consequently introducing an error. The
up-link performance of mobile phones estimated using the TSFM method
agrees with the reference method but suffers from problems such as extensive
measurement time and poor repeatability. The Bluetest RC method estimates
the uplink performance of mobile phones well. However, the Rician K−factor
computed from the ML estimator is found to be greater than zero, indicating
an inadequacy in the propagation environment inside the RC.

In the second part, the anechoic chamber-multipath simulator (MPS) and
the RC-very large MIMO (VLM) OTA testing methods are studied.

In the MPS method, the impact of scattering within the MPS array anten-
nas on the Rician fading statistics is addressed by performing simulations and
measurements based on the proposed MPS scattering model and the derived
far-field criteria. The results of the investigation suggest that to minimize
the impact of scattering, a large MPS system must be designed, although
it will result in higher costs. In turn, the costs can be lowered by minia-
turizing the MPS system, which can be achieved by following the derived
far-field (Fraunhofer distance) criteria. Thus, miniaturization will also allow
the measurement uncertainties to be restricted at an acceptable level.

In the VLM OTA testing method, the study is based on very large vir-
tual uniform linear array measurements and focuses on the multidimensional
characterization of the channel transfer function and the channel impulse re-
sponse of the reverberation chamber. The results of this study suggest that
the reverberation chamber can be used to emulate the more realistic channels
for testing the VLM antenna systems.
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Notations

A Magnetic vector potential
~B Magnetic flux density
~D Electric flux density
D Maximum dimension of the antenna
~E Electric field vector
F Electric vector potential
~H Magnetic field vector
~J Current density
K Rician K−factor
K̂ Estimate of Rician K−factor
L Size of the measurement plane
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Q Quality factor
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f Frequency
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Mmechanical Number of modes excited due to mechanical stirring
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Chapter 1

Introduction

1.1 Background

Antennas play an important role in determining the overall radio performance for
wireless communication. Consequently the over-the-air (OTA) performance of a
single-input single-output (SISO) wireless device may often be determined by esti-
mating the efficiency of its antenna. However, for a multiple-input multiple-output
(MIMO) device, the propagation channel properties also must be considered. Ac-
curate estimation of the in-network performance of the wireless device antenna is
also important for telecommunication operators because poor wireless device per-
formance may result in reduced coverage and a diminished whole network capac-
ity. Reductions in the network coverage or capacity may force telecommunication
operators to install more base stations, which would result in increased capital
expenditures [1].

During the last decade, wireless devices such as the mobile phone have evolved
from a simple device that only provides voice services into a complicated terminal
used for high data-rate services. This evolution has introduced many challenges
for wireless device manufacturers, who must design, test and produce the terminal
antennas to optimize the in-network performance. Standardization bodies, such
as the Cellular Telecommunications and Internet Association (CTIA) and Third
Generation Partnership Project (3GPP), have standardized procedures for the OTA
testing of both SISO and MIMO wireless devices [2, 3].

Recently, both CTIA [2] and 3GPP [3] have standardized the procedural spec-
ifications for the OTA testing of SISO wireless devices, including antennas. These
specifications focus on two figures of merit, given as

1. Total radiated power (TRP) [4, 5, 6, 9], which is the maximum power trans-
mitted by the mobile terminal for the uplink.

2. Total isotropic sensitivity (TIS) [6, 9, 10, 11], which determines the lowest
received power in the down-link for a given bit error rate (BER) performance.

1
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An alternative figure of merit, known as the mean effective gain (MEG) [12]-
[20], is considered for evaluating the in-network performance of wireless devices
[21]. The MEG, TRP and TIS each account for the radiation efficiency in the
presence of the user’s head or body. However, the MEG also includes the impact
of the propagation environment on the overall antenna performance. Thus, the
use of MEG makes evaluating the antenna performance more complete and more
complex because the evaluated antenna performance becomes highly dependent
on the models that are used to characterize the environment’s statistical behavior
[22, 23] and on the polarization properties [25, 26]. The TRP and TIS can be
compared to the MEG by defining new figures of merit, including the mean effective
radiated power (MERP) and the mean effective radiated sensitivity (MERS) [10].

To evaluate the overall antenna performance of a mobile phone, it is necessary
to specify a reliable, repeatable and accurate test method for each figure of merit.

Until recently, the OTA performance of SISO device antennas was characterized
with far-field methods using anechoic chambers [28]-[33]. More recently, the scat-
tered field method using reverberation chambers [34]-[38] has become increasingly
popular. The Telia scattered measurement field (TSFM) method [55, 57] and the
spherical [59] and planar [63, 64] near-field methods are also used today. However,
none of these methods has yet received global acceptance. Hence, there is a need
to develop a globally acceptable SISO-OTA measurement methodology capable of
accurately estimating the figures of merit agreed upon by the wireless industry.

In the recent past, MIMO technology has developed rapidly, and it is now
used extensively in new wireless technologies, such as the long-term evolution
(LTE), LTE-advanced and mobile worldwide inter-operability for microwave access
(WiMAX) standards [65]. Because MIMO systems employ antennas with multiple
elements on both sides of the communication link, achieving satisfactory MIMO
device performances depends largely on the performance of the antennas. Further,
the performance of MIMO antennas also depends on the statistical properties of the
propagation channel and its interaction with the antennas. Hence, it is necessary to
develop a MIMO-OTA measurement methodology that accurately estimates the in-
network performance of MIMO devices by considering both the antenna and channel
properties. Currently, the efforts for standardizing the MIMO-OTA measurement
methods are ongoing in COST Action IC1004 [66]. The proposed standard MIMO-
OTA measurement methods can be mainly categorized as the anechoic chamber and
reverberation chamber methods [67]. The popular anechoic chamber MIMO-OTA
test methods are the two-stage and multi-probe test (multipath simulator (MPS))
methods. Further, there is also a proposal to standardize the figures of merit, such
as the throughput, MIMO capacity, spatial correlation and power delay profile, for
MIMO-OTA testing [21]. The ultimate objective of the OTA testing of SISO and
MIMO wireless devices is to classify a wireless device as either good or bad in a
reliable, repeatable, efficient and cost-effective manner.
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1.2 An overview of standardization efforts

As mentioned earlier, various standardization organizations have organized most
of the prior work on terminal antenna measurement. Currently, Cooperation in
Science and Technology (COST), 3GPP and CTIA accept the 3D pattern measure-
ment anechoic chamber method as the standard test procedure for preparing the
TRP and TIS for SISO wireless device antennas. However, COST and 3GPP con-
sider the reverberation chamber an alternative standard SISO OTA test method,
also considering MERP and MERS to be the figures of merit that will be used to
characterize the antenna performance of future MIMO wireless devices. A brief
description of the standardization efforts follows.

COST

Founded in 1971, COST [69] is an intergovernmental framework within Europe that
coordinates nationally funded research. COST helps reduce the fragmentation of
European research investments and allows European research to cooperate glob-
ally. The Information and Communication Technologies (ICT) group, unit within
COST, is responsible for standardization issues related to mobile communications.
Cost activities that contributed to the development and standardization of terminal
antenna measurements include the following:

COST 259

The search for a standardized measurement method started in the mid-1990s, when
the COST 259 sub-working group (SWG) 2.2 [71] was formed to propose a standard
method to test the performance of mobile phone antennas. The main objective was
to propose a standardized measurement method to the European Telecommunica-
tions Standards Institute (ETSI) [74], destined for inclusion in the specifications
for mobile phones.

Initially, the COST 259 SWG 2.2 focused its investigation into various measure-
ment set-ups. Later, it compared the merits and demerits of the various investi-
gated measurement procedures. The members of the group included manufacturers
of mobile phones and antennas, mobile network operators, research institutes and
consultants. In 1998, the TSFM method was presented [55]. This method drew
significant attention because the measurement results revealed that mobile phones
with built-in antennas had a relative loss of ∼9 dB at 900 MHz and ∼6 dB at 1800
MHz (including the influence of the hand). That is, mobiles with external and
extractable antennas had less attenuation than in-built.

The conclusion of COST 259 [71] was that the antenna greatly influences the
performance of a mobile phone. In other words, mobile phone performance was
found to increase with antenna efficiency. Hence, the interest in a common stan-
dardized terminal antenna test method became even greater.

More detailed results and the conclusions of COST 259 are summarized in [71].
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COST 273

After COST 259, work on terminal antenna measurements continued at COST
273 SWG 2.2, and the group was re-named “Antenna performance of small mo-
bile terminals” [72, 73]. The main objectives were to standardize the measurement
techniques for antennas on mobile phones and to identify the performance relations
by including the information from the propagation environment. The group also
investigated how to make reliable measurements of both the transmitters and the
receivers for mobile phones, accounting for the influence from the user. The sug-
gested methods to include the influence of the propagation channel were based on
MEG measurements with a special focus on Universal Mobile Telecommunications
System (UMTS) 3G terminals. This group proposed a standard procedure for the
evaluation of MEG and provided recommendations to both ETSI [74] and 3GPP.

Based on their investigations, the group concluded that TRP and TIS were in-
dependent of the propagation environment, whereas MERP and MERS were highly
dependent. The reproducibility of TRP and TIS was high in comparison to that of
MERP and MERS in any propagation environment. Moreover, the reverberation
chamber was proposed as an alternative standard method for evaluating the per-
formance of mobile phone antennas. The conclusions of COST 273 were completed
in June 2005, as summarized in [72].

COST 2100

The COST 2100 SWG 2.2 [75] was established in December 2006 to continue the
efforts of the previous working groups, COST 259 SWG2.2 and COST 273 SWG2.2,
on mobile phone antenna test methods and performance criteria for small antennas.
Among other topics, COST 273 SWG 2.2 investigated antenna diversity for small
terminals and proposed standards for performance evaluation targeted at multi-
antenna systems. Moreover, this group also investigated and optimized the actual
performance and test methods for both single and multiple antenna terminals. As
the complexity of mobile phones increased, it became necessary to investigate issues
such as coupling and self-interference.

At the end of COST 2100, several methodologies were proposed for the stan-
dardization of MIMO OTA testing [76, 77]. Among the proposed methodologies, the
main contenders were the reverberation chamber method, an anechoic chamber-two-
stage method and an anechoic chamber-multi probe test method. The multipath
simulator technique (MPS), discussed in Chapter 9, is a multi probe test method.
A detailed summary of the outcomes of COST 2100 SWG 2.2 are published in [78].

COST IC1004

The COST IC1004-TWGO-OTA [66] was established in January 2011 to continue
the activities of COST 2100 SWG 2.2 through May 2015. The COST IC1004-
TWGO-OTA is charged with developing reliable and reproducible OTA test meth-
ods to measure the performance of compact MIMO terminals. Further, it is also
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expected that COST IC1004-TWGO-OTA will coordinate its activities with the
MIMO OTA sub-group (MOSG) of CTIA and the 3GPP RAN4 group on OTA
tests of LTE equipment.

3GPP

The 3GPP [68] was created in December 1998. The 3GPP produces technical
specifications and technical reports for 3G mobile systems. These specifications and
reports are aimed at radio access technologies such as UMTS Universal Terrestrial
Radio Access (UTRA), General Packet Radio Service (GPRS), Enhanced Data
rates for GSM Evolution (EDGE) and the Global System for Mobile communication
(GSM) core networks.

The 3GPP technical specification groups that work with terminal testing and
mobile terminal conformance testing are the GSM EDGE Radio Access Network
Working Group 3 (GERAN WG3) [79] and the Radio Access Network Working
Group 5 (RAN WG5) [80], respectively. The Radio Access Network Working Group
4 (RAN WG4) [81] works with “radio performance and protocol aspects (system) -
RF parameters and BS conformance.” This group contributes to the standardization
of the figures of merit required for estimating the radio performance of mobile phone
antennas.

The 3GPP standard procedure for testing the radio performance of 3G, UMTS
and GSM mobile phones is described in [82] and is based on the test method pro-
posed by the COST 273 SWG 2.2. According to [82], the standard test procedure
for measuring the radio performance of the transmitter and the receiver must in-
clude the antenna and the effects of the user. In this context, two measurement
methods are standardized:

1. Spherical scanning system

2. Dual axis system

Both methods are based on the 3D pattern measurement method, which was pro-
posed by COST 259 and COST 273 [71, 72], and are implemented in an anechoic
chamber. In the 3GPP standard, the reverberation chamber is considered an alter-
native test method for measuring the TRP of mobile phones. Further, the 3GPP
has defined the reverberation chamber and anechoic chamber-two stage and multi-
probe test methods as standard methods for MIMO OTA testing [21].

Moreover, the TRP and the TIS are considered the standard figures of merit
for estimating the radio performance of a mobile phone antenna in an isotropic
field distribution environment with a cross polarization ratio of unity (see Section
3.2 in Chapter 3). However, the 3GPP has considered propagation environment
dependent figures of merit, such as MERP and MERS (derived from MEG) for
MIMO antennas. The figures of merit that were standardized for MIMO OTA
testing are the throughput, MIMO capacity, spatial correlation and gain imbalance
[21].
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CTIA

CTIA [83] was established in 1984. It is represented by service providers, manu-
facturers and internet companies in the cellular, personal communication services
and enhanced specialized mobile radio sectors. CTIA is mainly intended to address
standardization issues in the USA; currently, all wireless devices that are destined
for the US market must be certified by CTIA. CTIA also advocates on behalf of the
wireless industry to the US Congress in addition to state regulatory and legislative
bodies.

The details of the latest CTIA certification test plan are published in [84]. This
test plan also includes most of the 3GPP technical specifications for UMTS mobile
phones. According to CTIA [84], two methods are standardized for measuring the
performance of mobile phone antennas, executed both in free space and in the
presence of the head or body. The two methods are [84]:

1. The conical cut method

2. The great circle cut method

These are 3D pattern measurement methods, and with slight modifications, they
can be implemented in an anechoic chamber with either a spherical scanning or a
dual axis measurement system, in accordance with 3GPP [68].

The figures of merit that are measured using the great circle cut method and
the conical cut method are TRP and TIS.

The above-suggested methods and figures of merit are used only for SISO OTA
testing and cannot be used directly for MIMO OTA testing, especially for testing
the spatial multiplexing performance [154]. In 2007, this led to the creation of
an RC subgroup within CTIA to study the possibility of using RC for MIMO
OTA testing. In April 2009, an anechoic chamber group was created to study the
development of anechoic chamber MIMO OTA testing methods. In 2011, these
two groups were merged to form a new group, called the MIMO OTA subgroup
(MOSG). Currently, MOSG is considering the RC method, the anechoic chamber-
two stage method and the anechoic chamber-multi-probe test method as standard
methods for MIMO OTA testing. Further, CTIA is collaborating with 3GPP for
standardization of the MIMO OTA testing methods and the figures of merit.

1.3 Scope of the thesis

The main objective of this thesis is to study the available measurement methods
used for estimating the OTA performance of wireless device antennas. The thesis
is divided into two parts.

The aim of the first part is to evaluate the validity of the three different methods
used to estimate the up-link performance of mobile phone antennas. To perform this
validation, a review of various measurement-specific figures-of-merit is presented.
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Additionally, these results are compared to the conventional figures-of-merit to
estimate the performance of mobile phone antennas.

The studies are conducted by comparing the results obtained from the three
different methods with the measurement results from standard anechoic chambers,
using either a Satimo Stargate (SG) spherical multi-probe system [59] or an ETS
Lindgren far-field measurement range [61].

The first method, the EMSCAN Lab Express [63], is based on a planar near-field
scanning technique.

The other two methods, the Telia Scattered Field Measurement (TSFM) method
[55] and the Mode Stirred Reverberation Chamber (RC) method [34]-[38], are both
based on scattered field measurement techniques.

To evaluate the latter two methodologies, an accurate characterization of the
propagation environment is needed, which is achieved by computing the Rician-
K−factor using the existing moment-based estimator for the TSFM method. For
the RC method, a maximum-likelihood (ML) estimator is derived, followed by
statistical and experimental evaluations.

The second part of the thesis is focused on studies related to the anechoic and
reverberation chamber MIMO OTA testing methods. In the anechoic chamber-
MPS technique, the impact of scattering within the MPS array antennas on the
Rician fading statistics is addressed by performing simulations and measurements
based on the proposed MPS scattering model and the derived far-field (Fraunhofer
distance) criteria. The studies on the RC-MIMO OTA testing method explore the
possibility of using a RC for VLM antenna array measurements. This is done by
multi-dimensional characterization of the propagation channel in a RC, using the
channel transfer function and the channel impulse response obtained from very
large virtual uniform linear array measurements.

1.4 Contributions

Most of the contents discussed in this thesis are based on previously published pa-
pers.

TSFM method is studied in:

• S. Prasad, P. Ramachandran, A. A. Glazunov and C. Beckman, “Evaluation
of the Telia scattered field measurement method for estimation of in-network
performance of mobile terminal antennas,” in Proc. Antenna Measurement
Techniques Assoc., AMTA 2007, St. Louis, USA, Nov. 2007.

• S. Prasad and P. Ramachandran, “Mean effective gain measurements of mo-
bile phones using the Telia scattered field measurement method,” in Proc.
1st RF Measurement Technology Conf., RFMTC 2007, Gävle, Sweden, Sept.
2007.
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The standard anechoic chamber method [59] estimates the performance of mobile
phone antennas in a quiet environment which can serve as a good reference to es-
timate the in-network performance of the mobile phone antennas. In these two
papers, we studied and evaluated the TSFM method, which is based on a proce-
dure to emulate the propagation environment in urban areas (Rayleigh fading).
The propagation channel is characterized with figures of merit, such as the cross
polarization (χ) and the Rician K−factor, and the mobile phone antenna perfor-
mance is evaluated in terms of MEG by measuring 13 commercial mobile phones.
The problem of performing measurements in both right and left talk positions was
explored and it is inferred that it is sufficient to perform measurements only in one
talk position and use them for evaluating the performance in other talk position.
Moreover, the results also suggest that the TRP measurements from the TSFM
and Satimo SG methods are highly correlated.

Studies on reverberation chamber are based on:

• S. Prasad, S. Medawar, P. Händel and C. Beckman, “Estimation of the Rician
K−factor in reverberation chambers for improved repeatability in terminal
antenna measurements,” in Proc. Antenna Measurement Techniques Assoc.,
AMTA 2008, Boston, USA, Nov. 2008.

• P. Händel, S. Prasad and C. Beckman, “Maximum likelihood estimation of
reverberation chamber direct-to-scattered ratio,” Electronics Letters, Vol. 45
No. 25, pp. 1285-1286, Dec. 2009.

The problem with the scattered field method is that the results are not easy to
repeat because the propagation environment is hard to reproduce. Consequently,
there is significant interest to perform measurements in reverberation chambers [51].
This method estimates the performance of the mobile phone antennas in terms of
radiation efficiency. It is shown in [40] that if the scattered field is approximately
Rayleigh distributed, then the estimated efficiency correlates well with the estimates
obtained from far-field measurements taken in anechoic chambers. Moreover, it is
also shown from [35] that measurements can be performed much more quickly in
reverberation chambers than traditional far-field anechoic chambers.

Inside the reverberation chamber, a direct power component always exists in
the emulated Rayleigh environment, which causes an error in the TRP measure-
ments. The measure of this direct component in the chamber is given by the Rician
K−factor [48]. In these two papers, the exact and an approximated maximum
likelihood (ML) estimator of the Rician K−factor is derived and the performance
is analyzed. Moreover, it is shown that the systematic error (bias) of the ML esti-
mator causes an overestimation of the Rician K−factor; hence, the actual Rician
K−factor is lower, and the reverberation chamber is in average performing better
than estimated from the measurements of the scattering transmission parameter.
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Studies on the EMSCAN Lab Express is presented in:

• H. Halim, S. Prasad and C. Beckman, “Evaluation of a near-field scanner for
TRP and radiation pattern measurements of GSM mobile phones,” in Proc.
3rd European Conf. Antennas and Propagat., EuCAP 2009, Berlin, Germany,
March 2009.

The anechoic chamber, the TSFM method and the reverberation chamber are not
portable. Therefore, we chose to study a small and portable measurement device:
the planar near-field flat bed scanner [63, 64]. In this study, the TRP of 10 commer-
cially available mobile phones was measured and compared with the measurements
taken with a CTIA approved Satimo SG 24 system. The results show that there is
considerable correlation at 1800 MHz between the results from the flat-bed scanner
and the Satimo system. However, at 900 MHz, the correlation is lower; we con-
cluded that this discrepancy is due to the limited size of the scanner.

Studies on the Multipath Simulator Techniques:

• A. A. Glazunov, S. Prasad, P. Händel, T. Bolin and K. Prytz, “A study of
the Impact of Scattering within an MPS Antenna Array on the Rician Fading
Statistics in OTA Testing,” IEEE Trans. Antennas Propagat., submitted in
Nov. 2012.

As mentioned earlier, the standard anechoic chamber method [59] is used to es-
timate the performance of mobile phone antennas in a quiet, line of sight (LOS)
environment, which can serve as a good reference but cannot be used to estimate
the performance in a multipath environment. The Multipath Simulator (MPS) is
an OTA testing technique used to emulate a multipath fading environment in an
anechoic chamber. In the MPS technique, one of the problems that contributes to
the measurement uncertainty is the scattering within a MPS antenna array [137].
In this paper, the impact of scattering within the MPS antenna array on the mea-
surement uncertainty is evaluated in terms of the average received power and the
Rician K−factor for a given Rician propagation channel. Additionally, its impact
on the maximum ratio combining (MRC) diversity is investigated by considering
two half-wave dipole antenna DUTs. Further, the design guidelines are provided for
the MPS array in terms of the number of antennas, the radius of the MPS array,
the physical size of the DUT and the carrier frequency. The results of this study
suggest that to reduce the impact of scattering within the MPS array a large MPS
system must be designed, which leads to higher costs. The costs can be reduced by
designing a ’miniaturized’ MPS system, which can be achieved based on the derived
Fraunhofer (far-field) distance criteria. Thus, the measurement uncertainties are
also kept at an acceptable level.
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Studies on Very Large MIMO OTA Testing:

• S. Prasad, A. A. Glazunov and P. Händel, “Experimental characterization
of reverberation chambers for very large MIMO OTA testing,” IEEE Trans.
Antennas Propagat., submitted in Jan. 2013.

The motivation to reduce the cost and complexity in manufacturing mobile ter-
minals led to the proposal of new technology, called the very large MIMO (VLM)
system. In the VLM system, a large number of antennas (e.g., 40-400) are em-
ployed at the base stations for serving several user devices simultaneously. The
studies on the use of a RC to characterize the propagation channel for measuring
the VLM antenna array have not been performed previously; hence, this is totally
new area of research. In this paper, the RC radio propagation channel properties
are studied for the OTA testing of VLM systems by emulating a virtual uniform
linear array consisting of 40 elements with a spacing of 0.233λ at 1 GHz. The
studies are performed by observing the variation in the average power, the Rician
K−factor, the coherence bandwidth, the rms delay spread, the mean delay and
the array antenna correlation for different scenarios in the reverberation chamber,
each as a function of time, position and frequency. Further, the impacts on the
studied channel parameters of the use of RF absorbers inside the RC and the use
of a directive antenna also are investigated. The results of the investigation suggest
that in addition to the traditional rich isotropic propagation channel in the RC, it
is also possible to emulate more realistic propagation channels with suitability for
VLM antenna array measurements.

1.5 Thesis outline

This thesis is written as a monograph. Chapter 1 gives a background and an in-
troduction to the field of terminal antenna measurements. Chapter 2 discusses and
derives the boundaries of the antenna field regions. In Chapter 3, the conventional
time-invariant antenna figures of merit are discussed. The relevant figures of merit
required to evaluate the performance of mobile phone antennas are discussed and
distinguished from each other. Chapters 4-9 are based on the studies referred to
in Section 1.4. Finally, Chapter 10 summarizes the thesis with conclusions and
suggestions for future studies.



Chapter 2

Antenna Field Regions and

Boundaries

In this chapter, a review of basic antenna concepts and the boundaries of the
field regions surrounding the antenna is presented. This review will enable us to
understand the basic concept of far-field and near-field measurement methodology.

2.1 Basic antenna concepts

An antenna transforms guided electromagnetic signals into electromagnetic waves
propagating in free space, and can also operate reciprocally as a receiver. The elec-
tromagnetic behavior and the operation of antennas can be described by Maxwell’s
equations [85, 86].

∇ × ~E =
−∂ ~B
∂t

(2.1)

∇ × ~H =
∂ ~D

∂t
+ ~J (2.2)

∇ · ~D = ρ (2.3)

∇ · ~B = 0 (2.4)

The electric ~E and magnetic ~H fields dominate the field regions of the antenna.
They are generated by the current distribution ~J on the antenna and the electric
charge density ρ. The effect of different propagation media on the electric and
magnetic fields can be characterized by the magnetic ~B and the electric ~D flux
density vectors. In (2.1) to (2.4), ∇ is del vector differential operator, × is the
cross-product vector operator and · is the dot-product vector operator.
The electromagnetic field radiated from a transmitting antenna, can be charac-
terized by the complex Poynting vector [87]. The Poynting vector is defined as

11
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~E × ~H∗, and in free space it describes the complex propagating power. Here, ∗ de-
notes complex conjugate. In the close vicinity of the antenna, the Poynting vector
is imaginary and thus, the antenna behaves like a reactive element. Far away from
the antenna, the Poynting vector is real, and the antenna acts as a radiating ele-
ment. Based on this behavior of the Poynting vector, the antenna field regions can
be classified as shown in Fig. 2.1. The regions surrounding the antenna are referred
to as the “reactive near-field”, “radiating near-field” and “far-field”, or Fraunhofer
region of an antenna [87]. In other words, there are three field regions, depend-
ing on the model, and two boundaries surrounding the antenna. The boundaries
vary depending on the frequency of radiation and the error tolerance limit of an
application.
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Figure 2.1: Field regions of a thin dipole antenna.
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2.2 Far-field region

The far-field region is the region where the Poynting vector is practically real. The
fields in this region decay with 1/r and the relative angular distribution of fields
(the radiation pattern) is independent of r, where r is the distance from the center
of the source antenna. This region is also called the Fraunhofer region. In practice,
the most commonly used criterion for minimum distance of far-field observations
of an antenna with maximum dimension D and wavelength λ is R2 and is derived
below [87].
The boundaries of the field region of an antenna can be derived, as described in [87],
by considering a thin dipole antenna placed symmetrically above the origin with
its length along the z-axis, as shown in Fig. 2.2. Let (x′, y′, z′) be the rectangular
coordinates of the source (antenna), (x, y, z) be the rectangular coordinates of
the observation point P (r, θ, φ) in the field region of the antenna, r is the distance
between the center of the source antenna and the observation point P (r, θ, φ), and
R is the distance from any point on the source antenna to the observation point
P (r, θ, φ).

For a thin dipole (x′=y′=0), the distance R is found as:

R =
√

(x − x′)2 + (y − y′)2 + (z − z′)2 =
√
x2 + y2 + (z − z′)2 (2.5)

Upon expansion, the above expression can be written in spherical coordinates as:

R =
√

(x2 + y2 + z2) + (−2zz′ + z′2) =
√
r2 − 2rz′ cos θ + z′2 (2.6)

where r2 = x2 + y2 + z2 and z = r cos θ. Now (2.6), in spherical coordinates, can
be expanded using binomial series expansion [91] and is represented as follows:

R = r − z′ cos θ +
z′2

2r
sin2 θ +

z′3

2r2
cos θ sin2 θ + · · · (2.7)

The far-field boundary limits can now be derived by considering an observation
point P (r, θ, φ) (shown in Fig. 2.2) in the far-field region of the antenna. In the
far-field the distance r is large (i.e., r → ∞). Thus, (2.7) can be approximated as
follows:

R ≃ r − z′ cos θ (2.8)

where ≃ denotes an equality where only dominant terms are retained. By neglecting
the third term in (2.7), the maximum phase error is introduced at θ = π/2. The
maximum phase error due to the approximation is then found to be:

max
θ

(
z′2

2r
sin2 θ

)
=
z′2

2r
(2.9)
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Figure 2.2: Geometrical arrangement for computation of field region boundaries.

It is shown by various examples that for practical antennas, with overall length
greater than a wavelength, the maximum phase error is π/8 radians [87]. The
maximum phase error due to approximation should always be:

kz′2

2r
≤ π

8
(2.10)

where k = 2π/λ is the wave number and for −D/2 ≤ z′ ≤ D/2 it reduces to

r ≥ 2D2

λ
(2.11)

Hence, the far-field region for an antenna with maximum dimension, D, and wave-
length, λ, is written as:

r ≥ R2 (2.12)

where R2 = 2D2/λ
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2.3 Radiating near-field region

The region in the immediate neighborhood of the far-field region is the radiating
near-field region, i.e., R2 > r ≥ R1 in Fig. 2.1. This region is also the intermediate
region between the far-field and the reactive near-field regions. For antennas with
D<λ, this region may not exist. Analogous to optics this region is often referred to
as the Fresnel zone [87]. In this region, fields decay more rapidly than 1/r and the
relative angular distribution of the fields varies with r. Moreover, the phase error
decreases with an increase in r (as r → ∞ the phase error becomes zero).

The radiating near-field boundary limit R1 can be obtained by considering the
observation point P (r, θ, φ) in the radiating near-field of the antenna. Due to this
consideration, the third term in (2.7) must be retained to maintain a maximum
phase error of π/8 radians. Hence, the distance R is written as:

R ≃ r − z′ cos θ +
z′2

2r
sin2 θ (2.13)

The maximum phase error introduced due to the omission of the fourth term is
found by differentiating the fourth term with respect to θ and setting the result to
zero. Thus,

∂

∂θ

[
z′3

2r2
cos θ sin2 θ

]
=
z′3

2r2
sin θ

[
− sin2 θ + 2 cos2 θ

]
= 0 (2.14)

The minimum phase error due to approximation occurs at θ = 0. The maximum
phase error is obtained by

[
− sin2 θ + 2 cos2 θ

]
= 0 (2.15)

Hence, the maximum phase error occurs at θ = arctan
(
±

√
2
)
. Now the distance

r at which the maximum phase error is less than or equal to π/8 is found by
substituting z′ = D/2 and θ = arctan

(
±

√
2
)

in the following inequality:

kz′3

2r2
cos θ sin2 θ |z′=D/2,θ=arctan(±

√
2)≤ π

8
(2.16)

where k is the wave number. The above inequality, upon further simplification, will
give

r ≥ 0.62

√
D3

λ
(2.17)

Hence, the radiating near-field region boundaries for an antenna with maximum
dimension D and wavelength λ is written as

R2 > r ≥ R1 (2.18)

where R1 = 0.62
√

D3

λ
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2.4 Reactive near-field region

The reactive near-field region is the region immediately surrounding the antenna.
The boundary of this region for a short dipole antenna is defined as 0 < r < λ/2π,
where λ is the wavelength of the antenna and r is the radial distance between the
antenna and the point of observation. For an antenna with D as the largest dimen-
sion, the reactive field region is defined as 0 < r < R1 [87], where R1 is given in
(2.18). In this region, the Poynting vector is reactive and therefore non-radiating.
The electric ~E and the magnetic ~H fields both decay exponentially with distance.
Moreover, in this region, the energy is reabsorbed or reciprocated rather than radi-
ated. Hence, the fields in this region can be called “evanescent fields” [90]. In this
region, the Poynting vector contains components in all three spherical coordinates
(r, θ, φ).

2.5 Summary

The derived boundaries of the field regions surrounding an antenna are used to
classify the antenna measurement methods. If an antenna under test (AUT) is
measured at a far-field distance, that satisfies the condition in (2.13), then the
method is called a far-field measurement method (see Chapter 4 for details) else it
is called a near-field measurement method (see Chapter 5 for details).



Chapter 3

Figures of Merit

Figures of merit (FOM) give basic information about the performance of an an-
tenna. The conventional time-invariant FOM evaluate the performance of antenna
as an isolated item in free-space. The time-variant radio channel FOM are used to
describe the propagation channel. The mobile phone antenna FOM evaluate the
performance by taking into consideration the equipment attached to the antenna
and also the surroundings. The measurement method specific FOM are obtained
from above mentioned FOM to meet the specifications of a particular method.
Moreover, the conventional time-invariant FOM are the basis for all the FOM dis-
cussed in this chapter. Hence, the mobile phone antenna performance is evaluated
by considering all the FOM listed in Table 3.1.

This chapter reviews the conventional time-invariant antenna, the time variant
radio channel, the mobile phone antenna and the measurement method specific
FOM. At the end of this chapter, a comparison is made between different FOM.

3.1 Conventional time-invariant antenna FOM

The conventional time-invariant FOM, such as the gain, directivity and efficiency,
constitute the basis for accurate prediction of the performance of mobile phone
antennas.

Radiation pattern

The radiation pattern of an antenna is defined as [87]: “a mathematical function or
a graphical representation of the radiation properties of the antenna as a function
of space coordinates.”

Generally, the radiation pattern is measured in the far-field region at a specified
radial distance and frequency. The standard coordinate system that is used for
describing the radiation pattern is shown in Fig. 3.1 [89]. Based on the standard
coordinate system, two geometrical principal planes can be defined: azimuth and

17
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Figures of Merit Description

Radiation Pattern
Radiation Pattern describes the radiation properties
graphically.

D(θ, φ) Directivity describes the directionality of an antenna.

G(θ, φ)
Gain of an antenna describes the losses and the di-
rectionality of an antenna.

etot
Total efficiency gives measure of reflection, conduc-
tion and dielectric losses.

erad
Radiation efficiency gives measure of conduction and
dielectric losses.

XP and XPD
Cross polarization and cross polar discrimination
gives information about the polarization imbalance
of an antenna

EIRP
Effective isotropic radiated power is the up-link per-
formance measure of an antenna.

EIS
Effective isotropic sensitivity is the down-link perfor-
mance measure of an antenna.

K
The Rician K−factor gives a measure of the strength
of direct component in a scattered environment.

χ
Cross polarization ratio gives polarization imbalance
of the channel in a scattered environment.

TRP
Total radiated power is the measure of up-link per-
formance of a mobile phone antenna.

TIS
Total isotropic sensitivity is the measure of down-link
performance of a mobile phone antenna.

MEG
Mean effective gain is a measure of both up-link and
down-link performance of an antenna including the
propagation channel.

MERP
Mean effective radiated power is derived from MEG
to compare with TRP.

MERS
Mean effective radiated sensitivity is derived from
MEG to compare with TIS.

TRPG
Total radiated power gain is a measurement method
specific figure of merit derived from TRP.

SFMG
Scattered field measurement gain is a measurement
method specific figure of merit derived from MEG.

BL

Body loss is a measurement method specific figure
of merit and gives a measure of impact of presence
of human body on the mobile phone antenna perfor-
mance.

Table 3.1: Figures of merit.
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elevation. The azimuth plane is defined as the plane in which the radiation pattern
varies as a function of φ when θ = π/2; the elevation plane is defined as the plane
in which the radiation pattern varies as function of θ, when φ is constant.

 

Figure 3.1: Standard coordinate system for radiation pattern measurements.

Typically, a two dimensional (2D) radiation pattern, as shown in Fig. 3.2, shows
the variation of amplitude/power as a function of either θ or φ, whereas a three
dimensional (3D) radiation pattern, as shown in Fig. 3.3, shows the variation of
amplitude/power as a function of both θ and φ at a given frequency.

In practice, it is difficult to accurately measure the entire 3D far-field pattern
of an antenna at one time. To obtain the 3D pattern of an antenna, a series of 2D
patterns are measured and integrated. At least two orthogonal principal patterns
are needed to obtain a 3D pattern.

For a linearly polarized antenna, the performance is often described in terms
of its principal ~E- and ~H-plane patterns. The ~E-plane of an antenna is defined
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Figure 3.2: Simulated 2D radiation pattern of a conical horn antenna at 5 GHz.

as [87] “the plane containing the electric-field ~E and the direction of maximum
radiation,” and the ~H-plane is defined as its magnetic counterpart containing the
magnetic-field ~H . Generally, the principal ~E and ~H plane patterns are described
by orienting the antennas in such a way that at least one of the patterns coincides
with one of the geometrical (θ or φ) principal patterns.

The different radiation patterns can be defined as in [87] as follows:

Isotropic radiation pattern: An isotropic radiation pattern is obtained from
a hypothetical lossless antenna having equal radiation in all directions. Isotropic
patterns are not physically realizable.

Directional radiation pattern: A directional radiation pattern is obtained
from a directional antenna by radiating or receiving electromagnetic waves more
effectively in some directions than in others.

Omni-directional radiation pattern: An omnidirectional radiation pattern is
defined as the pattern having a nondirectional radiation pattern in a given plane
and a directional pattern in any orthogonal plane.
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Figure 3.3: Simulated 3D radiation pattern of a half-wave dipole antenna at 900
MHz.

Directivity

The directivity D(θ, φ) of an antenna is a measure that describes how well the
antenna directs the radiated energy. The directivity of an antenna depends on the
shape of the radiation pattern. According to [87], the directivity of an antenna
is defined as: “the ratio of the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all directions”.

The directivity of a practical antenna is always greater than unity and can be
computed using the radiation pattern measurements. Mathematically, directivity
can be measured by using the following equation [87]:

D(θ, φ) =
4πU(θ, φ)

TRP
(3.1)

where U(θ, φ) is the radiation intensity, TRP =
∮
U (φ, θ) dΩ is the total radi-

ated power (obtained by integrating the radiation intensity over the entire space)
and Ω = sin θdθdφ is the solid angle. Usually, directivity refers to the maximum
directivity and it is dimensionless. Generally, it is denoted in dB.

Gain

The gain G(θ, φ) of an antenna takes into consideration both the losses in the
antenna and its directionality. It can be defined as [87]: “the ratio of the intensity,
in a given direction, to the radiation intensity that would be obtained if the power
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accepted by the antenna were radiated isotropically.” Mathematically, gain can be
computed as follows [87]:

G(θ, φ) =
4πU(θ, φ)
Paccepted

(3.2)

where Paccepted is the net accepted power by the antenna. Usually, the gain refers
to the maximum gain. Depending on the type of reference antenna used (e.g., an
isotropic or dipole antenna), the gain is measured in dBi or dBd, respectively. The
gain of an ideal isotropic antenna is 0 dBi or -2.15 dBd.

Efficiency

Antenna efficiency takes into consideration all of the power lost before radiation.
The losses are due to mismatch at the input terminals (reflection losses), conduc-
tion losses and dielectric losses. The antenna efficiency may be defined as [87]:
“the product of the radiation efficiency, that includes losses arising from impedance
mismatches at the input terminal of the antenna”. It can be written as [87]:

etot = ereced (3.3)

where etot is the total antenna efficiency, er is the reflection efficiency, ec is the
conduction efficiency and ed is the dielectric efficiency. The radiation efficiency of
an antenna accounts for conductive and dielectric losses in the antenna and is given
by [87]

erad = eced (3.4)

Alternatively, the radiation efficiency is given by the ratio of the total radiated
power (TRP) to the net accepted power by the antenna (Paccepted):

erad =
TRP

Paccepted
(3.5)

Polarization

The polarization defines [88] the plane of oscillation of the tip of the electrical field
vector of an electromagnetic wave. Polarization of the transmitted wave is defined as
[87]: “that property of an electromagnetic wave describing the time varying direction
and relative magnitude of the electric field vector; specifically, the figure traced as a
function of time by the extremity of the vector at a fixed location in space, and the
sense in which it is traced, as observed along the direction of propagation.”

The polarization of an antenna in any given direction is defined as the polar-
ization of the wave radiated by the antenna. The polarization of an antenna is
characterized by its axial ratio (AR), sense of rotation and the tilt angle τ . The
different types of polarizations are: linear, circular and elliptical. The polarization
of an antenna depends on the shape of the curve. These polarizations are illustrated
in Fig. 3.4.
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Figure 3.4: Different types of polarization.

Linear polarization (vertical or horizontal) and circular polarizations (left- or
right hand polarization) are special cases of elliptical polarization. Right hand
polarization is achieved by clockwise rotation of the electric field vector whereas
left hand polarization by counterclockwise rotation of the electric field vector.

Cross polarization and cross polar discrimination

The cross polarization XP is defined as the orthogonal polarization relative to a ref-
erence (co-polar) polarization [89]. For instance, the left hand circular polarization
is the cross polarization for the right hand circular polarization and horizontal po-
larization is the cross-polarization for the co-polar vertical polarization. According
to [88], the cross polarization can be defined in three ways for linear polarization:

1. In a rectangular coordinate system, if one unit vector is considered as the
direction of the reference polarization, then the direction of another unit
vector corresponds to the cross polarization and is graphically shown in Fig.
3.5 as definition 1;

2. In a spherical coordinate system if a unit vector, tangential to the spherical
surface, is considered as reference polarization, then the direction of another
unit vector, tangential to the spherical surface, corresponds to the cross po-
larization and is graphically shown in Fig. 3.5 as definition 2; and
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Figure 3.5: Ludwig’s definition of polarization [88]. Top: Definition of reference
polarization, Bottom: Definition of the cross polarization.

3. In the third definition, the reference and cross polarizations are defined based
on measured radiation pattern of the antenna and are defined in detail in [88].
It is graphically shown in Fig. 3.5 as definition 3.

The cross-polarization of an antenna is defined as [89] the peak level of the
cross-polar radiation pattern relative to the peak level of the co-polar radiation
pattern of an antenna. Cross-polarization can be written as follows:

XP [dB] = Cxpol (θ, φ)max − Ccopol (θ, φ)max (3.6)

where Cxpol (θ, φ)max is the peak value of cross-polar radiation pattern and
Ccopol (θ, φ)max is the peak value of co-polar radiation pattern of an antenna.

The XPD [89] is defined as the level difference between the cross-polar and co-
polar field components at an actual measurement point with angles θ and φ. XPD
can be written as follows:

XPD [dB] = Ccopol (θ, φ) − Cxpol (θ, φ) (3.7)

The XP and XPD from a 2D radiation pattern of an antenna are illustrated in Fig.
3.6. The XPD gives information about the polarization imbalance of an antenna.
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Figure 3.6: Illustration of definition of XP and XPD.

The XPD of an antenna can be visualized as the power axial ratio of a polariza-
tion ellipse. The XPD of isotropic and directive antennas are illustrated in Fig. 3.7.

Directive antenna (vertically polarized) (XPD ≠ 1 )         Isotropic antenna  (XPD=1) 
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Figure 3.7: Illustration of XPD of different antennas.

For an isotropic antenna, the XPD=1 or 0 dB, whereas for directive antennas
(vertically or horizontally polarized) the value of XPD is not unity.

Effective isotropic radiated power

The effective isotropic radiated power (EIRP) or the effective radiated power (ERP)
give an estimate of the up-link performance of the mobile phone antenna.

The EIRP of an antenna is the figure of merit for the net radiated power.
According to [6], EIRP is defined as “the gain of a transmitting antenna in a given
direction multiplied by the net power accepted by the antenna from the connected
feed line.” It can be represented as follows in logarithmic scale:
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EIRPdBm = Paccepted,dBm +GTx,dBi (3.8)

where Paccepted is the net accepted power by the antenna and GTx is the gain of
the transmitting antenna.

If the gain is specified with respect to the maximum directivity of a half-wave
dipole antenna, then the term effective radiated power (ERP) is used. ERP is
defined as follows [6]:

ERPdBm = Paccepted,dBm +GTx,dBd (3.9)

where Paccepted is the net accepted power by the antenna and GTx is the gain
of the transmitting antenna with respect to a half wave dipole antenna. ERP is
numerically 2.15 dB less than EIRP

Effective isotropic sensitivity

The effective isotropic sensitivity (EIS) or the effective radiated sensitivity (ERS)
gives an estimate of the performance of the mobile phone antenna in reception
mode. In other words, EIS and ERS measure the down-link performance of mobile
phone antenna.

According to [2] the effective isotropic sensitivity (EIS) is defined as follows:
“EISθ(θ, φ) = power available from an ideal isotropic, theta-polarized antenna gen-
erated by the theta-polarized plane wave incident from direction (θ, φ) which, when
incident on the antenna under test (AUT), yields the threshold of sensitivity per-
formance.”
“EISφ(θ, φ) = power available from an ideal isotropic, phi-polarized antenna gen-
erated by the phi-polarized plane wave incident from direction (θ, φ) which, when
incident on the AUT, yields the threshold of sensitivity performance.”
The EIS terms are generally defined with respect to a single-polarized, ideal isotropic
antenna, and expressed in Watts. The EIS can then be defined as [2]:

EISx(θ, φ) =
PS

Gx,AUT (θ, φ)
(3.10)

where PS is the sensitivity power of the AUT’s receiver and Gx,AUT (θ, φ) is the
isotropic relative gain (in polarization x) of the AUT in the direction of (θ, φ).

3.2 FOM describing the time variant radio channel

Besides the antenna, the radio propagation channel also plays an important role in
the overall performance of a wireless device. The fundamental physical processes
that determine the electromagnetic wave propagation are: propagation distance,
shadowing, reflection, diffraction and scattering. In cellular phone communications,
the radio channel is usually described by multipath propagation.



3.2. FOM DESCRIBING THE TIME VARIANT RADIO CHANNEL 27

The FOM that are used to characterize the received (stochastically varying)
signal are: the Rician K−factor and the cross polarization ratio (χ).

The fading radio propagation channel

In mobile communications, the radio channel is typically characterized as non-line-
sight (NLOS). This is typically caused by buildings and other objects that block
the direct path between the transmitter and the receiver. Such obstacles causing
reflections, diffraction and scattering of the radio waves. The signals finally arrive
at the receiver through different propagation paths; these different signal paths
have various path-lengths. The signal received by the moving receiver can hence be
considered as a sum of vectors representing a large number of received signal compo-
nents with different phases and amplitudes. As a result, deep fades are experienced
in the received signal. This phenomenon is referred to as fast fading and occurs for
a short time [54]. If no line of sight (LOS)/dominant signal component exists in the
received signal, the amplitude distribution of the instantaneous received signal en-
velope follows a Rayleigh distribution [7]. However, if a LOS/dominant component
exists in the received signal, then the amplitude distribution of the instantaneous
received signal envelope follows a Rician distribution [7] and the relative strength
of the LOS component is given by the Rician K−factor [8]. In Weibull distribu-
tion [114, 115], the parameter β decides the shape of the distribution. In other
words, depending on the value of β, the Weibull distribution is equivalent to either
a Rayleigh, Rician or exponential distribution.

When the receiver moves into the shadow of buildings or hills, then a slow
variation of the nominal signal power over time is observed, resulting in slow fading
[54]. Sometimes slow fading is also called shadow fading. For slow faded signals,
the local mean of the received signal follows a lognormal distribution [7].

Rician K−factor

A figure of merit called the Rician K−factor [8] can be used to characterize the fast
fading in the propagation channel. The Rician K−factor [8, 48, 120] is defined as
the ratio of the power in the dominant/direct signal to the power in the scattered
signal. It can be written as follows:

K =
| ~Ed|2
2σ2

(3.11)

where | ~Ed|2 is the direct power and 2σ2 is the scattered power.
If K = 0, then there exists no LOS component, and the received signal follows

a Rayleigh distribution. If K = ∞, then there exists only the LOS component, and
the received signal is not scattered. If ∞ > K > 0, then both the LOS and the
NLOS components are present.
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Cross polarization ratio

The cross polarization ratio of a radio channel is defined as the mean incident
power ratio of the total power available in the vertical polarization relative to the
total power available in the horizontal polarization [12]. The quantity χ can be
represented as follows [12]:

χ =
PV
PH

(3.12)

where PV and PH are the average powers of the vertically and horizontally polarized
wave, respectively.

The χ of the channel gives information about the polarization imbalance of the
channel in a scattered environment. The χ of the channel can be visualized as
the power axial ratio of a polarization ellipse. The χ for isotropic and scattered
environments is shown in Fig. 3.8.

P VP H P V P H
S c a t t e r e d E n v i r o n m e n t( v e r t i c a l l y p o l a r i z e d ) ( χ ≠ 1 ) I s o t r o p i c E n v i r o n m e n t ( χ = 1 )

Figure 3.8: Illustration of cross polarization ratio (χ).

In non-scattering environments, the χ is 0 dB, whereas in scattering environ-
ments (indoor, urban or sub-urban), the χ is typically between 3 dB to 10 dB
[27].
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3.3 FOM for performance estimation of mobile phone

antennas

In wireless systems, the antennas are a part of the operating devices. Hence, the
radiation properties and the performance of the antenna are greatly affected by the
user’s head, hand, body or by any object in the vicinity of the wireless device [5]. As
a result, the polarization and the spatial distribution properties of the transmitted
or received electromagnetic signals suffer from various fading mechanisms [5]. These
fading mechanisms result in the deterioration of the signal quality and thus less
satisfaction among the users. Hence, there is a need to define a figure of merit
that provides a comprehensive measure of the antenna performance by taking into
consideration all of the aspects that are mentioned above.

The TRP [4, 5, 9, 6], TIS and total radiation efficiency provide the information
about the performance of the antenna but not the propagation channel. The χ
[12] and the Rician K−factor [48] give information about the propagation channel.
A comprehensive measure of the performance of both antenna and channel can be
obtained by measuring a figure of merit such as MEG [12]-[20]. The influence of the
surrounding environment or the user on the mobile phone antenna performance can
be further investigated by comparing the measured TRP and MERP as a function
of χ of the channel using the TSFM method [55].

Total radiated power

The total radiated power (TRP) is a figure of merit that gives an estimate of the
performance of the mobile phone antenna in transmit mode. However, it does not
take into account the influence of the surroundings. In other words, TRP gives an
estimate of the performance of the mobile phone antenna in free-space.

The TRP is the sum of all power radiated by the antenna, regardless of direction
or polarization. The TRP is obtained by integrating the Poynting vector’s real
part over a closed surface completely enclosing the antenna, as shown in Fig. 3.9.
Mathematically, TRP can be written as the integral of the radiation intensity,
U (φ, θ), over the unit sphere and is represented as follows [87]:

TRP =
∮
U (θ, φ) dΩ (3.13)

where dΩ is the elementary solid angle at point (1, θ, φ) and hence, can be written
as dΩ = sin θdθdφ. Now (3.13) can be rewritten as follows:

TRP =
∫ 2π

0

∫ π

0

U (θ, φ) sin θdθdφ (3.14)

Generally, EIRP (θ, φ), as defined in (3.8), is used to define TRP rather than
U(θ, φ). Hence, EIRP (θ, φ) can be related to the U(θ, φ) as:

EIRP (θ, φ) = 4πU(θ, φ) (3.15)
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Figure 3.9: Illustration of TRP.

Now using (3.15) TRP can be written as follows [2]

TRP =
1

4π

∫ 2π

0

∫ π

0

[EIRPθ (θ, φ) + EIRPφ (θ, φ)]sin θdθdφ (3.16)

where EIRPφ and EIRPθ are the contributions from φ and θ directions.

Total isotropic sensitivity

Sensitivity is the figure of merit used to estimate the performance of a receiver,
and it does not depend on the transmitter. The sensitivity of the receiver is the
minimum power level at which the receiver can successfully detect a radio frequency
(RF) signal and demodulate it. The sensitivity is improved by lowering the min-
imum detectable power level at the receiver, thus, increasing the reception range
by detecting even the weaker signals. The sensitivity is measured by adjusting
the power level of the receiver until the specified bit-error rate (BER) is reached.
Then a sufficient number of bits are sampled such that the confidence interval in
digital error rate is 95% or better. The measured data points of the sensitivity
are integrated over a sphere to obtain the total isotropic sensitivity (TIS) and it
is illustrated in Fig. 3.10. TIS gives an estimate of the performance of the mobile
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phone antenna in the receiving mode. The expression of TIS can be written as [2]:

TIS =
4π∮

[ 1

EISθ(θ,φ)
+ 1

EISφ(θ,φ)
]sin θdθdφ

(3.17)

where EISφ and EISθ are the contributions from φ and θ directions and are obtained
using (3.10).

 

        Antenna 

PS 

Receiver 

Figure 3.10: Illustration of TIS.

Mean effective gain

In practice, the mobile phone is used in a scattering environment rather than free
space. Hence, it is necessary to define a figure of merit that evaluates the perfor-
mance of mobile phone antenna including the surrounding environment. In this
context, a figure of merit called the MEG is defined in [12].

The MEG is defined as the ratio of the average power received (Pr) at the mobile
antenna and the sum of the average power of the vertically (PV ) and horizontally
polarized (PH) waves received by isotropic antennas, and can be expressed as follows
[12]:

Ge =
Pr

PV + PH
(3.18)

where Ge is the mean effective gain.
Unlike TRP and TIS, MEG includes the effects of the multipath propagation

environment and the polarization mismatch losses between the transmitter and the
receiver antennas. The illustration of MEG in Fig. 3.11. shows a transmitting signal
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Figure 3.11: MEG illustration.

radiated from a base station antenna, passing through a multipath environment,
and finally being received at a mobile station antenna.

Equation (3.18) can be expanded, as described in [94], by substituting the fol-
lowing closed form expression of Pr:

Pr =
∫ 2π

φ=0

∫ π

θ=0

[P1Gθ(θ, φ)Pθ(θ, φ) + P2Gφ(θ, φ)Pφ(θ, φ)] sin θdθdφ (3.19)

where Gθ(θ, φ) and Gφ(θ, φ) are the respective components of the antenna gain
pattern, Pθ(θ, φ) and Pφ(θ, φ) are the θ and φ components of the power of incoming
plane waves respectively and P1 and P2 are the mean powers received by the θ and
φ polarized isotropic antennas respectively.

The MEG can then be written in terms of χ of the channel using (3.12), (3.18)
and (3.19):

Ge =
∫ 2π

φ=0

∫ π

θ=0

[
χ

1 + χ
Gθ (θ, φ)Pθ(θ, φ) +

1
1 + χ

Gφ(θ, φ)Pφ(θ, φ)] sin θdθdφ (3.20)

The MEG can also be written in terms of directivity of the antenna as follows:
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Ge = erad

∫ 2π

φ=0

∫ π

θ=0

[
χ

1 + χ
Dθ (θ, φ)Pθ(θ, φ) +

1
1 + χ

Dφ(θ, φ)Pφ(θ, φ)] sin θdθdφ

(3.21)
where Dθ(θ, φ) and Dφ(θ, φ) are the θ and φ are respective components of the
antenna directivity and erad is the radiation efficiency of the antenna.

In a multipath environment where both the line of sight (LOS) and the non-line
of sight (NLOS) components are present, the MEG can be related to the Rician
K−factor as follows [13]:

Ge =
1

1 + χ

[∫
(
χGθ (θ, φ)Pθ

1 +Kθ
+
Gφ (θ, φ)Pφ (θ, φ)

1 +Kφ
) sin θdθdφ

]

+
1

1 + χ



√
χKθGθ (θ0, φ0)

1 +Kθ
+

√
KφGφ (θ0, φ0)

1 +Kφ




2

= GNLOSe +GLOSe (3.22)

where Kθ and Kφ are the Rician K−factors of the vertical and horizontal polar-
izations, θ0 and φ0 are the directions of arrival of LOS component.

The theoretical analysis of MEG for Rayleigh fading channels is described in [12].
In [12], a discussion is presented about the novel statistical distribution model for
vertically and horizontally polarized incident waves that are Gaussian in elevation
and uniform in azimuth planes. Moreover, the theoretical model is experimentally
validated by performing measurements in urban areas of Tokyo at 900 MHz. The
results in [12] suggest that the MEG of a 55◦ vertically inclined half-wavelength
dipole antenna is -3 dBi regardless of the χ and the statistical distribution of the
incident waves.

The theoretical analysis of MEG for Rician channels presented in [15] suggests
that there is no such angle at which the MEG of a half wave dipole antenna is
independent of χ in a Rician channel.

Mean effective radiated power

It is convenient to include the EIRP, rather than just gain, when computing the
MEG of active mobile terminals. To do so, a figure of merit called mean effective
radiated power (MERP) is defined [18]. MERP is obtained by substituting the gain
with EIRP. The MERP (dB) can be represented as follows:

MERP = MEG + Paccepted (3.23)

where Paccepted is the net accepted power by the antenna.
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Mean effective radiated sensitivity

The MEG expression can be applied for the sensitivity measurements of active
mobile phones by modifying it as follows. The obtained figure of merit is called the
mean effective radiated sensitivity (MERS) [82].

MERS =

∮
[Pθ (θ, φ) + Pφ (θ, φ)] sin θdθdφ

∮ [ Pθ(θ,φ)

EISθ(θ,φ)
+ Pφ(θ,φ)

EISφ(θ,φ)

]
sin θdθdφ

(3.24)

3.4 Measurement method specific FOM

The FOM that are derived from TRP and MEG in order to compare the measure-
ment results from TSFM and standard anechoic chamber methods are as follows:

Total radiated power gain

TRPG [14] is defined as the total power radiated over all directions and polariza-
tions divided by the total power accepted by the antenna at the input port. This
definition of TRPG is identical to the classical definition of radiation efficiency [87]
and mathematically represented as follows:

TRPG =
TRP

Paccepted
=

∮
(Gθ(θ, φ) +Gφ (θ, φ))

4π
dΩ (3.25)

where TRPG is the total radiated power gain, TRP (see Section 3.3) is the total
radiated power in all directions into space, Paccepted is the net accepted power
at the antenna ports, Gθ and Gφ are the antenna gains in θ and φ polarizations
respectively.

Practically, TRPG can be computed by substituting the total accepted power,
Paccepted, as 33 dBm at 900 MHz and 30 dBm at 1800 MHz for power class (level
5). Equation (3.25) can be rewritten in [dB] as follows:

1) At 900 MHz

TRPG[dB] = TRP[dBm] − 33[dBm] (3.26)

2) At 1800 MHz

TRPG[dB] = TRP[dBm] − 30[dBm] (3.27)

TRPG is a measure of the performance of the mobile phone antenna including
the effects of the human body. However, TRPG does not include the effects of the
wireless propagation channel, which is obvious from the fact that the expression of
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TRPG is only a function of the gain pattern of the antenna, which in turn includes
the effects due to the presence of a human body. The main difference between the
TRPG and the radiation efficiency is that the TRPG includes the losses due to the
presence of human body in the vicinity of a mobile phone, whereas the radiation
efficiency does not include losses due to a human body. In practice, the difference
between the TRPG and the radiation efficiency can be observed by testing a mobile
phone antenna in talk position beside a head phantom [93].

Scattered field measurement gain

With the TSFM method, MEG can be estimated. However, the set-up is fairly
primitive and hard to keep stable over time. Therefore, in order to be able to
compare the results achieved with different settings at different times, a relative
figure of merit called the scattered field measurement gain (SFMG) is used. The
SFMG is the ratio of the MEG of the AUT and the MEG of the reference half
wavelength dipole antenna [18, 19]. Equation (3.28) shows the relationship between
the SFMG and χ.

SFMG =
MEGAUT

MEGhalf−wavedipole

=

∮
(χGθ (θ, φ)Pθ (θ, φ) +Gφ (θ, φ)Pφ(θ, φ)) dΩ

∮ (
χGrefθ (θ, φ)Pθ (θ, φ) +Grefφ (θ, φ)Pφ(θ, φ)

)
dΩ

(3.28)

Practically, SFMG is obtained by the ratio of the radiated (received) power of AUT
over all directions and polarizations (PAUT ) to the power measured by means of a
reference half-wavelength dipole (Phalf−wavedipole) and is represented as follows:

SFMG =
PAUT

Phalf−wavedipole
(3.29)

Body loss

In TSFM method, the BL is obtained by computing the difference between the
SFMG measured in the presence of phantom (SFMGphantom) and the SFMG mea-
sured in free-space (SFMGfreespace). Mathematically, it can be represented as
follows:

BL(dB) = SFMGfreespace − SFMGphantom (3.30)

Similarly, BL can also be computed from TRPG.
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3.5 Comparison of the figures of merit for estimation of

mobile phone antenna performance

When evaluating the communication performance of a mobile phone, the most im-
portant parameter is the received signal power. The received signal power depends
directly on the transmitted power, on the direction of arrival or polarization at the
transmitter and the receiver antenna’s radiation pattern.

To achieve a good estimate of the in-network performance of the mobile phone
antenna, a figure of merit must take into consideration the characteristics of the
antenna as well as the propagation channel. As described in earlier sections, the
TRP is only a useful figure of merit for performance estimation in free space because
it considers the antenna characteristics but not the channel. In other words, the
TRP is independent of the statistical properties of the channel. The TRP can be
used to accurately estimate the in-network performance of mobile phone antennas
if it is modified to include the propagation channel characteristics.

In scattered/multipath environments, a figure of merit like MEG/MERP can
give accurate estimates of the performance of the mobile phone antenna. This
is because MEG/MERP account for the fading environment, polarization losses,
directional losses and losses due to the presence of human body, hand and so on.
In other words, MEG/MERP takes into consideration both antenna and channel
characteristics. Moreover, it is shown in [14] that if the vertical and horizontal
polarizations are correlated with correlation coefficient equal to one, then TRP and
MEG/MERP are correlated with each other. The MEG/MERP may become the
best figure of merit to estimate the performance of mobile phone antennas if a
simple, time-efficient measurement method is developed for them.
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Chapter 4

Reference Methods

4.1 Introduction

Both CTIA and 3GPP have specified the spherical scanning measurement tech-
nique, based on great circle cut method, as a standard reference test method. It is
also possible to implement such method in anechoic chambers and compute stan-
dard FOM such as TRP/TIS by measuring 3D radiation patterns. In 1998, the Star
Gate (SG) measurement system was developed by Satimo to perform measurements
according to 3GPP and CTIA specified test procedures.

Principle of far-field measurements

The antenna FOM can be measured either in far-field or near-field antenna ranges.
The far-field ranges can be either indoors or outdoors depending upon the applica-
tions and requirements. Generally, the factors that are considered for a selection of
measurement ranges are weather, budget, security issues, test frequency, aperture
size of the AUT, radiation pattern, gain and measurement accuracy requirements.

In principle, far-field measurements need to be conducted in free space. How-
ever, indoor anechoic chambers have been developed as an alternative to outdoor
testing in order to provide an all-weather capability, as well as a secured and con-
trolled free space environment. With this method, the testing is performed inside
a chamber having walls that are covered with radio frequency absorbers [28, 30].
The most crucial issue in the design of anechoic chambers is to minimize the spec-
ular reflections from the walls, the floor and the ceiling [29, 31, 32]. Typically, the
specular reflection needs to be suppressed is below 40 dB.

At far-field measurement range, the separation distance between the transmit-
ting and the receiving antennas must satisfy the far-field criterion (see (2.12)), i.e.,
r > 2D2/λ, where r is the distance between antennas, D is the largest dimension
of the AUT and λ is the operating wavelength of the antenna. At the far-field
distance, the AUT is illuminated by the source antenna such that a planar phase
front is created over the electrical aperture of the AUT. The far-field criterion limits
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Figure 4.1: Geometrical representation of far-field criterion.

the phase taper to π/8 radians when measured from the center to the edge of the
AUT as shown in Fig. 4.1. During measurements, the AUT is rotated to measure
the ~E and ~H plane antenna patterns.

4.2 Spherical scanning measurement techniques

In a spherical scanning measurement system, the electric field is sampled on a
spherical surface around the rotating AUT. Spherical measurements are attractive
for mobile phone testing due to the fact that they are accurate, cost efficient,
easy to construct and give the flexibility of measuring both high and low gain
antennas. If an AUT is measured in the presence of a phantom (human head
or body) [93] it is then sufficient to rotate it with the phantom in the azimuth
plane only. The scanning in the elevation plane is achieved by moving an array
of probes. The movement of the probe can be realized by using single gantry arm
positioner as described in [98, 92]. This principle is applied, e.g., in the 3D far-field
measurement system used at Aalborg University [104] and the Rapid Antenna-
Measurement System (RAMS) at Aalto University [105].
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Rizzo and Farina [106] suggested a measurement system that makes use of a
probe that moves on a fixed semicircular arch from zenith to about 80 degrees
below the horizontal plane of the AUT. The principle of this system is discussed
in [92]. There are also spherical scanning systems, such as the Socrates NF facility
presented in [96, 97], that do not employ a moving probe. Instead, these systems
make use of arrays of modulated scattering probes and the scanning is achieved by
using RF switches. At lower frequencies, 100 MHz to 1 GHz, the measurements
are performed using a moving broadband dual-polarized probe. However, at higher
frequencies, above 1 GHz to 6 GHz, a probe array is used. In [108], the probe array
is extended to a circle, and this modification allows the real time measurement of an
almost full single elevation cut of the radiation pattern. In 1997, a system based on
multi-probe scanning was developed at the University of Stuttgart and discussed in
[110]. The commercial system, StarGate [59] produced by Satimo, was introduced
to the market in 1998 [60].

The advantages of using a multi-probe system are the significant reduction in
measurement time and enhanced measurement accuracy. However, the multi-probe
system also suffers from drawbacks such as the requirement to calibrate the RF
switches, connectors and cables and the mutual coupling between the probes in
probe array.

The spherical scanning systems can be primarily classified as either a single-axis
polar pattern measurement method or a two-axis polar pattern measurement method.
Further, both these methods can be subclassified into conical-section method and
great-circle method. These methods are also specified by both 3GPP and CTIA as
standard reference methods for testing mobile phones.

Single-axis polar pattern measurement method

The basic and most popular far-field pattern measurement method is the single axis
polar pattern measurement method [2]. In this method, an AUT is placed on a ro-
tating positioner and is rotated in the azimuth plane to generate a two-dimensional
polar pattern. This method involves the measurement of the two principal axes to
determine parameters such as the antenna beam width in both ~E and ~H planes.

A typical measurement set up of this method is shown in Fig. 4.2. The AUT is
placed on a rotating turntable, and a dual polarized measurement antenna (MA)
is placed on the same level as the AUT at a far-field distance. The measurement
of the polar pattern is performed by rotating the turntable 360◦ about the azimuth
and recording the output power between the AUT and MA as a function of angle.
Such a measurement set-up is generally implemented in a full anechoic (free space)
environment. The use of a dual-polarized MA requires that the test set-up either
use two receivers or a single receiver that can automatically switch the polarization.

To obtain a complete spherical pattern, it is necessary to rotate the AUT around
two axes. The second axis of rotation must be perpendicular to, and intersect with,
the first. Generally, one axis (φ) is rotated through 360◦ and the other (θ) is rotated
through 180◦ to obtain the complete spherical pattern.
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Figure 4.2: Illustration of a single axis polar pattern measurement setup.

Single-axis conical-cut method

The conical section method makes use of an elevated turntable to support the AUT
and rotates the MA around the fixed AUT on an axis perpendicular to the vertical
rotational axis of the turn table as shown in Fig. 4.3. This method is easy to explain
using the spherical coordinate system and hence it is often used for spherical pattern
measurements. In this method, the azimuth rotation is achieved by rotating the
turntable, whereas the elevation rotation is achieved by lowering or raising the MA
in a semicircular arc around the AUT [2].

As shown in Fig. 4.3, the complete spherical pattern is obtained by moving the
MA across the top half of the semi-circular arc around the AUT (the bottom half
is duplicated). The movement of the MA across the AUT in a semi circular fashion
results in circles of varying diameter; hence, they are referred to as the conical
sections/cuts. The largest circle (conical section) is obtained at a point where the
height of the MA is same as that of the AUT, and this circle (conical section) gives
a more exact polar pattern of the AUT compared to other circles. Generally, eleven
conical cuts are required to capture data every 15◦ from the AUT. The top (0◦)
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Figure 4.3: Illustration of the conical section method using single-axis positioner.

and bottom (180◦) are considered unnecessary to measure.

Though it is simple to use the conical section method, there are some draw-
backs. The main drawback is the presence of large pivot arm (semicircular arc)
to support the MA. If this method is implemented in an anechoic chamber, the
chamber must be large (and therefore costly). Apart from this, the presence of the
turntable hinders the complete 360◦ rotation of the MA across the AUT. Hence, an
approximation needs to be performed to obtain a complete spherical pattern, and
this approximation significantly affects the accuracy of the pattern measurement.

Single-axis great-circle cut method

In the great circle cut method, the MA is fixed, and the AUT is rotated on the
turntable. The different great circles are obtained by repositioning the AUT on
the turntable and thereafter rotating it. All of the circular cuts obtained by this
method have the same (greatest) diameter. In this method, the turntable acts as
an elevation positioner because it changes the MA position longitudinally, whereas
the horizontal rotation axis of the AUT gives the required azimuth positioning.
The configuration of this method is shown in Fig. 4.4, and the great circles are
illustrated in Fig. 4.5. [2].

The great circle method is a low cost method compared to the conical section
method, if the AUT is rotated manually. It is also easy to perform. Another
main advantage of this method is the absence of the large arc supporting structure
required by, the conical cut method.
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Figure 4.4: Arrangement of the great circle test set-up on a single-axis positioner.

Two-axis polar pattern measurement method

The great-circle method [2] can also be modified by automating the rotation of the
AUT in both elevation and azimuth to obtain polar patterns. The basic arrange-
ment of the test set-up is shown in Fig. 4.6.

Using a two-axis positioner, the great-circle method can be achieved by rotating
the horizontal axis of the AUT in steps, and also by rotating the turn table 360◦

for each step of the AUT. Similarly, the conical-section method can be achieved by
rotating the horizontal axis of AUT by 360◦ for each step rotation of the turntable.
The great-circle and conical-section method are illustrated in Fig. 4.7.

The two-axis positioner systems cannot accurately measure the radiation pat-
tern due to the presence of the support structure for the MA and the AUT. This
effect can be minimized by positioning the support structure to be in a null or
back-lobe of the AUT or the MA.
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Figure 4.5: Illustration of the great circle method using a single-axis positioner.

4.3 The Satimo StarGate measurement system

The Satimo SG [59] measurement system is a CTIA approved method [83] based
on the great circle measurement principle. It is shown in Fig. 4.8. It is a real
time spherical multi-probe system that is built up in an anechoic chamber with an
array of antenna probes encircling a rotation table around an AUT. The concept
of the system is based on a technique that identifies the signal from each probe in
an array by perturbing the electromagnetic properties of the probe [108, 109].

The perturbation results in a modulated frequency component, in the output
signal, which is directly related to the amplitude and phase of the incident field at
the location of the probe. By modulating each probe, sequentially, the measure-
ments are performed in “real time”.

SG 64 and SG 24 consist of 64 and 24 dual polarized measurement probes, re-
spectively, and allow for rapid and accurate 3D radiation pattern measurements.
The ability of the SG 64/24 to measure large devices makes it possible to mea-
sure large antennas and helps in evaluating the interaction between antennas and
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Figure 4.6: Measurement set-up for two-axis polar pattern method.

Figure 4.7: Illustration of (a) great-circle method and (b) conical-section method
using two-axis positioners.
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Figure 4.8: Anechoic chamber of the Satimo StarGate 64 measurement system [59].

scattering objects.

Probe array

The probe array is a circular arch and is illustrated in Fig. 4.9. The key elements
of the probe array are the 64 or 24 dual polarized measurement probes. These
probes contain a pair of printed antennas that have been designed to perform well
from 800 MHz to 3.2 GHz, but that will also operate with only small performance
reductions in the extended band from 400 MHz to 6 GHz. The signals from each
one of the probes are collected via a passive power-combining network. The 64/24
probes and the supporting electronics are mounted on a circular aluminium support
structure and covered by a conformal absorbing material, such that only the tips
of the probes protrude.
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Figure 4.9: Illustration of probe array in STARGATE measurement system.

The Figures of merit measured

The figure of merits that can be measured using this system are EIRP, EIS, TRP,
TIS and the radiation pattern.

In the SG systems, the TRP is computed using the following relationship [2]:

TRP ≈ ∆φ∆θ

4π

N−1∑

i=1

M−1∑

j=0

[EIRPθ(θi, φj) + EIRPφ(θi, φj)] sin (θi) (4.1)

where ∆φ = 2π/M and ∆θ = π/N are the angular steps in φ and θ respectively,
NM are the total number of samples measured used for TRP computation, EIRPφ
and EIRPθ are the contributions from φ and θ polarizations respectively. Equation
(4.1) shows that sample points (θi, φj) are recorded for i = 1 through N −1 and for
j = 0 through M − 1. Hence, no tests need to be performed at θ = 0 and 180◦ or
at φ = 360◦. In the SG systems, for transmit measurements with ∆φ = ∆θ = 15◦
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we get N = 12 and M = 24. To compute TRP, 11 θ cuts and 24 φ cuts needs to
be measured in each polarization; i.e., 264 measurements for one polarization and
528 for two polarizations must be taken.

4.4 Measurement set-up

In [57, 58, 64], the TRP measurements on different mobile phones were conducted
using both the SG 64 and SG 24. The measurements were performed at 900 MHz
and 1800 MHz.

Measurement instruments

The measurements were conducted using the following instrumentation:

• Radio communication tester

During measurements the communication tester Rohde&Schwarz CMU 200
was used to set up a call to the mobile phone.

• Probe array controller

The Probe Array Controller (PAC) is the control unit for the probe array.
Its appearance user interface is similar to a network analyzer. It displays the
amplitude and phase of the vector field measured, in real-time, at each one of
the probes. In the automatic measurement mode, the PAC is fully controlled
from the data acquisition and control PC.

• Data acquisition and processing PC

All functions of the antenna measurement system are controlled via a PC that
runs a software package called SatEnv.

• Active measurement test unit

The active measurement test unit (AMTU) is an interface box that contains
a series of switched amplifiers and filters. The AMTU can be set either in
transmit or receive mode, to measure on the up- or down-link, respectively.

• Specific anthropomorphic mannequin

The Specific Anthropomorphic Mannequin (SAM) [93] model - is a head shell
phantom, primarily intended to emulate the human head during measure-
ments of exposure from mobile phones, and it is also used for antenna pattern
testing and is depicted in Fig. 4.10. SAM is a standard head phantom and
can provide a measurement of the exposure of people of all origins and ages.
The ear region has been defined with reference points and planes to allow a
reproducible positioning of mobile phones. The SAM phantom head is filled
with a human tissue simulant liquid.
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Figure 4.10: SAM phantom [93].

Measurement procedure

The purpose for the measurements is to find the radiated power in all directions
for both polarizations. From the dual polarized spherical radiation patterns, the
TRP can be obtained by integrating the radiated power over the sphere. The
measurements are based on a communication tester (CMU 200), that controls the
phone. A measurement starts by initiating a call to the mobile phone using the
communication tester. The call is answered on the phone by an operator, then the
phone is fixed in the position for measurement and the software SatEnv starts to
measure the up- and down-link in each polarization [112].

In this measurement system, each transmit (Tx) test generates a spherical-scan
file. As listed in Table 4.1, the measurements are performed for 11 theta cuts, 24
phi cuts and 2 polarizations.

Based on samples measured every 15◦ of rotation for each cut a total of 528
measurements are thus recorded in each transmit test file and the TRP is computed
using (4.1).

To perform TRP measurements, the StarGate is set in active mode [59]. The
CMU200 is set to the frequency at which the measurements are to be carried out,
at either GSM 900 MHz, or GSM 1800 MHz, and then the AMTU is set in transmit
test mode.
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Theta Phi
Start 0◦ 15◦

Delta 15◦ 15◦

Cuts 11 24
Angles 0◦-165◦ 165◦-165◦

Table 4.1: Theta and phi variation in the measurement process.
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Figure 4.11: Active mode measurement set-up (STARACT).
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Once these settings are configured, the SatEnv software is activated and the
call is initiated from the CMU using the SatEnv software. The measurement data
are recorded on the PC with the SatEnv software. The transmit measurements are
performed to determine the TRP and the full three dimension (3D) pattern. The
measurement arrangement is shown in Fig. 4.11.

In a similar way, TIS measurements can be performed by switching the AMTU
to receiver (Rx) test mode and adjusting the SatEnv software settings accordingly.

Calibration:

Before the measurement of the AUT can be conducted, a calibration needs to be
performed by connecting a reference antenna and cable to the calibrated output of a
power source. The calibration requires two sets of probes for improved accuracy to
cover the cell phone operating bands, a set of standard gain antennas and a vector
network analyzer (VNA). Measuring the signal received through all cables in the
system and subtracting the cable loss will result in the measured EIRP. Computing
the difference between the measured EIRP and that expected EIRP gives calibrated
path loss. Both polarization paths must be calibrated [111].

4.5 Measurement results

SG-64 Measurement results

TRP results

The TRP measurements are performed with the SG64 on 13 commercially avail-
able mobile phones with distinct features listed in Table 4.2. These measurements
were performed by the author and Prasadh Ramachandran at AMC Centurion,
Åkersberga, Sweden during 2004-2005.

The measurements were performed at 1800 MHz and 900 MHz for 13 AUTs for
both left- and right-side talk positions (LTP and RTP), both free space and in the
presence of a head phantom without hand [93]. As shown in Fig. 4.12, the TRP
obtained at 900 MHz and 1800 MHz, in free space, is found to be significantly higher
than the TRP obtained with the phantom (in LTP and RTP). Furthermore, the
TRP obtained in the presence of phantom for the left- and right-side talk positions
are highly correlated with each other at both 1800 MHz and 900 MHz.

Body loss results

The body loss is obtained by computing the difference between the free space TRP
and the TRP with a phantom in LTP and RTP. Fig. 4.13 clearly indicates that the
difference between the free space TRP and the TRP measured with the phantom is
lower at 1800 MHz than at 900 MHz, which indicates that the body loss is greater
at the lower frequency, as expected [55, 56]. It is also found that body loss between
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Figure 4.12: TRP measurements (with phantom and free space) of 13 mobile phones
in SG64 (LTP-Cyan, RTP-Grey, free space-Black).
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AUT Antenna Frequency Phone Extra
type of operation type Features

AUT 1 Internal GSM 900/ Bar Video Recorder,
1800/1900MHz media player.

AUT 2 Internal GSM 900/ Bar Bluetooth,
1800/1900MHz Video recorder.

AUT 3 Internal GSM 900/ Bar
1800/1900MHz

AUT 4 Internal GSM 900/ Bar
1800MHz

AUT 5 Internal GSM 900/ Bar
1800/1900MHz

AUT 6 Internal GSM 900/ Bar
1800/1900MHz

AUT 7 Internal GSM 900/ Flip MP3 player,
1800/1900MHz USB port.

AUT 8 Internal GSM 900/ Sliding Music player,
1800MHz Video recorder.

AUT 9 External GSM 900/ Bar GPRS,Music
1800MHz player,etc.

AUT 10 External UMTS,GSM Flip USB port,
900/1800MHz Music, video player.

AUT 11 Internal UMTS,GSM Flip USB Port,Music,
900/1800MHz video player.

AUT 12 Internal UMTS,GSM Flip USB port,Music,
900/1800MHz video player.

AUT 13 Internal GSM 900/ Flip Video recorder,
1800/1900MHz Music player.

Table 4.2: Description of the mobile phones measured with the Satimo SG64.

LTP and RTP is more highly correlated at 900 MHz than at 1800 MHz. At 1800
MHz, the body loss measured in RTP is high compared to LTP.

SG24-Measurement results

TRP results

The TRP for 10 commercially available mobile phones were also measured with the
SG24. The measured mobile phones are listed in Table 4.3. These measurements
were performed by the author and H. Halim at Laird Technologies, Stockholm,
Sweden in 2008. The TRP was measured in free space. The results are tabulated
in Table 4.4 and illustrated in Fig. 4.14. The results for both 900 MHz and 1800
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Figure 4.13: Body loss of 13 handsets using TRP in both LTP and RTP (LTP-
Black, RTP-Cyan).
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AUT Antenna Frequency Phone Extra
type of operation type Features

AUT 1 Internal GSM 900/ Bar Video,
1800/1900MHz Audio, MP3 Player.

AUT 2 External GSM 900/ Flip Camera.
1800/1900MHz

AUT 3 Internal GSM 900/ Flip Camera,
1800/1900MHz MP3 player.

AUT 4 Internal GSM 900/ Flip MP3 player.
1800/1900MHz

AUT 5 Internal GSM 900/ Bar Digital Compass,
1800/1900MHz MP3 Player, Camera.

AUT 6 Internal GSM 900/ Bar
1800MHz

AUT 7 Internal GSM 900/ Bar Bluetooth,
1800/1900MHz Camera, IR.

AUT 8 Internal GSM 900/ Bar Camera,
1800MHz MP3, IR.

AUT 9 Internal GSM 900/ Bar Camera,
1800MHz IR.

AUT 10 Internal UMTS,GSM Bar Music and video player,
900/1800MHz Bluetooth, Camera, IR.

Table 4.3: Description of the mobile phones measured with the Satimo SG24.

AUT Antenna TRP(dBm)- TRP(dBm)-
type 900 MHz 1800 MHz

AUT 1 Internal 26.80 24.30
AUT 2 External 28.60 27.30
AUT 3 Internal 29.90 27.20
AUT 4 Internal 30.20 26.50
AUT 5 Internal 29.70 28.70
AUT 6 Internal 25.60 22.40
AUT 7 Internal 29.20 24.80
AUT 8 Internal 28.90 25.20
AUT 9 Internal 28.20 27.20
AUT 10 Internal 30.00 23.30

Table 4.4: TRP of 10 mobile phones measured with the Satimo SG24.
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MHz are plotted. In Chapter 5, the TRP measurement results obtained in SG24
are compared with the results from the EMSCAN Lab Express near-field scanner
measurements.

4.6 Discussion

As mentioned earlier, the SG64 or SG24 system is a 3GPP and CTIA approved
measurement system and hence, it is used as a reference method to evaluate the
performance of other methods. The up-link measurements were performed, using
the SG system, at GSM 900 MHz and GSM 1800 MHz. In the following chapters,
the SG measurement results are compared with the EMSCAN Lab Express scanner
(see Chapter 5) and the TSFM method (see Chapter 6).





Chapter 5

Planar Near Field Measurements

5.1 Introduction

Planar near-field measurements were initially studied in 1960 by Hollis and Clayton
at Scientific Atlanta [99]. They developed a 100- by 100-inch planar scanner, a phase
amplitude receiver and a Fourier integral computer. Using this device, amplitude
and phase were measured at a near-field distance from a Ku-band antenna. The
measured near-field data were transformed to the far-field and compared with the
measured far-field radiation patterns. The work was continued later at Georgia
Institute of Technology (GIT) [100], the National Bureau of Standards (NBS) [101]
and the Technical University of Denmark (TUD) [102].

The benefits of near-field measurement systems are: reduced size of the test
range, well controlled indoor environment and cost efficiency compared to far-field
test ranges. However, the near-field measurement systems also suffer from draw-
backs, such as requiring extensive calibration procedures and, complex softwares
for data processing and the need to measure phase information.

Principle of near-field measurements

Near-field measurements are performed in the radiating near-field region of the
antenna (see Fig. 2.1). They are performed by scanning a field probe over a
preselected geometrical surface, such as a plane, a cylinder or a sphere, in the near-
field of the AUT [98]. The spacing between the probe and the AUT is typically
three to five wavelengths to avoid sampling the reactive energy of the AUT [106].

The near-field measured data are generally obtained in terms of amplitude and
phase distributions. The measured data are then transformed to the far-field using
fast Fourier transforms (FFTs) [103]. This approach is referred as the near-field to
far-field transformation method. The FFTs become more and more complex from
planar to cylindrical surface and from cylindrical to spherical surface. The use of
suitable analytical Fourier transforms is determined by the AUT [107].

59
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The traditional near-field systems require the cable to feed the AUT [95]. This
feed cable is the primary source of error in near-field antenna measurement systems.
To minimize the problems due to feeding cables, an optical link is used in the 3D
spherical near-field range discussed in [96, 97].

In planar near-field systems, the AUT is kept stationary, and the measuring
probe is moved along a planar surface. This process is illustrated in Fig. 5.1.
These type of rectangular planar measurements are well known compared to polar
or bipolar planar measurements [103], and the processing of the measured data
is simple. Generally, these techniques are used to measure antennas with high
directivity and also for non-rotatable antennas. A planar near-field system performs
quick measurements compared to spherical or cylindrical near-field systems, because
the data processing is significantly less complex [103].

5.2 Practical aspects of planar near-field antenna

measurements

The near-field data obtained via planar near-field measurements need to be trans-
formed into far-field data. This transformations must done in an efficient manner.
The main errors that contribute to the inefficient transformation of near-field to far-
field data are sampling or interpolation errors, truncation errors, spectral leakage
errors and finite scan area errors [103].

Sampling theory

If f(x, y) is band limited in the xy plane (x-and y-axes) to wave number (k) plane
(kx0 and ky0), then a sample spacing of ∆x = π/kx0 and ∆y = π/ky0 will be
sufficient to allow the entire function to be reconstructed, which can be shown
using sampling theory techniques [103]. In other words, if the Fourier spectrum of
f(x, y) is F (kx, ky, z = 0) = 0 when |kx| ≥ kx0 and |ky| ≥ ky0 then it results in
finite limits of integration. Hence, the continuous field can be reconstructed from
the samples as follows [103]:

~E(x, y, z = 0) =
1

4π2

∫ ky0

−ky0

∫ kx0

−kx0

F (kx, ky, z = 0)e−j(kxx+kyy)dkxdky (5.1)

where kx0 = 2π/λ = ky0.
Hence, the sample spacing required to reconstruct the continuous field can be

written as [103]:

∆x =
π

2π/λ
=
λ

2
= ∆y (5.2)

where λ is the wavelength.
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The conventional sampling criterion is sufficient to reconstruct the continuous
field for the planar near-field measurements, taken over a non-tangential planar
surfaces, if the maximum critical angle (see Fig. 5.1) is θ1max = ±90◦. If the
maximum critical angle is less than ±90◦ then the following expression needs to be
used to obtain the sample spacing [103]:

∆x = ∆y =
λ

2 sin θ1max
(5.3)

In one dimension, the ideal band-limited interpolation procedure required to re-
construct the continuous function from the samples taken at a set of grid points is
written as follows:

f(x) =
∞∑

n=−∞
f(xn)sinc(π(

xn
∆x

− n)) (5.4)

where xn are the sampling points. The above interpolation scheme can be extended
to the two-dimensional case as follows [103]:

f(x, y) =
∞∑

n=−∞

∞∑

m=−∞
f(xn, ym)sinc(π(

xn
∆x

− n))sinc(π(
ym
∆y

−m)) (5.5)

Scan size determination

The size L of the measurement plane can be determined from the maximum di-
mension D of the AUT, the separation between the AUT and the probe Z, probe
diameter P and the critical angle θ1. The diameter P of planar near-field probe can
be neglected if it is small compared to other dimensions. The size of the scan plane
can be written as follows [103]:

L = D + P + 2Z tan θ1 (5.6)

If L, D and Z are known then by neglecting the probe diameter P, the maximum
critical angle can be computed as follows [103]:

θ1max = arctan
(
L−D

2Z

)
(5.7)

As shown in (5.3), the maximum critical angle can be used to obtain the required
sample spacing for successful reconstruction of the field pattern. From (5.6), it can
be seen that for a critical angle of ±90◦, the size of the scan plane will be infinite.
The finite scan area leads to truncation errors in the planar near-field measurements
[103]. The patterns obtained from truncated near-field measurements are reliable
only within the critical angular region defined by the contours of the AUT and the
scan plane.
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Figure 5.1: Illustration of scan size determination in near-field measurements.

5.3 The EMSCAN Lab Express

The Lab Express near-field scanner is a multi-channel planar near-field microwave
scanning system (see Fig. 5.2). This system is used to measure the up-link and
down-link radio performance of the mobile phones in terms of TRP and TIS, re-
spectively. The Lab Express system measures the electric and magnetic near-field
amplitude and phase distributions for each polarization.

The Lab express device consists of 384 half loop antennas arranged in a two
dimensional lattice as shown in Fig. 5.3a. These antennas can act as either trans-
mitting or receiving antennas. This array of antenna elements are switched and
embedded in a dielectric, thus forming an array surface.

As shown in Fig. 5.3b, the scan surface (which the AUT placed) must be parallel
to the array surface, and should be separated by a distance of about less than one
half wavelength of the measured frequency to accurately sample the near-field [113].

To obtain estimates of the far-field, the post processing of the measured near
field data needs to be carried out as in Fig. 5.4. The estimated far-field is then
used to determine FOM, such as the EIRP and radiation pattern. However, the
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Figure 5.2: Lab Express near field scanner [63].

 
 

                                                         (a)                                                                                     
 

 
 

                                                           (b)  

Figure 5.3: (a) 24 element array, (b) architecture of scanner [113].
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processing generally includes the mutual coupling effects and the AUT proximity
effects; both effects can severely reduce the accuracy of the result.
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Figure 5.4: Processing chain [113].

Measured figures of merit

The Lab Express measures the near-field of the mobile phone antenna and the
measured near-field data is used to compute the far-field FOM such as EIRP, far-
field radiation patterns and TRP. Lab Express also provides information about the
down-link performance of the AUT in terms of FOM such as TIS.

In Lab Express, the FOM can be computed as follows [113]:

Radiated power

In Lab Express, the radiated power (Prad) is obtained by integrating power density
over the hemisphere. The value of the Prad can be found as follows [113]:

Prad =
∫ 2π

0

∫ 0.5π

0

U (θ, φ) sin θdθdφ (5.8)
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where U (φ, θ) is the radiation intensity, dθ = 1.8◦ and dφ = 3.6◦. Now, using the
above computed Prad, the EIRP is computed as follows [113]:

EIRP = PradD(θ, φ) (5.9)

where D(θ, φ) is the directivity of AUT. Thus, the TRP can be computed from
EIRP using (3.16).

5.4 Measurement set-up

The Lab Express performance was evaluated by carrying out TRP measurements of
10 commercial mobile phones both at 900 MHz and 1800 MHz. The measurements
were performed by the author and H. Halim at Sony Ericsson Mobile Communica-
tions (SEMC), Lund, Sweden in 2008.

Measurement instruments

The measurement instruments required to perform active measurements of mobile
phones using the Lab Express scanner are as follows:

Base station simulator (BSS): A base station emulator (BSS), CMU 200 from
Rohde & Schwarz, is used to communicate with the mobile phone by setting up a
call.

Reference antenna: A monopole antenna is used as reference antenna signal
source and is connected to the base station simulator (BSS).

Personal computer: The Lab Express client software requires a personal com-
puter (PC) with Windows (2000, NT, XP, Vista and Windows 7) operating system
and atleast one USB 2.1 port. The PC displays the results by recording and pro-
cessing the measurement data.

Measurement procedure

The TRP measurements are performed by arranging instruments as in Fig. 5.5.
The measurement of the phone (the AUT) is initiated by powering on the AUT and
placing it at the center of the near-field scanner. The base station simulator (BSS)
is then adjusted to communicate with the AUT at a constant frequency. Moreover,
the BSS is also adjusted to use amplitude or phase modulation, but not frequency
modulation unless the peak frequency deviation is less than ±1.4 MHz [113].

The TRP measurements are performed by the following procedure (see Fig.
5.5):

1. Connecting the monopole antenna to the BSS.



66 CHAPTER 5. PLANAR NEAR FIELD MEASUREMENTS

2. Stabilizing the monopole antenna in free space far from moving person and
then adjusting the frequency of the BSS according to the frequency range of
the AUT.

3. Setting up a call after the phone is positioned with face up on the scanner as
in Fig. 5.5.

4. Answering the call and recording the data on a PC with processing software
and thus, display the results (TRP, radiation patterns, etc.,).

 

Figure 5.5: Lab Express measurement set up [63].

5.5 Measurement results

In our investigation [64], 10 commercially available dual-band GSM 900 and GSM
1800 MHz phones were studied (listed in Table 4.3.). One was a flip type phone
with an external antenna marked as AUT 2, and two were internal antenna flip
type phones marked as AUT 3 and AUT 4; all of the other phones were bar type
phones with internal antennas.

The TRP of all these 10 commercially available mobile phones was measured at
both GSM900 and GSM1800 bands. The results are shown in Fig. 5.6.

Our results show that there is a difference of more than 3 dB among the mea-
sured mobile phones for 900 MHz and 1800 MHz except for AUT 2. In AUT 2,
it is observed that the same TRP is measured both at 900 MHz and 1800 MHz.
This result may be due to the fact that AUT 2 is a flip phone, and the result may
demonstrate that EMSCAN cannot accurately measure the TRP of flip phones
with external antenna. In AUT 6, the TRP value is 17.03 dBm, which is lower
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Figure 5.6: TRP measurements of 10 mobile phones using EMSCAN.

than expected. The result may be due to the fact that the mobile phone unit was
old and had been used extensively.

Radiated power vs. mobile phone position

The radiated power Prad from AUT 7 was measured for 8 different positions on
the scanner, both with its key board facing up and down (Fig. 5.7). The different
positions were generated by rotating the mobile phone in steps of 45 degrees. The
measurement was carried out at GSM1800 MHz and channel 512,Tx 1710.2 MHz,
Rx 1805.2 MHz. The results are shown in Fig. 5.8.

 
                                                                                  Face up          Face down 

Figure 5.7: AUT 7 measured at an angle of 45◦.
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Figure 5.8: Measured radiated power Prad at 1800 MHz for different angular posi-
tions of AUT 7.

The results presented in Fig. 5.8 revealed no significant difference in the mea-
sured radiated power between face-up and face-down position. However, there was
a variation of around 8 dB in the measured Prad for the different angular positions.

TRP vs. Position of mobile phone

The TRP of the mobile phones were also measured at 8 different angular positions
to test the dependency of the measured TRP on the positioning of the mobile phone
on the near-field scanner.

The measured TRP results are represented in Fig. 5.9. These results suggest,
however, that there is a variation of around 1.25 dB between the maximum and the
minimum values of the TRP as measured in different positions.

Comparison with the Satimo SG24 System

TRP measurements were also carried out using the Satimo SG24 system. The
measurements were performed at both GSM900 and GSM1800. Table 5.1 gives a
summary of the measured TRP from 10 different mobile phones. The results show
that the TRP as measured with the Lab Express is generally higher than the TRP
as measured from the Satimo SG24. The mean difference between the methods
at 900 MHz is 3.90 dB ranging from 0.46 dB to 7.86 dB. At GSM1800, a mean
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Figure 5.9: TRP for different positions of mobile phone.

difference of 1.28 dB was observed ranging from 0.95 to -5.38 dB (negative sign
shows that the Lab Express measured a lower TRP than the Satimo SG24 for AUT
6).
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Figure 5.10: Comparison of SatimoSG24 and Lab Express for TRP measurements.

In Fig. 5.10, the results of the TRP measurements from both the Lab Express
and the Satimo system are plotted. As shown, the results are fairly well correlated
at GSM 1800 MHz, with a correlation factor of about 79%. However, the correlation
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AUT Antenna SG24- Lab Exp. SG24- Lab Exp.
type 900 MHz 900 MHz 1800 MHz 1800 MHz

AUT 1 Internal 26.80 34.66 24.30 26.38

AUT 2 External 28.60 29.06 27.30 29.05

AUT 3 Internal 29.90 32.96 27.20 28.70

AUT 4 Internal 30.20 33.33 26.50 28.28

AUT 5 Internal 29.70 33.50 28.70 29.65

AUT 6 Internal 25.60 28.81 22.40 17.03

AUT 7 Internal 29.20 31.97 24.80 27.18

AUT 8 Internal 28.90 32.78 25.20 27.26

AUT 9 Internal 28.20 33.10 27.20 29.42

AUT 10 Internal 30.00 35.91 23.30 26.74

Table 5.1: TRP (dBm) measured with Satimo SG24 and Lab Express.

between the results from two methods was fairly poor in the GSM 900 MHz, with
a correlation factor of only 49%.

5.6 Discussion

Based on the experimental results shown in Section 5.5, it can be said that the Lab
Express is fairly sensitive to the positioning of the AUT and hence, adds another
uncertainty to the measurements.

Comparing with the results obtained from the Satimo SG 24, it seems that there
exists a correlation between the two methods at 1800 MHz but that the correlation
is weaker at 900 MHz.

Furthermore, it seems that the Lab Express system generally over estimates
TRP compared to the Satimo system. This systematic error can probably be ex-
plained by the finite size of the scan plane: For Lab Express near-field scanner, the
length of the scan plane L is 300 mm. At 900 MHz, the wavelength λ is 333 mm,
which means that the scan plane is only about one wavelength long, and at 1800
MHz, the wavelength is 166 mm;, hence, the scan plane length is slightly larger
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than two wavelengths. Assuming that a mobile phone with the maximum physical
length (D = 100 mm) is measured on this scan plane at 900 MHz and 1800 MHz,
then the scanner is able to capture more of the near-field at 1800 MHz than at
900 MHz. Hence, the error introduced because of the limited scan size may be less
significant at 1800 MHz than at 900 MHz.

Based on the measurement results presented here, it can be concluded that the
Lab Express over-estimates the up-link performance of mobile phones compared to
the Satimo SG24 system, probably due to the finite size of the planar near-field
scanner. Still, the Lab Express provides a rapid method for far-field and TRP
estimations. This method could be useful to the antenna engineer for using it in
the lab during the development phase, knowing that the system is not as accurate
as the SG24 system.





Chapter 6

Telia Scattered Field Measurement

Method

6.1 Introduction

In the mid 1990s, Telia, a Swedish telecom operator, developed a method to esti-
mate the in-network radio performance of mobile phone antennas without actually
performing in-network field measurements. The method is often referred to as the
Telia Scattered Field Measurement (TSFM) method [55]. This is a practical ap-
proach for estimating the in-network radio performance of a mobile phone antennas.
It can be used to directly estimate the performance in terms of MEG, body loss and
indirectly, the TRP. Numerous measurement results, obtained with TSFM set-up
on different phones, have previously been published in [55, 56]. In this chapter, we
will analyze this method in some detail and compare the results with measurements
from the Satimo SG 24 system.

6.2 Scattered field measurements

The traditional way to measure the mobile terminal antenna performance is to
use a well defined environment such as an anechoic chamber. In such chambers,
the mobile phone is exposed to one or two incident plane waves. However, in a
scattered field method, the mobile phone is exposed to multiple waves, and the
receiver detects the sum of all plane waves incident to the AUT. In other words,
this scattered field can be described as linear superposition of a large number of
plane waves.

Similar to the traditional anechoic chamber measurements, scattered field mea-
surements are performed in the far-field region of the AUT. However, unlike ane-
choic chambers, there should ideally exist no LOS between the transmitter and
the receiver. Instead, the system emulates Rayleigh fading environment. In the
event that the LOS component is not fully suppressed, the distribution will become

73
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Rician with a small K−factor. This Rayleigh fading environment is caused by mul-
tiple reflections from artificial scatterers placed in the corners of the room and in
between the AUT and the transmitting/receiving antenna. An alternative method
to create a scattering environment is, of course, to use a reverberation chamber.
This method will be dealt with in Chapter 7.

The radiation from a mobile phone is dramatically changed in the vicinity of
a person’s head, compared to the radiation from a mobile telephone in free space.
The human body introduces losses in the electric field and, hence, the radio signal
is attenuated. Scattered field measurement is a quick way to measure the mean
radiated power from mobile phones in the presence of an artificial head phantom
and hence, to estimate the body loss.

6.3 Telia scattered field measurement method

The TSFM method was developed to estimate the performance of a mobile phone
in a scattered field (see Fig. 6.1 and [55]). It makes use of an ordinary room, where
a “scattered field” has been generated, two calibrated dipole antennas for reference
measurements, and a base station antenna to communicate with the AUT.

AUT

Figure 6.1: Measurement set-up.

To emulate a Rayleigh fading pattern, the TSFM uses a large room with natural
scatterers and a copper mesh to obstruct the LOS between the transmitter and the
receiver antennas (see Fig. 6.1). The room in which the tests are performed needs
to offer an open area of at least some: 4m×7m and a height of around 2.5m. To
create the desired multi-scattering environment, it may also be necessary to put
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some metal sheets as scatterers in the room. In our case, 5 corrugated metal sheets
were placed in corners of the room to create the desired scattered environment.

During the measurements, nothing is allowed to move in the room except for
the rotation of measurement antenna. The reference calibration and the AUT
measurements need to be performed in the same environment.

6.4 Measurement set-up

To evaluate the performance of the TSFM method, the up-link performance of 13
commercially available mobile phones were measured at both 900 and 1800 MHz.
These measurements were performed by the author and Prasadh Ramachandran at
TeliaSonera AB, Stockholm, Sweden during 2004-2005. A detailed description of
the measured mobile phones is provided in Table 6.2.

Measurement instruments

The measurement equipments required to set-up the TSFM method are as follows:

Dipole antennas: Two calibrated dipole balun-antennas were used as the refer-
ence and measurement antenna. In this investigation, we used a dipole antenna
3121C from EMCO for 900 MHz, and for 1800 MHz, we used dipole antenna
D1800V3 from Schmid & Partner Engineering.

Measurement antenna: The measurement antenna is mounted on an antenna
rotator and connected to an HP 8594E, spectrum analyzer. This is a half wave
length dipole antenna as described earlier.

Reference antenna: The reference antenna is one of the calibrated dipole an-
tennas fed by a reference signal source. The reference signal source is a GSM mobile
phone with a calibrated antenna cable, connected to an external power supply and
ordered to transmit with a power in line with the nominal power level typical for
this power class of mobile telephone.

Directional antenna: A dual band directional antenna from Carant WLD is
used to characterize the environment both at GSM 900 MHz and 1800 MHz. The
gain of this antenna is specified as 4 dBi at 900 MHz and 5 dBi at 1800 MHz.

Simulated human head: A Torso Phantom V2.2 from Schmid & Partner En-
gineering AG [118] filled with 22.2 litres of water with a salt concentration of 1.49
g/litres was used as a simulated head.

Spectrum analyzer: The HP 8594E spectrum analyzer, with special GSM mea-
surement software was used to measure the output power from the AUT.
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GSM MS tester: A Racal 6103 was used to establish and maintain a call to the
AUT. It is also used to determine the output power of the Ref-MS.

Measurement procedure

In the TSFM method, the radio performance of the mobile phone antenna is mea-
sured by performing three different measurements using the arrangement shown in
Fig. 6.1:

1) Propagation environment characterization

First, a measurement of the environment is performed to characterize the radio
propagation properties of the measurement room. Environment characterization
is performed by measuring the vertical and horizontal polarizations and then cal-
culating the ratio of the mean powers (see (3.12)). The amplitude measurement
data are tested for the goodness of fit to Rayleigh, Rician and Weibull distributions
[114, 115] using a Kolmogorov-Smirnov test [116, 117]. These measurements are
performed with two half wavelength dipole antennas for both the horizontal and
vertical polarizations in the NLOS condition as shown in Fig. 6.2.

 

Figure 6.2: Illustration of NLOS in TSFM method.

The characterization is also performed using directional antennas. To estimate
the power angular distribution in the measurement room, a directional antenna is
positioned at three different angles, i.e., 0◦, +30◦ and -30◦ from the vertical axis,
for both the horizontal and vertical polarizations. Once the measurement room is
characterized, the performance of mobile phones performance is measured in the
same environment without making any changes.

2) Reference measurements

Reference measurements are performed with a half wave dipole in free space (no
phantom). They are used as a reference for both transmitting and receiving mea-
surements. For transmitting, the antenna is fed with the maximum nominal power
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(33 dBm at 900 MHz and 30 dBm at 1800 MHz). The reference antenna is tilted
60◦ from the vertical axis with its center at the ear but without the phantom (as
shown in Fig. 6.3).

3) Performance measurements of mobile phones

The handset measurements are performed by placing the handset next to the phan-
tom in talk position, at an angle of 60◦ from the vertical axis, as shown in Fig.6.3.
The mobile phone under test is physically mounted to the torso phantom [118]. A
round wooden turning table is used to rotate the simulated human head with shoul-
ders (torso phantom) along with the AUT and the reference antenna in 8 different
angles, with each angle separated by 45◦ as shown in Fig. 6.4.

The reference antenna is fed with a reference signal source transmitting with a
power in-line with the maximum power level for the particular mobile terminal.

The measuring antenna is mounted on an antenna rotator and connected to
a spectrum analyzer, which in turn is connected with a PC that has special GSM
measurement software. This software is used to measure the output power from the
AUT. A vertically polarized indoor base station antenna is used for communication
with the antenna under test, and connected to a mobile communication tester. This
instrument is used to establish and maintain a call to the AUT. It is also used to
determine the output power of the reference mobile phone.

Figures of merit

The FOM that are used to compare the results from the TSFM and the Satimo
SG64 methods are the TRPG and SFMG. These FOM are described in detail in
Section 3.4.

6.5 Measurement results

The measurement results in TSFM method can be categorized into two categories
as follows:

1. Measurements to characterize the propagation environment

2. Performance measurements of mobile phones

Characterization of propagation environment

Before conducting the performance measurements, the propagation environment
needs to characterized. First, the obtained measurement data was of fitted against
Rayleigh, Rician and Weibull distributions [114, 115], and the Rician K−factor and
the Weibull parameter (β) were obtained for both the GSM 900 MHz and GSM
1800 MHz. The value of the Rician K−factor was estimated using a Moment-based
method [8], while the Weibull parameter (β) is obtained by a maximum-likelihood
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Figure 6.3: Phantom with handset in talk position.
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Figure 6.4: Position of the turntable.



6.5. MEASUREMENT RESULTS 79

estimator [115]. The results are shown in Table 6.1 and Figs. 6.5 and 6.6. As can

frequency
(MHz)

Ant.Orientation Weibull factor (β) Rician factor (K)

900 Vertical 2.05 0.67
Horizontal 1.84 0.74
Reference 1.97 0.66

1800 Vertical 2.00 0.74
Horizontal 1.90 0.75
Reference 1.82 0.72

Table 6.1: Fading distribution statistics.

be seen, the emulated radio environment fits fairly well with a Rayleigh distribution
(1.8<β<2.0), with a K− factor of less than 0.75, indicating a good NLOS situation.

 

Figure 6.5: CDF plot at 900 MHz.

An estimate of the cross polarization ratio χ is calculated by taking the ratio
of the vertical and horizontal powers measured with a half wave dipole antenna.
The result of the estimate of the χ of the radio environment was about 4.8 dB
at 900MHz and 1.3 dB at 1800MHz, indicating that the polarization is mainly
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Figure 6.6: CDF plot at 1800 MHz.

vertically oriented at 900 MHz but that the signal was almost non-polarized at
1800 MHz.

A dual band directional antenna was used to study power angular distribution
in the measurement room. The average of the power measured in the vertical
and horizontal polarization, using directional antenna (gain 4dBi@900 MHz and
5dBi@1800 MHz) at three elevation angles namely +30◦, 0◦,-30◦ from the vertical
axis, is shown in Fig. 6.7.

Performance measurement of mobile phones

The handset measurements were performed by placing each handset next to the
phantom in the talk position, at 60◦ with the vertical axis, as shown in Fig. 6.3.

The SFMG was then estimated by taking the ratio of the received power of the
AUT to the received power of half wave length dipole reference antenna. These
measurements were carried out for the 13 handsets of various models (described in
Table 6.2) in both left- and right-talk positions.

The scatter plots of SFMG results for all 13 handsets measured at 900 MHz
and 1800 Mhz are shown in Fig. 6.8 and Fig. 6.9, respectively. The results show
a variation of the measured SFMG from around -7dB to 0dB. They also indicate a
high correlation between the left- and right-talk positions of handsets at both the
900 MHz and 1800 MHz, as shown in Table 6.3.
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900 MHz                         1800 MHz

Figure 6.7: Angular power distribution at 900 MHz (left) and 1800 MHz (right).
(PV: red - -. PH: blue -)
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Figure 6.8: Scatter plot of SFMG measured in right talk position (RTP) vs. SFMG
measured in left talk position (LTP) at 900 MHz.
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AUT Antenna Frequency Phone Extra
type of operation type Features

AUT 1 Internal GSM 900/ Bar Video Recorder,
1800/1900MHz media player.

AUT 2 Internal GSM 900/ Bar Bluetooth,
1800/1900MHz Video recorder.

AUT 3 Internal GSM 900/ Bar
1800/1900MHz

AUT 4 Internal GSM 900/ Bar
1800MHz

AUT 5 Internal GSM 900/ Bar
1800/1900MHz

AUT 6 Internal GSM 900/ Bar
1800/1900MHz

AUT 7 Internal GSM 900/ Flip MP3 player,
1800/1900MHz USB port.

AUT 8 Internal GSM 900/ Sliding Music player,
1800MHz Video recorder.

AUT 9 External GSM 900/ Bar GPRS,Music
1800MHz player,etc.

AUT 10 External UMTS,GSM Flip USB port,
900/1800MHz Music, video player.

AUT 11 Internal UMTS,GSM Flip USB Port,Music,
900/1800MHz video player.

AUT 12 Internal UMTS,GSM Flip USB port,Music,
900/1800MHz video player.

AUT 13 Internal GSM 900/ Flip Video recorder,
1800/1900MHz Music player.

Table 6.2: Description of measured mobile phones.

Frequency Mean Standard Correlation
(MHz) (dB) deviation (dB) coefficient

900 -0.38 0.82 0.83
1800 -0.62 0.92 0.91

Table 6.3: SFMG (RTP) vs. SFMG (LTP) statistics.
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Figure 6.9: Scatter plot of SFMG measured in right talk position (RTP) vs. SFMG
measured in left talk position (LTP) at 1800 MHz.

Comparison with Satimo SG64

The TRP of the 13 mobile phones in transmit mode was also measured using a
Satimo Star Gate SG64 system. The antenna efficiency, here referred to as the
TRPG, was then computed for both 900 MHz and 1800 MHz.

In Fig. 6.10 and Fig. 6.11, the results from the antenna efficiency measurements
as measured with the TSFM method, the SFMG, are plotted against the efficiency
results, the TRPG, obtained with the Satimo equipment. The results for both left-
and right talk positions are included in the plots and the computed correlation
coefficients are shown in Table 6.4.

Frequency Correlation coefficient
LTP RTP

900 0.84 0.94
1800 0.95 0.92

Table 6.4: Correlation coefficient of TRPG vs. SFMG in LTP and RTP.

Generally, the TSFM method seems to measure a higher efficiency than the
Satimo equipment (up to around 2 dB at 900 MHz and up to 4 dB at 1800 MHz).
However, this result may not be significant because different phantom heads were
used in the two different set-ups.
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Figure 6.10: TRPG vs. SFMG at 900 MHz for 13 mobile terminals.
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Figure 6.11: TRPG vs. SFMG at 1800 MHz for 13 mobile terminals.
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Body loss

Using the TSFM method, the body loss was obtained by computing the difference
between the MEG measured in the presence of phantom and the MEG measured
in free space.

The body loss was estimated at 900 MHz and 1800 MHz for both LTP and RTP.
The results are presented in Fig. 6.12 and Fig. 6.13, and indicates a variation in
body loss between about 1 and 7 dB. Furthermore, there is a variation in body loss
depending on the talk position but that variation seems to follow no specific trend.

 

AUT
Figure 6.12: Body loss of AUTs measured at 900 MHz. (LTP-black, RTP-cyan)

6.6 Discussion and conclusions

The statistics from the measurements performed to characterize the propagation
environment in our set-up of the TSFM method, indicated that the emulated prop-
agation environment inside the measurement room indeed follows a Rayleigh dis-
tribution.

The power angular distribution results (see Fig. 6.7) are not uniform in both
frequency bands, and most of the power is transmitted when the directional an-
tenna is facing towards the copper mesh and, placed in between the directional and
measuring antennas as shown in Fig. 6.4. However, because the AUT is rotated
during measurement, the end result will still be a homogenous angular distribution
in the horizontal plane.

The scatter plots in Fig. 6.10 and Fig. 6.11 shows that the correlation between
the efficiency results obtained with the Satimo SG 64 and that the TSFM method
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AUT
Figure 6.13: Body loss of AUTs measured at 1800 MHz. (LTP-black, RTP-cyan)

values are strong both at 900 MHz and 1800 MHz. The TSFM method seems to
over estimate the TRP compared to the Satimo equipment, but this result cannot
be concluded to be significant because different phantom heads were used in the
measurements.

It is seen from Fig. 6.12 and Fig. 6.13 that the body loss for the AUTs is
higher at 900 MHz than 1800 MHz. These data are in agreement with previous
observations by others and can be explained by the greater penetration depth for
the lower frequency. Still, the magnitude of the body loss, (1 to 7 dB at 900 MHz)
is greater than what is most commonly used in link budgets for network planning
[24].

A strong correlation between measurements performed at left and right talk
positions was also found. Based on these results it can be inferred that when using
either of the two investigated methods, it is sufficient to measure mobile phones
only in one talk position, thus resulting in reduction of measurement time.



Chapter 7

Mode Stirred Reverberation

Chamber

7.1 Introduction

The traditional method of estimating the performance of an antenna makes use of
measurements of the radiated far-field conducted either outdoors in free-space or
in anechoic chambers. However, in operation the mobile phone antenna is most
often exposed to numerous waves from multi-path reflections caused by buildings
and objects in the vicinity, and it detects the sum of all these incident waves.
Though the TSFM method gives an estimate of the performance of the mobile
phone antenna in such environments, it is difficult to repeat and also requires more
space.

Reverberation chambers have been used for decades as high field amplitude fa-
cilities for electromagnetic interference and compatibility testing [122]. However, in
the late 1990s, the possibility of modifying reverberation chambers to test the radio
performance of mobile phone antennas in a controlled and repeatable environment
is investigated [34]-[47]. The underlying principle is that if the chamber is made
large enough, a great number of modes can be excited, and a Rayleigh scattering
environment can be generated [38, 47]. There has been enormous development
made in this area by several research groups [34]-[47], [48], and today, the method
is being considered as an alternative standard method to test terminal antennas by
3GPP [82].

In reverberation chamber (RC), the accuracy of the measured radiated power
largely depends on the uniformity of the rich scattering environment. One of the
main contributions to the non-uniformity of the scattered environment is the pres-
ence of a direct path component between the transmit and receive antennas inside
the RC. The strength of the direct path component can be estimated by computing
the Rician K−factor. In [48], a physical method to compute the Rician K−factor
for RC from the measurements of the forward transmission scattering parameter
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(S21) is described. In this chapter, a statistical method using maximum likelihood
(ML) estimation theory is used to compute the Rician K−factor for RC. More-
over, this chapter also focuses on the accuracy and the error analysis of using such
statistical methods for estimating the Rician K−factor.

7.2 Theory of resonant cavity

A RC is a large metallic cavity capable of supporting several cavity modes at the
operational frequency. Hence, the theoretical aspects of a mode stirred reverbera-
tion chamber can be explained by analyzing the propagation of the electromagnetic
waves in a rectangular resonant cavity.

Resonant modes in a rectangular cavity

A modal analysis of the ideal rectangular closed cavity can be performed by an-
alyzing the fields inside it, using Maxwell and Helmholtz equations, by applying
appropriate boundary conditions [86]. A rectangular resonant cavity can be con-
sidered as a rectangular closed waveguide with one front and one rear wall made
of perfectly electric conducting (PEC) material. The main difference between a
cavity and a waveguide is that waveguide contains traveling waves, whereas a cav-
ity contains standing waves. The fields inside the cavity can be determined in two
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Figure 7.1: Geometry of a rectangular cavity resonator.

ways [119]. One way is to directly compute the fields from current and magnetic
sources using Maxwell’s equations or the wave equations; alternatively, we can first
compute the vector potentials (A and F) from the current and magnetic sources,
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and then use these to obtain the electric and magnetic fields as functions of vector
potentials by solving the Helmholtz wave equation. In this section, a source-free
rectangular cavity (see Fig. 7.1) with dimensions length (l), height (h) and width
(w) is considered. The transverse electric (TE) and the transverse magnetic (TM)
modes are derived using the electric vector potential (F) and the magnetic vector
potential (A), respectively.

Transverse electric modes

Transverse electric (TE) modes are fields whose electric field components lie in a
plane that is transverse to a given direction. In case of TEz modes, ~Ez = 0 and
the other components may or may not exists. To derive the TE fields in z-direction
using vector potentials, it is sufficient to let electric vector potential F have a
component in z-direction and all other components of F and A are set equal to
zero. Hence, it can be represented as follows [119]:

A = 0

F = âzFz(x, y, z) (7.1)

where F is electric vector potential and Fz(x, y, z) is the component of F in z-
direction called scalar potential function. Now the electric ~E and magnetic ~H
fields can be related to electric vector potential F as follows [119]:

~E = −1
ε

∇ × F

~H = −jωF − j

ωµε
∇(∇ · F ) (7.2)

Using (7.1) and (7.2), the electric and magnetic field components (relative to z-
direction) can be expressed as a function of the scalar potential function Fz(x, y, z)
as follows [119]:

~Ex = −1
ε

∂Fz(x, y, z)
∂y

~Ey =
1
ε

∂Fz(x, y, z)
∂x

~Ez = 0

~Hx = −j 1
ωµε

(
∂2Fz(x, y, z)

∂x∂z

)

~Hy = −j 1
ωµε

(
∂2Fz(x, y, z)

∂y∂z

)

~Hz = −j 1
ωµε

(
∂2

∂z2
+ k2

)
Fz(x, y, z) (7.3)



90 CHAPTER 7. MODE STIRRED REVERBERATION CHAMBER

Maxwell’s equations for source free region can be written as [86]

∇ × ~E = −jωµ ~H
∇ × ~H = jωε ~E (7.4)

Now using (7.1), (7.2) and (7.4) we get,

∂2Fz(x, y, z)
∂x2

+
∂2Fz(x, y, z)

∂y2
+
∂2Fz(x, y, z)

∂z2
+ k2Fz(x, y, z) = 0 (7.5)

where k is the wave number. The (7.5) is called the Helmholtz scalar wave equation
[119] and Fz(x, y, z) is found by solving it. The solution to (7.5) is obtained by the
method of separation of variables as follows:
Let the solution to Fz(x, y, z) can be expressed as the product of 3 functions and
it is written as follows:

Fz (x, y, z) = f(x)g(y)h(z) (7.6)

Now substitute (7.6) in (7.5), replace k2 = k2
x + k2

y + k2
z and divide both sides of

(7.5) by f(x)g(y)h(z) we get,

f ′′(x)
f(x)

+
g′′(y)
g(y)

+
h′′(z)
h(z)

= −(k2
x + k2

y + k2
z) (7.7)

where ′′ denotes the second derivative.
Now separating the variables in (7.7) we get the following equations

f ′′(x) + k2
xf(x) = 0

g′′(y) + k2
yg(y) = 0

h′′(z) + k2
zh(z) = 0

(7.8)

Since standing waves exists inside the cavity, the solutions to the 3 equations in
(7.8) can be written as follows:

f(x) = C1 cos (kxx) +D1 sin (kxx)

g(y) = C2 cos (kyy) +D2 sin (kyy)

h(z) = A3 cos(kzz) +B3 sin(kzz)

(7.9)

By substituting (7.9) in (7.6) we get the following expression of scalar potential:

Fz (x, y, z) = [C1 cos (kxx) +D1 sin (kxx)] · [C2 cos (kyy) +D2 sin (kyy)]

· [A3 cos (kzz) +B3 sin (kzz)] (7.10)
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where A3, B3, C1, C2, D1, D2, kx, ky, and kz are determined by substituting (7.10)
in (7.3) and applying the boundary conditions on the walls of the cavity. For the
cavity shown in Fig. 7.1, the necessary and sufficient boundary conditions are those
that require the tangential components of the electric field to vanish on the walls
of the cavity. Thus, in general the boundary conditions on the walls of the cavity
can be summarized as follows [119]:
Top and bottom walls:

~Ex (0 ≤ x ≤ h, y = 0, z) = ~Ex (0 ≤ x ≤ h, y = w, z) = 0 (7.11)

~Ez (0 ≤ x ≤ h, y = 0, z) = ~Ez (0 ≤ x ≤ h, y = w, z) = 0 (7.12)

Left and right walls:

~Ey (x = 0, 0 ≤ y ≤ w, z) = ~Ey (x = h, 0 ≤ y ≤ w, z) = 0 (7.13)

~Ez (x = 0, 0 ≤ y ≤ w, z) = ~Ez (x = h, 0 ≤ y ≤ w, z) = 0 (7.14)

Front and back walls:

~Ex (0 ≤ x ≤ h, y = 0, z = 0) = ~Ex (0 ≤ x ≤ h, y = w, z = l) = 0 (7.15)

~Ey (0 ≤ x ≤ h, y = 0, z = 0) = ~Ey (0 ≤ x ≤ h, y = w, z = l) = 0 (7.16)

For TEz modes, ~Ez = 0 and the boundary conditions of (7.12) and (7.14) are
satisfied automatically. In general, the boundary conditions of (7.12) and (7.14)
are not independent but they represent the same conditions as in (7.11) and (7.13).
Also, (7.15) and (7.16) are not independent. Hence, the necessary and sufficient
boundary conditions to be enforced are either (7.11) or (7.12), (7.13) or (7.14) and
(7.15) or (7.16). Now substituting (7.10) in (7.3), the x component of electric field
can be written as:

~Ex = −1
ε

[C1 cos (kxx) +D1 sin (kxx)]

· [−C2 sin (kyy) +D2 cos (kyy)] · [A3 cos (kzz) +B3 sin (kzz)] (7.17)

Enforcing on (7.17) the boundary condition of (7.11) on bottom wall we get,

~Ex (0 ≤ x ≤ h, y = 0, z) = −1
ε

[C1 cos (kxx) +D1 sin (kxx)] · [−C2(0)) +D2(1))]

· [A3 cos (kzz) +B3 sin (kzz)] = 0 (7.18)
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If D2 = 0 then (7.18) will be satisfied and will not lead to a trivial solution. Thus,

D2 = 0 (7.19)

Now by enforcing on (7.17) the boundary condition of (7.11) on the top wall and
using (7.19) we get,

~Ex (0 ≤ x ≤ h, y = w, z) = −1
ε

[C1 cos (kxx) +D1 sin (kxx)] · [−C2 sin (kyw)]

· [A3 cos (kzz) +B3 sin (kzz)] = 0 (7.20)

For nontrivial solution, (7.20) can only be satisfied if

sin (kyw) = 0 (7.21)

Thus leads to,

ky =
nπ

w
(7.22)

The Equation (7.21) is called eigenfunction and (7.22) is referred as the eigenvalue.
Similarly, by enforcing the boundary conditions on the left and right walls given by
(7.13) we get

D1 = 0 (7.23)

kx =
mπ

h
(7.24)

By enforcing the boundary conditions on the front and back walls as given by (7.15)
we get

A3 = 0 (7.25)

kx =
pπ

l
(7.26)

Using (7.22)-(7.26) reduces (7.10) to

Fz (x, y, z) = C1C2B3 cos (kxx) cos (kyy) sin (kzz)

= Amnp cos (kxx) cos (kyy) sin (kzz) (7.27)

where Amnp = C1C2B3 is the amplitude constant of the standing wave inside the
cavity and
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kx = mπ
h ,m = 1, 2, .....

ky = nπ
w , n = 1, 2, .....

kz = pπ
l , p = 1, 2, .....

(m,n, p) 6= (0, 0, 0)

Hence, (7.27) is the solution of the Helmholtz scalar wave equation in (7.5). Now
the final expressions of the fields for TEz modes of a rectangular cavity (see Fig.
7.1) can be obtained by substituting (7.27) in (7.3). The resulting field components
(relative to z-direction) are written as [119]:

~Ez = 0
~Hz = ATEmnp cos (kxx) cos (kyy) sin (kzz)

(7.28)

Transverse magnetic modes

Similarly, the field expressions of TMz modes of the rectangular cavity (see Fig.
7.1) can be obtained and the resulting fields are written as follows [119]:

~Ez = ATMmnp sin (kxx) sin (kyy) cos (kzz)

~Hz = 0

(7.29)

Resonant frequency of the modes

The cutoff wave number (kmnp) of the modes of a rectangular cavity is obtained
from eigenvalues (kx, ky and kz) as follows:

k2
mnp = k2

x + k2
y + k2

z (7.30)

where,

kx = mπ
h ,m = 1, 2, .....

ky = nπ
w , n = 1, 2, .....

kz = pπ
l , p = 1, 2, ......

(m,n, p) 6= (0, 0, 0)

The resonant frequency (fmnp) of the rectangular cavity can be obtained from the
cutoff wave number as follows [119, 86]:

kmnp =
2πfmnp

c
(7.31)
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where c is velocity of light. Thus, using (7.30) and (7.31) the resonant frequency
(fmnp) of the rectangular cavity is written as follows [86, 119]:

fmnp =
c

2

√(m
h

)2

+
( n
w

)2

+
(p
l

)2

(7.32)

where,
c is the velocity of light, m = 0, 1, 2, ....., n = 0, 1, 2, ..... and p = 0, 1, 2, ....., are
mode numbers of resonant cavity.

Quality factor and Mode bandwidth of a resonant cavity

The Quality factor (Q) of a cavity can be defined by relating the stored energy (Us)
to the power dissipated (Pd) in the cavity and the frequency of excitation (f). The
relation is shown as follows [119, 86]:

Q = 2πf
Us
Pd

(7.33)

The total power dissipated is the sum of conductive and dielectric losses and
losses due to antenna and aperture leakage. Practically, Q can be defined as the
quantifying spectral width of the mode around its center frequency. It can be
defined as the ratio of the frequency of excitation (f) to the half-power bandwidth
(mode bandwidth, ∆f) of each mode in a cavity [86]:

Q =
f

∆f
(7.34)

In (7.34), ∆f is the half power bandwidth of a resonant mode. The Q factor,
shown in (7.34), is a measure of losses in the cavity. Higher values of Q imply
lower losses and vice-versa. The total loss in a cavity is the sum of dielectric and
conductive losses, and losses due to antenna and aperture leakage. Half-power
bandwidth is directly related to the losses in a cavity. Hence, the total half-power
bandwidth (obtained by adding the bandwidths from dielectric objects, conductive
walls, antennas and apertures) is a direct measure of losses in a cavity, and it can
be written as follows [125]:

∆f = ∆fantenna + ∆fobject + ∆fleakage + ∆fwall (7.35)

The modes that fulfill the condition in (7.36) are excited in a resonant cavity.

fmnp − ∆f
2

< f < fmnp +
∆f
2

(7.36)

where fmnp is the resonant frequency and f is the frequency of excitation.
In summary, the results shown from (7.28) to (7.36) can be applied on an empty

reverberation chamber to carry out the physical analysis.
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7.3 Reverberation chamber theory

The modal analysis of the rectangular cavity (discussed in Section 7.2) can be ap-
plied to an empty reverberation chamber by rewriting (7.28) interms of exponential
functions. Hence, (7.28) can be rewritten for an empty RC by replacing the sine and
cosine functions with equivalent exponential functions. The resulting expression is
shown below:

~Hz = Cmnp
∑

e−j(±kxx±kyy±kzz) (7.37)

where Cmnp is a real constant.

The resulting expression in (7.37) contains eight terms, corresponding to eight
plane waves propagating in one of the eight directions defined by

−→
k = ±kx−→x ± ky

−→y ± kz
−→z (7.38)

In other words, each mode in rectangular cavity consists of superposition of
eight plane waves. In a reverberation chamber, several such modes are excited
until they represent a statistically uniform distributed multipath field inside the
chamber. Ideally, the envelope of these fields must follow a Rayleigh distribution
[38].

Physical characteristics of reverberation chamber

The physical behavior of the chamber can be explained using the characteristics
(Q factor and mode bandwidth) of the resonant cavity discussed in Section 7.2.
The RC is characterized by physical quantities such as the chamber losses, mode
bandwidth (∆f), quality factor (Q), chamber power level and the mode density.

Chamber losses, Q factor and mode bandwidth

As discussed in Section 7.2, the losses in a resonant cavity are inversely proportional
to the quality factor (Qtotal) and this relation also applies to RC. Hence, the losses
in RC can be explained by computing the total Q factor. The total Q factor of a
reverberation chamber can be obtained by inversely adding the Q factors from all
the losses in the chamber [86, 123], including conductive (Qwall) and dielectric losses
(Qobject), losses due to antennas (Qantenna) and both receiving and transmitting
antennas (Qantenna), Q due to lossy scattering objects in the chamber (Qobject) and
Q due to energy leakage from small apertures in the chamber (Qleakage). The total
Q in a reverberation chamber can then be written as:

1
Qtotal

=
1

Qantenna
+

1
Qobject

+
1

Qleakage
+

1
Qwall

(7.39)

Now using (7.34) and the definition of different mode bandwidths (∆fantenna,
∆fobject, ∆fleakage and ∆fwall) by Hill [123], the different Q factors can be written
as:
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Qantenna =
f

∆fantenna
=

16π2V

c3
.
f3

erad

Qobject =
f

∆fobject
=

2πV
c
.
f

σa

Qleakage =
f

∆fleakage
=

4πV
c
.
f

σl

Qwall =
f

∆fwall
=

3V
2A1

√
πη

cρ1

√
f

(7.40)

where c is the speed of light, erad is the radiation efficiency of the antennas, σa is the
average absorption cross section [126], σl is the average transmission cross section
of the apertures in the RC, ρ1 is the resistivity of the material of the chamber walls
(aluminium), η is the free space wave impedance, A1 is the inner surface area of
RC including the stirrers and V is the volume of the RC.
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Figure 7.2: Mode bandwidth and its contributions in (0.8m x 1m x 1.6m) reverber-
ation chamber.

The bandwidth contributions due to antennas, scattering objects, leakage in the
chamber and non-perfect walls are plotted, in Fig. 7.2, as an example of a RC of size
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(0.8m x 1m x 1.6m). The plots in Fig. 7.2 show that the main contribution to the
losses are from the dielectric objects and, hence, also the main contribution to the
mode bandwidth. The contributions from walls, antennas and aperture leakages
are negligible.

Chamber power level and Q factor

According to [123], the average transmission power level in a reverberation chamber
can be related to the quality factor (Q) as follows:

Q =
16π2V

λ3

Pr
Pt

=
16π2V f3

c3

Pr
Pt

(7.41)

where V is the volume of the chamber, c is the velocity of light, f is the frequency of
operation, ∆f is the average mode bandwidth, Pt is the average power supplied by
the transmit antenna and Pr is the average power received by a matched antenna.
The average referred to here is the arithmetic average of the power levels taken over
a large number of independent samples.

The (7.41) can be rearranged using (7.34) to obtain an expression for average
power in terms of mode bandwidth (∆f) and is represented as follows:

Pr
Pt

=
c3

16π2V f2∆f
(7.42)

Based on equations (7.40) and (7.42), it can be said that all the bandwidth
contributions are inversely proportional to the volume (V) of the reverberation
chamber.

In practice, the radio performance of a mobile phone antenna can be measured
by placing the phone inside the RC and measuring the received power from a
reference monopole antenna, using the following expression [39]:

Gchamber =
Pr
Pt

=
c3erad1erad2

16π2V f2∆f
(7.43)

where erad1 and erad2 are the radiation efficiencies, including mismatch, of the
reference antenna and antenna under test respectively.

To obtain an estimate of the performance of the reverberation chamber, it is
sufficient to know the order of magnitude of the Q factor rather than the precise
value. In a reverberation chamber, a low Q factor will excite more modes than a
high Q factor (Fig. 7.3). However, sharp resonances and well-simulated multipath
environments can only be obtained with high Q values. A high Q value for a
chamber requires that the plane waves of the resonating modes have more energy
to undergo multiple reflections on the walls of the chamber before decaying. In
other words, the decay time of the plane waves increases as the Q factor of the
chamber increases. The decay time, ∆t, is defined as [125]: “the time after which
the amplitude of a wave has decreased by half of its initial value ( i.e., its amplitude



98 CHAPTER 7. MODE STIRRED REVERBERATION CHAMBER

´ 

 

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

x 10
9

0

200

400

600

800

1000

1200

Number of Modes in Large (1.2m x 1.75m x 1.8m) reverberation chamber 
for different Q values

N
u

m
b

e
r 

o
f 
M

o
d

e
s

Frequency (Hz)

 

 

medium Q=68,F=25 Mhz

High Q=170,F=10 MHz

Low Q=34 F=50 MHz

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

x 10
9

0

200

400

600

800

1000

1200

Number of Modes in small (0.8m x 1m x 1.6m) reverberation chamber
 for different Q values

N
u

m
b

e
r 

o
f 
M

o
d

e
s

Frequency (Hz)    

 

 

medium Q=68,F=25 Mhz

High Q=170,F=10 MHz

Low Q=34 F=50 MHz
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bandwidths (F).
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at the instant of excitation of the mode) due to the reflections on the walls of the
reverberation chamber”. The decay time (∆t) can be approximately written in
terms of mode bandwidth as follows [125]:

∆t ≃ 1
∆f

(7.44)

Consider a reverberation chamber with its longest dimension as L′ and a plane
wave of wavelength λ as shown in Fig. 7.4. Let t1 be the initial point of time at
which the wave originated and t2 be the time at which the wave bounce back from
the opposite wall at the initial point. Now the time t2 can be written as t2 = 2L′/
c = 2L′/(λf). If it is assumed that the number of back and forth bounces before
decay is 10 then the decaying time can be written as [125]:

 

 

  

 

 

=  

λ  

    @ t1 

       @ t2 

Figure 7.4: Illustration of standing wave in RC along the largest dimension:incident
wave (thick line) and bounced wave (dotted line) [125].

∆t = 20
L′

λf
(7.45)

Substituting the equations (7.44) and (7.45) into (7.34), the resulting equation can
be written as follows:

Q =
f

∆f
= f∆t = 20

L′

λ
(7.46)

The significance of (7.46) can be illustrated by considering a small reverberation
chamber with a maximum dimension of L′ not exceeding 3λ. Using (7.46), it is
found that the quality factor of the chamber is 60 where as for a chamber with
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maximum dimension of 5λ the Q value is 100. Thus, Q value of the chamber can
be increased by increasing the maximum dimension of the chamber. Alternatively,
the Q value of the chamber can be changed by stirring the modes.

Stirring of modes

Mode density

The total number of modes excited in a reverberation chamber is the total number
of modes satisfying (7.36). The total number of modes below a given frequency f
in the chamber can be found by adding all of the modes that satisfy fmnp < f . As
mentioned in [125], the number of modes (Nmodes) in a cavity can be approximated
as follows:

Nmodes ≃ 2V =
8π
3c3

lwhf3 (7.47)

where l, w and h are the dimensions of the cavity and the factor 2 takes into consid-
eration both TE and TM modes. The formula shown in (7.47) is an approximation
and valid only for Nmodes ≫ 1.

The number of modes (Nmodes) can also be expressed as a function of the mode
density (∂N/∂f) per frequency bandwidth (∆f) and is represented as follows

Nmodes =
∂N

∂f
∆f (7.48)

Upon partially differentiating (7.47) w.r.t f, the approximate formula for the
mode density can be written as follows

∂N

∂f
≃ 8π
c3
lwhf2 (7.49)

The approximate formula in (7.49) is known as Weyl’s approximation formula.
The mode density and number of modes using Weyl’s approximation formula are
plotted in Fig. 7.5 and Fig. 7.6, respectively. The plots show that the number
of modes and mode density of the chamber are directly proportional to the size
of the chamber. In practice, it is desirable to have a small reverberation chamber
for measuring the radio performance of the mobile phone antennas. However, this
poses a problem since a sufficient number of modes are not excited in the chamber
(see Fig. 7.7 and Fig. 7.8). The problem can be solved by building large chambers
and thus exciting large number of modes, but this will result in increased cost and
non-portability of the chamber. Alternatively, excitation of large number of modes
can be achieved by making use of mode stirring techniques.

Mode stirring techniques

The modes inside the chamber are excited by transmit antenna(s). The excited
modes need to be stirred to obtain the required number of independent samples.
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Figure 7.5: Mode density of small (0.8m x 1m x 1.6m) and large (1.2m x 1.75m x
1.8m) reverberation chambers using Weyl’s approximation.

Mode stirring techniques are different ways of perturbing the boundary conditions
of the reverberation chamber by shifting the eigenfrequency of the resonating modes
[52]. The various stirring techniques that can be performed in reverberation cham-
ber are: mechanical stirring, platform stirring, phase/polarization stirring and fre-
quency stirring. One or all of them can be used to obtain the normal distribution
of the fields inside the reverberation chamber.

Mechanical stirring

Mechanical stirring is performed by moving metallic plates inside the reverberation
chamber (for illustration see Fig. 7.11b). The movement of plates will result in a
change in the resonant frequencies of the modes excited by the transmit antenna(s).
Even in a reverberation chambers with a high Q factor ( i.e., having sharp reso-
nances), the resonant modes are locked to one another, and hence, it is necessary
to decorrelate the modes by changing the boundary conditions. Due to mechanical
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Figure 7.6: Number of modes in small (0.8m x 1m x 1.6m) and
large (1.2m x 1.75m x 1.8m) reverberation chambers with a mode bandwidth of 25
MHz using Weyl’s approximation.

stirring, the mode density within the bandwidth ∆f will vary, resulting in more
independent modes available within ∆f and an expansion of the mode bandwidth.
The total number of excited modes during a measurement sequence can be written
as follows [125]:

Mexcited =
∂N

∂f
∆fstirred =

∂N

∂f
(∆f + ∆fmechanical) (7.50)

where ∆fstirred is the equivalent stirred bandwidth, ∆f is the average mode band-
width and ∆fmechanical is the additional bandwidth accounting for the mode shift
due to mechanical stirring. Thus, the total number of excited modes (Mexcited) can
be considered the sum of the number of modes excited (Nmodes) by the transmit an-
tenna and contribution due to mechanical stirring (Mmechanical) and is represented
as follows [125]:

Mexcited = Nmodes +Mmechanical (7.51)



7.3. REVERBERATION CHAMBER THEORY 103

 

 

0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
9

0

500

1000

1500

2000

2500

3000

Frequency (Hz)

N
u

m
b

e
r 

o
r 

m
o

d
e

s

Mode diagram of large RC (1.55mX1.51mX0.54m)

0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
9

0

500

1000

1500

2000

2500

3000

Frequency (Hz)

N
u

m
b

e
r 

o
r 

m
o

d
e

s

Mode diagram of small RC (0.55mX0.51mX0.22m))

Figure 7.7: Number of modes in large (1.55m x 1.51m x 0.54m) and
small (0.55m x 0.51m x 0.22m) reverberation chambers using (7.47).
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Platform stirring

The platform stirring technique employs movement of the AUT, that is mounted on
the platform inside the reverberation chamber. Hence, the AUT sees new scenario
for every platform position. The movement of the AUT with respect to the standing
wave pattern inside the reverberation chamber results in an increase in the number
of excited modes, and thus, result in an increase of the equivalent bandwidth.
Platform stirring is similar to mechanical stirring but is more efficient [41].

Phase and Polarization stirring

Phase stirring involves the change of excitation inside the reverberation chamber
using many excitation antennas operating at the same frequency. Phase stirring is
achieved by changing the relative phase of these antennas during the measurement
process. The phase stirring technique is not efficient [124], so a special case of phase
stirring called polarization stirring is considered instead. In polarization stirring,
three orthogonal linearly polarized fixed antennas are used and the resulting power
is obtained by averaging their transfer functions. Polarization stirring efficiently
corrects the polarization imbalance inside the reverberation chamber.

Frequency stirring

A more efficient and fast mode stirring method is the frequency stirring method.
In this method, the processing of the measured data is not only performed at a
certain frequency f, but the samples are also counted within a certain bandwidth
around f. If the measured power is sampled in several frequency points over a
bandwidth, Bstir, then the total number excited independent modes after stirring
can be written as follows [125]:

Mfreq.stirr =
∂N

∂f
(Bstir + ∆f) (7.52)

7.4 Statistical model of fields in RC

Besides modal analysis, it is also important to study the statistical properties of the
fields inside the RC. The field at any point inside the RC can be described by its
phase and amplitude, which means that the real and imaginary components of the
field can be described by six parameters along the x, y and z directions [53]. The
six components are the result of the sum of the mode amplitudes and the central
limit theorem ensures that they are normally distributed [53]. Under the conditions
that the AUT is sufficiently far away from the walls of the RC, all components can
be assumed to be uncorrelated and hence, independent and identically Gaussian
distributed with the mean assumed to be zero. The amplitude of the resultant field

can be found as | ~E| =
√

| ~Ex|2 + | ~Ey|2 + | ~Ez |2 and it follows χ2 distribution with
six degrees of freedom and is represented as follows [53]:
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f
(
~E
)

=
~E5

8σ6
exp

(
−
~E2

2σ2

)
(7.53)

where σ is the standard deviation of each of the six field components

Each component of the field has a real and an imaginary component and it
follows a Rayleigh distribution as shown below:

f
(
~Ex

)
=

~Ex
σ2

exp

(
−
~E2
x

2σ2

)
(7.54)

Since we know that the square of the magnitude of the field is proportional to
the received power (Pr), the expression in (7.54) can be re-written as follows:

f (Pr) =
1

2σ2
exp

(
− Pr

2σ2

)
(7.55)

where σ is the standard deviation of each of the six field components.

It is shown in [38] that the magnitude of the fields inside the reverberation
chamber follow a Rayleigh distribution (Fig. 7.9).

In practice, the magnitude of the fields inside the reverberation chamber do not
perfectly follow a Rayleigh distribution due to presence of the direct field component
between the transmit and receive antennas. Hence, it is important to determine
the strength of the direct field component, which can be done by computing the
Rician K−factor (see (3.11)). A physical model of the Rician K−factor of RC is
presented in [48]. The statistical estimation of the K−factor is critical for vari-
ous wireless applications [120, 8, 121] and, hence, also relevant for reverberation
chambers. In this section, a statistical model for the electromagnetic fields inside
the reverberation chamber is reviewed, and a maximum likelihood (ML) estimator
[129] for the Rician K−factor is derived and its performance analyzed.

Rician K−factor estimation

The Rician K−factor of a RC can be estimated by collecting complex scattering
(transmission) parameter S21-data. The measured S21 must consists of identi-
cally distributed complex-valued Gaussian random variables and it is ensured in a
well-stirred RC. Thus, the real SR21 and imaginary SI21 parts of the measured data
are independent for all time instances. The measured data is validated by using
goodness of fit test and testing that the variables are Gaussian is straightforward
approach [127].
In [127], a method to estimateK−factor of a Rician [128] channel in RC is proposed.
However, the method in [127] is not fully justified from an estimation theoretic point
of view. Hence, an exact maximum likelihood (ML) estimator is proposed in the
following sub-section.
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Figure 7.9: The magnitude of the received complex signal has Rayleigh distribution
[38].

Derivation of ML estimator of Rician K−factor

The magnitude of the measurable complex forward transmission (scattering) coef-
ficient S21 follows a Rician probability density function, defined by the parameters
σ and ν. According to [127], the Rician K−factor can be defined as follows:

K = 10 log10

ν2

σ2
[dB] (7.56)

Though definition of the Rician K−factor presented in (7.56) differs slightly from
the standard definition shown in (3.11) it is used for further analysis in this section.
The pair (σ2, ν2) in (7.56) can be replaced by their corresponding ML estimator
pair (σ̂2, ν̂2) by the invariance principle of ML [129] and thus, results in the ML
estimator of the Rician K−factor.

The ML estimation of the Rician K−factor is based on measurements zn of the
scattering parameter S21 . The measured S21 can be divided into real S21 (SR21) and
imaginary S21 (SI21) parts. The SR21 and SI21 are known to be independent identically
distributed employing a Gaussian distribution with mean values µR = ν cos θ and
µI = ν sin θ, and a common variance σ2. For N independent measurements zn =



108 CHAPTER 7. MODE STIRRED REVERBERATION CHAMBER

xn + i yn (i.e., for n = 1, . . . , N) of S21 = SR21 + i SI21 the ML estimates of the
mean-values µR and µI are obtained by the arithmetic means [127] as follows:

µ̂R =
1
N

N∑

n=1

xn µ̂I =
1
N

N∑

n=1

yn (7.57)

Now by applying the invariance principle of the method of ML on (7.56) the ML
estimator of ν2 can be written as ν̂2 = µ̂2

R + µ̂2
I . Similarly the ML estimator of σ2

is given by σ̂2 = (σ̂2
R + σ̂2

I )/2, [129] and can further be written as follows:

σ̂2
R =

1
N

N∑

n=1

(xn − µ̂R)2 σ̂2
I =

1
N

N∑

n=1

(yn − µ̂I)2 (7.58)

Since xn (and yn) are Gaussian with mean µR (and µI) and variance σ2 the µ̂R
(and µ̂I) in (7.57) is an unbiased Gaussian estimate of µR (and µI) with variance
σ2/N . Now the linear RicianK−factor can be defined as follows for further analysis:

K =
ν2

σ2
(7.59)

Considering ν̂2 = µ̂2
R + µ̂2

I , it follows that ν̂2N/σ2 is non-centrally chi-squared
distributed with 2 degrees of freedom and non-centrality parameter λ = N × K
[130].

Further, the normalized sample variances σ̂2
RN/σ

2 and σ̂2
IN/σ

2 are χ2
N−1 dis-

tributed [129].
Thus, it follows that 2σ̂2N/σ2 is χ2

2(N−1).

Now, K̂ can be defined by substituting the estimated quantities in (7.59) as
follows:

K̂ =
ν̂2

σ̂2
=

2
N − 1

(
ν̂2N
σ2

)
/2

(
2σ̂2N
σ2

)
/2(N − 1)

(7.60)

For easy reference the second equality in (7.60) is normalized and thus, K̂ can be
represented in terms of the stochastic variable f1, defined as follows:

f1 =

(
ν̂2N
σ2

)
/2

(
2σ̂2N
σ2

)
/2(N − 1)

(7.61)

The stochastic variable f1 in (7.61) obeys a noncentral F ′
2,2(N−1)(N×K)-distribution

[130], which mean and variance (for N > 3) can be found in the literature.
Now, the expected value of K̂ is obtained by computing the expectation of (7.60)

and is written as follows:

E[K̂] =
N

N − 2
K +

2
N − 2

(7.62)
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Similarly, the variance of K̂ is written as follows:

Var[K̂] =
(2 + N K)2 + 4(1 +N K)(N − 2)

(N − 2)2(N − 3)
(7.63)

In summary, it is shown that K̂ obeys a noncentral F -distribution with mean
value (7.62) and variance (7.63), respectively.

Relative error analysis of ML estimators

The systematic error (bias) of the ML estimator is obtained from (7.62) and is
written as follows:

E[K̂] −K =
2(1 +K)
N − 2

(7.64)

It can be observed from (7.64) that as N → ∞ the right hand side tends to zero and
thus, suggests that the considered estimator is asymptotically unbiased. However,
the relative precision error ε1 [in percent] can be substantial for finite number of
samples N and can be written as follows:

ε1 = 100 × E[K̂] −K

K
≃





200
N K

K ≪ 1 and N ≫ 1

200
N

K ≫ 1 and N ≫ 1
[%] (7.65)

where ≃ denotes an equality where only the dominant terms have been retained.A
reasonable small error in precision can be ensured by collecting measurement sam-
ples of length N not only so that N ≫ 1, but also N × K ≫ 1 in scenarios where
small values of K−factor can be expected. Similar analysis can be performed on
the variance expression (7.63) to obtain the following:

δ = 100 ×

√
Var[K̂]

K
≃





200
N K

K ≪ 1 and N ×K ≪ 1

200√
N K

K ≪ 1 and N ×K ≫ 1

100√
N

K ≫ 1 and N ≫ 1

[%] (7.66)

By comparing (7.65) and (7.66), it can be observed that in scenarios where K ≫ 1,
the error originating from the variance is the main source of error. On the other
hand, for small values of Rician K−factor, both error terms are equal. The latter
observation implies that the resulting estimate (with high probability) indicates a
too pronounced direct component.

In Fig. 7.10, the relative error
√
ε2

1 + δ2 [%] (obtained from the expressions
(7.62)–(7.63)) is displayed with respect to the number of samples N for K−factor
in the range −20 to 100 dB. It can be predicted from (7.65)-(7.66) that the relative
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error is independent of K for K−factor above 20 dB. According to [131], industrial
RC measurements employ N = 400 samples. Now by using the plot in Fig. 7.10
it can be said that a RC with K−factor of -10dB and N = 400 will result in a
systematic error > 30%. Further, the systematic error can be decreased below 10%
by increasing the number of measurement samples to more than 104.
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Figure 7.10: Relative error
√
ε2

1 + δ2 versus number of samples N for K ∈
{−30, −20, −10, 0, 10, 100} dB (the resulting lines are displayed from right to
left). [50]

7.5 Bluetest reverberation chamber

Bluetest produces various types of RCs, including the HP700, RTS60 and RTS90
[51]. For this research, active mobile phone measurements were performed in a
Bluetest RC with dimensions 1.05m x 0.8m x 1.6m (see Fig. 7.13) while the char-
acterization (Rician K−factor) measurements were done in a Bluetest HP500 RC
[51] with inner dimensions of 1.2m x 1.75m x 1.8m (see Fig. 7.12a). The HP500 RC
can measure in the frequency range of 650 MHz to 6 GHz with 100 dB of isolation
(shielding).

Bluetest RCs are equipped with two mechanical mode stirrers that can be moved
along the full length of each wall perpendicular to each other. The mechanical
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stirrers (see Fig. 7.11b) are fastened at their ends to two threaded rods so that they
can be tilted or translated by rotating the rods. In addition, a circular plate, called
platform, is mounted at the floor of the chamber. The platform is large enough
to carry the whole measurement set-up, including a phantom, a stand and AUT.
Apart from AUT, the chamber consists of three measuring (monopole) antennas
mounted on the walls. To emulate the human head a SAM phantom [93] is used
for measurements. A half wave-length dipole antenna is used as reference antenna
for the calibration of the chamber.

 
(a)                                                                        (b) 

Figure 7.11: (a) Picture of Bluetest reverberation chamber, (b) Movable stirrers
inside the reverberation chamber [51].

Figures of merit measured

The reverberation chamber can be used to measure the radiation performance of
the mobile phone in terms of TRP, TIS, radiation efficiency [40], diversity gain [36]
and the performance of MIMO systems [37].

7.6 Measurement set-up

Active mobile phone measurements were performed on 9 commercially available
mobile phones by [40]. The characterization (Rician K−factor) measurements were
performed, using a half-wave dipole antenna, by the author and Samer Medawar at
the antenna lab of Chalmers University of Technology, Göteborg, Sweden in 2008.
A description of the measurements is given in the following section:
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Measurement instruments

The measurements in RC were conducted using the following instruments.

Base station simulator: The base station simulator (BSS) used for active mo-
bile phone measurements was the Agilent 8960/N4010A. This unit is used to com-
municate with the mobile phone by setting up a call.

Specific Anthropomorphic Mannequin: A Specific Anthropomorphic Man-
nequin (SAM) phantom [93] is used during the active mobile phone measurements
and during the characterization (Rician K−factor) measurements.

Vector network analyzer: A vector network analyzer (VNA), Agilent 5071B,
is used to perform the characterization measurements by measuring the scattering
parameters.

Dipole antenna: A half wave dipole antenna is used to perform the characteri-
zation measurements in the RC.

Personal computer: A personal computer (PC) with software is used to control
the RC during measurements and also to record the measurement data.

Measurement Procedure

Active (mobile phone) measurements

A basic set-up for active mobile phone measurements using Bluetest RC (see Fig.
7.13) is shown in Fig. 7.12. The equipment used for the active measurements are the
Bluetest RC (1.05m x 0.8m x 1.6m), base station simulator (Agilent 8960/N4010A),
spectrum analyzer, mobile phones, SAM phantom [93] and a controlling PC with
software. The radiated power measurements were conducted by Chalmers, Bluetest
AB, Sony Ericsson AB and others [40]. The radiated measurements were performed
for 9 different mobile phones, and the results are published in [40]. The measure-
ments were performed by placing a mobile phone across a phantom (a head and
shoulder phantom from ECE, Japan) only in left-talk position at GSM 900 and
GSM 1800 bands.

Before performing active measurements, the chamber calibration needs to be
done with a reference half wave dipole antenna. The active measurements are
initiated by placing a call from the base station simulator (BSS) to the mobile
phone (located inside the chamber) and then rotating the platform with the mobile
phone mounted on the phantom (platform stirring). The radiated power from
the mobile phone is recorded by the software controlled PC. A spectrum analyzer
is used to observe the measurement process graphically in real-time. During the
measurements, the chamber is excited by all three monopole antennas placed on the
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Figure 7.12: Block diagram for active measurements using RC.

walls. The active measurements on the same mobile phones were also performed in

Figure 7.13: Picture of SEMC anechoic chamber and Bluetest RC [35]. Courtesy:
SP technical research institute, Sweden.

a CTIA approved standard anechoic chamber at SEMC (see Fig. 7.13) [35]. These
measurements were performed to compare the results with the Bluetest RC.
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Characterization (Rician K−factor) measurements

A basic set-up for Rician K−factor measurements using RC is shown in Fig. 7.14.
The equipments used for characterization measurements are HP500 RC (1.2m x
1.75m x 1.8m), a vector network analyzer, a half wave dipole antenna and a con-
trolling PC with software.

Before performing the characterization measurements, the chamber must be cal-
ibrated, with a half wave dipole antenna, and the network analyzer requires a full
two-port calibration. The characterization (Rician K−factor) measurements are
done by mounting the half wave dipole antenna (AUT) on a stand that is in turn,
placed on the platform inside the chamber. The scattering transmission parameter
(S21) is measured for the half wave length dipole antenna at a distance of 55cm,
75cm and 90cm from a single wall antenna (monopole) in the absence of phantom.
Later, the measurements were also carried in the presence of a phantom at a dis-
tance of 90cm. The estimate of the Rician K−factor is obtained by substituting the
measured S21 in the derived Rician K−factor estimator (see (7.60)). These mea-
surements were performed in a well stirred chamber [49] by tilting the half wave
dipole antenna horizontally, vertically and at an angle of 45◦. The Rician K−factor
measurements were performed by exciting only one monopole antenna on the wall
of the chamber.
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Figure 7.14: Block diagram for characterization measurements using RC.

7.7 Measurement results

Active (mobile phone) measurement results

The radiated power measurement results for mobile phones are plotted in Fig. 7.15
using the measurement data obtained from Bluetest AB [40]. The results show that
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the correlation factor is 0.9322 at GSM 900 and 0.7898 at GSM 1800. Moreover,
it is observed that the standard deviation between the results is 0.57 dB at GSM
900 and 0.87 dB at GSM 1800. It is claimed by [40] that this deviation in results is
due to measurement inaccuracies and errors due to positioning of the mobile phone
relative to the head phantom.

Characterization (Rician K−factor) measurement results

The measurement results of the derived Rician K−factor estimator (see (7.60)) are
shown in Fig. 7.16, Fig. 7.17 and Fig. 7.18 for a horizontal, vertical and tilted
(45◦) half wave dipole antenna, respectively. The results are plotted for frequencies
ranging from 1800 MHz and 1900 MHz at a distances of 55cm, 75cm and 90cm
from the transmitting antenna without the phantom. Moreover, the plots also
show results obtained in the presence of phantom for horizontal and vertical dipole
antenna at a distance of 90 cm from the transmitting antenna.
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Figure 7.15: Comparison of reverberation chamber and anechoic chamber results
[40].

The estimate of the Rician K−factor values for a RC with half wave dipole
antenna at distances of 55cm, 75cm and 90 cm from the transmitting antenna are
summarized in Table 7.1. In the presence of the phantom, the estimate of Rician
K−factor value was found to be 0.83 (-0.81 dB) for horizontal and 0.57 (-2.44
dB) for the vertical half wave dipole antenna. The results suggest that there is a
slight variation in the computed Rician K−factor values due to the polarization
of antennas, distance between transmit and receive antennas and the presence of
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Figure 7.16: Estimate of the Rician K−factor for a well stirred reverberation cham-
ber for horizontal half wave dipole antenna.
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Figure 7.17: Estimate of the Rician K−factor for a well stirred reverberation cham-
ber for vertical half wave dipole antenna.
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Figure 7.18: Estimate of the Rician K−factor for a well stirred reverberation cham-
ber for tilted (45◦) half wave dipole antenna.

phantom. It can be observed from Fig. 7.10 that for the estimated K− factor

Distance
between

Horizontal Vertical Tilted(45◦ )

Tx and Rx
antenna

(cm)

K−factor K−factor
(dB)

K−factor K−factor
(dB)

K−factor K−factor
(dB)

55 0.81 -0.92 0.63 -2.00 0.69 -1.61
75 0.85 -0.71 0.54 -2.68 0.70 -1.55
90 0.90 -0.46 0.59 -2.29 0.77 -1.14

Table 7.1: Estimated Rician K−factor values of RC using half-wave dipole antenna.

(varying from -0.46 dB to -2.68 dB) with 100 samples, the relative error in the
estimation of K− factor is greater than 30%.

7.8 Discussion and conclusions

The comparison of TRP measurements of Bluetest reverberation chamber and the
CTIA approved SEMC anechoic chamber suggest that the results are highly corre-
lated at GSM 900 compared to GSM 1800. The low correlation at GSM 1800 can
probably be attributed to the fact that at higher frequencies (high directive anten-
nas) the Rician K−factor becomes large, provided that chamber volume, Q-factor
and distance between AUT and wall antennas are constant [48]. The RC tends
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to deviate from perfect Rayleigh distribution at higher frequencies because of high
directivity, and may contribute to inaccurate estimation of performance of mobile
phones. Moreover, only nine mobile phones were tested, so it is difficult to make
any concrete inferences from the obtained active measurement results.

Further, the exact ML estimation of the Rician K−factor of a reverberation
chamber based on measured S21-parameters has been considered. The exact ML
estimator is straightforward to implement, based on calculating the sample mean
and variance of the real and imaginary part of the measured scattering parameter
S21. It has also been shown that the exact ML-estimate in finite samples obeys a
noncentral F -distribution, with mean value (7.62) and variance (7.63).

Based on the error analysis of ML estimation, it can be said that for nearly
perfectly-stirred chambers, without a strong direct component, accurate estima-
tion requires intensive measurements. Practically, it is not possible to perform
those measurements, as it may incur in higher costs and increased measurement
time. Further, the systematic error (bias) in the ML estimator causes an “over
estimation” of the Rician K− factor. The actual Rician K−factor is lower, and
the reverberation chamber is in average, performing better than estimated from
measurements of S21.

The characterization measurement results suggest that Rayleigh fading exists
inside the RC as the estimated Rician K−factor values from S21 measurements
were small. It can also be concluded from the Rician K−factor results that in a
well stirred reverberation chamber the estimate of the Rician K−factor is slightly
influenced by the distance between the transmitting and the receiving antennas,
the orientation of AUT and the presence of phantom.
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Chapter 8

Multipath Simulator Technique for

Over-The-Air Testing

8.1 Introduction

Multiple-input multiple-output (MIMO) over-the-air (OTA) testing techniques can
be categorized as either an anechoic chamber or reverberation chamber technique
depending on the type of measurement chamber used [67]. Multipath simulator
(MPS) is an anechoic chamber MIMO OTA technique, used for testing mobile
phone antennas. The MPS consists of an array of antennas (also called a multiprobe
system), which encircle an AUT at a distance of a few wavelengths, [132, 133, 134]
and a feed network that distributes the signals over the array to apply different
amplitudes and varying phase shifts at the array antennas. Thus, several waves
are generated out of the MPS antennas, and upon superposition at the AUT, the
waves simulate a multipath fading environment. A schematic representation of a
uniform circular array (UCA) of a MPS with eight array antennas is shown in Fig.
8.1.

Many research findings have been published on the MPS technique, describing
the various aspects of MPS measurements and the parameters that influence the
measurement uncertainty of a given MPS system. For example, in [134], an experi-
mental UCA MPS system was built and evaluated at frequencies from 2−2.6 GHz.
Moreover, it was also concluded that 16 MPS antennas should be used to generate
stable fading signal statistics. Further, the number of single polarized OTA an-
tennas required to achieve a certain uncertainty level in the field at the test zone
is given by (3) in [135]. In [136], it was shown that to achieve field strength and
phase stability across the test zone the ratio between the radius of a test zone and
the radius of a ring of OTA antennas must be 1/10 or lower in the frequency range
from 0.5 − 6 GHz. The impact of scattering within the MPS array on the mea-
surement uncertainty of the MPS system was studied for the first time in [137] by
deriving an expression for the standard deviation of the average received power in
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A U T
M P S A r r a y A n t e n n a s

Figure 8.1: Uniform circular array of MPS with eight array antennas and an AUT.

a Rayleigh fading environment. Further, based on the simulation and measurement
results, this work also suggested that, for MPS antennas in the range of 8−16 with
a MPS ring radius R in the range of 1 − 2 m, the measurement uncertainty could
be within ±(0.1−1) dB. Alhough, a significant number of contributions were made
on this topic, nonetheless the issues such as the impact of scattering within the
MPS antennas on the fading statistics of the emulated propagation channel have
not been studied and previously published.

In this chapter, the scattering within the MPS array antennas is investigated in
terms of the measurement uncertainty of the average received power and the Rician
K−factor. Moreover, the maximum ratio combining diversity is investigated for a
generic DUT, comprised of two half-wavelength dipole antennas with a separation
of 0.5λ between them. The investigation is performed under the assumption that
the Rician fading channel exists in a MPS system. Furthermore, by considering the
Fraunhofer or far-field distance, an expression is derived, relating the maximum
number of MPS antennas and the minimum ring radius of the MPS system as
a function of the separation between the most distant antenna elements of the
Uniform Linear Array (ULA) in a DUT. Hence, the design criteria for an MPS
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system in terms of the number of MPS array antennas, the radius of the MPS
array, the physical size of the AUT and the carrier frequency also are presented.
In the latter part of this chapter, an experimental validation incorporating several
numerical simulations and their theoretical results is presented.

8.2 MPS scattering signal model and assumptions

The scattering within the MPS array antennas is studied by considering a uniform
circular array (UCA) of radius R consisting of NDUT DUT antennas surrounded
by NMPS MPS antennas, as shown in Fig. 8.2. The elements of the array are
matched λ/2-dipole antennas, and the simulated radiation pattern diagram of the
UCA MPS arrangement with a radius of 3.5λ and eight λ/2-dipole array antennas
is shown in Fig. 8.3. Under the assumption that the MPS antenna m is fed, while
all other MPS antennas ℓ 6= m act as passive scatterers, the total voltage induced
at the DUT antenna port n consists of two terms and is written as follows:

vtotal
n,m = vdirect

n,m + vindirect
n,m , (8.1)

where vdirect
n,m is the voltage induced by the incoming wave, received directly from

the fed MPS antenna m and

vindirect
n,m =

NMPS∑

ℓ=1
ℓ 6=m

vindirect
n,ℓ,m , (8.2)

is the voltage induced by the wave, also originating at the fed MPS antenna m
but arriving at the DUT antenna due to scattering from the MPS antennas ℓ 6= m.
These equations are constructed under the assumption only single scattering occurs.
The induced voltages are obtained by following the method outlined in [138].

The direct signal voltage vdirect
n,m is obtained as a function of the power received

at DUT antenna n and coming from the fed MPS antenna m, using the Friis
transmission formula [87], and it is written as follows:

P direct
n,m = PmGmGnηn,m

(
λ

4πRn,m

)2

, (8.3)

where Pm is the total power radiated by MPS antenna m, Rn,m is the distance
between DUT antenna n and MPS antenna m, as shown in Fig. 8.2, Gm and
Gn are the corresponding total antenna gains evaluated along the line given by
Rn,m, and ηn,m is the polarization mismatch between the two antennas. Hence,
the corresponding induced voltage is given by

vdirect
n,m = cn,m

√
P direct
n,m e−j(kRn,m+ψn,m), (8.4)

where cn,m and ψn,m are the proportionality constants and the random phase shifts,
respectively, both related to the receiving DUT antenna n. Additionally, kRn,m
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Figure 8.2: Arrangement of antennas in two-antenna DUT MPS system as uniform
circular array and showing the direct and scattered paths from the fed MPS antenna
to DUT antennas [139].
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Figure 8.3: Simulated MPS UCA of radius 3.5λ showing radiation pattern of eight
half-wave dipole array antennas and an AUT.

accounts for the phase delay of the signal from the transmitter to the receiver, i.e.,
from MPS antenna m to DUT antenna n.

The indirect signal voltage vindirect
n,m is obtained by making a few considerations,

similar to those presented in [137]. The first assumption is that all of the MPS
antennas are matched-terminated, which means that no power is reflected back
from the antennas. Hence, the scattered power is load independent and depends
only on the physical properties of the antenna aperture. The second assumption
is that the scattered power is equal in magnitude to the received power, and the
scattered field pattern is equal to the radiation pattern of the antenna because λ/2-
dipole antennas are used, which are minimum scattering antennas. Under the above
assumptions, the power scattered by MPS antenna ℓ originating at MPS antenna m
is obtained by applying Friis transmission formulas to the corresponding antennas,
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written as follows:

Pℓ,m = PmG
′
mG

′
ℓηℓ,m

(
λ

4πRℓ,m

)2

, (8.5)

where Rℓ,m is the distance between MPS antenna ℓ and MPS antenna m, G′
m and

G′
ℓ are the corresponding total antenna gains evaluated along the line given by

Rℓ,m. Hence, the indirect received power can be written as follows:

P indirect
n,ℓ,m = Pℓ,mGnGℓηn,ℓ

(
λ

4πRn,ℓ

)2

. (8.6)

The corresponding induced voltage is then modeled as:

vindirect
n,m = cn,m

NMPS∑

ℓ=1
ℓ 6=m

√
P indirect
n,ℓ,m e−j(k(Rn,ℓ+Rℓ,m)+ψn,ℓ,m), (8.7)

where cn,m is a constant related to the receiving DUT antenna n, ψn,ℓ,m is related
to both the DUT and MPS antennas, and k(Rn,ℓ + Rℓ,m) accounts for the phase
delay in the signal from MPS antenna m, to MPS antenna ℓ and finally to DUT
antenna n (see Fig. 8.2).

The total voltage induced at DUT antenna n and arriving either directly or
indirectly is obtained from (8.1) and (8.3)-(8.7) and can be written as follows:

vtotal
n =

NMPS∑

m=1

vtotal
n,m = vdirect

n + vindirect
n , (8.8)

where the statistics of the desired signal, i.e., the direct signal (8.4), are given by:

vdirect
n =

NMPS∑

m=1

vdirect
n,m , (8.9)

and the direct signal corrupted by the scattering within the MPS antenna array
i.e., the indirect signal (8.7) is given by:

vindirect
n =

NMPS∑

m=1

vindirect
n,m . (8.10)

8.3 Far-field conditions for MPS design

Let LDUT and LMPS be the largest dimensions of the DUT and MPS antennas in
the array shown in Fig. 8.2. Further, it is assumed that all of the MPS antennas
in the array are identical and located in the far-field relative to each other. Hence,
the distance between any two adjacent MPS antennas in the array RMPS−MPS must
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satisfy the Fraunhofer distance criterion for the far-field derived in Section 2.2 [87]
and can be written as follows:

RMPS−MPS ≥ 4L2
MPS

λ
. (8.11)

Under the assumption that all of the DUTs are identical, the maximum dimen-
sion of the DUT antenna system is written as follows:

LDUT′ = Ro + LDUT, (8.12)

where Ro is the separation distance between the DUTs.
Under the assumption that both the DUT and MPS antennas are in the far-field

(Fraunhofer region) relative to each other, the distance between the DUT and MPS
antennas must satisfy the following:

RMPS−DUT ≥ 2L2
DUT′

λ
+

2L2
MPS

λ
. (8.13)

By considering the geometry given in Fig. 8.2, the distance between any two
adjacent MPS array antennas can be written as follows:

RMPS−MPS = 2R sin
(

π

NMPS

)
. (8.14)

Using (8.12) and (8.13), we obtain the following,

R ≥
2
(

(Ro + LDUT)2 + L2
MPS

)

λ
, (8.15)

as a function of the antenna sizes, the DUT antenna separation and the wavelength.
By substituting (8.14) in (8.11) we get,

NMPS ≤ π

arcsin
(

2L2

MPS

λR

) . (8.16)

The inequalities (8.15) and (8.16) are solved to obtain the maximum number
of MPS antennas and the minimum radius of the MPS array required to design a
MPS system for a given maximum separation distance between the DUT antennas
Ro, the size of the DUT antennas, the size of the MPS antennas and the signal
wavelength.

The inequalities (8.15) and (8.16) for λ/2-dipole MPS and DUT antennas can
be written as follows:

R

λ
≥ 2

(
1
4

+
(

1
2

+
Ro
λ

)2
)
, (8.17)
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and

NMPS ≤ π

arcsin
(
λ

2R

) . (8.18)

Using (8.17) and (8.18), Table 8.1 is obtained and it shows the limitations of the
minimum MPS ring radius and the maximum number of MPS antennas for different
values of the normalized maximum separation distance between the DUT antennas
Ro. The max (NMPS) values are obtained by evaluating (8.18) at min (R/λ), which
corresponds to the right-hand side of (8.17). Hence, by choosing other values of
R/λ to satisfy (8.17), a larger number of MPS antennas can be obtained.

Ro/λ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
MinimumR/λ 1.2 1.4 1.7 2.1 2.5 2.9 3.3 3.8 4.4 5.0

MaximumNMPS 7 9 11 13 15 18 21 24 27 31

Table 8.1: Minimum MPS ring radius R/λ and maximum number of MPS antennas
NMPS for a given separation distance between DUT antennas.

Therefore, by incorporating the above limitations on the MPS ring radius and
the number of MPS antennas, a MPS system can be designed such that all of its
antennas are in the far-field region relative to each other. The above limitations
also fulfill the criteria presented in [135] and [136] regarding the number of MPS
antennas and the size of the quiet zone required to achieve a given accuracy level
of the reproduced field. Further, the derived relationships can be used to design
a compact-sized MPS array, thereby suggesting the possibility for miniaturization.
The above-derived relationships also can be used to compute the upper bounds on
the uncertainties because they result in the maximum number of MPS antennas for
a given size of the DUT array.

8.4 Channel fading accuracy evaluation

The uncertainty parameters that are used to evaluate the measurement uncertainty
of the MPS system are the Rician propagation channel parameters (the average
received power and the Rician K−factor) and maximum ratio combining (MRC)
diversity.

Rician Fading Statistics

The study of the impact of scattering on the accuracy of the emulated propagation
channel is performed under the assumption that the channel behavior is described
by the Rician probability density function (PDF). Hence, the envelope of the com-
plex signal amplitude, |v|, received by the antenna (here, λ/2-dipole is placed at
the center of the UCA MPS antenna system) is written as follows [94]:
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f|v|(|v|) =
2 (1 +K) |v|

Prec
exp

(
−K − (K + 1)|v|2

2Prec

)
×

I0


2

√
K(1 +K)

Prec
|v|


 , (8.19)

where Prec and K are the parameters of the distribution and I0 is the modified
Bessel function of the first kind and zero order.

The parameter Prec is the average received power given by

Prec = 〈|v|2〉, (8.20)

where 〈〉 denotes the sample average operation.
The parameter K is the Rician K−factor defined as the power ratio of the

fixed and fluctuating components, i.e., the power of the dominant path |vs|2 and
the power of all other paths 〈|vd|2〉

K =
|vs|2

〈|vd|2〉 , (8.21)

where Prec = |vs|2 + 〈|vd|2〉.

Rician fading emulation accuracy

The distribution parameters mentioned in (8.20) and (8.21) are used to assess the
impact of scattering within the UCA MPS array on the Rician fading emulation
accuracy. The measurement uncertainties computed for this purpose are the average
received power uncertainty and the Rician K−factor uncertainty.

Average received power uncertainty: The average received power uncertainty is
obtained by computing the ratio between the average received power with and with-
out the scattering component from all of the MPS antennas, and it is represented
as follows:

ǫP =
P total

rec

P direct
rec

, (8.22)

where P total
rec and P direct

rec are computed applying (8.20) to (8.9), (8.4), (8.3) and
(8.10), (8.7), (8.6), (8.5). In Appendix A, a closed form expression for ǫP is derived
for a uniform 2D distribution of angle of arrival (AoA) and it is written as follows:

ǫP = 1 +
(
Gλ

8πR

)2 NMPS−1∑

ℓ=1

1

sin2
(

πℓ
NMPS

) , (8.23)
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where G is the antenna gain, assumed to be equal for all of the MPS antennas
as well as the DUT antenna, R is the radius of the MPS ring, and NMPS is the
number of MPS antennas. The second term in (8.23) is equivalent to a result
derived in [137] using similar arguments with an alternative method. It is obvious
that ǫP ≥ 1 because the scattered power will add up to the direct power, and in
the case of ǫP = 1, it can be said that no scattering effects on the received power
are identified. The impact of scattering is found to be on the order of 1 dB or less
[137]. Hence, for ease in representation, the average received power uncertainty in
dB is written as follows:

δP = 10 log 10(1 +
√
ǫP − 1) (8.24)

It can be observed that (8.24) is the same as that expected and is independent of
the Rician K−factor. Further, it is also noticeable that (8.24) is approximately
half the uncertainty given by (4) in [137], suggesting that there is good agreement
between the two approaches.

Rician K−factor uncertainty: The Rician K−factor uncertainty can be ob-
tained by computing the ratio between the K−factor with and without the scat-
tering component, written as follows:

ǫK =
Ktotal

Kdirect
, (8.25)

where Ktotal and Kdirect are found by applying (8.21) to the corresponding signals,
as in the case of the average received power uncertainty computations, mentioned
above. In Appendix B, an expression for ǫK is derived in terms of the gain in
the antennas, the radius of the MPS ring and the number of MPS antennas. The
expression can be written as follows:

ǫK =
1

1 +
(

1 + KinNMPS

NMPS−1

) (
Gλ

8πR

)2∑NMPS−1
ℓ=1

1

sin2

(
πℓ

NMPS

)
, (8.26)

where Kin is the input K−factor and corresponds to the emulated Rician fading
statistics.

It is expected that ǫK ≤ 1 because the contribution to the non-coherent power
component, i.e., 〈|vd|2〉 in (8.21), will increase due to scattering, leading to a small
K−factor. In the case of no scattering, ǫK = 1 must be obtained.

The Rician K−factor uncertainty can be defined in dB as follows:

δK = 10 log 10(1 +
√

1 − ǫK). (8.27)

Diversity combining

The impact of the scattering on the maximum ratio combining (MRC) diversity is
studied under the assumption that the variance in the additive white Gaussian noise
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(AWGN) is equal to one. Thus, the output of the MRC gives the signal-to-noise
ratio [141], represented as follows:

γMRC =
NDUT∑

n=1

|vn|2, (8.28)

where vn are the voltages induced at the antenna port n of the DUT, and NDUT is
the number of antenna ports, i.e., the diversity branches.

MRC diversity uncertainty: The MRC diversity uncertainty is used to evalu-
ate the impact of scattering on MRC diversity, and it can be defined at various
cumulative distribution function (CDF) probability levels of (8.28). First, the ra-
tio between the average MRC with and without scattering is defined and can be
written as follows:

ǫMRC =
〈γtotal

MRC〉
〈γdirect

MRC 〉 , (8.29)

where γtotal
MRC and γdirect

MRC are given by (8.28) with vn replaced by vtotal
n and vdirect

n ,
respectively. It is expected that ǫMRC ≥ 1 because the scattered power will add
up to the direct power, and ǫMRC = 1 is obtained when no scattering effects are
present. This result is obvious, following the observation that (8.29) is the same as
the following:

ǫMRC =

∑NDUT

n=1 P total
rec,n∑NDUT

n=1 P direct
rec,n

= ǫP (8.30)

for independent identically distributed MRC diversity branches (see (8.22)). This
is applicable only when the received signals at the DUT antennas are the same on
average.

Now, the MRC diversity uncertainty in dB can be defined as follows:

δMRC = 10 log 10(1 +
√
ǫMRC − 1). (8.31)

As mentioned earlier, the MRC diversity gain can be defined at a particular proba-
bility level p of the CDF. Here, we consider p = 1% apart from the average level to
evaluate the impact of scattering on the distribution of the MRC signal. Hence, it
can be defined by computing the ratio between the MRC signal with and without
scattering, corresponding to the p = 1% as follows:

ǫMRC@1% =
γtotal

MRC@1%
γdirect

MRC @1%
. (8.32)

Based on the simulation results shown in Fig. 8.4, it can be concluded that
ǫMRC@1% may be less or greater than 1 depending on the K factor, unlike the
average ǫMRC. From Fig. 8.4, it can be observed that reducing the K−factor in
the presence of scattering will result not only in a shift in CDF but also a variation
in the slope of the MRC signal. Similar to the average ǫMRC, a result equal to one
is obtained for ǫMRC@1% when no scattering is present.
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The MRC diversity uncertainty at 1%, given in dB, can be written as follows:

δMRC@1% = 10 log 10(1 +
√

|ǫMRC@1% − 1|). (8.33)
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Figure 8.4: Cumulative distribution function of the MRC corresponding to direct
signals, i.e. without scattering, and signals with the scattering component present.

8.5 Numerical simulations and analysis

In this section, the simulation results and an analysis of the uncertainty parameters
(δP , δK, δMRC and δMRC@1%) given in Section 8.4 are presented. The evaluation of
the uncertainty parameters is performed in terms of the number of MPS antennas
NMPS ∈ {2, 16}, the normalized radius of the MPS ring R/λ ∈ {2, 10} and the
Rician fading parameter K = {0, 1, 10, 100}. The presented numerical simulations
are performed using the MPS system scattering model mentioned in Section 8.2
and the Rician fading statistics assumptions (8.19)-(8.21). The scenarios chosen
for the simulations are one-antenna and two-antenna DUT systems comprised of
vertically polarized half-wavelength dipole antennas with unity gain, i.e., 0 dBi.
For two-antenna DUT system simulations, an antenna spacing of Ro = λ/2 is
assumed. Additionally, to evaluate the measurement uncertainty of compact UCA
MPS OTA systems, the separation distance of Ro/λ with corresponding min (R/λ)
and max (NMPS) is obtained from Table 8.1. In the one-antenna DUT simulations,
the DUT-antenna is placed in the center of the MPS simulator; in contrast, in the
two-antenna DUT case, the antenna elements are placed symmetrically around the
center of the MPS array, as shown in Fig. 8.2. A single simulation data point is
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computed by considering n = 2 × 106 independent samples of the fading statistics.
Subsequently, the data are analyzed by resampling with n = 1 × 106 data points in
a bootstrapping method [142]. The obtained simulation data are used to compute
the above-mentioned uncertainty parameters. The Rician K−factor is obtained
by employing an estimator based on the method-of-moments described in [143].
Further, the obtained simulation results are compared to the analytical expressions
wherever applicable.

The impact of scattering is evaluated by using a simplified Rician fading model
to generate the desired first-order statistics. The simulations are performed in
MATLAB using a UCA MPS antenna arrangement composed of unity gain verti-
cally polarized half-wavelength dipole antennas. The transmitted signal from each
of these MPS antennas is constant in amplitude and proportional to the square
root of the radiated power

√
P . The phases of these transmitted signals change

randomly between 0 and 2π, drawn from a 1D uniform distribution (i.e., the in-
duced voltages at a DUT antenna v ∼

√
P e−j(ψ), as shown in Section 8.2). By

assuming that all of the amplitudes transmitted by the MPS antennas are equal,
a Rayleigh distributed signal (i.e., K = 0 in (8.19)) can be obtained. Hence, the
input power of MPS antenna m for K = 0 is written as follows:

Pm =
1

NMPS
for all m. (8.34)

The Rician fading (i.e., K ≥ 1 in (8.19)) is obtained when the amplitude of one of
the transmitted signals is greater than that of all others (see Appendix B and [144]
for more details). Here, the input power of MPS antenna m is written as follows:

Pm =
{ KinNMPS

KinNMPS+NMPS−1 if m = 1
1

KinNMPS+NMPS−1 otherwise
, (8.35)

where P1 is the transmitted power of the MPS antenna, which simulates the fixed
path, while all others represent the power transmitted by the MPS antennas m 6= 1,
which are emulating the fluctuating paths in Rician fading. It can be observed from
(8.34) and (8.35) that the total input power to the MPS antennas is normalized
to one. Further, it is mentioned in [144] that the signal variations can be modeled
by the Rician distribution with K = 0 (i.e., a Rayleigh distribution) with good
accuracy for NMPS ≥ 6. Additionally, upon increasing the Rician K−factor, the
number of required MPS antennas is decreased.

Average received power uncertainty

The average received power uncertainty results of the one-antenna DUT case are
shown in Fig. 8.5. The simulation results are shown as discrete points, while the
theoretical results (obtained from (8.23) and (8.24)) are represented by continuous
lines. The results obtained for the two-antenna case were similar to that of the
one-antenna DUT case; hence, they are not shown here. The results in Fig. 8.5
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show the dependence of δP on the number of MPS antennas NMPS for various
values of the MPS ring radius to wavelength ratios R/λ. Further, as shown in
Section 8.4, δP is independent of the Rician K−factor, but a small variation can
be observed in the obtained simulation results at different K− factors. The results
in Fig. 8.5 suggest that the impact of scattering within the MPS array increases
with the number of MPS antennas, i.e., from NMPS = 2 to NMPS = 16. In contrast,
the impact decreases with the size of the MPS ring radius, i.e., from R = 2λ to
R = 10λ. Hence, designing and implementing a UCA MPS OTA system with
NMPS = 16 antennas and a ring radius of R = 10λ will result in δP ≈ 0.15 dB,
and this result is in good agreement with that obtained in [137]. The simulation
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Figure 8.5: Average received power uncertainty δP (dB) v.s. the number of MPS
antennas NMPS for different MPS ring radii R.

results in Fig. 8.6 show the average received power uncertainty for the two-antenna
DUT case as a function of the separation distance between the DUT antennas Ro
given in wavelengths at K = 0, K = 1, K = 10 and K = 100. To study the
impact of applying the derived far-field limitations (see (8.17) and (8.18)) on δP ,
Table 8.1 is used to obtain R/λ and NMPS for a given separation distance between
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Figure 8.6: Average received power uncertainty δP (dB) v.s. the normalized sepa-
ration distance Ro for different Rician K−factors. The two-antenna DUT system
is considered with MPS simulation parameters from Table 8.1.

the antennas. The results in Fig. 8.6 show that the variations in δP as a function
of K−factor are small, which may be due to numerical uncertainties. Further, it
also can be observed that δP is approximately constant, on average equal to 0.57
dB. Small variations can be observed in the obtained results, possibly due to the
geometrical displacement of the DUT array within the MPS array. The δP = 0.57
dB obtained from Fig. 8.6 is significantly higher than most of the values in Fig.
8.5, which may be because the ring radii used to generate Fig. 8.5 were significantly
larger than those in Table 8.1. Thus, the results in Fig. 8.6 can be considered as the
upper bound on δP , which is independent of the maximum separation between the
DUT antenna elements. Alternatively, it can be said that the worst case average
received power uncertainty for the miniaturization of the UCA MPS OTA testing
is obtained.
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Rician K−factor uncertainty

The Rician K−factor uncertainty results for the one-antenna DUT case are shown
in Fig. 8.7. The simulation results are shown as discrete points, while the theoretical
results (obtained from (8.26) and (8.27)) are represented by continuous lines. In this
example as well, the results obtained for the two-antenna case were similar to that
of the one-antenna DUT case; hence, they are not shown here. The results in Fig.
8.7 suggest that δK increases with the number of MPS antennas, while decreasing
with the size of the MPS ring radius. Moreover, it is also observed that δK increases
with increasing K−factor. This behavior may occur because the amount of power
added to the fluctuating paths is significantly higher in comparison to the fixed
path, resulting in a decreasing K−factor (see (8.21)).
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Figure 8.7: Rician K−factor uncertainty (dB) v.s. the number of MPS antennas
NMPS for different MPS ring radii and different input K−factors.

The results in Fig. 8.8 are plotted in a similar way as those in Fig. 8.6. The
results in Fig. 8.8 show that the Rician K−factor uncertainty does not vary with
the distance of separation between the DUT antennas in the MPS system. Further,
it can be observed that the Rician K−factor uncertainty increases with an increase
in the Rician K−factor. The Rician K−factor uncertainty results for K = 0 seem
to vary more in comparison to the others, which may be due to the stochastic nature
of the simulations in addition to the inaccuracies introduced by the employed Rician
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Figure 8.8: Rician K−factor uncertainty δK (dB) v.s. the normalized separation
distance Ro for different Rician K−factors. The two-antenna DUT system is con-
sidered with MPS simulation parameters from Table 8.1. For legend see Fig. 8.6.

K−factor estimator, [143]. As in Fig. 8.6, the Rician K−factor uncertainty results
are similar for both DUTs. The plots in Fig. 8.8 suggest that δK is independent
of the maximum separation between the DUT antenna elements, representing an
upper bound on δK for similar reasons as those given for Fig. 8.6.

The plots in Fig. 8.9 show the variation in the Rician K−factor uncertainty
as a function of the input K−factor for two different sets of values of the MPS
ring radius and the number of MPS antennas for the two-antenna DUT system.
Based on the results, it can be inferred that the uncertainty increases with the
K−factor for K ≥ 1. However, for lower values (less than 1), small fluctuations are
observed. The variation in δK depends on the MPS ring radius and the number of
MPS antennas. The δK results were similar for both DUT antennas.

MRC diversity uncertainty

The MRC diversity uncertainty is studied for both the average power (δMRC) and
the power corresponding to a 1% CDF probability level of the combined signals
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Figure 8.9: Rician K−factor uncertainty δK (dB) v.s. input Rician K−factors. A
two-antenna DUT system is considered with element separation Ro = λ/2.

(δMRC@1%) (8.28). As mentioned earlier, a two-antenna DUT system consisting
of two identical antennas with spacing Ro = 0.5λ is used. In this case, the average
MRC diversity uncertainty is equal to the average power uncertainty, i.e., δMRC =
δP (see (8.30)). Hence, the average MRC diversity uncertainty behavior can be
explained with the analysis presented for the average received power uncertainty.

The results for the MRC diversity uncertainty at the 1% CDF probability level
(δMRC@1%) are shown in Fig. 8.10. It can be observed from the plots that
δMRC@1% increases with the number of MPS antennas but decreases with the size
of the MPS ring radius. Further, it also can be observed that for larger K− factors
δMRC@1% increases with the Rician K−factor and is slightly larger at K = 0 than
for K = 1.

The results in Fig. 8.11 show the variation in δMRC@1% on Ro/λ for different
RicianK−factors. The results in Fig. 8.11 were obtained in a similar way as that for
Fig. 8.8 and Fig. 8.6. The results suggest that δMRC@1% remains approximately
constant as a function of the normalized separation distance between the DUT
antenna elements Ro. The UCA MPS parameters for this plot were chosen from
Table 8.1. Further, the simulation results at small K−factors (K = 0 and K = 1)
suggest that δMRC@1% varies slightly, which may be due to the stochastic nature of
the simulations. The uncertainty at K = 0 is larger than at K = 1, which is due to
the impact of scattering on the MRC signal; this effect depends on the K−factor,
as shown in Fig. 8.4. It can be observed that ǫMRC@1% > 1 for K = 0, decreasing
with an increase in the K−factor. Further, ǫMRC@1% < 1 for K ∼ 1 and above,
but the uncertainty (8.33) increases because |ǫMRC@1% − 1| increases significantly
faster, leading to a minimum for K = 1, as shown in Fig. 8.12.
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Figure 8.10: MRC diversity uncertainty at the 1% probability level δMRC@1% (dB)
v.s. the number of MPS antennas NMPS for different MPS ring radii and different
input K−factors.

8.6 Measurement set-up

The measurement set-up shown in Fig. 8.13 is used to perform the passive mea-
surements in MPS, yielding the average received power uncertainty δP and the
Rician K−uncertainty δK . A detailed description of the set-up is given in [145].
The passive measurements were performed by the author and Dr. A. A. Glazunov
at the Sony Mobile Communications MPS facility in Lund, Sweden, in 2012. A
description of the measurements is given as follows:

Measurement instruments

The measurements in the anechoic chamber-MPS were conducted using the follow-
ing instruments.

MPS-Anechoic chamber: The MPS system used for the measurements is shown
in Fig. 8.14, comprised of 16 identical UWB MPS antennas with a scattering par-
asitic element. 8 MPS antennas are horizontally polarized, and the other 8 are
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Figure 8.11: MRC diversity uncertainty at the 1% probability level δMRC@1% (dB)
v.s. the normalized separation distance Ro for different Rician K−factors. The two-
antenna DUT system is considered with MPS simulation parameters from Table
8.1.

vertically polarized, as shown in Fig. 8.15. Hence, these antennas are used to
simulate 16 different signal paths.

Vector network analyzer: An Agilent PNA series E8358A vector network ana-
lyzer is used to record the complex transmission coefficient S21 between the antenna
under test (AUT) and the MPS antennas.

Dipole antenna: A vertically polarized half-wavelength dipole antenna at the
LTE-A band of 2600 MHz is used as the AUT to perform the passive measurements.

MPS feed network: A MPS feed network consists of control circuits, power
dividers, attenuators and phase shifters. Different Doppler spectra can be simulated
by feeding the MPS antennas via a sweeping phase shifter. A detailed description
of the MPS feed network is given in [134].
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Figure 8.13: Block diagram showing the measurement set-up for passive measure-
ments in MPS system.
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Figure 8.14: MPS system in anechoic room with 8 pairs orthogonally polarized
MPS antennas. The receiving vertically polarized half-wavelength dipole is shown
in the center of the MPS array.

Figure 8.15: Horizontal and Veritcal polarization UWB antennas in MPS system.
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Personal computer: A personal computer (PC) is used to control the attenua-
tion of the MPS antennas in the feed network.

Measurement procedure

The measurements are performed only for the vertically polarized case, generating
8 signal paths. Thus, the obtained results can be compared with the NMPS = 8
simulation results. The CW (continuous wave) measurements are performed at
the LTE-A band of 2600 MHz with a vertically polarized half-wavelength dipole
antenna placed in the center of the MPS system. The MPS ring radius is fixed
at 1.4 m, which at 2600 MHz gives R = 12λ. For these measurements, the phase
shifters in the MPS feed network are not used.

The measurements are initiated by covering all of the MPS antenna pairs except
one with flat laminate absorbers, as shown in Fig. 8.16. Next, a sequence of 16001
values of S21 are collected. The measurements are performed at three different
simulated K−factor values, i.e., 0, 5 and 33, by repeating the measurements with
three different transmission powers. This procedure is repeated 6 times so that
enough data can be recorded to check for consistency. Next, a second absorber is
removed, then a third, and so on, until all eight absorbers have been removed. The
amount of data collected each time is the same, i.e., 8 sets of 16001 × 3 × 6 values
of S21. That is, 96006 samples are collected for each K−factor values, i.e., 0, 5
and 33.

Figure 8.16: Same as in Fig.8.14, but with flat laminate absorbers.

By averaging the measurement data over the 16001 points, the impact of the
additive white Gaussian noise was reduced, resulting in improvement of the noise
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level by 42 dB. Further, averaging reduces the data to 3 × 6 vectors containing 8
elements each. To obtain the solution to all of the unknowns, the squared error norm
between the measured S21 parameters and the model in Section 8.2 was minimized.
This poses a nonlinear optimization problem that can be solved numerically using
the methods in the Matlab optimization toolbox [146]. Among the set of solutions
obtained, the data with the lowest fitting errors between measurement and model
were chosen.

8.7 Measurement results

The measurement results for the received average power uncertainty δP and the
Rician K− uncertainty δK for K = 33 are shown in Figs. 8.17 and 8.18, respec-
tively. The results for K = 0 and K = 5 are not shown because they follow a
similar trend but with lower values. The statistics of the uncertainties estimated
from the measurements are shown with the box plots in Figs. 8.17 and 8.18. The
circles and diamonds are used to show the results obtained from the model when
the scattered power is twice or only once, respectively. The plotted results suggest
that the agreement between the data and model is rather good. Further, the agree-
ment is more significant when the scattered power in the model is twice, i.e., the
plot illustrated with circles. This may be because the current model considers only
one ring of antennas, whereas the MPS system used for the measurements consists
of two superimposed rings, one of which uses passive antennas. Further, it can
also be observed that the disagreement increases with the decrease in NMPS, which
may be because the presence of fewer NMPS antennas leads to an increased scat-
tering contribution from the neighboring orthogonally polarized passive antenna in
comparison to the case with a larger number of NMPS antennas.

8.8 Discussion and conclusions

In this chapter, a study of the impact of scattering within an MPS array on the
measurement uncertainty is presented. The studies are carried out by performing
MPS simulations in MATLAB for a narrowband Rician channel. The simulations
were based on the proposed MPS scattering model and the derived far-field criteria.
The simulation results suggest that the average received power uncertainty, the
Rician K−factor uncertainty and the MRC diversity uncertainty (both averaged
and at a 1 % probability level) increase with the number of MPS antennas and
decrease with the radius of the MPS ring. It also can be observed that the Rician
K−factor uncertainty increases with the Rician K−factor, whereas the average
received power uncertainty and the average MRC diversity uncertainty were found
to be independent of the Rician K−factor. The obtained results indicate that
the impact of scattering within the MPS antennas in an emulated Rician fading
environment can be countered by designing a large MPS system, although this will
incur higher costs.
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Figure 8.17: Average received power uncertainty δP (dB) v.s. the number of MPS
antennas NMPS at MPS ring radius R = 12λ. The boxplot correspond to the
parameter estimated from measurements. The diamonds and the circles correspond
to predictions with Section 8.2 model with the difference that in the latter case
(circles) the scattered power is doubled.
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Figure 8.18: Rician K−factor uncertainty (dB) v.s. the number of MPS antennas
NMPS at MPS ring radius R = 12λ. The boxplot correspond to the parameter
estimated from measurements. The diamonds and the circles correspond to predic-
tions with Section 8.2 model with the difference that in the latter case (circles) the
scattered power is doubled.
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The costs can be reduced by “miniaturizing" the UCA MPS system while keeping
the measurement uncertainties at an acceptable levels. Further, it also can be
observed that the miniaturization of the UCA MPS system can be achieved by
designing a system that fulfills the derived far-field criteria. Thus, the designed
UCA MPS system has a certain minimum ring radius and a maximum number of
MPS antennas for each maximum separation distance between antennas in a DUT
system with the additional constraint that the considered uncertainties change only
slightly as a function of the maximum separation between antennas.



Chapter 9

Reverberation Chamber for Very

Large MIMO OTA Testing

9.1 Introduction

Multiple-input multiple-output (MIMO) technology is used in wireless broadband
standards, such as long term evolution (LTE), allowing up to 8 antenna ports at the
base station [147]. In [148], the data rate or link reliability and network capacity
can be improved in a multi-user scenario by using more antennas at the transmitter
or receiver. Hence, a new technique called very large MIMO (VLM) systems is
proposed in [148, 149]. In VLM systems, a significant number of antennas (ranging
from 50-400) are deployed at the base stations to serve several single-antenna users
simultaneously. It is shown in [149] that this technique can be useful for next-
generation power and spectrally efficient cellular systems. The main advantage
of this technique is that it does not require multi-antenna user terminals, thus
resulting in reduced cost and complexity.

One of the unexplored areas in VLM systems is the behavior of the propagation
channel when such a large antenna array is deployed at the base station. In [150],
field measurements were performed to study the behavior of the propagation chan-
nel in terms of the received power levels, the singular value distribution, the antenna
correlation, the angular power spectrum and the near-field effects. Although the
field measurements presented in [150] give a real time estimate of the propagation
channel behavior, they are not repeatable. Therefore, they cannot be used as a
standard reference method for evaluating the propagation channel behavior of a
VLM system. The controlled and repeatable propagation channel measurements
for VLM systems can be performed using MIMO over-the-air (OTA) testing tech-
niques, such as the anechoic chamber or reverberation chamber (RC) techniques. In
this chapter, the RC technique is used to study the propagation channel behavior
of a VLM system.

In recent years, RC techniques have evolved from being used as traditional tools

147
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for electromagnetic interference and compatibility testing [122] to become cost effi-
cient and reliable tools for measuring the radiation performance of wireless devices
in a controlled and repeatable manner [152]. According [153], RC can be used to
measure the radiation performance of small base station antennas in a rich scat-
tering isotropic environment. The studies concerning the characteristics of the RC
propagation channel for various applications are published in [38, 152, 155]. How-
ever, to the best of the author’s knowledge, no publications have described the use
of RC for evaluating the propagation channel behavior while the VLM array an-
tennas are measured inside the RC. Although it may be possible to standardize the
VLM measurements in RC in the distant future, it is worth studying this topic at
an early stage because it will enable us to better understand the modifications that
must be performed in RC before it can be used for VLM OTA testing. Moreover,
it would be interesting to observe the VLM channel behavior in RC (a well con-
trolled and repeatable environment) in comparison to the field measurement results
presented in [150].

In this chapter, an attempt is made to experimentally characterize the propaga-
tion channel in RC for VLM OTA testing. The study is carried out by performing
very large virtual uniform linear array measurements with a focus on multidimen-
sional characterization of both the channel transfer function of the RC in the fre-
quency domain and the channel impulse response in the delay domain as a function
of position and time. The measurements are used to study the variation in the
average power received, the average Rician K−factor, the coherence bandwidth,
the rms delay spread, the mean delay, the antenna correlation coefficient and the
eigenvalue distribution of the channel for different propagation scenarios in RC.
Further, the impact of radio frequency (RF) absorber and directive antenna use on
the above-mentioned channel parameters is studied.

9.2 Radio propagation channel parameters

An empty reverberation chamber is essentially an overmoded resonating cavity (its
dimensions of a×b×c are significantly greater than the wavelength λ corresponding
to the operating frequency f). The number of modes supported by a rectangular
cavity can be approximated by Weyl’s formula (see (7.47)), and they are found to
be on the order of magnitude of 2 × 104 for the current case (RC with dimensions
of 4.34 × 3.69 × 4.06 m3 at a frequency of 1 GHz). As mentioned in Section 7.3,
the number of modes in practice is affected by the losses due to the presence of
transmission and receiving antennas, dielectric objects, cables, apertures in the RC
and the stirring of paddles. In an overmoded RC, the stirring of paddles results
in the variation of the boundary conditions for the electromagnetic field at each
new position; hence, it becomes highly difficult to determine the cavity modes in
comparison to an empty chamber. However, the field variations in overmoded RC
can be modeled as a multidimensional stochastic process in terms of the frequency,
space and time domains [38, 48]. The spatio-temporal frequency characteristics
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of the modeled overmoded RC are used to evaluate the properties of the VLM
propagation channel inside the chamber.

The propagation channel parameters for emulated VLM in RC are obtained by
measuring the S21−parameter between the transmission and receiving antennas.
This is performed under the assumption that the transmitting antenna is at a fixed
position while the receiving antenna is translated along a line at discrete positions
inside the RC, emulating a very large virtual ULA. Next, the transfer function
that describes the position-dependent and time-variant propagation channel, which
includes the antennas, is written as follows:

H(f, x, t) = S21, (9.1)

Thus, (9.1) shows the transfer function H(f, x, t) that describes the coupling be-
tween the transmission and receiving antennas at frequency f over the measure-
ment bandwidth for each position x that corresponds to different positions along a
very large virtual ULA inside the chamber and at different time instances t. The
H(f, x, t) can be obtained for various propagation scenarios in RC, such as the dif-
ferent orientations and polarizations of the transmission or receiving antennas and
the presence or absence of RF absorbers.

Apart from the channel transfer function, the channel impulse response is also
very useful in characterizing the radio propagation channel in addition to accounting
for various losses in the RC [155]. The channel impulse response can be obtained
from H(f, x, t) as follows:

h(τ, x, t) = F
−1
f {H(f, x, t)}, (9.2)

where F
−1
f {} denotes the inverse Fourier transform operator. The inverse to (9.2) is

thenH(f, x, t) = Fτ{h(τ, x, t)}, where Fτ{} is the direct Fourier transform operator.
The characteristics of the emulated propagation channel can be studied by ex-

tracting the propagation channel parameters from the channel transfer and channel
impulse functions [65] as a function of the time (i.e., stirring the paddle positions)
and time delay τ , the frequency f and the position x. As mentioned earlier, the field
distributions inside a RC can be modeled by the complex Gaussian probability dis-
tribution functions [53]. Hence, it is sufficient to find the mean and autocovariance
function for complete characterization of the field distribution in RC.

The coherence bandwidth is a fundamental parameter of the propagation chan-
nel in the reverberation chamber [155], describing the correlation between different
frequency components of the propagation channel. Under the assumption that
the propagation channel is a wide sense stationary uncorrelated scatterer (WS-
SUS) [156], the position-dependent normalized frequency correlation function can
be written as follows:

R̃H(∆f, x) =
Et{H(f, x, t)H∗(f + ∆f, x, t)}

P (f, x)
, (9.3)
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where Et{} denotes the mathematical expectation or average operator acting across
the time dimension t. Additionally, the denominator is given by the position-
dependent average power transfer function P (f, x) = Et{|H(f, x, t)|2}. The position-
dependent coherence bandwidth Bk(x) is then obtained at a user defined level k, as
the smallest number satisfying |R̃H(Bk, x)| < k. Bk(x) will be used to characterize
the coherence bandwidth at the different positions along the very large virtual ULA.
By further averaging over x, the average power transfer function can be obtained
as follows:

P (f) = Ex,t{|H(f, x, t)|2}. (9.4)

It can be observed from (9.4) that the average operations correspond to the com-
bination of (linear) platform stirring and mechanical stirring used for the antenna
efficiency measurements in a RC with a rich scattering isotropic environment [152].
Further, the rms delay spread, as related to the coherence bandwidth, can be com-
puted as follows:

στ (x) =

√∫∞
0 τ2P (τ, x) dτ∫∞

0
P (τ, x) dτ

− µ2
τ (x), (9.5)

where

µτ (x) =

∫∞
0 τP (τ, x) dτ∫∞
0 P (τ, x) dτ

(9.6)

is the mean delay and P (τ, x) = Et{|h(τ, x, t)|2} is the position-dependent power
delay profile. By definition, both στ (x) and µτ (x) depend on the position along
the very large virtual ULA. By further averaging over x, the average power delay
profile can be obtained as follows:

P (τ) = Ex,t{|h(τ, x, t)|2}. (9.7)

The average power transfer between the receiving and transmission antennas can
be found by computing the average power as a function of position along the very
large virtual ULA as follows:

P (x) = Eτ,t{|h(τ, x, t)|2}. (9.8)

Further, the rich scattering isotropic environment in RC, as shown in (9.7), is given
by an exponentially decaying function [155].

Further, the statistics of (9.1) can be represented by assuming a well-established
two-term model for the variation of the channel as follows:

H(f, x, t) = Hd(f, x, t) +Hs(f, x, t), (9.9)

where Hd
.
= S21,d and Hs

.
= S21,s are the deterministic and stochastic components,

respectively. Here,
.
= is used to denote a defining relationship. The first term mod-

els the deterministic or, more generally, the unstirred component of the coupling
between the transmission and receiving antennas, i.e., the dominating LOS compo-
nent or a strong reflection. The second term characterizes the NLOS components,
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i.e., the stirred components resulting from the continuous movement of the stir-
rers. Next, by applying the linearity property of the Fourier transform to (9.2), the
following is obtained:

h(τ, x, t) = hd(τ, x, t) + hs(τ, x, t), (9.10)

The physical interpretation of (9.9) mentioned above can also be applied to (9.10).
The statistics of the various multipath components arriving at the receiving

antenna in RC can be characterized by the Rice probability distribution function
(PDF) [38, 48]. Further, the Rician PDF is characterized by two parameters, in-
cluding the average received power, which is given by P = E{|S21|2}, and the Rician
K−factor, defined as the power ratio of the fixed and fluctuating components, i.e.,
the power of the dominant path Pd and the power of all other paths Ps, and can
be written as follows:

K =
Pd

Ps
(9.11)

where Pd = |S21,d|2, Ps = Et{|S21,s|2} and P = Pd + Ps, [50]. Hence, the average
K−factor corresponding to the average power transfer function (9.1) is obtained as
follows:

K(f) = Ex{Kt{H(f, x, t)}}, (9.12)

where Kt{H(t)} is an operator acting on the function H(t) along dimension t and
results in a K−factor value. Similarly, the average K−factors at different delays
and positions within the chamber are given by K(τ) = Ex{Kt{h(τ, x, t)}} and
K(x) = Eτ{Kt{h(τ, x, t)}}, respectively. The average K−factors at different delays
and positions within the chamber can be paired with P (τ) and P (x), respectively.

The antenna correlation coefficient is an important parameter used to analyze a
MIMO antenna system, and it can be defined as the correlation between the signals
received by different antenna elements. Although the process along the array cannot
be considered to be WSS, the Pearson product-moment correlation coefficient or its
average can be analyzed. The frequency-dependent correlation coefficient between
the signals received at positions xi and xj is defined as follows:

ρij(f) =
Et{(H(f, xi, t) − µi(f))(H(f, xj , t) − µj(f))∗}

σi(f)σj(f)
, (9.13)

where i, j = 1, 2, . . . , 40 are indices indicating the antenna position within the array
and µi(j) = Et{(H(f, xi(j), t)}, and σ2

i(j) = Et{(H(f, xi(j), t) − µi(j)(f))2} denote
the mean and variance, respectively. Hence, the average of the absolute value of
the correlation coefficient can be computed as follows:

ρij = Ef{|ρij(f)|}, (9.14)

where the average is taken over the measurement bandwidth. It can be observed
that (9.13) is a correlation coefficient; thus, 0 ≤ ρij < 1 if i 6= j and ρii = 1.
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9.3 Measurement set-up

The block diagram describing the measurement setup is shown in Fig. 9.1. This
setup is used to perform S21− measurements in RC and, thus, compute the param-
eters mentioned in Section 9.2. The measurements were performed by the author at
the electromagnetic engineering department, KTH Royal Institute of Technology,
Stockholm, Sweden in 2012. A description of the measurement instruments and
procedure is given as follows:

P C C o n t r o l f o r V N Aa n d S t e p p e r M o t o r
V e c t o r N e t w o r kA n a l y s e r ( V N A ) T r a n s m i tA n t e n n a

R e c e i v e A n t e n n aS t e p p e rM o t o r
P C C o n t r o lF o r R CS t i r r e r s

L o w P a s sF i l t e r ( L P F )G P I B G P I B
G P I BR C

Figure 9.1: Block-diagram showing measurement setup for propagation measure-
ments in RC [157].

Measurement instruments

The measurements were performed using the following instruments:

Reverberation Chamber: The measurements were performed in the EOLE Sie-
pel RC, located at the electromagnetic engineering department, KTH Royal Insti-
tute of Technology, Stockholm. An inside view of the RC is shown in Fig. 9.2. The
internal dimensions of the RC are approximately 4.34 × 3.69 × 4.06 m3.
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Vector network analyzer: An Anritsu Master MS2026B vector network ana-
lyzer (VNA) was used to record the complex transmission coefficient S21 between
the transmission and receiving antennas.

Log periodic Array antenna: A log periodic array (LPA) antenna was used as
the transmitting antenna at 1 GHz.

Bowtie antenna: A bowtie antenna (operating in the frequency range of 960
MHz to 1080 MHz) was used as the receiving antenna.

Stepper Motor: A stepper motor was used to move the bowtie antenna on a
horizontal slider inside the RC.

Personal Computers: Two personal computers (PCs) were used during the
measurements, as shown in Fig. 9.1. PC1 was used to control the stirring pad-
dles, which were rotated at the angular speed ωstir = 35◦/s. PC2 was used to
control both a VNA and a stepper motor.

Measurement procedure

The measurements were performed in RC at 1 GHz by using a LPA as the transmis-
sion antenna and a bowtie antenna as the receiving antenna. The bowtie antenna
was mounted on a horizontal moving slider inside the RC, so a very large virtual
ULA could be emulated. The mounted bowtie antenna was moved to 40 different
positions along the slider with a step-size of 0.233λ, i.e., 6.99 cm at 1 GHz, thereby
covering a total array length of 9.087λ or 2.73 m. According to [48], the different
K−factor channels are created by keeping the LPA antenna in a fixed position but
performing measurements for two different orientations. Initially, the LPA antenna
was pointing directly toward the bowtie antenna on the slider (Fig. 9.2). Then,
later, it was pointed toward the wall and away from the bowtie antenna, which
hereafter are called direct and indirect, respectively. Further, the rms delay spread
values can be emulated by performing measurements in an empty and loaded RC
(i.e., with three 6 × 6 pyramidal RF absorbers piled one on top of the other), which
are represented as NA and A, respectively. Hence, the measurements in RC can be
divided into the direct measurements without (LOS) or with the absorbers (NLOS)
and the indirect measurements with or without the (NLOS).

The S21−parameter was measured between the LPA and the bowtie antennas
for each position along the virtual ULA. This was executed by recording 401 fre-
quency points over a bandwidth of 120 MHz, giving a delay resolution of 8.33 ns and
a maximum delay of 3.34 µs. For each position on the slider, the S21−parameter
measurement was repeated 100 times under continuous rotation of the stirring pad-
dles. Before moving to the next position on the slider, the stirring paddles were
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Figure 9.2: Inside view of RC: showing LPA, bowtie antenna on horizontal slider
and stirrers.

returned to their initial position. Thus, by following the above procedure, the si-
multaneous measurements were emulated along the very large virtual ULA. Here,
each time instance t corresponded to new stirring paddle positions. Thus, for each
configuration of fixed LPA antenna and fixed bowtie antenna position, a total of
401×100 samples (the number of frequency samples × the number of time samples)
were measured. The total number of samples recorded were 2 × 2 × 40 × 401 × 100
(the number with the presence of an absorber × LPA antenna orientation × bowtie
antenna position × frequency samples × time samples), thus enabling a multidi-
mensional analysis of the RC response.

9.4 Measurement results and analysis

In this section, the measurement results and an analysis of the measured radio prop-
agation channel properties for the emulated VLM systems in a RC are presented.

Average received power

The plots shown in Figs. 9.3(a), (b) and (c) (in dB-scale) describe the average power
transfer function P (f), the average power delay profile P (τ), and the average power
along the very large virtual ULA base station antenna P (x), respectively. It can be
clearly observed from the results shown in the plots that the total received power
is reduced by approximately 7.2 − 8.5 dB on average due to the presence of RF
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Figure 9.3: Average power as a function (a) frequency (f), (b) time delay (τ) and
(c) position (x) along the virtual linear array.
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absorbers inside the RC. Further, the results also show that, in the presence of RF
absorbers, the average received power corresponding to the direct measurements is
1 dB lower on average than the indirect measurements. This 1 dB power reduction
may be because either the LOS component or the direct power reaching the directive
LPA antenna is absent in addition to a reduction in the amount of power reaching
the chamber walls, which can cause a lack of reflection back to the LPA antenna.
This 1 dB variation in power can be reduced by using an omnidirectional antenna
instead of a directive LPA antenna. As observed from plot in Fig. 9.3(a), the
average power transfer function P (f) is approximately constant over the bandwidth,
likely due to joint time and spatial averaging, i.e., averaging over different stirring
paddle positions and different positions inside the RC, respectively. The power
delay profile P (τ) results in Fig. 9.3(b) suggest that there is a reduction in the
power level, concurrent with a change in the shape. The change in shape of P (τ)
can be attributed to the fact that the chamber decay time decreases due to the
presence of RF absorbers inside the RC, i.e., increasing the loading of the RC [155].
The variation in average power with the position of the bowtie antenna (P (x))
along the very large virtual ULA is shown in Fig. 9.3(c). The results in Fig. 9.3(c)
suggest that the variation in power is small in the absence of absorbers, which is in
contrast to the case in which the absorbers are present inside the RC. Further, a
decrease in power by 1 dB can be observed when the position of the bowtie antenna
is just behind the absorbers, i.e., at x/λ = 6 − 8 in Fig. 9.3(c). Thus, the variation
in power can be altered by properly arranging the RF absorbers inside the RC.

Average Rician K−factor

The results presented in Fig. 9.4 show the average K−factor in dB-scale as a
function of the frequency, delay and position. It can be observed from Fig. 9.4(a)
that the variation in K(f) across the bandwidth is below 0 dB (i.e., in linear scale
K < 1) for all of the considered scenarios; hence, this small variation suggests that
the fading of different frequency components is fairly close to a Rayleigh fading
(i.e., K = 0). The results presented in Fig. 9.4(b) suggest that the fading pat-
tern is different, i.e., the peaks were observed in the K(τ) plot for shorter delays;
additionally, as the delay increases, K(τ) decreases with a decreased number of
variations. Further, it can also be observed that K > 0 dB within the first 0.8 µs.
This behavior may have occurred because the likelihood of unstirred (direct) paths
incoming with shorter delays is significantly higher in comparison to other paths
with larger delays. For larger delays, the incoming waves at the receiving antennas
are mainly due to multiple reflections with the same amplitudes but random phases,
thereby resulting in a Rayleigh fading. The largest K−factors can be observed for
the direct measurements, presenting independently of the presence of absorbers.
Additionally, the result is found to be 10 dB higher than the peak corresponding to
the indirect measurements. The results presented in Fig. 9.4(c) show the variation
in the average K−factor along the very large virtual ULA. The direct measure-
ment results suggests that, in the absence of RF absorbers, the average K−factor
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Figure 9.4: Average Rician K−factor as a function (a) frequency (f), (b) time delay
(τ) and (c) position (x) along the virtual linear array. For legend see Fig. 9.3.
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increases with the decrease in distance between the LPA and the bowtie antenna
[48]. For all indirect measurements, the average K−factors with and without the
absorber are of the same order of magnitude (i.e., below 0 dB), remaining constant
to a large extent over the whole array range. It can be observed that, apart from the
presence of RF absorbers inside the RC, the pointing direction of the LPA antenna
also has an impact on the average K−factor.

Coherence bandwidth, RMS delay spread and mean delay

The results presented in Fig. 9.5(a) show the coherence bandwidth obtained at
level k = 0.5 of the autocorrelation function (9.3) as a function of the position
along the very large virtual ULA. The coherence bandwidth results suggest that,
due to the introduction of RF absorbers inside the RC, the coherence bandwidth
measured was found to be approximately 6.3 times higher than that without RF
absorbers. Further, it also can be observed that the presence of RF absorbers
inside the RC results in a greater variation in the emulated coherence bandwidth
in comparison to the case of no RF absorbers that emulates the same coherence
along the array. The results presented in Fig. 9.5(b) show the variation in the
rms delay spread as a function of the position along the very large virtual ULA.
Based on the obtained results, it can be said that the rms delay spread is following
exactly the opposite behavior than that of the coherence bandwidth. Further, the
results in Fig. 9.5(b) suggest that the use of absorbers decreases the rms delay
spread by a factor of approximately 2.6, which can be explained by the fact that
an ideal reverberation chamber with a perfect exponentially decaying power delay
profile follows B0.5στ =

√
3/π. However, in practice, the product is governed by an

uncertainty relationship. The results presented in Fig. 9.5(c) show the variation in
the mean delay as a function of the position along the very large virtual ULA. In
the ideal case explained above, the mean delay and rms delay spread would have
been equal. It can be observed that the presence of RF absorbers inside the RC
has a major impact on the delay spread and coherence bandwidth in comparison
to the directional nature of the LPA antenna.

Antenna correlation

The results in Fig. 9.6 show the average correlation coefficient (defined by (9.14))
for the four scenarios considered. The plotted correlation coefficient ρij is a matrix
that depends on the positions i and j of the (virtual) antennas in the ULA. The
correlation level is represented by horizontal lines in Fig. 9.6, and the continuous
thick dark lines correspond to antenna i = 7; hence, the correlation coefficient ρ7j

is found to reach its peak for i = j = 7 and then decreases as it moves away on
either sides of antenna i = 7. The results shown in Fig. 9.6 are consistent with the
expectations, i.e., the correlation coefficient decreases with increasing separation
distance between the antennas in the ULA. Further, the correlation coefficient for
the direct measurements is found to be higher in comparison to that of the indirect
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Figure 9.5: (a) Coherence bandwidth, (b) rms delay spread and (c) mean delay as
a function of position along the virtual linear array. For legend see Fig. 9.3.
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Figure 9.6: Frequency average antenna cross-correlation coefficient.

measurements, which is because the likelihood of observing a strong direct (LOS)
component is larger for the direct measurements than the indirect measurements
(Fig. 9.4). The correlation is found to be slightly higher in the presence of RF
absorbers in comparison to the no-RF absorbers scenario for the direct measure-
ments. These results agree well with the slightly higher K−factors obtained from
the direct measurements with absorbers in comparison to similar measurements
without absorbers, as shown in Fig. 9.4(a). It can be observed that the directional
nature of the LPA antenna has a greater influence on the correlation coefficient
than the presence of RF absorbers inside the RC.

Eigenvalue distribution

The eigenvalue distribution of the emulated VLM measurements can be obtained
by considering each of the four scenarios as a single-antenna user communicating
with a very large base station array antenna. Thus, by normalizing the power to
the unity of each of these channels, a 4 × 40 VLM matrix H is formed; then, by
grouping together all of the frequency and time samples as if they all belong to the
same channel population, the eigenvalues can be computed using σ(HH†). The
cumulative probability distribution (CDF) of the ordered eigenvalues is shown in
Fig. 9.7. Further, the obtained results are compared by plotting the reference
eigenvalue distribution for the independent identically distributed (i.i.d.) complex
Gaussian channels. The results in Fig. 9.7 suggest that the distances between
the eigenvalues is large and that the measured eigenvalues seems to vary from the
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reference i.i.d. eigenvalues.

9.5 Conclusions

In this chapter, an experimental characterization of the radio propagation channel
in RC for the OTA testing of VLM systems is presented. Further, a statistical
environment created in RC to perform testing of VLM systems is performed in ad-
dition to a discussion concerning the essential factors (e.g., the use of RF absorbers,
directive antennas) that must be considered when designing the propagation envi-
ronment for the OTA testing of VLM antennas. It is also shown that RC can be
used to emulate the more realistic channels apart from the well-known rich isotropic
radio propagation channel used for the OTA testing of antennas. This is done by
varying parameters, such as the coherence bandwidth and the rms delay spread, the
Rician fading statistics or the antenna correlation as a function of the frequency,
time and position.





Chapter 10

Conclusions and Future Work

The aim of the work presented in this thesis was to provide insight into some
available methodologies for estimating the OTA performance of SISO and MIMO
wireless device antennas. The thesis is also focused on evaluating different FOM
for SISO wireless device antennas. In the first part of this thesis work, three in-
door measurement methods were used to estimate the up-link performance of SISO
wireless devices. The results from the three different methods were compared with
the results from a standard reference method. The three methods are:

1. Planar near field scanning

2. Scattered fields

3. Mode stirred reverberation chamber

The main focus of the first part of this thesis work was on evaluating the up-
link performance of the mobile phone antennas in terms of FOM, such as the total
radiated power (TRP), the mean effective gain (MEG) and the mean effective
radiated power (MERP). In free space, TRP gives a good estimate of the radio
performance of a mobile phone. In contrast, in scattered/multipath environments,
MEG and MERP are the best FOM for performance evaluation because the TRP
considers only the antenna characteristics, whereas MEG and MERP consider both
the antenna and channel characteristics. However, it is more difficult to measure
MEG or MERP than TRP with the available methods. Hence, TRP can be used
to estimate the performance of mobile phones in scattered fields if it includes the
propagation channel properties.

To characterize the time variant channels in the scattered field and reverbera-
tion chamber methods, FOM such as the cross polarization ratio (χ) and Rician
K−factor must be estimated. For this purpose, a maximum likelihood estimator
(MLE) of the Rician K−factor is derived.

The second part of the thesis is focused on two MIMO OTA methods, given as

1. Anechoic chamber-multipath simulator technique

163
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2. Reverberation chamber for very large MIMO OTA testing

In anechoic chamber-MPS technique, the main focus was on evaluating the
impact of scattering within the MPS array antennas on the Rician fading statistics
by performing simulations and measurements. For the RC-VLM OTA testing, the
focus was on multidimensional characterization of the channel transfer function and
the channel impulse response of the reverberation chamber using very large virtual
uniform linear array measurements.

10.1 Planar near-field scanning

The EMSCAN Lab Express was studied as an example of planar near-field scanning.
It is a simple and easy-to-use tool for the rapid estimation of the TRP of mobile
phones.

This study shows that the TRP measurements gathered using Lab Express were
well correlated with the results obtained from a Satimo SG 24 system at GSM 1800
MHz, whereas the correlation was not significant at GSM 900 MHz. However,
the results from Lab Express were generally higher; additionally, it seems that the
system somewhat over-estimates the TRP. This systematic error is most likely due
to the limited scan plane used by Lab Express. The error increases with wavelength,
making it difficult to design an accurate near-field scanner of limited size for the
lower frequency bands.

The study also shows that the Lab Express is fairly sensitive to the positioning
of AUT during testing, which adds another uncertainty factor to the measurement.

The Lab Express system cannot be used as a standard testing tool because it
cannot perform measurements in the presence of a phantom according to the CTIA
standard test procedures. Even so, the cost of the system is just a fraction of the
cost of a standard anechoic chamber; hence, though the accuracy is not good, the
Lab Express may be a suitable test tool for an antenna engineer to use in the lab
during the development phase of terminal antennas.

10.2 Scattered fields

A simple set up to create a scattered field environment involves the use of the “Telia
Scattered Field Measurement Method.” Because the mobile phone is almost never
used in the line of sight of the base station, scattered field testing better emulates
the true propagation environment.

The results show that there is a high correlation in the received power between
the left- and right-talk positions, indicating that it is sufficient to perform mea-
surements only in a one-talk position. The correlation between the SFMG and the
TRPG measurements is high, suggesting that TRP can provide a better estimate
of the in-network performance of mobile terminals, if proper adjustment is made to
the antenna and the propagation channel mismatch.
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The TSFM method is a low-cost method that can be considered an alternative
to the in-network field measurements of mobile phones. The TSFM method can
be used for compliance testing, if the accuracy of this method is accounted for
according to the CTIA [2] standard and if problems such as repeatability, long
measurement time and AUT positioning uncertainties are solved.

10.3 Mode stirred reverberation chamber

As an example of the stirred mode reverberation chamber, Bluetest RC has been
used for measurements. Bluetest RC is a fast and repeatable measurement system
capable of emulating the Rayleigh fading environment. These systems are available
at relatively moderate cost in comparison to that of Satimo SG chambers.

The comparison of TRP measurement results between the Bluetest RC and the
CTIA approved SEMC anechoic chamber methods suggests that there is a con-
siderable correlation [35, 40]. This result suggests that the reverberation chamber
can replace the standard anechoic chamber measurements, if the issues such as the
inability to measure the radiation pattern and the accurate characterization of the
propagation environment, in terms of the Rician K−factor, are solved.

The accuracy of the TRP measurements may be influenced by the RicianK−factor
for RCs. Hence, the accurate estimation of the Rician K−factor for RCs is signif-
icant. The ML estimate of the Rician K−factor for the reverberation chambers
was presented, and the error analysis results suggest that on average RCs perform
better than estimated from measurements of S21. Further, it can be concluded that
an exact estimate of the Rician K−factor of RCs can be obtained by collecting an
infinite set of data but it will take an infinitely long time.

10.4 Multipath simulator technique

Multipath Simulator is an anechoic chamber MIMO OTA test method. The impact
of scattering within the MPS antenna array is studied by performing simulations
and measurements based on the proposed MPS scattering model for a narrowband
Rician channel and the derived Fraunhofer (far-field) distance criteria. The re-
sults of the study suggest that the average received power uncertainty, the Rician
K−factor uncertainty and the MRC diversity uncertainty (both the average and
at a 1 % probability level) increase with the number of MPS antennas and de-
crease with the radius of the MPS ring. Further, it also is observed that the Rician
K−factor uncertainty increases with the Rician K−factor, but the average power
uncertainty and the average MRC diversity uncertainty are found to be independent
of the Rician K−factor.

Based on the results of this study, it can be concluded that the impact of
scattering within the MPS antennas can be minimized by designing a large MPS
system, which will incur higher costs. The costs can be reduced by designing
a miniaturized MPS system while keeping the measurement uncertainties at an
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acceptable level. The MPS system can be miniaturized by designing a uniform
circular array MPS based on the proposed Fraunhofer (far-field) criteria, thereby
ensuring an acceptable level of measurement uncertainty for a certain minimum
ring radius and a maximum number of MPS antennas for each maximum separation
between antennas in a DUT system.

10.5 Reverberation chamber for very large MIMO OTA

testing

The studies were performed to experimentally characterize the propagation chan-
nel in the reverberation chamber for the OTA testing of very large MIMO antenna
systems. The studies were based on a very large virtual uniform linear array (i.e.,
40 elements with a spacing of 0.233λ) measurements at 1 GHz with a focus on the
multidimensional characterization of the channel transfer function and the channel
impulse response of the reverberation chamber. Further, the variation of the aver-
age power, the Rician K−factor, the coherence bandwidth, the rms delay spread,
the mean delay and the antenna correlation have been studied for different ar-
rangements in the reverberation chamber, i.e., in the presence and absence of RF
absorbers with different orientations of a directional transmitting antenna.

The results of the study suggest that the reverberation chamber can be used
to emulate the more realistic channels for very large MIMO antenna systems apart
from the traditional rich isotropic channels used for SISO and MIMO OTA testing
of wireless devices.

10.6 Future work

The planar near-field scanner studied in this thesis gave inaccurate estimates of the
performance for the mobile phones at lower frequency bands. This topic can be
further analyzed by quantifying the impact of limited scan size on the accuracy of
the TRP measurements.

The Telia scattered field measurement method studied in this thesis can further
be analyzed to solve the problems such as repeatability, long measurement time
and AUT positioning uncertainties. Moreover, the accuracy of the method can be
evaluated according to CTIA standards.

In this thesis, the investigation on scattering within the MPS antenna array was
performed by considering only the first-order Rician fading statistics. The current
studies can be extended in the future using the second-order Rician fading statistics.
Further, the impact of scattering on the probability distribution functions can be
analyzed using metrics such as the Kullback-Leibler divergence. The current MPS
technique can be modified to characterize the different industrial environments as
highly absorptive and highly reflective [158].
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In VLM OTA testing, a fundamental goal in the future is to tune the parameters,
such as the coherence bandwidth, the rms delay spread, the Rician fading statistics
and the antenna correlation, according to the user and system requirements.

The studies related to the Rician K−factor for both the MPS and VLM systems
can be extended by using an estimator defined in [50]. Thus, the phase variations
also can be taken into consideration while evaluating the scattering within the MPS
array antennas and VLM OTA performance.





Appendix A

Derivation of the average received

power uncertainty

Let’s assume a UCA MPS system with NMPS MPS antennas and one DUT antenna
which are co-polarized (i.e., η = 1 in (8.3)) and have equal gain G as in the case
of omnidirectional antennas. According to Section 8.2 the total power received at
a DUT is the sum of the direct and the indirect powers

P total = P direct + P indirect, (A.1)

where the total direct power is given by

P direct =
NMPS∑

m=1

P direct
m , (A.2)

and the total indirect (i.e., scattered) power is given by

P indirect =
NMPS∑

m=1

NMPS∑

ℓ 6=m
P indirect
ℓ,m , (A.3)

The direct receive power at the DUT arriving from the fed MPS antenna m with
transmit power Pm can be written as follows according to Friis transmission formula
by using (8.3)

P direct
m = Pm

(
Gλ

4πR

)2

, (A.4)

The indirect receive power at the DUT which has been scattered by passive MPS
antenna ℓ, but radiated by fed MPS antenna m is obtained by combining (8.5) and
(8.6)

P indirect
ℓ,m = Pm

(
Gλ

4πR

)2(
Gλ

4πRℓ,m

)2

, (A.5)
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UNCERTAINTY

where Rℓ,m is the distance between MPS antenna m and MPS antenna ℓ which for
a UCA MPS system is given by

Rℓ,m = 2R sin
(
π|ℓ−m|
NMPS

)
. (A.6)

Now substituting (A.5) into (A.3) gives

P indirect =
NMPS∑

m=1

Pm

(
Gλ

4πR

)2 NMPS−1∑

ℓ=1

(
Gλ

4πRℓ

)2

, (A.7)

where due to circular symmetry

Rℓ,m = Rℓ = 2R sin
(

πℓ

NMPS

)
. (A.8)

Combining the above equations and substituting the result in (8.22) gives the sought
result for the average received power uncertainty (8.23).



Appendix B

Derivation of the Rician K−factor

uncertainty

The Rician K−factor of the direct signal, i.e., without scattering is defined as

Kdirect =
P direct

s

P direct
d

. (B.1)

where by applying the model given by (8.34) and (8.35) together with results pre-
sented in Appendix A we obtain the direct power for the fixed component and the
Rician K−factor Kin

P direct
s =

KinNMPS

KinNMPS +NMPS − 1

(
Gλ

4πR

)2

. (B.2)

The direct power due to the fluctuating NMPS − 1 paths is written as follows

P direct
d =

NMPS − 1
KinNMPS +NMPS − 1

(
Gλ

4πR

)2

. (B.3)

Now by substituting (B.2) and (B.3) in (B.1) we obtain

Kdirect =
KinNMPS

NMPS − 1
. (B.4)

The Rician K−factor of the total power is by definition

Ktotal =
P total

s

P total
d

, (B.5)

where the total and the direct power of the fixed component are equal, i.e., P total
s =

P direct
s , as a result of the scattering model in Section 8.2.
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UNCERTAINTY

The total power due to the fluctuating NMPS − 1 paths and Rician K−factor
Kin can be written as

P total
d =

NMPS − 1
KinNMPS +NMPS − 1

(
Gλ

4πR

)2

A

+
KinNMPS

KinNMPS +NMPS − 1

(
Gλ

4πR

)2

B, (B.6)

where

B =
NMPS−1∑

ℓ=1

(
Gλ

4πRℓ

)2

, (B.7)

and A = 1 +B. By substituting (B.6) and (B.2) in (B.5) we obtain

Ktotal =
KinNMPS

(NMPS − 1)A+KinNMPSB
. (B.8)

Now (B.8) can be further simplified and written as follows:

Ktotal =
KinNMPS

(NMPS − 1) + (KinNMPS +NMPS − 1)B
. (B.9)

The K−factor uncertainty (8.26) is then obtained by combining the above equa-
tions and substituting the result in (8.25).
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