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Abstract

One of the demands for future wireless communication systems is higher data
rates. New applications demand higher data rates and higher data rates give
the service providers the possibility to offer new services. To achieve higher
data rates the concept of MIMO (Multiple-Input Multiple-Output) systems
has emerged. The basic principle behind MIMO is to use multiple antennas
in contrast to the currently deployed systems mostly based on single antenna
systems. The handheld devices need to be small and at the same time ver-
satile due to the mobility of the user. To improve the overall performance
following the MIMO paradigm, several antenna elements may be introduced
on each handheld device. Requiring one feed chain per antenna element, this
would result in a considerable increase in space, cost, and complexity and
makes the implementation of large MIMO systems a difficult task. One way
to overcome the setbacks is the use of reconfigurable antennas. For a fixed
number of antenna elements in an antenna array, the choice of reconfigurable
elements will increase the number of possibilities. The reconfigurability is
preferably achieved by integrating switches with the antenna to save space.
RF-MEMS (Radio Frequency Microelectromechanical Systems) switches be-
long to a relatively new concept with advantages such as having low loss,
better bandwidth properties, and demanding low actuation voltage.

In this thesis, two different topics are treated related to wireless com-
munication. Part I presents four different reconfigurable MEMS integrated
antennas for MIMO applications. A frequency reconfigurable meander slot
antenna, a polarization reconfigurable PIFA, and a frequency reconfigurable
PIFA are presented followed by a pattern reconfigurable monopole array. Sim-
ulation and measurement results are presented along with brief discussions on
the topic of antenna selection with reconfigurable antenna elements. In addi-
tion, channel measurements are presented for the reconfigurable array with an
analysis of the impact of the reconfigurable antenna on the wireless channel.

Part II presents an estimator for the coupling matrix of an antenna ar-
ray with two slightly different approaches. In adaptive antenna arrays, signal
processing is used as a basis for decisions. An accurate estimate of the in-
coming signal is therefore of importance. As part of that, the modelling of
the antenna array is crucial. Otherwise, the estimated signal could be biased
and the decision made based on that will deviate from the optimal choice.
Assuming ideal behavior by the antenna array when estimating the incoming
signal is typically something that leads to results that deviate from the op-
timum and reduces the performance. One of the major contributors to the
non-ideal behavior is the mutual coupling between the antenna elements of
the array. The coupling matrix is introduced and represents the interaction
between the different antenna elements of an antenna array, called mutual
coupling. To model a non-isotropic behavior, another matrix is introduced
representing the element factor. A possible shift relative to the phase center
of the array may occur because of difficulties finding the true phase center,
which is also modelled with a matrix. The problem discussed in Part II of this
thesis is that of finding the coupling matrix using the matrix based model.
When the coupling matrix is found, a more accurate estimate of the signal is
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possible leading to improved performance. The introduction of the element
factor and phase center representations improve the accuracy of the coupling
matrix estimation, which is seen in the subsequent analysis of the estimator.
CRB is derived and discussed in terms of parameter cost.
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Chapter 1

Introduction

1.1 Introduction

The following collection of equations

∇× E = −∂B

∂t

∇× H = J +
∂D

∂t
∇ · D = ρ

∇ · B = 0 (1.1)

is known as Maxwell’s Equations [Che89]. These equations govern the laws of
electromagnetic radiation, and ultimately also the world of wireless communication.
Even if this thesis does not derive any knowledge or conclusions directly from these
equations, it is well understood that everything hereon implicitly relies on the fact
that the above stated equations are assumed to be a true reflection of nature.

The wireless link between a transmit antenna system and a receive antenna
system can be described in a generalized way according to the drawing in Figure 1.1.
Instead of having a single antenna on each side, so-called antenna arrays may be
used. The antenna array consists of several antenna elements resulting in a more
versatile and less static antenna system. Different parameters may be adjusted to
fit the specific purpose of the antenna system. The choice of antenna elements, the
distance between them, and the relative feeding of them could be such parameters.

One of the demands for future wireless communication systems is higher data
rates. The trend is roughly the same as in the world of Internet. New applications
demand higher data rates and higher data rates give the service providers the
possibility to offer new services. To achieve higher data rates the concept of MIMO
(Multiple-Input Multiple-Output) systems has emerged. The basic principle behind
MIMO is to use multiple antennas in contrast to the currently deployed systems

1
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. . .
1 ... nR

Transmit Antenna

System

Receive Antenna

System

. . .
1 ... nT

Channel

Figure 1.1: A generalized overview representing the wireless link between a transmit
and receive antenna system. The work in this thesis relates to both the transmit
side and the receive side.

mostly based on single antenna systems.
The idea to use multiple antennas opens up a new world of consumer oriented

applications, especially on the technical level. An end-user may flip-open his laptop
at an airport and the antenna array mounted on the back side of it could dynami-
cally adapt its antenna pattern according to some predefined algorithm. This would
give the user a better quality of service than with a single antenna system with-
out the possibility to adapt and change its properties dynamically. The user will
experience the service as more reliable and may be prepared to pay more to keep
it. Multiple copies of the same signal transmitted and received give the possibil-
ity to increase the quality by combining them in a diversity system. An end-user
experiencing fading with a single antenna system in a certain environment, has
the possibility to maintain the quality of service that he had in a non-fading area
by using the multiple antenna system. The use of several parallel data streams
may increase the capacity of the system and possibly lead to higher data rates.
Another possibility could be to increase the number of users that the system can
support. With higher data rates, new interactive services become possible giving
the end-users better value-for-money. Higher data rates are also associated with
better quality. The user experiences a faster connection, which increases the value
of the services used.

1.2 Background – Reconfigurable Antennas

A schematic overview representing wireless communication between a base station
and several handheld devices is found in Figure 1.2. In this scenario, the handheld
devices need to be small and at the same time versatile due to the mobility of the
user. To improve the overall performance following the MIMO paradigm, several
antenna elements may be introduced on each handheld device. This corresponds to
nT > 1 and nR > 1 in Figure 1.1. Requiring one feed chain per antenna element,
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Figure 1.2: A schematic overview for a Point-to-Multipoint System for Wireless
Communication between a base station and several handheld devices.

this would result in a considerable increase in space, cost, and complexity and makes
the implementation of large MIMO systems a difficult task. One way to overcome
the setbacks is the use of reconfigurable antennas [HFZB03]. More precisely, the
antenna elements of the antenna array may consist of reconfigurable antennas. Each
reconfigurable antenna element alters its set of antenna characteristics by morphing
the physical structure. With the two or more configurations that one single recon-
figurable antenna element may provide, the antenna array has more combinations
to choose from than in the non-reconfigurable case. This is especially advantageous
when space, cost, and complexity are limiting factors. For a fixed number of an-
tenna elements in each array, the choice of reconfigurable elements will increase the
number of possibilities. Current research on antenna selection [Mol03] has assumed
a number of antenna elements out of which a subset is chosen. Instead, the concept
of antenna selection in MIMO systems may be explored in terms of reconfigurable
antenna elements (Figure 1.3). The latter is a topic for future research based on the
work presented in this thesis, where instead the reconfigurable antenna elements
are in focus.

The reconfigurability is preferably achieved by integrating switches with the
antenna to save space. When doing so, different types of switches are possible.
One way is to use PIN diodes [YRS02a]. Another way to design and manufacture
reconfigurable antennas, is to combine the antennas with something mechanically
moving. Antennas in general are static and optimized during the design for certain
given parameters of interest. These could be frequency, bandwidth, polarization,
radiation parameter, dimensions, material, and so on. RF-MEMS (Radio Frequency
Microelectromechanical Systems) [Bro98] switches belong to a relatively new con-
cept with advantages such as having low loss, better bandwidth properties, and
demanding low actuation voltage compared to the PIN diodes [OLS03]. To create
a reconfigurable antenna, one or more MEMS switches are placed on the antenna.
When the moving part of the switch moves up and down mechanically, the antenna
properties are changed so that the operating frequency, the polarization, or the
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Figure 1.3: Block diagram representing a MIMO antenna array with conventional
antenna elements (left) and reconfigurable antenna elements (right). The complex-
ity in terms of feed chains is less for the reconfigurable setup with reduced number
of antenna elements. The different configurations of the reconfigurable antennas
give the antenna array more possible option than with a conventional two-element
array.

radiation pattern changes [CQC+03]. Essentially it is a matter of short circuiting
certain areas of the antenna and hence forcing the current to flow in alternative
directions.

As an example let us consider a 4 × 4 MIMO system where we have four in-
dividual antenna elements on each side. Consider the scenario where we want to
choose the optimal combination of two out of the four elements by switching at
the feeding point of the antenna elements. Instead, we could have a 2 × 2 system
where each individual antenna can switch properties so that two antennas give rise
to four possible choices of antenna configurations. The outcome would be that we
only use two feeding points, the volume consumed is half of what a full 4×4 system
would need, and the cost is less if considering that we have only two instead of four
complete receivers and transmitters respectively on each side. The reconfigurable
2×2 system is not equivalent to a full 4×4 system, but may be a good compromise
if taking into account the cost and complexity issues. A block diagram representing
a conventional and reconfigurable antenna array is presented in Figure 1.3.

Another perspective on this is that considering a scenario where we are restricted
to use only two antenna elements on each side, giving rise to a 2×2 MIMO system,
we may increase the performance of the MIMO system by using reconfigurable
antenna elements.
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Previous Work – Reconfigurable Antennas

Different antenna structures for wireless communication have been proposed in
the literature, including a meandered slot antenna [WSEL00] and a dual frequency
PIFA [LHW97]. These are motivated by their low profile, low cost, and easy fabrica-
tion. Also, monopole antennas have been used in wireless communications because
of their wide-band characteristics and design simplicity [KL07]. The concept of
MEMS switches has been discussed [Bro98] and manufactured examples of such
have been reported [OLS03]. Combining antennas and switches yields the concept
of reconfigurable antennas as discussed in [SLS+00]. With the reconfigurability
antenna parameters such as frequency, polarization, and radiation pattern may
be altered. Polarization reconfigurability is presented in [SJK04], while [HFZB03]
present a combination of radiation pattern reconfigurability and frequency reconfig-
urability. The latter was implemented using copper tape instead of actual switches.
The challenge lies in combining the antenna structure and the MEMS switch pack-
age into a working reconfigurable antenna, which was recently suggested in [RRS08].
An example of a process for monolithic integration of printed circuit boards and
MEMS switches was presented in [CQC+03]. In addition to combining the antenna
with MEMS switches, one likes to evaluate the impact of the reconfigurable an-
tenna on the overall wireless channel. With multiple antenna elements on both
the transmitter and receiver, the communication over a Multiple-Input-Multiple-
Output (MIMO) channel [GSS+03] can increase the capacity of a wireless channel
considerably [WFGV98] without the requirement of additional bandwidth or trans-
mit power [CHIO03] [KS05]. Recently, a reconfigurable array with a 2-element
monopole array and 6 parasitic elements was designed and measured with dummy
switches in an indoor environment [MPS06]. The proposed solution was shown to
improve the performance of the wireless link. Also, a 2-element array using printed
dipoles combined with 2 parasitic elements was designed and measured using PIN
diodes [PKF+08]. The array was evaluated by measurements in terms of indoor
channel capacity and a notable improvement in capacity with respect to a system
without reconfiguration was reported.

In this thesis, work is presented covering calculations, simulations, and measure-
ments for analysis of four different examples of MEMS integrated reconfigurable
antennas. In addition, channel measurements are presented and analyzed based on
a reconfigurable antenna array with actual MEMS switches.

Problem Statement – Reconfigurable Antennas

In short, the problem statement addressed in the thesis is as follows: To design,
simulate, and build reconfigurable antennas with the purpose to analyze and inves-
tigate how this could be done together with RF-MEMS switches as the integrated
part for switching configurations.

As mentioned above, MIMO is becoming more interesting for commercial appli-
cations, which leads to the fact that the complexity increases. Specifically, several
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antenna elements placed in a handheld device will consume a larger volume and at
the same time increase the costs and complexity when feeding them and switching
between the elements. To decrease the complexity and cost of a handheld device
by limiting the number of antenna elements is a significant advantage if possible.
One option is to switch or change the properties of each individual antenna. The
performance is increased compared to when non-reconfigurable antennas are used.
In current GSM systems, an antenna must be designed suitable for mobile appli-
cations at 900/1800 MHz. Together with the given MEMS switches the proposed
design should be a working antenna at all the configurations (resulting from switch-
ing with the MEMS switches). The aim is to build a reconfigurable antenna with
RF-MEMS switches and show the reconfigurability in practice. Concluding from
the previous work in the previous section, this has not yet been explored to the
fullest extent and is the topic of Part I of this thesis.

1.3 Background – Estimation of Coupling Matrix

Wireless communications includes many different aspects ranging from hardware
to software issues. One of them is the notion of adaptive antenna arrays. The
base station in Figure 1.2 could consist of an adaptive antenna array. The presence
of noise in a system and the increase of users leading to interference benefits from
such an antenna system. With adaptive antenna arrays, the radiation patterns may
change continuously over an infinite number of options.

Compared to switched beam systems (with multiple fixed beam patterns to
choose from) and single antenna systems, the range of a adaptive antenna array
system can be increased. In adaptive antenna arrays, signal processing is used
as a basis for decisions. An accurate estimate of the incoming signal is therefore
of importance. As part of that, the modeling of the antenna array is crucial.
Otherwise, the estimated signal could be biased and the decision made based on
that will deviate from the optimal choice. Assuming ideal behavior by the antenna
array when estimating the incoming signal is typically something that leads to
results that deviate from the optimum and reduces the performance of the adaptive
antenna array. [FW94], [Lin05a].

The radiation pattern in the ideal model could be described by an element fac-
tor multiplied by an array factor. The simple and most commonly used assumption
would be that the antenna array is a uniform linear array (ULA) of isotropic ele-
ments. This means that the elements radiate equally in all directions of the sphere.
The usual model for such an array is to think of the array response as a matrix
that summarizes the geometrical displacements of the individual elements as differ-
ences in phase looking from a point far away. Each matrix element corresponds to
a combination of an angle of arrival and an antenna element. This represents the
array factor.

This assumes that the antenna elements are isotropic radiators. In some cases
this could be a good approximation, but in general the antenna array modelling
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would benefit from including a representation for the element factor; This is done
in Part II of this thesis by introducing a matrix that is multiplied to the ideal
radiation pattern.

In addition, the ideal model assumes that all the elements are equal without
interaction between them. In practice, each element is affected by its neighboring
elements due to the laws of electromagnetism governed by Maxwell’s Equations
[Che89].When a current flows on one element and induces an electromagnetic field,
the other elements will sense it. This alters their currents and ultimately their
induced field, and so on. This gives rise to mutual coupling between the antenna
elements and is a major contributor to errors in the modelling when ideal behavior is
assumed. Therefore, a coupling matrix is usually added in the model and multiplied
to the ideal radiation pattern to compensate for the mutual coupling [SH90].

Considering a calibration scenario where measurement data is collected in a
controlled environment with known direction-of-arrivals (DOA), the placement of
the array relative to the phase center is troublesome to find. This calls upon a
model for the resulting phase shift, which is done in Part II of this thesis as a
matrix multiplied to the ideal radiation pattern; The total model is then CADE.

Previous Work – Estimation of Coupling Matrix

The effect of mutual coupling between the antenna elements based on array per-
formance has been reported for antenna arrays and found to be significant [GK83]
[LLSB98]. Different methods to compensate for the mutual coupling has been
proposed in the literature. Except for the method of matrix multiplication com-
pensation [SH90] used here, the introduction of dummy elements [Lun96] and min-
imization of the inter-element coupling [LLSB98] has been reported. To find the
coupling matrix, methods based on far-field calculations [SH90], and lest-squares
estimation [SDL00] has been reported.

The work presented in Part II of this thesis is based on previous work done by
Dr. Björn Lindmark [Lin05a]. Presented there is the problem of compensating for
the mutual coupling while considering the phase shift and element factor. Presented
here are two modified approaches to the same problem with the introduction of the
Cramér-Rao Lower Bound (CRB) as a theoretical tool for analyzing the estimator.

Problem Statement – Estimation of Coupling Matrix

During calibration of the antenna array, the element factor and the location of the
phase center are of importance. The effect of these factors is significant and should
be included in the model describing the coupling matrix of the antenna array. Given
a set of calibration measurement data originating from a predefined antenna array,
the aim is to find an estimator that incorporates the coupling matrix, the phase
shift, and the element factor into the model of the antenna array. This should
give a more accurate estimate of the incoming signal as opposed to when only the
coupling matrix is considered.
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1.4 Thesis Outline

This thesis is divided into two parts related to the left and right side of Figure 1.2.
When communicating with the base station, knowledge about the environment

is helpful for optimizing the different parameters in hand. One such parameter to
change could be the physical structure of each antenna element that constitute the
antenna array of the handheld device. Part I deals with reconfigurable antennas
with three different antennas presented and discussed.

At the same time, the antenna system at the base station needs to estimate
the incoming signals. Typically, the signal is estimated based on measured data at
the terminals of the antenna system. The aim is to find out what was transmitted
and pass on the information to some post-processing unit. Part II deals with the
estimation of the coupling matrix given data from a calibration measurement of
an antenna array along with a discussion including the Cramé-Rao Lower Bound
(CRB).

1.5 Outline and Contributions – Reconfigurable Antennas

In this section, an outline of Part I of the thesis is presented along with an overview
of its contributions. Part I of the thesis deals with reconfigurable antennas and
specifically three examples of such.

Chapter 2 – Frequency Reconfigurable Meander Slot Antenna

A novel antenna with two RF-MEMS switches placed symmetrically on an asym-
metric meander-shaped slot yielding four different operating frequencies is pro-
posed. The frequency reconfigurable meander slot antenna is presented in terms
of design, simulations, and measurements. In addition, calculations and numerical
analysis is added to investigate the behaviour of the antenna with MEMS switches.
The final antenna was manufactured and the four different switching configurations
were verified with dummy switches. The measured results were satisfying for all
four frequencies with a return loss well above 10 dB. In addition, the actual switches
were mounted on the antenna. This proved that the antenna properties are unaf-
fected by the switches. Further use of additional switches on the same antenna is
discussed briefly.

The work is published in

[MLOS05] M. Mowlér, B. Lindmark, J. Oberhammer, and G. Stemme. A 2-bit
Reconfigurable Meander Slot Antenna With RF-MEMS Switches. Proceed-
ings IEEE Antennas and Propagation Conference, Washington DC, USA,
July 2005
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Chapter 3 – Polarization Reconfigurable PIFA

A polarization reconfigurable PIFA with RF-MEMS switches is proposed as a mo-
bile terminal antenna element for MIMO systems. Two different polarizations
are achieved through the symmetric design that incorporates RF-MEMS switches.
Measurements and simulations are presented along with calculations on the corre-
lation between the two configurations.

The work is published in

[ML06] M. Mowlér and B. Lindmark. Reconfigurable MEMS Antenna for Wireless
Applications. Proceedings The first European Conference on Antennas and
Propagation (EuCAP 2006), Nice, France, November 2006

Chapter 4 – Frequency Reconfigurable PIFA

The frequency reconfigurable PIFA is presented as a possible improved alterna-
tive to the frequency reconfigurable meander slot antenna. Instead of having a
microstrip meander slot antenna as the carrier for the switches, a PIFA based an-
tenna could be used when a frequency reconfigurable antenna is designed. The idea
is to find a structure that increases the bandwidth compared to the meander slot
antenna design while using only two switches for 4 different configurations. The
resulting antenna with switches should change frequency between four different con-
figurations and give four separate frequencies of operation between 900 MHz and
1800 MHz.

The work is unpublished.

Chapter 5 – Pattern Reconfigurable Monopole MEMS Array

Multiple Input Multiple Output (MIMO) systems can be used to increase the ca-
pacity and reliability of a wireless link. By introducing switching capabilities in an
antenna array, a reconfigurable MIMO system may be designed with the ability to
adapt to channel conditions enhancing performance further. In this paper a recon-
figurable antenna array with MEMS switches operating at carrier frequency 1.76
GHz is presented. The array is comprised of four feed elements and four parasitic
elements with switches, giving a total of 16 configurations. To assess the possible
link improvements that can be achieved, measurements were conducted in an in-
door office environment with the reconfigurable MIMO system. With the ability to
adapt to channel conditions, the improvement in channel capacity for a 2×2 as well
as a 4× 2 system is quantified. Also, the diversity of the system is increased which
may lead to large gains in the outage probability of the system. This is relevant
especially in indoor scenarios where static channel conditions may be expected.

The work is published in

[MKL06] M. Mowlér and B. Khalid, and B. Lindmark. Reconfigurable Monopole
Array with MEMS Switches for MIMO Systems. Proceedings IEEE Inter-
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national Symposium on Antennas and Propagation, San Diego, USA, July
2008

and submitted to

[MKZO08] M. Mowlér and B. Khalid and P. Zetterberg, and B. Ottersten. As-
sessment of a Reconfigurable MEMS MIMO System by Indoor Measurements
at 1.73 GHz. IEEE Transactions on Antennas and Propagation, 2008. Sub-
mitted.

1.6 Outline and Contributions – Estimation

In this section, an outline of Part II of this thesis is presented along with an overview
of its contributions. Part II of this thesis deals with the estimation of the coupling
matrix, the phase shift, and the element factor of an antenna array based on mea-
surements. The CRB is also derived and discussed in terms of tradeoffs and bounds
for the estimator.

Chapter 7 – Estimating the Coupling Matrix, the Phase Shift,

and the Element Factor of an Antenna Array

A novel method is proposed for estimation of the mutual coupling matrix of an
antenna array. The method extends previous work by incorporating an unknown
phase center and the element factor (antenna radiation pattern) in the model, and
treating them as nuisance parameters during the estimation of coupling. To facili-
tate this, a parametrization of the element factor based on a truncated fourier series
is proposed. The performance of the proposed estimator is illustrated and compared
to other methods using data from simulations and measurements, respectively.

The work is published in

[ML05] M. Mowlér and B. Lindmark. Estimation of Coupling, Element Factor,
and Phase Center of Antenna Arrays. Proceedings IEEE Antennas and Prop-
agation Conference, Washington DC, USA, July 2005

and

[MLLO07a] M. Mowlér, E. Larsson, B. Lindmark, and B. Ottersten. Methods and
Bounds for Antenna Coupling Matrix Estimation. Proceedings IEEE Inter-
national Conference on Acoustics, Speech, and Signal Processing, Honolulu,
USA, April 2007
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Chapter 8 – Derivation of Cramér-Rao Lower Bound

The Cramér-Rao bound (CRB) for the estimation problem is derived and used to
analyze how the required amount of measurement data increases when introducing
additional degrees of freedom in the element factor model. The penalty in SNR is
found to be 2.5 dB when introducing a model with two degrees of freedom relative
to having zero degrees of freedom. Finally, the tradeoff between the number of
degrees of freedom and the accuracy of the estimate is studied. A linear array is
treated in more detail and the analysis provides a specific design tradeoff.

The work is published in

[MLLO07b] M. Mowlér, B. Lindmark, E. Larsson, and B. Ottersten. Estima-
tion of Mutual Coupling, Element Factor, and Phase Center in Antenna Ar-
rays EURASIP Journal on Wireless Communications and Networking, Au-
gust 2007

Chapter 10 – Summary and Future Work

The thesis concludes with a discussion on what has been achieved within the scope
of this thesis. Results and conclusions are summarized together with some brief
comments. Future work, and reflections on some possible continuations of this
research work are also provided.
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Chapter 2

Frequency Reconfigurable Meander

Slot Antenna

2.1 Introduction

Microstrip antennas have many advantages. Among these are the ability of being
low profile, light weight, low cost, conformable, and easy to fabricate. In addition
they are highly compatible with RF devices such as MEMS switches [Bro98]. The
combination of MEMS (Microelectromechanical Systems) switches and microstrip
antennas yields the powerful concept of reconfigurable antennas. Reconfigurable
antennas are gaining popularity within the field of antenna construction thanks
to properties such as frequency agility, bandwidth enhancement, and polarization
diversity. The role of the MEMS switch is to act as a logical on/off switch and
modify the antenna properties in some way. The frequency, the radiation pattern,
or the polarization are all properties that could be changed.

The existence of MEMS switches has inspired researchers leading to work done
in the field of reconfigurable antennas. Some examples of noticeable publications
by other authors include a reconfigurable patch [SCK01a], a reconfigurable spiral
microstrip antenna [HFZB03], and a polarization switching antenna [SJK04].

In the work described in this chapter, a slot antenna (Figure 2.1) is combined
with two fully integrated RF-MEMS shunt switches [OLS03] (Figure 2.2) to form
a novel reconfigurable antenna with four different frequencies of operation. Due
to parallel plate modes appearing, it was found difficult to use a stripline set-
up as in [WSEL00], a work which inspired the meander slot structure. Instead,
the antenna is a microstrip-fed meander slot antenna, which provides a very low
resonant frequency for a given antenna area. The concept of having switches on
slot antennas has been touched upon before [SLS+00]. The combination of slot
antenna and MEMS switches presented in this chapter is suitable because of the
ground plane that covers most of the area. The control lines to the switches are
preferably placed behind such a ground plane area as opposed to different antenna

15



16
CHAPTER 2. FREQUENCY RECONFIGURABLE MEANDER SLOT

ANTENNA

Figure 2.1: Left: Picture of the meander slot antenna in gold before the switches
were mounted. The part in the middle is the gold piece lowered inside the substrate
surrounded by the copper layer. Right: Picture taken of the dummy switch used
in the verification process of the meander slot antenna in gold.

designs were the control lines would be in free-space (in front of the antenna) and
disturbing the antenna properties.

The reconfigurable microstrip-fed meander slot antenna with MEMS switches
is presented in this chapter. Placed on the antenna are 2 MEMS switches acting
as logical switches resulting in a 2-bit reconfigurable antenna. The aim has been
to find a design that can incorporate more than the four switches presented here,
but as a beginning hopefully two will suffice. Effort was put into finding a shape or
geometry of a microstrip slot antenna that would claim an area as small as possible
while holding the switches. The antenna has been constructed and measurements
have been made on the antenna in order to verify the simulated results preceding
the actual fabrication. Switches have also been mounted on the microstrip-fed
meander slot antenna.

2.2 Outline of Chapter

Previous work by other authors is presented in Section 2.3. The underlying design
idea for the proposed meander slot antenna is presented in sections 2.4. Results
for the same antenna is presented in Section 2.5. After that, a slightly modified
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Figure 2.2: Photograph taken of the MEMS switch used in the work presented in
this thesis [OLS03].

Switching area

Figure 2.3: Picture of the switching area of the meander slot antenna before the
switch is mounted [OLS03].
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meander slot antenna is presented and motivated in Section 2.6. This is followed
by an analysis of the effective wavelength of the slot (Section 2.7). The calculations
in Section 2.8 are presented in order to understand the interaction between the slot
antenna and the switch.

Additional calculations are presented in the appendix to analyze the microstrip
line (Section 2.A) and the antenna-switch interaction (Sections 2.B and 2.C). Sec-
tion 2.D discusses the matching of the meander shape. Finally, the prototype
antenna in copper, that was built and analyzed before the meander slot antenna
in gold, is presented and analyzed in terms of simulations and measurements in
Section 2.E.

2.3 Previous Work

The following are some examples of related work that is relevant for the results
presented in this chapter.

Microstrip-Fed Meander Slot Antenna

A survey of microstrip antennas is presented in [CM81] with a good historical back-
ground as of 1981. Materials are discussed, analysis techniques are discussed, design
procedures are presented, and Q factor and BW are calculated. An interesting way
to optimize the meander shape is to make the slits somewhat smaller [WSEL00].
This would result in an even smaller antenna with almost the same characteristics
as a straight slot. In addition, a non-uniform slot line width would make the over-
all size smaller [KKYP01]. The conclusion is that compared to a uniform slot line
width used in e.g. [WSEL00], the non-uniform slot line width antenna gives a lower
operating frequency with a decrease in radiation efficiency while maintaining the
same overall area. The meander shape of the slot antenna design presented in this
chapter was inspired by the work in [WSEL00] with the difference that a microstrip
feed was chosen instead of the stripline feed. The slot line width was kept constant
to reduce the complexity of the design.

MEMS Switches

Work has been done in the field of MEMS switches concentrating on optimizing the
turning on/off of the switch. In an article by Brown from 1998 [Bro98] these issues
are introduced and discussed. This is a good starting point for those interested in
more information about the MEMS switches. Series MEMS switches on a dipole
antenna have been simulated in [KGRH03]. A comparison between ideal switches
and non-ideal switches based on simulations was conducted and presented there.
The working frequencies are 5 and 9 GHz. The authors encounter a frequency
shift of 0 − 3% depending on which frequency band that was studied. This was
found during simulations of the dipole with MEMS switches compared to when ideal
switches are used. The effect of the MEMS switch in this context is more significant
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at higher frequencies, which is also interesting for the meander slot antenna design
of this chapter. The working frequencies in this thesis are low in this context, which
could turn out to be a problem. The problem of having a lower frequency than the
preferred frequency of the MEMS switches, is also indicated by the impedance and
the S-parameter calculations made in this chapter and in the appendix.

Reconfigurable Antennas with Dummy Switches

Reconfigurable microstrip-fed patch antennas operating at different frequencies
have been presented [QCCI99]. Measurements on a prototype with removable cop-
per tapes showed working frequencies at 3 and 6 Hz. The idea pursued was to
place several MEMS switches between isolated patches and connect them together
by switching. Another interesting paper giving a nice but very short overview of
both the MEMS switches and how they may be used together with antennas is pre-
sented in [SLS+00]. Shaffner describes his antennas very briefly and then suggests
different ways to use them in antenna applications. The first one is the printed
dipole that consists of segments that are connected through the switches in the
down mode. The second is the slot antenna that is adjusted by placing a switch
across the slot as a short circuit. This is also the mechanism used in the meander
slot antenna design in this chapter. The MEMS switches are mounted above a slot
antenna in order to short-circuit and shorten the slot to give a higher operating
frequency.

A microstrip structure with a single-turn spiral has been proposed in [HFZB03].
The antenna shifts both frequency and radiation pattern depending on which of the
two switches is used. The frequencies of operation are found at 3-6 GHz and the
shift in radiation pattern is about 45 degrees. Simulations are conducted and mea-
surements are done on a built proof-of-concept with hardwired switching elements
instead of PIN diodes or MEMS switches. The design is made to fit switches. The
radiation pattern shift is interesting, especially when looking at the polarization
reconfigurable PIFA described in subsequent chapters of this thesis.

A patch antenna with switchable slots is presented in [YRS02a]. It is composed
of sliding switches adjusted to get circular polarization. The switches are realized as
two pin diodes turning on or off. Frequencies at about 5 GHz are achieved with re-
turn loss well above 20 dB, meaning that the S11 parameter is less then -20 dB. The
different configurations achieved are right hand circular polarization (RHCP) and
left hand circular polarization (LHCP). The concept of having switches together
with slots resembles the design of the meander slot antenna presented herein, but
the polarization switching relates more to the next chapter of this thesis. A discus-
sion about the concept in [YRS02a] is presented in [YRS02b]. The PASS concept
which stands for patch antenna with switchable slots is discussed and various an-
tenna applications are presented. Both frequency shifting and polarization switch-
ing is presented. PIN diodes are used in the measurements, but MEMS switches
will supposedly be used in the final setup intended for space applications.
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Reconfigurable Antennas with Several Switches

Theoretical work has been done in order to simulate different possibilities to place
several switches on antennas. In an article by E.R. Brown [Bro01], simulations of
numerous MEMS switches acting between microstrip elements are presented. The
working frequency is from 1.6 to 2 GHz. An interesting paper with similarities
to one of the underlying ideas behind the proposed meander slot antenna design
(Section 2.4). Ultimately, the frequency of the antenna could change continuously
over an interval of e.g. 1 GHz to 2 GHz depending on which configuration that is
used. This is discussed briefly later in this chapter. A similar concept is presented
in [XWY03], where a structure with MEMS switches on a patch antenna is simu-
lated. The patch is meandered by cutting slots and slits that are adjusted by the
MEMS switches. Frequencies between 0.6 and 1.2 GHz are obtained with switches
simulated as idealized pads (The simulations for the meander slot antenna was also
based on idealized pads). The antenna is useful for multi-band applications such
as wireless communication. An interesting concept that, again, shows the idea of
placing many MEMS switches to get a more continuous change compared to only
having two switches that would give a discrete number of configurations with a
large separation. The antenna structure is based on [GLL01] which is a meandered
patch with slots and slits in different versions. This indicates that the combination
of slot antennas and MEMS switches is fruitful for future designs where more than
two switches are to be used.

In [WPR+99], an array of microstrip patch elements is simulated. Both sim-
ulations and measurement results for a patch array built up by "building blocks"
that constitute of patches are presented. Actual switches were never used in this
paper, but antenna arrays were built using building blocks. Different arrays were
built to represent the open and close mode of the switches. The work was also
focused on tuning the array in a generalized way for different configurations and
analyzing the individual building blocks. They show that it is difficult to design
one patch module with high relative bandwidth at low frequencies such as 2 GHz.
A bandwidth of 1% at 2 GHz is achieved and most of the structures simulated and
built are narrow-banded. This is also one of the parameters of interest in this chap-
ter. During the design of the meander slot antenna, the bandwidth properties were
investigated and concluded to be poor. This fact leads to the alternative design
represented by the two PIFA antennas in the following chapters.

In [WPR01] a 3 × 3 array of patches connected using MEMS switches is pre-
sented. The switches are simulated in an idealized manner as OPEN/CLOSED
switches. The antenna was fabricated as two separated prototypes representing
the OPEN and CLOSED mode respectively. This article shows how the different
configurations could be realized without using actual switches. The work leading
to the meander slot antenna presented in this chapter was preceded by a proto-
type antenna were the idea was to try the different configurations before the actual
switches were mounted.

Antenna elements suitable for inclusion in a reconfigurable antenna array have
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been proposed in [BWCM01], where measurements on the elements show a band-
width of 25%. This is a significantly better bandwidth than in [WPR+99] and
[WPR01]. The design is made for space-based radar applications with frequencies
at 3 GHz to 9 GHz. The antenna array structure consists of a microstrip feed and
antenna elements in a stacked patch fashion. The idea is to connect and discon-
nect the stacked patches with MEMS switches so that different frequency bands
are used. The disconnected patches will act as parasitic elements or ground planes
if they are below the connected patches. Another report from the same project is
found in [HCMB01]. The concept of continuously covering a frequency interval is
touched upon again.

Reconfigurable Antennas with MEMS Switches

In [PLG+03] MEMS switches operating at 10-20 GHz are used to make reconfig-
urable double-stub tuners for impedance-matching networks. There, measurements
were conducted for MEMS switches together with the double-stub tuners. A voltage
of 35-55 V was used for the on-state of the switches. The measurements agreed well
with simulations performed in Agilent’s ADS [Agi] in combination with Ansoft’s
HFSS [Ans]. The article is an example of a manufactured structure with working
MEMS switches.

In [SCK01b] MEMS actuators are placed on a patch antenna requiring only a
single bias line. Measurements are performed and the results are showing a shift
of 400 MHz at 25 GHz. The frequency is far off compared to GSM applications
(900/1800 MHz), and we believe that the MEMS switches work better at higher
frequencies as seen in the article than for the GSM band. This hints that it might be
more difficult to find a working combination of MEMS switches and antennas at 1-2
GHz compared to higher frequencies. [SCK02] deals with the reconfigurability of the
polarization with the help of MEMS devices. Again, as in [SCK01b], measurements
are performed. Shifting between circular and linear polarization is showed at a
frequency of 25 GHz. An advantage is that the MEMS switch is housed within
the patch and does not require additional space. A similar situation is found in
the design of the meander slot antenna. The switch package is integrated in the
antenna design without requiring additional space.

Measurements of MEMS switches on antenna structures are presented in [CQC+03].
The antenna system consists of antenna elements with MEMS switches turning on
and off. The different relative alignments of the antenna elements give different
radiation patterns. This provides the tools for different diversity techniques. Fur-
thermore, MEMS switches are built and measured in the antenna system proposed,
but the switching is between different antenna elements and not between configu-
rations. The meander slot antenna design of this chapter is based on the idea that
the properties of the antenna system should be altered to give diversity by having
different configurations within the same antenna element.
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2.4 The Gold Antenna - Design Overview and Concept

Introduction

Based on the calculations and the prototype antenna presented in the appendix to
this chapter, a gold antenna structure was designed, simulated, and manufactured.
To fit the manufactured gold layer into the microstrip-based structure, copper layers
were made with microstrip feeds along with a big hole instead of the meander slot
seen in the prototype design. The gold layer with the 0.1 mm meander slot was
placed inside the hole. The set-up resembles the previously manufactured slotline
antenna but with the difference that the new feeding method with the strip on
the bottom side of the laminate and has only one ground plane on the top as in
Figure 2.4. The measurements showed that the microstrip antenna with gold layer
has a lowest working frequency of 970 MHz. With dummy switches (Figure 2.1)the
highest working frequency is 1.8 GHz. In between the highest and the lowest
frequencies, two different and separate frequencies are available. This is described
in the following sections.

Design Overview and Concept

At present, the switch uses a gold layer as a base with a switch concept that allows
for a monolithic integration of the switches with the antenna as in [CQC+03]. Since
a thin and sensitive gold layer is unpractical to work with, it is only used for the
parts where the meander slot is placed and where the switches are mounted. The
gold layer is deposited on a glass layer, which is placed inside the substrate through
a hole in the copper layer (Figure 2.4). Before designing the final antenna in gold, a
prototype antenna in copper was designed, simulated, and measured to investigate
and verify the microstrip-fed meander slot structure. The results for the prototype
antenna are presented in the appendix to this chapter.

The design of the final antenna in gold was verified using dummy switches. The
objective was to find a suitable meander shape for the four configurations resulting
from the two different switching positions. The dummy switches consist of small
copper pieces with the same shape and size as the moving part of the actual switches
(Figure 2.2).

An overview of the design for the final antenna in gold is presented in the
bottom right drawing of Figure. 2.4. The overall setup structure including the
ground plane is 100 × 100 mm and the feed is in the middle relative to the ground
plane. A picture of the gold antenna before the switches were mounted is seen
in Figure 2.1. With the switches placed on the edge of each meander section, this
design shows to be suitable for the four frequencies to be excited. Since the meander
is slightly asymmetric with reference to the strip, the two different switch positions
will yield different frequencies when switched down one at a time. Consequently,
four different frequencies of operation are possible.

With the two switches simultaneously in the up-mode, all of the meander slot is
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Figure 2.4: Left: Picture of the antenna with gold layer and switches mounted on
it. The gold layer is on top of a glass substrate which is lowered inside a hole in
the copper layer. Below the copper layer there is a teflon substrate. The overall
size is 100 × 100 mm. The wires seen in the picture are used for controlling the
switches. Measurements on this set-up are presented in Figure 2.5. Top right:
Side-view of the microstrip-fed meander slot antenna with a gold layer through the
reference plane AA’. Bottom right: Birds-eye view of the microstrip-fed meander
slot antenna.

free to radiate and represents a switch-free antenna. The other extreme occurs when
both switches are pulled down and the meander slot is minimized by the switches.
When this is the case, the antenna has its minimum length corresponding to the
highest achievable frequency. Instead of moving both switches up and down, only
one switch position could be changed giving an operating frequency in between the
previous. For the left switch the active slot area is the right side of the meander.
When, instead, the right switch is pulled down (and the left switch is open), the
left side is radiating leaving the right side closed. A picture of the final antenna
with the actual switches mounted is seen to the left in Figure 2.4. This set-up was
used to verify that the actual switches do not affect the antenna properties.

The switches used are designed in a capacitive shunt configuration [OLS03].
The switch design, based on an S-shaped film actuator, provides with a large ver-
tical travelling distance of the switching membrane by maintaining low actuation
voltages [OLS03]. The large gap distance in the off-state (membrane up) is 14.2 µm
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Figure 2.5: Simulated (left) and measured (right) reflection coefficient of the an-
tenna. The four peaks represent the four different combinations of the switches
being up or down.
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Figure 2.6: Left: Measured return loss for the antenna with and without the actual
switches mounted on it. The antenna is unaffected by the switches. Right: The
meander slot before (top) and after (bottom) switches were mounted.
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Figure 2.7: Simulations [Agi] (Left) made to show what happens with switches
placed at different meander sections marked by 1. . . 6 and a. . . e in the schematic
drawing to the right.

above the bottom layer. The switch prototype allows for having very large overlap-
ping areas of 10000 µm2 for the capacitive short-circuiting of the meander-shaped
antenna slot in the on-state (membrane down), without significantly disturbing the
signal propagation in the off-state. Furthermore, this switch is designed in a way
that its mechanically switching part (upper part) is fabricated independently of the
substrate with the RF lines to be switched. Thus, the switching part can be placed
directly onto the antenna circuit by flip-chip like bonding.

2.5 The Gold Antenna - Results

The antenna was first simulated using CST Microwave Studio [Com] and the results
are presented in Figure 2.5. The four different curves correspond to the four different
configurations achieved when changing the positions of the switches. For all four
configurations a return loss of >10 dB is achieved. The number of mesh cells
that were used in the simulations was 40 000. Even though a finer resolution was
used over the strip the transmission line impedance calculated by the software was
somewhat unstable for fixed line dimensions. Therefore, it proved more reliable to
use the reflection coefficient data rather than input impedance values.

To verify the performance of the antenna using dummy switches, measurements
were made on the gold antenna together with dummy switches consisting of cop-
per pieces placed over the switching areas. The measurement results for the gold
antenna with dummy switches are presented in Figure 2.5. The size of the dummy
switch is identical to the moving part of the actual switch. With the two switches
simultaneously in the up-mode, the operating frequency occurs at 950 MHz with a
good return loss. When both switches are down, the operating frequency occurs at
1.85 GHz. Only pulling down the left switch results in the antenna operating at a
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Figure 2.8: Picture taken from the measurement setup with the frequency reconfig-
urable meander slot antenna under the microscope that was used for verifying the
mechanical movments of the MEMS switch membrane.

frequency of 1.35 GHz. When only the right switch is pulled down, the frequency
of operation is 1.20 GHz. Comparing the simulations and measurements, the sim-
ulated result in Figure 2.5 is in reasonable agreement with the measurement result
in Figure 2.5. The return loss is better in the simulations than what is measured
give, but the measurements still show a working antenna. Also, when both switches
are down, the measurements show a more broadband behavior than what is seen
in the simulations. This could be due to the fact that the simulation assume ideal
switches while the actual switches are non-ideal and therefore give the antenna a
different input impedance and return loss when measuring.

Measurements were also made on the antenna with actual switches mounted, but
without activating the switches. Those are presented in Figure 2.6. The conclusion
is that the antenna is unaffected by the switches in the up-mode. Note that the
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Figure 2.9: Measurements showing the frequency reconfigurable meander slot an-
tenna in gold with a switching area of 80 µm width (modified design) and 0.1 mm
width (original design) respectively

measurements in Figure 2.5 and Figure 2.6 concern three different slot antennas
which are of the same design, but not perfectly identical. This may explain the
slight difference in resonance frequency. A picture of the measurement setup with
the meander slot antenna under microscope is found in Figure 2.8.

An interesting outcome from analyzing the antenna is that the impedance is
close to 50 ohm for all four antenna configurations. This fact indicates that there
is a potential in placing more switches next to the two already presented in this
paper. Since the meander is made with equally sized meander sections, we could
place switches on all the meander sections in order to create an overall antenna
with numerous switches as in Figure 2.7. This type of antenna would then adapt to
the particular frequency band required by the current application of the antenna.

The Bandwidth

Looking at the measured and simulated results of the antenna (Figure 2.4) with gold
layer, the resonances are very narrow-banded. 1-3 percent at 1 and 2 GHz is less
than the bandwidth defined by the GSM standard. The measured narrow-banded
properties of the antenna are also seen in the simulations. This shows one of the
drawbacks when choosing the meander slot antenna as bases for a reconfigurable
antenna. In the following chapters, two alternative antenna designs are presented
to achieve a broader operating region in frequency.
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Figure 2.10: Circuit model for the meander slot antenna where the microstrip end
is modelled as an open stub.

2.6 The Modified Gold Antenna

After the first round of simulations and measurements together with the slotline
and CPW calculations presented below, the conclusion was that a slight change had
to be made to the antenna/switch design. The main problem identified was that
the down mode of the switch is not touching the ground plane of the antenna which
proved to be inadequate for the antenna to change frequency. What is needed is
a modified switch construction where the moving switch part actually touches the
antenna ground plane and hence giving ohmic contact. This is done by placing a
metallic rod next to the moving membrane in the switch design. At the same time
this forces the switch area of the antenna to be 80 µm instead of 0.1 mm. That
small, but yet important, modification was therefore made in the meander section
representing the switch area to meet the requirements of the new modified switch.
The parameter is marked out in the schematic drawing of Figure 2.9. Measurements
of the first gold antenna together with measurements of the modified second gold
antenna are seen in Figure 2.9. They show that there is no change in behavior
between the two antennas at the lowest frequency, 970 MHz, representing the off
mode of the switches.

2.7 Calculations - The Effective Wavelength

Introduction

The operating frequency for the four different antenna configurations is investigated
in terms of a model based on Figure 2.10. The corresponding wavelength based on
simulations and measurements is compared to the length of the slot for a given
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ZL

Zin

Zc

transmission line

l

Figure 2.11: Circuit model for the input impedance of a transmission line with
characteristic impedance Zc terminated with a load ZL seen a distance l towards
the generator from the load. This model is used to calculate the input impedance
of the frequency switching meander slot antenna considering the open stub that the
end of the microstrip feed constitute. (See Figure 2.10).

configuration. The aim is to find out how the length of the slot relates to the
operating frequency. The assumption made is that the frequency, f , primarily
depends on the length of the slot as [RD78]

f =
c

λ

lslot =
λ

2
√

ǫeff
(2.1)

where c is the speed of light in vacuum, λ is the wavelength,
√

ǫeff is the effective
epsilon value (dielectric constant) and lslot is the total length of the meandered slot.
In addition, the length of the stub is assumed to influence the frequency accoring
to Figure 2.10.

Calculations

From [Col92] it is known that the input impedance, Zin, for a transmission line is
given by

Zin = Zc
ZL + jZc tan βl

Zc + jZL tan βl
(2.2)
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where Zc is the characteristic impedance of the line, ZL is the impedance of the load,
and l is the distance from the load, towards the generator, to the point where Zin

is calculated. β is the phase constant. Assuming no attenuation, the propagation
constant is purely imaginary with a zero attenuation constant; γ = α + jβ. A
schematic drawing of a transmission line with a load is presented in Figure 2.11.
The microstrip and meander slot are modelled according to Figure 2.10. From the
feed point, the distance to the symmetry plane of the meander slot is 50 mm. The
length of the open stub is 6.5 mm. The input impedance of the antenna is assumed
to be at the symmetry plane of the meander slot.

The Impedance of the Stub

Using the fact that the stub is an open circuited transmission line with characteristic
impedance Z0 = 50 Ω, a length of l = 6.5 mm, and the open end modelled as infinite
impedance; ZL → ∞, (2.2) reduces to

Zs = Z0
ZL + jZ0 tan βl

Z0 + jZL tan βl
=

Z0

j tan βl
(2.3)

Calculations Based on Simulations

The simulations where made with the reference plane set to the symmetry plane of
the meander slot. To compensate for the stub, the S11 parameters resulting from
the simulations are expressed as equivalent impedances, Z(z), according to

Z(z) = Zc
1 + S11(z)

1 − S11(z)
(2.4)

and then the the impedance of the total meander slot antenna including the open
stub, Ztot, is reduced by the impedance of the open stub, Zs, according to

Za = Ztot − Zs (2.5)

This gives the impedance of the meander slot antenna if the open stub were not
there, Za. The results are presented in Figure 2.12.

Calculations Based on Measurements

The measurements were conducted with the reference plane set at the connector (or
feeding point of the antenna), denoted by S11measured. To move the reference point
to the symmetry plane of the meander slot, denoted by S11tot, the S11 parameter
was recalculated according to [Col92]

S11tot = S11measurede
−2jβl (2.6)
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Figure 2.12: The four configurations as S11 parameters. The stub has been com-
pensated for in the graphs representing the simulations and measurements. For
each of the configurations four different graphs are shown representing simula-
tions (dashed), simulations with compensation for the stub (solid), measurements
(solid/square), and measurements with compensation for the stub (dotted).

where l = 50 mm represents the distance from the connector to the symmetry plane
of the meander and is taken to be positive in the direction of the load. Once the
S11 parameter is moved to the symmetry plane of the meander slot the rest of the
calculations are identical to the above with the simulation data. The results are
presented in Figure 2.12.

Results

The S11 parameters for the compensated and uncompensated simulations and mea-
surements are presented in Figure 2.12. The stub increases the operating frequency
of the meander slot antenna in the sense that after compensation for the input
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Figure 2.13: The four configurations as effective wavelengths. The operating fre-
quencies for the four different configurations are expressed as effective wavelengths
against the theoretical wavelength according to λeff = λth

√
ǫeff . Different ex-

pressions for the effective dielectric constant are represented by straight lines going
out from the bottom left corner. In this graph the theoretical wavelengths based
on the length of the slots are compared to the simulated values which have been
compensated for the stub.
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impedance of the stub, the S11 parameter of the remaining circuit model results
in a lower operating frequency than before. This is both true for the simulations
and the measurements. Based on (2.1), the theoretical wavelength of Figure 2.13 is
taken to be λth/2 = lslot. The operating frequencies for the four different config-
urations are expressed as effective wavelengths against the theoretical wavelength
according to λeff = λth

√
ǫeff . Different expressions for the effective dielectric con-

stant are represented by straight lines going out from the bottom left corner. The
results in Figure 2.13 show that the effective dielectric constant could be approx-
imated by a value of ǫr = 1.4. The formula for the effective relative permittivity
yielding 1.4 is also what is used in [RD78]; 2ǫr/(1 + ǫr). At the same time, the
effective epsilon value changes over the four different configurations. For the up
mode with the largest wavelength, the effective epsilon value is slightly smaller
than for the case with both switches down. With a shorter wavelength, the ǫr

value (or effective relative permittivity constant) is higher and close to 1.67 while
it is 1.4 for the compensated simulation data representing the up mode with the
largest wavelength. Comparing to the uncompensated simulation data the effective
relative permittivity is 1.2, which is even smaller.

The stub compensates for large wavelengths, while the compensation is not that
much for shorter wavelengths. When the switches are both up, the wavelength is
large and the effective relative permittivity is closer to 1. For the other extreme
(when the switches are both down yielding the shortest wavelength) the effect of
the stub is more significant.

2.8 Calculations - Slotline with Shunt Switches

An important issue in the design of an RF-MEMS antenna is the overlapping area
between the switch and the antenna. For a shunt switch, the short-circuiting of the
bottom slotline depends on the overlapping area. Calculations are presented in this
section to help understand the amount of overlapping area that is needed.

The slotline model for the meander slot antenna is based on a signal travelling
from one of the slots cut out in the ground plane and back through the other. This
is not entirely true from the antenna perspective, but it gives a good comparison.
The switch is thought of as two switches half the size of a single switch placed next
to each other over the switching area. The model is related to the meander slot
antenna design by considering the meander section of the switch area as a slotline
that crosses the switch twice. Figure 2.3 shows the switching area where the switch
is mounted.

A picture of the moving part of the switch (membrane) is seen in Figure 2.2. The
width of the middle part is 200 µm. The left and right part of the membrane have
triangular shapes with the sides equal to 400 µm. They are modelled as rectangular
shapes with equivalent areas according to Figure 2.14 and Figure 2.14.

The impedance of the slotline for the specific dimensions used in this case were
calculated using the software TxLine 2003 from MwOffice. To verify the software,
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Figure 2.14: Left: Model of two switches and the slotline together. Bottom right:
Top view of the slotline with two switches placed on it. Top right: Side-view of the
slotline with a switch placed on it.
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Figure 2.15: Impedance values for slotline calculated by TxLine. For one case there
are comparable values presented by both Mariani and TxLine. Good agreement
is found between the two, which should indicate that the values representing the
chosen dimensions should be correct.
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results by Cohn [Coh69] and Mariani [Mar69] were used. Their values correspond
to other dimensions than in the design of the antenna of this thesis. The verification
was made for frequencies, widths and heights presented in [Coh69] and [Mar69], and
the software was then used for calculating the values corresponding to the antenna
dimensions. Figure 2.15 shows the outcome of the slotline impedance calculations.
The verification is made for the higher frequencies and is seen to the right in the
graph. The software was then used for calculating the slotline impedance for our
dimensions. The conclusion should be that the slotline impedance is between 65
Ω and 75 Ω depending on the value of the dielectric constant. The antenna setup
consists of a teflon layer with ǫr = 2.33 and inside it a gold layer on a glass layer
with ǫr = 4.8. Both values have been considered.

Consider the slotline with two switches placed on it as described in Figure 2.14
and Figure 2.14. A circuit model for this combination is visualized in Figure 2.14.
The total capacitance, Ctot, is

Ctot = 2
1

1
C1

+ 1
C2

(2.7)

with

Ci =
ǫ0ǫrAi

hs
(2.8)

where Ai is the area of the overlapping area and hs is the distance between the
switch and the slotline. Ci corresponds to the capacitance of of area Ai.
Neglecting R (R is small compared to the other impedances), the impedance based
on the capacitance, Zcap, is

Zcap =
1

jωCtot
(2.9)

Collin [Col92] gives the expression for the S11 parameter as

S11 =
−jB

2Yc + jB
(2.10)

for a two-port with a shunt susceptance jB connected across a transmission line
with characteristic impedance Zc. Yc is the admittance. In this case it follows
that [Col92]

B =
j

Zcap
= jωCtot

Yc =
1

Zc
=

1

85
Ω−1

and
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Figure 2.16: Calculated S21 values for the shunt switch as a function of distance
between the switch and the slotline (hs). The overlapping area of the switch and
the bottom layer is 4 · 104µm2 (Left) and 40 · 104µm2 (Right) respectively.

S21 = 1 + S11 (2.11)

which is true in the special with −jB over a two-port where the S21 corresponds
to a transmission factor.

The distance between the switch and the slotline (hs in Figure 2.14) together
with the frequency of operation constitute two parameters that can be varied. The
capacitive area of C2 is set to be (200 · 100 + 200 · 100) µm2 = 400 · 100 µm2 =
4 · 104 µm2. Figure 2.16(left) shows the calculated S21 parameter for 1 GHz and
2 GHz as a function of height (h). This represents the true scenario as opposed to
the graphs presented in Figure 2.16(right), where the area of the side parts (C2)
are assumed 10 times larger. This is a fictitious case that represents a theoretical
upper limit on how large the area may be. All frequencies between 1 GHz and
2 GHz should have graphs lying between the two plots seen in Figure 2.14. The
amount of power going through should be as close as possible to 0 when the switch
is close to the slotline (0.2 µm). The epsilon value is set to 4.8, which should be a
best case scenario. The area of C1 is fixed to 200 · 100 µm2 = 2 · 104 µm2.

The graphs of Figure 2.16 show that even with an increase of the overlapping
area by a factor of 10, the S21 parameter is still far from 0 when the switch is down
at hs = 0.2µm. What is also seen for higher frequencies is that the effect of the
switch in the down mode is better than in the up mode. This is a good thing since
the operating frequency of the antenna at the down mode is higher than in the up
mode.
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Conclusions

The calculations made on shunt and series switches placed on top of the slotline
(together with the CPW calculations in the appendix) show that the down mode
of the shunt switch does not give a good enough behavior to predict a switching of
the antenna configuration. When the switch goes down, it should short-circuit the
slotline which is interpreted in the calculations as having a S21 parameter equal to
zero. The conclusion is that capacitive contact is not enough for the antenna to
switch configuration and ohmic contact should be used in the design of the next
generation of the switches.
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Figure 2.17: Left: The two graphs show the S11 and S12 parameter for a 2-port
constructed as a 4.75 mm wide microstrip line of length 20 mm. The dielectric
constant is set to ǫr = 2.33. The simulations were made with ADS2005A software
provided by Agilent. Right: Schematic drawing representing the side view of a
microstrip line. The strip on the top has width W, the distance between the strip
and the ground plane is H, and the thickness of the metallic layer is T. In between
the strip and ground plane, a substrate is used identified by the dielectric substrate
ǫr = 2.33

Appendix 2.A Calculations - The 50 Ω Microstrip Line

As an early step in the antenna design, the microstrip line has to be designed. A
schematic drawing of the side view is presented in Figure 2.17. The transmission
line parameters are fixed in terms of dielectric constant, height, and material leaving
the width of the strip as an unknown variable. The strip constitutes the microstrip
line together with the ground plane and has to be determined with the limitation
that it should result in a characteristic impedance of 50 Ω for the microstrip line
constructed.

To find the width of the strip of the microstrip line, well-known results are
available in textbooks. In addition most simulation softwares are capable of ver-
ifying the dimensions by designing a simple two-port that tells if all the power is
transmitted through or if some of it is reflected back.

Calculations

Let W be the width of the strip, H be the height or distance between the strip and
the ground plane, and T be the thickness of the metal layer. Using [Col92] on page
150, the characteristic impedance, Zc, of a microstrip line is expressed as follows

Zc =

√
µ0ǫ0
ǫe

1

Ca
(2.12)
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where

Ca = ǫ0

[
W

H
+ 1.393 + 0.667 ln

W

H
+ 1.444

]
(2.13)

and

ǫe =
ǫr + 1

2
+

ǫr − 1

2

1√
1 + 12H

W

− 0.217(ǫr − 1)
T√
WH

(2.14)

since W > H.
In the current design a teflon laminate with ǫr = 2.33 is used. The height is

fixed to 1.575 mm and the thickness of the copper layer is 35 µm.
With

W = 4.75 mm (2.15)

H = 1.575 mm (2.16)

ǫr = 2.33 (2.17)

T = 35 µm (2.18)

the expression (2.12) gives Zc = 50Ω. The conclusion is to use a width of 4.75
mm for the strip constituting the microstrip line that acts as a feed in the antenna
setup.

Simulations

The 4.75 mm wide microstrip line is verified using Agilent ADS2005A. A 2-port
constructed as a microstrip line with a substrate thickness of 1.575 and dielectric
constant ǫr = 2.33 was simulated and resulted in the S11 diagram in Figure 2.17.

It shows for frequencies up to 4 GHz that the S11 parameter is below -40 dB,
which means that 10−4 = 0.01% of the power is reflected at the terminal of the
feed. The other graph shows that 0 dB = 1 = 100% is going through from port 1
to port 2 of the transmission line. This means that all the power in the feed goes
through and only 0.01% is reflected back according to the simulations. This is a
good design for the microstrip line.

Appendix 2.B Calculations - CPW with Shunt Switches

Calculations are presented to help understand the behavior of the switch/antenna
configuration. The approach is to model the set-up as a CPW as opposed to the
slotline model. The CPW model assumes a signal travelling along the two slots cut
out in the ground plane, while the slotline models the meander setup as a signal
going out from one of the slots and back though the other. In this section, the
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Figure 2.18: Top view of the CPW.
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Figure 2.19: Side view of the CPW

characteristic impedance of the CPW is calculated as well as the total impedance
of the structure together with the switch. The aim is to find out if the overlapping
area of the switches is enough to short-circuit the slot.

Consider the CPW according to Figure 2.18 and Figure 2.19. LineCalc by Ag-
ilent gives a characteristic impedance of Zc = 84 Ω. The characteristic impedance
is given by Gupta [GBBG96] as Zc = 86 Ω according to the following expressions
for a coplanar waveguide (CPW)

Zc = 30
π√
ǫe

g(k1) (2.19)

where

ǫe = 1 + 0.5
g(k2)

g(k1)
(ǫr − 1) (2.20)

and
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g(x) =
π

log 2(1+
√

x)
(1−

√
x)

(2.21)

since

k1 =
a

b
< 0.707

k2 = sinh
(
π

a

2h

)
sinh

(
π

b

2h

)
< 0.707 (2.22)

for

a =
0.1

2
mm

b =
0.3

2
mm

h = 0.5 mm

ǫr = 4.8

(2.23)

Consider the CPW with switch as shown in Figure 2.20 and Figure 2.21. A circuit
model for the switch on the CPW is presented in Figure 2.22.
The total capacitance is

Ctot = 2
1

2
C1

+ 1
C2

(2.24)

with

Ci =
ǫ0ǫrA

hs
(2.25)

where A is the area of the overlapping area and hs is the distance between the
switch and the CPW.
Neglecting R, the impedance based on the capacitance is

Zcap =
1

jωCtot
(2.26)

then [Col92]

S11 =
−jB

2Yc + jB
(2.27)
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Figure 2.20: Top view of the CPW with the switch.
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Figure 2.21: Side view of the CPW with the switch.

C2 C1/2 C1/2 C2

R R

Figure 2.22: Model of the shunt switch and CPW together.
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Figure 2.23: Calculated S21 values for the shunt switch as a function of distance
between the switch and the CPW (hs). The overlapping area of the switch and the
bottom layer is 4 · 104 µm2 (Left) and 40 · 104 µm2 (Right) respectively.

for a two-port with a shunt susceptance jB connected across a transmission line
with characteristic impedance Zc. In this case the following holds [Col92]

B =
j

Zcap

Yc =
1

Zc
=

1

85
Ω−1

Finally [Col92],

S21 = 1 + S11 (2.28)

which should be valid in the special case with −jB over a two-port.
The distance between the switch and the CPW (hs in Figure 2.21) together

with the frequency of operation constitute two parameters that can be varied. The
capacitive area of C2 is set to be 4 · 104 µm2. The ǫr value between the switch and
the CPW is set to 4.8. The S21 value for the switch together with the CPW as a
function of distance is presented in Figure 2.23 and in Figure 2.23. The S21 value
as a function of frequency is presented in 2.24 with the distance fixed to 0.2 µm.
The graphs show that even with an increase of the overlapping area by a factor of
10, the S21 parameter is still far from 0 when the switch is down at hs = 0.2 µm.
The graphs also show that for higher frequencies the effect of the switch in the
down mode is better than in the up mode. This is a fortunate since the operating
frequency of the antenna at the down mode is typically higher than in the down
mode. The results are similar to the results for the slotline described in the previous
chapter.
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Figure 2.24: Calculated S21 values for the shunt switch as a function of frequency.
The distance is 0.2 µm indicating that the switch is down.

Appendix 2.C Calculations - CPW with Series Capacitive

Switches

Calculations were made on the series switch according to the models in Figures 2.25,
2.26, and 2.27. The procedure is similar to the presented calculations above regard-
ing the shunt switch. The comparison between the shunt and series switch is made
to complete the analysis of the switch-antenna setup.
The S21 parameter is given as [Col92]

S21 =
2Zc

2Zc + jX
(2.29)

where in this case
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Figure 2.25: Top view of the series switch on the CPW.
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Figure 2.26: Side view of the series switch on the CPW.
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Figure 2.27: Model of the series switch on the CPW.
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Figure 2.28: Calculated S21 values for the series switch as a function of distance
between the switch and the CPW. The overlapping area is set to 4 · 104 µm2 (Left)
and 40 · 104 µm2 (Right). The latter corresponds to the area being 10 times the
original design.
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Zc = 85 Ω

X =
1

j
· 1

jωCtot
= − 1

ωCtot

Ctot =
1

1
C1

+ 1
C2

(2.30)

Results

The graphs in Figure 2.28 show the S21 parameter calculated as a function of
distance. Two frequencies are presented indicating that all frequencies in between
1 GHz and 2 GHz should fall in between the two plots seen in the figures. The
amount of power going through should therefore be as close as possible to 1 when
the switch is close to the CPW (0.2 µm). The series switch works better in the down
mode than the shunt switch. For frequencies between 1 GHz and 2 GHz, the power
going through at hs = µm is at the worst 70 percent. A considerable amount of the
power goes through and a change in the antenna configuration could be expected.
At the same time, the up mode of the switch represented by hs = 20µm could cause
problems if the series switches are used. At the this height S21 should be equal
to zero, but the results in Figure 2.28 show that 30% of the power is still going
through at 1 GHz. The conclusion is that the series switch is to prefer for the down
mode, but is less preferable for the up mode.

Appendix 2.D Discussion on Matching the Meander Shape

Given a desired frequency of operation, different combinations of width and height
of the meander slot are possible when trying to achieve it. To achieve good match-
ing for all four frequencies the final shape was chosen so that S11 < -10 dB given
the four different switching positions. This means that for all four different config-
urations resulting from the two switches, the necessary match should occur without
changing any other parameter than the switch being up or down. Different meander
shapes are possible resulting in different combinations of the matching for the four
different configurations. Some meander shapes will give a better matching for one
configuration, while a second will suffer from bad matching (S11 > -10 dB).

In Figure 2.5 the gold antenna is simulated in CST Microwave Studio. The
results from the four different combinations of the switches being up or down show
an antenna operating at four different frequencies with good match; S11 well below
-10 dB. This represents a suitable combination of the meander shape and strip
length. The gold layer manufactured for the meander slot antenna was primarily
based on these simulations. The final antenna in gold is described above.
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Figure 2.29: Left: Picture of the prototype antenna in copper. The meandered
slot antenna is microstrip-fed with the ground plane entirely in copper. This is the
prototype built to investigate the behaviour of the meander slot antenna structure.
The final antenna with switches was made partially in gold and is presented later
in this chapter. Below the copper layer there is a teflon substrate. The overall
size is 100 × 100 mm. Measurements on this set-up are presented in Figure 2.30.
Top right: Side-view of the microstrip-fed meander slot antenna with a gold layer
through the reference plane AA’. Bottom right: Birds-eye view of the microstrip-fed
meander slot antenna.

0.5 1 1.5 2
−30

−20

−10

0

f [GHz]

S
11

 [d
B

]

No switch
Right down
Left down
Both down

0.5 1 1.5 2
−30

−20

−10

0

f [GHz]

S
11

 [d
B

]

No switch
Right down
Left down
Both down

Figure 2.30: Simulated (left) and measured (right) reflection coefficient of the pro-
totype antenna in copper. The four peaks represent the four different combinations
of the switches being up or down.
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Appendix 2.E The Prototype Antenna In Copper

At an early stage, the decision to look at microstrip antennas instead of strip-line
antennas was made. The reason for this was primarily that the latter produced
additional and unwanted resonances when measured. A picture of the fabricated
prototype antenna in copper is seen to the left in Figure 2.29.

Simulations were made in plain copper to investigate the behavior of the mi-
crostrip design with the materials used. Also, the correct height of the laminate
together with the corresponding width of the strip had to be found. Once the sim-
ulations and calculations were made to verify the dimensions of the 50Ω microstrip
line (The results are found in the appendix to this chapter), a meander design was
developed that could fit the demands on frequency (A discussion on the matching
of the meander shape is found in the appendix to this chapter). The lowest fre-
quency should be about 900 MHz and the highest should be about 1.8 GHz. The
meander slot design was optimized for the prototype version of the antenna with
the ground plane entirely in copper. No gold layer was taken into account and the
design would not be the same if the meander slot were based on a gold layer. A
schematic drawing of the prototype antenna in copper is presented in Figure 2.29.

With copper tape as switching device during measurements, the four different
positions were investigated. The microstrip set-up together with the meander shape
showed to be working as wanted. The simulations and measurements presented in
Figure 2.30 show a shift in frequency due to modelling errors. The simulations
were made in Agilent ADS which is a planar solver and the finite ground plane
could not be modelled there. The results still show that there is a good agreement
between simulations and measurements based on structures built. Four different
frequencies of operation at the four different configurations are seen making it a
good verification of the design. This motivates the final design, which is the meander
slot antenna with gold layer.

Appendix 2.F Terminology

Some frequently used terms deserve to be clarified for the reader. When addressing
antennas different parameters are used for identifying the performance and proper-
ties of them. The antenna engineer typically begins his work by as seen at the S11
parameter of the antenna. As a second step, a full radiation pattern measurement
should be done ones the design is satisfactory in terms of the S11 parameter. Of
course, iterations between the two could be done to fulfill all the requirements on
the antenna. Below are a few terms chosen by the author to be clarified.

Reflection Coefficient

In the work leading to this thesis, the so-called S11 parameter has been used as
a figure-of-merit. The interpretation of the S11 parameter when a 1-port system
is considered is that of a reflection coefficient. Considering an inserted power at
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the antenna terminal, a small reflection coefficient (or S11 parameter) means that
most of the power is radiated. Of course this is not completely accurate since there
are losses inside the antenna. These are typically investigated by making other and
more complicated measurements such as radiation pattern measurements.

Often, the aim is to have an S11 parameter that is less than -10 dB at a certain
frequency of operation. The dB scale is used in the following way.

S11dB = 20 log10 |S11| (2.31)

S11 = −10 dB means that 10−10/10 = 0.1 = 10% of the power is reflected back and
90% leaves the antenna as radiation if antenna losses are neglected. S11 = −20dB
means that 10−20/10 = 0.01 = 1% is reflected back and 99% leaves the antenna as
radiation or losses inside the antenna.

Return Loss

The return loss is the opposite of the reflection coefficient and is described by

RL = −20 log10 |S11| = −S11dB (2.32)

Reconfigurable

The notion of reconfigurable antennas has to do with antennas that can switch or
change their properties. The changes discussed in this thesis are made possible
by using MEMS switches. The properties changed could be the frequency, the
radiation pattern, or the polarization.

Configuration

In this report the word "configuration" is used for describing the specific mode of
the antenna that arises from switching the MEMS switch placed on it. Hence, one
antenna may have several possible configurations.





Chapter 3

Polarization Reconfigurable PIFA

3.1 Introduction

MIMO systems introduce diversity at the mobile station allowing highly reliable
communications compared to a corresponding SISO systems. One possibility to
obtain diversity is to displace the antenna elements. This would give space diver-
sity, meaning that the difference in paths for the two antennas is used. Different
polarizations at the antenna elements is another way of obtaining diversity. By
having the possibility to change the receiving polarization, the risk of losing in-
formation because of the incoming signal having a certain polarization is reduced.
A third way of achieving diversity is to use antenna elements with different radia-
tion patterns. By combining elements with different patterns, additional directions
could be covered and the risk of losing information because of fading is reduced.

In this chapter a polarization reconfigurable PIFA (Planar Inverted F Antenna)
is investigated in terms of diversity. The idea is to design an antenna with two
switches giving rise to orthogonal polarizations when switching. The antenna struc-
ture should be symmetric looking from the feed, so that similar properties arise
when using the different switches. The difference between the two antenna configu-
rations should be that they give orthogonal polarizations relative to each other. The
orthogonality should occur at least in the direction normal to the antenna, since
it is hard to achieve orthogonal polarizations over the whole sphere. In addition,
the frequency of operation should occur at 1766 MHz to comply with the MUMS
test-bed used at the Signal Processing Lab for channel measurements [Zet03b].

The underlying idea that is pursued in this chapter is to design antenna elements
that can be used in a MIMO system with antenna selection. Molisch describes this
in [Mol03] for the problem of finding a optimum subset of elements from an arbitrary
large system. This idea could be pursued with a different approach. Instead of
having equal elements spread out over a certain volume, the configuration of the
reconfigurable elements could be changed and hence resulting in different optimum
combinations out of all the possible combinations. The polarization reconfigurable
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PIFA presented here could be such an antenna element.

3.2 Previous Work

The following articles are examples of interesting material when looking at polar-
ization diversity in combination with PIFAs and MEMS switches.

Polarization Diversity

The impact of polarization diversity has been investigated in terms of diversity gain
and the benefits of polarization diversity prove to be comparable to spatial diver-
sity [WWB97] while the space consumed in the antenna system is less. To show this,
two different antenna systems were used with vertical/horizontal and ±45◦ slanted
polarization respectively. A short and informative summary with the motivation
for polarization diversity is found in the introduction to [WWB97]. Furthermore,
urban environments with multi-path propagation benefit from polarization diver-
sity, while the more static case of suburban scenarios may not [Vau90]. As part of
the work, measurements compared to the Rayleigh distribution were discussed. In
addition, the benefits of polarization diversity compared to spatial diversity in ur-
ban environments is also verified in [ETO93] including cross-correlation coefficient
calculations and several different combinations of antenna element alignments.

The effect of polarization diversity is the underlying idea behind the polarization
reconfigurable PIFA design. The aim is to build antenna elements that can serve
as modules inside a reconfigurable antenna array. In the future, such a structure
would increase the diversity gain of the system.

PIFA

PIFA structures have been investigated and analyzed from different perspectives
in the literature. As an example, a compact dual band PIFA with a nearly rect-
angular patch has been presented [YWCF03]. Two meander strips connected to
the main patch give the lower and the higher frequencies (900/1800 MHz) of the
GSM bands. This antenna shows how a PIFA structure may provide good match-
ing and bandwidth properties while at the same time being small in size (about
20×40 mm2). The design is verified with simulations and measurements on a built
prototype. Work has also been done to help engineers design and fine-tune their
PIFA structures [SKK01]. Parameter studies of PIFA structures with shaped slots
(L-slot, U-slot, meander slot) inside the patch are presented.

The polarization reconfigurable PIFA presented in this chapter is based on the
general PIFA structure with a symmetric patch design and is described in the
subsequent sections.
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Polarization Reconfigurable Structures

Polarization reconfigurable structures have been proposed in the literature. A
square patch with PIN diode switches is proposed for switching between polar-
izations [SJK04]. The four corners are cut and connected with the main patch
through the switches. Simulations and measurements show low cross-polarization
and good axial ratio for the linear and circular cases respectively. A reconfigurable
slot antenna with switchable polarization is proposed in [FGV03]. PIN diodes are
used for altering the slot shape of the slot-ring patch with microstrip feed. In
the work, two similar editions of the design are considered. The switching occurs
from linear to circular or from circular to circular polarization respectively with a
frequency of operation at 2.4 GHz.

These polarization reconfigurable structures show the importance of maintaining
a symmetrical shape when designing the polarization reconfigurable antenna. By
keeping the different configurations similar in shape looking from the feed, only the
polarization is changed. A non-symmetrical design would alter other parameters
such as frequency and input impedance.

3.3 The Overall Design

A schematic top view drawing of the polarization reconfigurable PIFA is seen to
the left in Figure 3.1. The switches are placed symmetrically relative to the feed at
the position of the shorts in the figure. The idea is to design the antenna in such a
way that it yields similar properties for the different configurations except for the
polarization which should be orthogonal. A side view of the same structure is seen
to the right in Figure 3.1. The gold patch is placed on a substrate with thickness
0.5 mm a distance 10 mm above the ground plane. The feed position was fixed to
be in the corner of the patch since the overall structure should be as symmetric
as possible relative to the diagonal of the patch area. A symmetrical placement
along the diagonal was therefore natural and the corner is the easiest choice from
a manufacturing perspective.

3.4 Simulations

The Size of the Patch

To investigate the impact of the size of the patch (w in Figure 3.1) a series of
simulations were made and compared to the gold antenna built and measured.
The result is shown in Figure 3.2. Seen there is a slight shift in frequency when
comparing the different sizes. The measured antenna has a width of w = 21 mm,
which corresponds to a lower frequency in the simulations. The absolute value
of the S11 parameter changes with the size of the patch, indicating a change in
the input impedance of the antenna. Good agreement in general is found between
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Figure 3.1: Left: Picture taken of the measurement set-up for the polarization
reconfigurable PIFA. The set-up does not include the actual switches. Soldered
copper tape was used for emulating the shorting mechanism. Top right: Top view
drawing of the polarization reconfigurable PIFA showing where the shorting pins are
situated relative to the feed in the corner. The design is intended to be symmetric.
Bottom right: Side view drawing of the polarization reconfigurable PIFA showing
where the shorting pins are situated relative to the feed in the corner. The design
is intended to be symmetrical.

measured and simulated results and the conclusion is that the overall size of the
patch affects both the frequency of operation and the matching of the antenna.

The Height of the Patch

The height of the patch (h in Figure 3.1) was investigated to see how the S11
parameter changes with the distance to the ground plane. In Figure 3.3 the height
is varied during a set of simulations and the result is presented. When the distance
from the ground plane to the patch is increased, the frequency of operation is
decreased. At the same time, the absolute value of the S11 parameter is also
increased, indicating that the input impedance of the antenna is changing towards
the value of 50 ohm. The Smith Chart to the right of the figure verifies this fact.
The conclusion is that the height, or more accurately, the distance between the
patch and the ground plane, could be used in order to find a better matching,
although the frequency of operation will change at the same time.
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Figure 3.2: Measurements and simulations to show the impact of the overall size
of the patch. The measurement represents the polarization reconfigurable PIFA
in gold with a width of w = 21 mm. The simulations were conducted in CST
Microwave Studio.
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Figure 3.3: Early simulation results for investigating the impact of the height of the
patch (h in Figure 3.1). The width of the patch is fixed to 21 mm which corresponds
to the gold antenna built.
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Figure 3.4: Measurement with 3 mm wide Cu tape is shown together with simu-
lations where the width of the short (wshort in the drawing to the right) is varied
from 2.5 mm to 4 mm. Other parameter values are held fixed.

The Width of the Short

The short is the metallic part that connects the switching area with the ground
plane. It is one of the building blocks of a PIFA and the aim is to find out if
the width of it affects the antenna properties (wshort to the right in Figure 3.4).
To investigate the impact of the width of the short, a series of simulations were
run. The results are presented in Figure 3.4. The graphs show that the matching
is affected considerably when changing the width of the short. A small change
in operating frequency is also observed. The conclusion is therefore that a useful
parameter when trying to match the antenna without changing the frequency too
much, is the width of the short.

The Distance from the Edge of the Patch to the Short

Simulations were conducted to investigate how the distance between the edge of
the patch and the pad that contacts the short (dshort in the drawing of Figure 3.5)
affects the antenna properties. Figure 3.5 shows that a longer distance gives a
noticeable change in frequency and at the same time a change in impedance for the
antenna. This is seen as a decrease in the absolute value of the S11 parameter.
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Figure 3.5: Simulations to show what happens when changing the distance between
the edge of the patch and the pad that contacts the short (dshort in the drawing to
the right). Increasing the distance shifts the operating frequency and at the same
time changes the impedance of the antenna.

3.5 The Correlation Between the Receive Signals

To analyze the orthogonality of the polarization reconfigurable PIFA, the correla-
tion of the E field components between the two different configurations was investi-
gated. Following [VA87a] [Col69b], the correlation between the two configurations
for completely random incoming polarization is expressed as [Lin05b]

ρ12 = V01V
∗
02

∫
Ω

E1 · E∗
2S√

E{|V1|2}E{|V2|2}
(3.1)

where Ei are the E fields, S is the angular distribution and Vi are normalization
constants.

The E field components for the two different configurations are presented in
Figure 3.6 as directivities. The theta components of the E field vectors are visible
to the left and the phi components of the E field vectors are visible to the right. Note
that the theta components are dominant while the phi components only contribute
to a lesser extent. What causes the correlation to be higher than expected is that
the theta components contribute to making the scalar product large. They are
almost equal but with a shift in the phi direction.

The integrand of (3.1) is presented as different directivities in Figure 3.7. The
real part and the imaginary part of the integrand are plotted at the bottom and the
absolute value of the integrand is the top most graph. It is clear that the real part
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Figure 3.6: Simulated θ and φ components of the E field for the polarization recon-
figurable PIFA discussed in this chapter.

is the most dominant part contributing to the absolute value of the integrand. This
is explained by the two theta component plots of Figure 3.6. The theta components
give a correlation between the two configurations which is seen as a dominant real
part of the integrand.

With equal angular distribution, the correlation results in the graph presented
in Figure 3.8. The correlation is preferably below 0.6, otherwise the polarization
for the two different antenna configurations are almost the same in terms of polar-
ization orthogonality. In practice this means that high correlation gives no change
when moving the switches up and down. For the polarization reconfigurable PIFA
presented here, the correlation is below 0.6 for an angular interval up to 80◦ from
the vertical axis (θ in spherical coordinates).
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Figure 3.7: The integrand of (3.1) representing the correlation.
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Figure 3.8: The correlation between the two configurations according to (3.1) with
the assumption of equal angular distribution for the incoming signal.
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3.6 Measurements

Measurements on the polarization reconfigurable PIFA without actual switches are
presented in Figure 3.2. Instead of switches, copper tape was soldered to the switch-
ing area of the patch. The desire is to test the properties of the antenna without
mounting the expensive switches. The process of mounting the switches is time
consuming, therefore the antenna properties are preferably tested before mounting
of the switches.

What is seen in Figure 3.2 is that the PIFA works at 1850 MHz with a good
return loss represented by the S11 parameter which is -20 dB at the working fre-
quency. Compared to simulations, there is a small shift in frequency of about 50
MHz at 1850 MHz. The overall agreement between simulations and measurements
is good except for the shift in operating frequency. The suggested modifications
for the next generation of the polarization reconfigurable PIFA is to adjust the size
according to the simulations in Figure 3.2. This would decrease the frequency to
1766 MHz, which was the intended frequency of operation. A picture taken from
the measurement set-up is found in Figure 3.1.

3.7 Conclusions

A polarization reconfigurable PIFA is presented and investigated in terms of oper-
ating frequency and polarization diversity. The results show that the correlation
is acceptable, beeing below 0.6 for an angular interval up to 80 degrees from the
vertical axis, but should be improved in future designs. The frequency of oper-
ation is 1850 MHz according to measurements, while the desired is 1766 MHz.
The different simulations presented in the chapter show that the sought frequency
should be achievable by small modifications in the design. At the same time, future
work should include a lower correlation between the two antenna configurations by
changing the different parameters in hand or by choosing an alternative antenna
structure to base the design on.





Chapter 4

Frequency Reconfigurable PIFA

4.1 Introduction

Instead of having a microstrip meander slot antenna as the carrier for the switches,
a PIFA based antenna could be used when a frequency reconfigurable antenna is
designed. The idea is to find a structure that increases the bandwidth compared to
the meander slot antenna design while using only two switches for 4 different con-
figurations. The resulting antenna with switches should change frequency between
four different configurations and give four separate frequencies of operation between
900 MHz and 1800 MHz. The design was inspired by a paper by Hall [LHW97],
but the patch area is altered to give room for the switches and the switch areas
needed to make it reconfigurable.

4.2 Previous Work

A simple PIFA design with dual band behavior has been proposed by Hall in
[LHW97]. Different editions with slight modification in the design are presented
with either two feeds or a single feed. The antenna is tuned for the GSM band
with operating frequencies at 900/1800 MHz. A modified version of this antenna is
used as a basis for the frequency reconfigurable PIFA presented in this chapter. As
a continuation, a similar PIFA structure with PIN diodes is proposed in [KHF03].
Measurements of the resulting frequencies from 900 MHz to 2 GHz are presented
with good return loss. This is a good way of combining a PIFA structure with
switches to achieve reconfigurability. The switches are placed at the edge, while
the design proposed in this chapter suggests that the switches could be placed inside
the patch. To compare, a PIFA with capacitive feed and capacitive load (short)
has been proposed for 900/1800 MHz with some tuning suggestions [RM98]. The
patch design is similar to the above, but might be more complicated because of the
multi-layered structure.

Folded and meandered PIFA structures have been proposed in the literature
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[CWC03] [Kär05] [JKL03] where dual band or triple band [SMP04] behavior is
achieved. As matching technique, the different parameters of the PIFA structure
are varied to fine tune the antenna properties. One drawback with the folded
design is the complicated manufacturing process compared to the non-folded case.
In addition, the benefits of the meandered patch structure were hard to verify using
simulation software. The frequency reconfigurable PIFA presented in this chapter
has a less complicated structure, but still shows dual band behavior.

Work has been done by other authors to investigate the impact of different
design parameters for a PIFA structure. One of the parameters is the ground
plane, which may affect properties such as the bandwidth of the antenna. The
effect partly depends on the size of the ground plane relative to patch size [Ark03].
At the same time, the position of the feed relative to the ground plane has also
showed to affect the bandwidth and the radiation efficiency [Sal03]. The effects of
the ground plane is also investigated in [HS03] resulting in a few conclusions;

• The impact of the ground plane is significant only when it is smaller than a
certain size.

• The bandwidth and gain are low below a certain size

• The size of the ground plane influences the antenna radiation pattern

• High cross polarization is introduced when the ground plane is small and
finite

• For optimal gain and bandwidth performance, the antenna should be placed
close to the corner of the ground plane

The design of the frequency reconfigurable PIFA was partly influenced by [Ark03,
Sal03, HS03] that analyzed the ground plane effects. Ideally, the ground plane
should be infinite in size or at least larger than a wavelength on each side. The
feeding point is kept to the corner of the patch, but in the center of the ground
plane to achieve uniform radiation patterns in the horizontal plane. Furthermore,
the large ground plane combined with the PIFA structure should give good band-
width properties.

4.3 The Design of the PIFA

A schematic drawing representing the top view of the frequency switching PIFA is
seen to the left in Figure 4.1. Schematic drawings representing the side views of
the frequency switching PIFA are presented to the right in Figure 4.1.
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Figure 4.1: Left: Top view of the frequency reconfigurable PIFA. Top right: Side
view drawing of the frequency switching PIFA showing where the shorting pins are
situated relative to the feed. This drawing represents the BB’ cut in the top view to
the left. Bottom right: Side view drawing of the frequency switching PIFA showing
where the shorting pins are situated relative to the feed. This drawing represents
the AA’ cut in the top view to the left.

4.4 The Gold Antenna

Simulations

To investigate how the frequency reconfigurable PIFA with a gold layer behaves
when the switches are moved up and down, simulations were made. The results are
shown in Figure 4.3. When both switches are up, the antenna works at 1.32 GHz
with a return loss of -27 dB. When both switches are down, the operating frequency
is 1 GHz with a return loss of -20 dB. Pulling down only the bottom switch yields
an operating frequency of 980 MHz with a return loss of -10 dB. Finally, with the
left switch down and the other switch up, a dual band behavior occurs with -8 dB
return loss at 890 MHz and -7 dB return loss at 1.85 GHz.

Measurements with Soldering

To investigate the behavior of the gold antenna, measurements were conducted on
the gold antenna without actual switches. A picture of the antenna is presented
in Figure 4.2. The switch areas were instead soldered to emulate the behavior of
the switches. The results are presented in Figure 4.3. For the up-mode, when
both switches are up, the antenna has an operating frequency at 1.28 GHz with
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Figure 4.2: Picture of the frequency switching PIFA prototype in gold. Simulations
and measurements were conducted on this antenna and presented in Figure 4.3 and
in Figure 4.3 respectively.
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Figure 4.3: Left: Simulations of the frequency reconfigurable PIFA in gold showing
the four different configurations resulting from switching. Right: Measurements of
the the frequency reconfigurable PIFA in gold showing the four different configu-
rations resulting from switching. Instead of actual switches the gap between the
larger patch and the smaller patch was soldered at the switch areas.
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a return loss of -27 dB. This corresponds well with the simulations of Figure 4.3
previously described. With both switches down, the operating frequency is 980
MHz with a return loss of -18 dB. Compared to the simulations above, this is also
a good agreement between the two results. With only the bottom switch down,
the antenna has a slight dual band behavior with -10 dB return loss at 800 MHz
and -10 dB return loss at 2.6 GHz. Compared to simulations there is a notable
shift in frequency of about 200 MHz for the lowest frequency, while the higher
frequency is only indicated by simulations. Only the left switch down yields also a
dual band behavior with -12 dB return loss at 860 MHz and -10 dB at 1.85 GHz.
This corresponds well with simulations except for the fact that there is a small shift
in frequency for the lowest band as well as the notable difference in the absolute
value of the S11 parameter. In this case the measurements show a better behavior
than the simulations, which is a good thing.

4.5 Summary

A frequency reconfigurable PIFA is presented and investigated in terms of operating
frequency. The aim is to design and build a PIFA structure that can hold MEMS
switches. The simulations and measurements presented show a dual band behavior
that is advantageous when the desire is to cover multiple frequency bands. The
interval between the lowest and the highest frequencies lay within the GSM band
of 900/1800 MHz. The construction shows potential in covering numerous frequency
intervals and offers good flexibility when it comes to adjusting the frequency and
matching the impedance for different applications.

The results so far show that a better and more exact design should be developed
for the next generation of antennas. This is especially important when it comes to
the position and design of the switch-to-short area. Since a small change there alters
the overall impedance match similar to what was seen in the previous chapter for
the polarization reconfigurable PIFA, a thorough investigation is preferred. Also,
the MEMS switches are yet to be mounted on the antenna and measurements with
the final setup should be made.
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Figure 4.4: Prototype antenna in copper of the frequency switching PIFA was made
in order to investigate the behavior of the different configurations when switching.
Copper tape and/or soldering was used instead of switches since this was a prelim-
inary case study.

Appendix 4.A The Prototype Antenna in Copper

To investigate the general behavior of the frequency switching PIFA, a design in
copper was made. A picture of the prototype antenna in copper is seen in Figure 4.4.

Simulations

Simulation results for the prototype antenna in copper are presented in Figure 4.5.
Two switches give a total of four configurations. All the configurations show a dual
band behavior with a lower and a higher frequency of operation. For the up-mode,
the lowest is 1.4 GHz. For the down mode, the lowest occurs at 1 GHz. For the
other two configurations, the lowest occur at 900 MHz. In addition, only pulling
down the left switch down gives a return loss of -17 dB at 1.75 GHz, and leaving
both switches up results in a second resonance at 2.1 GHz with a -16 dB return
loss.
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Figure 4.5: Left: Simulations of the frequency reconfigurable PIFA showing the
four different configurations resulting from changing the two switch positions. This
prototype antenna is designed entirely in copper as a pre-study before making the
antenna in gold. Right: Measurements of the prototype representing the frequency
switching PIFA entirely in copper, showing the four different configurations result-
ing from changing the two switch positions. Instead of switches the gap between
the larger patch and the smaller patch was soldered at the switch areas.

Measurements with Copper Tape as Switch

As a pre-study, the frequency reconfigurable PIFA was built in copper instead of
gold. A picture of the built prototype antenna in copper is seen in Figure 4.4.
Soldering and copper tape was used as switches together with metallic pins that
were used as shorting pins. They were soldered to the patch layer in copper as well
as onto the gound plane. Measured results are shown in Figure 4.5.

Similar behavior is seen there as in the simulations presented in Figure 4.5.
The up-mode has a clear and distinct frequency of operation at 1.5 GHz with -20
dB return loss, the down mode operates at 1 GHz with -25 dB return loss. For
these two cases the frequencies are the same, but the return loss differs. As in the
simulations, the other two configurations give frequencies at 900 MHz. In addition,
only pulling down the left switch results in a second frequency at 2.1 GHz with a
return loss of -10 dB. Compared to the simulations, this is not exactly the same,
but similar behavior is observed.

Worth mentioning is that the measurements on the prototype in copper were
difficult to perform and probably not as accurate as the rest of the set-ups. This is
the main reason for the doubtful agreement between simulations and measurements
in this case.





Chapter 5

Pattern Reconfigurable Monopole

MEMS Array

5.1 Introduction

A reconfigurable monopole antenna array with MEMS switches is presented and
analyzed in terms of its impact on a MIMO channel based on measurements. MEMS
switches are highly attractive for this application since they can potentially be
integrated with the array design providing a compact and low cost solution. Good
linearity and low loss properties have been demonstrated and they can operate
at low power [Bro98, OLS03]. The array is designed to operate at 1.76 GHz and
includes 4 feed elements and 4 parasitic elements, where the parasitic elements
are connected to MEMS switches. The reconfigurable array has been analyzed
and measured in a realistic office environment using a MIMO test bed [Zet03a].
The design demonstrates the feasibility of a reconfigurable MIMO system based
on actual MEMS switches. Furthermore, quantification and characterization of the
actual link gains may be possible by adapting to the channel conditions with a 2×2
and 4×2 system in a realistic environment. Also, relevant array design criteria and
design optimization, that are appropriate for reconfigurable MIMO communication
systems, are pointed out briefly.

5.2 Previous Work

With multiple antenna elements on both the transmitter and receiver, the com-
munication over a Multiple-Input-Multiple-Output (MIMO) channel [GSS+03] can
increase the capacity of a wireless channel considerably [WFGV98] without the
requirement of additional bandwidth or transmit power [CHIO03] [KS05]. As a
result, MIMO transmission is a promising technology for future wireless systems
and is being integrated in commercial standards [3gp00, ZPO08]. With multiple
antennas, the information rate can be increased by exploiting parallel data streams

71
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and/or fading can be controlled by introducing additional diversity in the wire-
less system [MW04]. Applications such as future Wireless Local Area Networks
(WLAN) and next generation mobile phone systems motivate the use of multiple
antenna technology. The terminal in such systems could be a handheld device or a
laptop. The opportunity to carry multiple antennas on the terminal is evident, but
there are several challenges in the array and transceiver design, for example size,
power consumption, and cost constraints.

Reconfigurable antennas introduce the capability to change the physical prop-
erties of each element inside a multi-element antenna array [AOAR03]. This means
that the frequency, radiation pattern, or polarization of the individual antenna el-
ements is changed by incorporating some electronically steerable component into
the antenna design. Examples of such components could be: switches, variable
capacitors, phase shifters, or ferrite materials, but also lumped components such as
PIN diodes, varactor diodes, or MEMS switches [AOAR03,PSK05,CJJY+04,RH92,
ZHFB04]. The ability to change the antenna characteristics introduces additional
flexibility to the MIMO system and may help tackle some of the challenges in the
terminal array design. With reconfigurability, the antennas can adapt to the instan-
taneous channel characteristics by choosing a suitable configuration and enhancing
performance [AK, SLP98, Vau99, SLTV99]. This may be especially important to
avoid situations where the channel is both unfavorable and slowly varying or static
as is often the case in indoor scenarios.

Recently, a reconfigurable array with a 2-element monopole array and 6 parasitic
elements was designed and measured with dummy switches in an indoor environ-
ment [MPS06]. The proposed solution was shown to improve the performance of
the wireless link. Also, a 2-element array using printed dipoles combined with 2
parasitic elements was designed and measured using PIN diodes [PKF+08]. The
array was evaluated by measurements in terms of indoor channel capacity and a
notable improvement in capacity with respect to a system without reconfiguration
was reported.

5.3 Outline

This chapter is organized as follows. First, the data model and assumptions are
presented. Second, the reconfigurable array is presented along with the measure-
ment conditions. Finally, the measurement results are analyzed and characterized
leading to some observations and conclusions.

5.4 Data Model

The channel is assumed to be Multiple Input Multiple Output (as depicted in
Fig. 1.1) with nT transmit antennas and nR receive antennas. We assume a narrow
band analytic signal model where the complex valued, nR ×nT channel matrix, H,
is given by [MST+02]
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H =




h11 . . . h1nT

...
. . .

...
hnR1 . . . hnRnT


 (5.1)

where hij denotes the gain and phase response from transmit antenna j to receive
antenna i. The received nR × 1 complex signal vector, y(t), is modelled as

y(t) = Hx(t) + n(t) (5.2)

where x(t) is the nT × 1 transmitted signal vector and the nR × 1 additive noise
vector n (t) is assumed to be zero-mean, white Gaussian with covariance matrix
E{n(t)n∗(t)} = σ2I. The total transmitted power is constant over all measure-
ment points and evenly divided among the transmitting antenna elements, where
E{x(t)x∗(t)} = PtI. We define the Signal-to-Noise Ratio (SNR) as the average
received signal power divided by the average noise power according to

SNR =
E{(Hx(t))∗(Hx(t))}

E{(n(t))∗(n(t))} =
Pt

σ2
E{||H||2} (5.3)

The maximum possible error free capacity that can be transferred over the channel
via the transmitting and receiving antenna elements, is given by the Shannon chan-
nel capacity [TV05]. Determining the MIMO channel capacity requires the compu-
tation of the water filling solution for the transmit power distribution. Herein, we
consider the somewhat simpler measure based on uniform power distribution which
does not require channel information at the transmitter, and we will (somewhat
incorrectly) refer to this measure as the channel capacity, C, which is measured in
bits/s. Given a channel matrix H we have [SOK00]

C = log det (InR
+

SNR

nT

HH∗

E{||H||2} ) (5.4)

where ∗ denotes the complex conjugate matrix transpose.
In indoor environments, it is very difficult (and not very useful) to separate the

antenna array and propagation channel characteristics. Thus the channel matrix H

as modelled in (5.2) captures both array and propagation effects. Consequently, as
the array is reconfigured by quickly switching, different channels will be experienced
which will be denoted Hk, where k = 1 . . . N as N different configurations are
chosen. The measure in (5.4) will be computed for the measured channels Hk and
the configuration that maximizes (5.4) will be considered as well suited for the
instantaneous propagation channel.
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Figure 5.1: Left: Photograph showing the antenna array. The cables are connected
to the switch-control circuit. The switches are placed on the bottom of the antenna
array. Right: Schematic of the reconfigurable antenna showing the positions of feed
and parasitic elements.

Figure 5.2: Left: The switches are placed on the bottom side of the antenna array.
The switch is visible as a package attached to a printed circuit board. Right:
Photograph of the switch-control circuit. This circuit is used for controlling the RF
MEMS switches.
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Figure 5.3: Left: Measured reflection coefficients for the three different configura-
tions. Right: Power received by the array in the θ = 60◦ cone.

5.5 Antenna Design

Monopole antennas are widely used in wireless communications because of their
wide-band characteristics and design simplicity [RA06,MPS06,KL07,WWS05]. The
use of parasitic elements is also found in the literature with the intention of ma-
nipulating the antenna characteristics, such as the radiation pattern [SW01], band-
width [CYC04], or size [DC00]. For these reasons, a MIMO system using an array
of feed and parasitic monopoles was implemented. An antenna array was designed
with a total of eight elements symmetrically placed on an aluminium ground plane,
as shown in Fig. 5.1. The schematic of our antenna is shown in Fig. 5.1, where the
four feed elements are marked with red dots. The other four are parasitic elements
connected to MEMS switches (from TeraVicta Technologies) on the bottom side
of the ground plane as shown in Fig. 5.2. Each parasitic element is placed inside
a hole with isolation through the ground plane, and then connected to a switch.
The other end of the switch is then connected to the ground plane. By supplying
a voltage to the switch through the switch control box (Fig. 5.2), the switch will
decide if the parasitic element is grounded or not. This enables us to control if
the parasitic element is grounded or not. It was also verified through tests that
when the switch is off, the feed array will act as if no parasitic element is present.
The design has been simulated in CST Microwave Studio [Com] where it is also
observed that the parasitic elements have no effect when not in contact with the
ground plane.

The challenge in terms of designing the array comes with the restriction that
all of the 16 possible configurations should have good return loss. This means that
the design parameters represent a trade-off where all the configurations are working
antennas. At the same time, the configurations have to be different in the sense
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that the total channel has to change when switching occurs. Otherwise, the point of
switching will be lost. Ultimately, 16 orthogonal configurations would be desirable
(in terms of radiation patterns or polarization), but this would be a very challenging
if not an impossible task. Designing a reconfigurable antenna is a challenge with
many variables. In general, it is non-trivial to decide if a design is sufficient in
terms of reconfigurability. One difficulty is which cost functions to choose during
the design work to make the reconfigurability as efficient as possible for the needs in
hand. The optimization is left for future projects. The focus has been to incorporate
the MEMS switches and to tune the array to operate in the 1.76 GHz frequency
band. The presented reconfigurable MEMS array should be incorporated with the
MIMO test-bed [Zet03a] and utilized for capacity improvement measurements.

For return loss and radiation pattern purposes, three configurations of the pre-
sented antenna have been analyzed. They are (a) all switches off, that is, no
parasitic element is grounded; (b) one switch on, that is, only one parasitic element
is grounded; and (c) two switches on, that is, two adjacent parasitics are in contact
with the ground plane. Fig. 5.3 shows the reflection factor for different configura-
tions. The reflection factor is shown for feed element F2 for all three configurations.
The results were obtained using the actual switches with the computer interface
circuitry connected. The measured results are in close proximity to the desired
results. From the experimental analysis it is seen that the reflection loss is -17 dB,
-21 dB and -23 dB for configurations (a), (b) and (c), respectively. The bandwidth
is approximately 250 MHz for all the three cases. From these results it is concluded
that the antenna provides a good return loss and is tuned well to operate on the 1.76
GHz center frequency. Fig. 5.3 shows the received power patterns for the monopole
array antenna in its different configurations. When all the switches are off, the
antenna has an omni-directional pattern. But when the switches are turned on, a
more directional pattern with a high gain in a given direction is obtained. In this
way, it may be possible to avoid signal fading and obtain a more favorable channel.

Correlation

To investigate the behavior of the antenna in a multipath environment, the cor-
relation of E-fields between the three different configurations was computed. It
is desirable that the E-field patterns which were obtained for different configura-
tions are minimally correlated with one another. The correlation between the E
field patterns is a measure of how well the reconfigurable antenna is designed. To
calculate the correlation between the E-field patterns of different configurations,
the behavior of the antenna in a multipath environment was investigated. Follow-
ing [VA87b] [Col69a], the correlation between the two configurations for completely
random incoming polarization is expressed as

ρ12 =

∣∣∫
Ω

E1 · E∗
2 S(Ω)

∣∣2
√∫

Ω
|E1|2

∫
Ω
|E2|2 S(Ω)

(5.5)
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Figure 5.4: Left: The integrand of (5.5) representing the scalar product between
configuration (a) and (b) for feed element F2. Correlation values are given on
a scale of 1-100. Right: The integrand representing the scalar product between
configuration (a) and (c) for feed element F2. Correlation values are given on a
scale of 1-100.

where S(Ω) is the angular distribution. An ideal multipath environment was as-
sumed, which corresponds to S(Ω) = 1 for the angular interval of Ω = ∆Θ× 360o

and zero otherwise. This equation gives a single aggregate value of the cross corre-
lation coefficient. As defined, the values of the correlation coefficient vary between
zero and one. A value close to zero represents low correlation and a value close to
one represents high correlation. However, correlation values for different azimuth
and elevation angles instead of calculating the correlation coefficient, is of more in-
terest. The integrand of (5.5) is computed for all the azimuth and elevation angles.
The integrand is calculated as |Ei ·Ej |2 and then normalized to give the correlation
in terms of percentage at each point. A contour plot is then generated for easier
visualization of the correlation values. Fig. 5.4 and Fig. 5.4 show the correlation
plots between different configurations of feed element F2 according to the following

• EN2 means the e-field of feed F2 for conf. (a)

• EO2 means the e-field of feed F2 for conf. (b)

• ET2 means the e-field of feed F2 for conf. (c)

Values are given on a scale of 0-100. When moving from configuration (b) to
configuration (c), feed element F2 sees a large difference in its radiation pattern.
This indicates that the radiation patterns change when a shift is done from one
configuration to another.
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Figure 5.5: Picture of the MIMO test bed equipment. The data presented in this
paper was collected using a total of 200 measurement points from this equipment.

5.6 Measurement Equipment and Data acquisition

The MIMO channels were measured using a narrow-band channel sounder. The
equipment is presented in Fig. 5.5. The sounder is based on a developed version
of the equipment used in [SJZO06]. The equipment has two transmitters and re-
ceivers and several general purpose digital outputs (GPIO). A software skeleton has
been developed which provides synchronization of the GPIO signals with incoming
and outgoing bursts of data [Zet07]. The skeleton software also synchronizes the
transmitter and receiver, and removes the frequency offset. Based on this skeleton,
a software has been designed which allows the measurement of the sixteen MIMO
channels (corresponding to the sixteen switch states obtained using the four GPIO
signals). In order to enable measurement of 4 × 2 MIMO channels a 1x2 switch
(mini-circuits ZSDR-230+), were connected to each antenna port of the receiver
and transmitter. In order to control this switch another GPIO port is utilized. The
system is calibrated and verified using known MIMO channels created using split-
ters, combiners and attenuators. The phase error, in terms of standard deviation, of



5.6. MEASUREMENT EQUIPMENT AND DATA ACQUISITION 79

TX

RX

Figure 5.6: Map describing the 4th floor of the Signal Processing building at KTH,
Stockholm, Sweden. The data presented in this paper was collected according to
the TX and RX points marked out in the map.

the measurements has been estimated to be about 2.3◦, while the amplitude error,
in terms of standard deviation, is only 0.2dB. The above error was obtained at an
SNR of 35dB. Due to the narrow-bandwidth of the equipment this SNR is obtained
already at an input signal level of -87dBm. The transmit power is adjustable from
-30dBm to +10dBm.

After synchronization the transmitter and receiver, the MIMO channels are
measured in 128 timeslots. The channels are measured by transmitting sinusoids
of known frequency. Each timeslots is 3.7ms long, where the first 1.3ms are not
used, in order to fully avoid the transients from the narrow-band channel filters of
the equipment. Each set of four consecutive timeslots is used to measure the four
2 × 2 MIMO sub-channels of the 4 × 2 channels. Each 4 × 2 channel is measured
four times. The remaining factor 16 correspond to the sixteen antenna states.

The map in Fig. 5.6 displays the office environment where the measurements
were conducted. This is a typical indoor office environment with a main hallway
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and connecting rooms with doors. The RX dots on the map indicate where the
measurements were conducted. Within this area, a total of 200 measurements
were made by moving the RX side with the presented reconfigurable MEMS array.
Steps of at least one wavelengths were used. At the same time, a rotation was
made between consecutive measurement points to ensure that no configuration or
antenna element would benefit from the placement of the RX equipment relative
to the TX equipment. At each measurement point, a total of Hk, k = 1 . . . 16
matrices were produced. A total of 4 MEMS switches give 16 possibilities if the
switches are designed with ON and OFF states. The different switch states were
cycled through at each measurement point to cover all the configurations. Each
matrix correspond to a configuration and is the mean value of several consecutive
measurements of the same configuration. The 2 × 2 case referred to later in this
paper, is a sub-portion of the collected data found in the upper left corner of every
Hk matrix. This corresponds to a 2 × 2 MIMO system with 2 transmitters and 2
receivers on each side. The receiver is then assumed to have 4 switches giving the
16 possible configurations.

An additional switch-control circuitry was designed, (shown in Fig. 5.2), which
acts as an interface between the MEMS switches and a computer. With the help
of this circuit, it is possible to switch between different configurations using a pre-
designed software (MATLAB based code). This switch-control circuit is comprised
of a micro-controller and a MOSFETs assembly. The MOSFETs are responsible
for supplying +68 volts to the MEMS switches for their operation. Based on a
given command from the computer, the MEMS switches are turned on or off and
in this way, it is possible to change configurations. Communication between micro-
controller and computer can take place via either the serial port or a USB port.
In terms of speed, the test-bed is the limiting factor. The channel measurements
are conducted at a speed of 20 Hz, while the MEMS switches can handle 50 Hz.
The switch box has been measured with an oscilloscope to handle 50 Hz. The
MEMS switches are specified to have very low losses. This has been verified through
measurements of an evaluation board and spectrum analyzer, where the insertion
loss was measured to be -40 dB. In general, MEMS switches are more linear than
PIN diodes [OLS03]. The switch box is only handling DC signals, which does not
affect the RF signals over the antenna.

5.7 Analysis of Channel Measurements

Measurements of the antenna array in a MIMO system were conducted throughout
200 measurement points. These were normalized so that the average norm over the
Hk, k = 1 . . . 16, matrices should be the same for all the measurement points. In
this way, the relative difference between the configurations is maintained. At the
same time, different measurement points are comparable since the average power at
each point is the same and the path loss is removed. The normalization is described
as
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Figure 5.7: Complex representation of the 8 matrix elements for each of the 16
configurations at one measurement point. The graph shows the relative shift of the
hk

ij elements compared to the first element, hk
11, for each configuration.

Hk
normalized =

Hk

1
128

√∑
i,j,k |hk

ij |2·
(5.6)

for each set of k = 1 . . . 16 configurations at the 200 measurement points.

Channel matrix elements

To visualize the change in both amplitude and phase, the elements of the 16 different
H matrices corresponding to one measurement point were chosen and normalized
according to

Hk
normalized =

Hk

ej arg hk
11

(5.7)
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where k = 1 . . . 16 indicates the configuration or state of the switches and hk
11

means the (1,1) element of the the Hk matrix corresponding to configuration k.
The normalization with respect to phase was done to remove any random phase
shifts that might occur when switching between configurations. In this way, the
relative phases of the elements of Hk for a specific configuration become visible.
In Fig. 5.7, the elements of one Hk matrix are plotted in the complex plane. The
angular values of hk

11, corresponding to the first element of each of the 16 matrices,
are used as normalization constants as described in (5.7). The solid line along the
positive real axis corresponds to the hk

11 values after normalization, since they are
real valued.

The hk
21 element is represented by triangles in the left half of the complex plane.

By visual inspection, the angular distance between the hk
11 and hk

21 elements reach
values of 130◦ to 240◦. Another example is the hk

22 element represented by circles
in the right half of the complex plane. It has a phase spread from −20◦ to 70◦. At
the same time, hk

31 has a phase spread that covers about 300◦. These are examples
of elements that have considerable phase spread relative to the first element and
will potentially contribute to the overall change in channel capacity as examined in
the next section. All the elements of the channel matrix have varying phases and
the combination of these variations will affect the overall channel capacity. Some
elements vary less, which could be due to the measurement point in combination
with the design of the antenna array. When a switch changes its state, and only
one parasitic element is changing its connection to ground, not all feed elements
are affected equally. The reason is that the distance between one feed element and
the four parasitic elements is different. This also explains why certain Hk matrix
elements, such as hk

41, have points on the graph that seem to coincide. Since the
effect of the parasitic element is limited to two neighboring feed elements, two feed
elements will always be more or less unaffected. The corresponding channel gains
will then be unchanged, because the channel is stationary (or constant) except for
the change in configuration.

Furthermore, the amplitude also changes considerably. The amplitude of hk
42

changes from a factor of 1 to 0.5, which indicates that if the phase changes and
adds constructively together with the other elements, the amplitude may decrease
the positive effect. At the same time, the amplitudes of the different elements are
clustered. This results in the fact that when switching through the 16 different
configurations, the physical measurement point is just as important. If the current
point in space is poor in terms of amplitude for a given hk

ij , another configuration

will probably also give a comparable amplitude for each element of Hk. The graph
of Fig. 5.7 reflects the fact that both the amplitude and phase of each element
change.

Capacity of the Channel

In Fig. 5.7, the cumulative distribution function (CDF) corresponding to the ca-
pacity in (5.4) of the 200 measurement points is displayed. This graph shows the
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Figure 5.8: The Cumulative Density Function (CDF) is displayed for the 200 mea-
surement points. The graph visualizes the probability that the capacity is less than
the value indicated on the x-axis. Each line corresponds to one of the 16 configu-
rations apart from the solid black line that represents the case when the maximum
capacity is chosen in every measurement point. Left: The data presented in this
graph comes from the 2 × 2 case. Right: The data presented in this graph comes
from the 4 × 2 case.
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Figure 5.9: The Cumulative Density Function (CDF) is displayed for the 200 mea-
surement points in Log-Log scale. The graph visualizes the probability that the
capacity is less than the value indicated on the x-axis. Each line corresponds to
one of the 16 configurations apart from the solid black line that represents the case
when the maximum capacity is chosen in every measurement point. Left: The data
presented in this graph comes from the 2 × 2 case. Right: The data presented in
this graph comes from the 4 × 2 case.
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corresponding 2 × 2 case extracted from the full 4 × 2 data matrices. The cluster
of lines to the left correspond to the 16 different configurations. If one would uti-
lize the presented antenna array without switching, the outcome would be one of
the 16 lines depending on which configuration is chosen for all 200 measurement
points. The solid black line to the right is the CDF for the case when the config-
uration giving the maximum capacity is chosen in every measurement point. This
shows how a clever choice of configurations enables the overall system to increase
its performance by adapting to the channel for each realization.

The corresponding figures for the full 4 × 2 channel are presented in Fig. 5.7.
The CDF of the capacity for the different configurations are also displayed here
together with the solid black line that shows the result when choosing the capacity
maximizing configuration for every measurement point.

Note how the solid black line is shifted significantly to the left indicating a
potential of increasing the capacity for the reconfigurable system. The shift is
primarily due to an increase in the channel norm of the reconfigurable system
providing more signal power and thus improved SNR. Also, note how the slope of
switched case (solid black line) is steeper for both the 2 × 2 and 4 × 2 systems.
This is more notable in Fig. 5.7 (2 × 2 case) and Fig. 5.7 (4 × 2 case) where the
same results are shown in a log-log scale. A steeper slope implies less variation in
the resulting capacity. This indicates that an increase in the diversity order can be
achieved by switching to the best configuration at every measurement point. Less
power is thus required to guarantee a certain outage probability level. The diversity
order increase becomes apparent when studying the singular values of the channel
matrix as is done below.

Comparing the 2 × 2 sub system to the full system with 4 × 2 antennas the
average capacity is increased and the spread in capacity (slope of the curves) is
decreased for the 4 × 2 system. The overall performance is of course better for
the 4 × 2 system. On the other hand, the relative increase in performance is less
for the 4 × 2 case. The relative diversity increase is smaller for the 4 × 2 case
compared to the 2× 2 case since the larger system already provides good diversity
in this environment. The reconfigurable system has a more significant impact on
the diversity order increase for the 2 × 2 case.

Singular Value Analysis

To further analyze the impact of the presented reconfigurable MEMS array, the
channel measurement data was analyzed using the Singular Value Decomposition
(SVD) of the channel matrix H in (5.2). The SVD of H is expressed as [LGF05]

H = UΣV∗ (5.8)

where * denotes the complex conjugate matrix transpose, U and V are unitary
matrices of size 4×2 and 2×2 respectively, and Σ is a diagonal matrix of size 2×2
with the singular values of H, λi, in descending order. The interpretation of the
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Figure 5.10: Histograms representing the singular values for the 200 measurement
points. The cluster of bars to the left represents the second singular value, while the
right cluster is the first singular value. The dashed vertical lines indicate the mean
of the clusters respectively. Left: The data presented in this graph comes from the
singular values for all 16 configurations and all the 200 measurement points, giving
a total of 3200 sets of singular values. Right: The data presented in this graph
comes from the configurations giving the maximum capacity in each measurement
point, giving a total of 200 sets of singular values.

singular value is that if the transmitter chooses a precoder Vi and a linear receiver
is used Ui corresponding to the left and right singular vectors, the gain of the
experienced channel will be λi. This means that the singular values correspond to
the channel gains experienced when multiplexing two data streams on the channel.

The histograms in Fig. 5.10 and Fig. 5.10 show the singular values of the 16
configurations as function of the 200 measurement points. The mean value of the
first and second singular value are indicated in the figures. Comparing the case
with the best configuration (Fig. 5.10) to all the 16 configurations (Fig. 5.10), it is
seen that the mean value is shifted to the right. This indicates that both channel
gains are increased and the overall wireless link is improved.

More interesting is to study the covariation of the two singular values over the
measurement points. Fig 5.11 shows the first and second singular values as pairs
in a two-dimensional graph. Two straight lines are visible and represent the best
linear fit to the data using least squares as criteria. The solid black line corresponds
to all singular values of all data. The dashed line represents singular values of the
maximum capacity configurations of each measurement point. It is evident that,
when maximizing over the configurations, the second singular value increases more
relative to the first singular value. This shows the increase in the diversity order
that is achievable when introducing switching.
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Figure 5.11: The pair of singular values of all the data are marked in the graph
with dots. The pairs marked with circles represent the maximum configuration for
each measurement point. The solid black line shows the least squares best fit of the
data, and the dashed line shows the best fit for the maximum case.

Diversity

To visualize the gain in terms of diversity and also to further investigate the dif-
ference between switching and not switching, the outage probability was plotted
against SNR for both the 2×2 system as well as the full 4×2 system. Fig. 5.7 shows
the outage probability versus SNR for the 2×2 case, while Fig. 5.7 shows the outage
probability versus SNR for the 4 × 2 case. The solid black line corresponds to the
case when the best configuration is chosen out of the 16 possible. The maximum
capacity is used as cost function to decide which configuration is the best. At the
same time, the cluster of 16 lines to the right represent the case when no switching
occurs. This means that every configuration is treated as one individual antenna
array and kept constant during the 200 measurement points. The dashed lines
indicate the asymptotic slope (in SNR) of the corresponding curves as described
by [Kim08]
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Figure 5.12: The outage probability as function of SNR for the 200 measurement
points. The capacity value is set at R0 = 9. The slope of the dashed line indicates
the average diversity order. The solid black lines represent the case when the best
configuration is chosen at every measurement point. The cluster of 16 lines indicates
how the individual configurations would perform if no switching would occur. Left:
The data presented in this graph comes from the 2 × 2 case. Right: The data
presented in this graph comes from the 4 × 2 case.

P (C ≤ R0) ≈ SNR−d (5.9)

lim
SNR⇒∞

log P (C ≤ R0)

log SNR
= −d (5.10)

where R0 = 9 bits/s, and d is the slope of the dashed lines and is a measure of the
diversity order achieved by the systems respectively.

In the case of a 2 × 2 system is displayed in Fig. 5.7, the slope of the solid line
corresponding to the best case is d = 25, while the non-switching cases achieve d =
7.5. This indicates that the possibility of switching increases the performance of the
system and in particular the diversity order, which in turn introduces the possibility
to create a more robust system with low outage or less transmit power [TV05]
[Kim08]. If looking at the 10 percent outage level, for the best case, it is possible
to decrease the SNR level by 0.5 dB and maintain the same probability of outage
as a non-switching system. Similarly, at one percent outage, the decrease in SNR
is 1 dB.

The same effects are seen for the 4×2 system displayed in Fig. 5.7. The difference
is that the gain in diversity order is less. The slope of the non-switching lines are
indicated by the dashed line and is d = 15, while the corresponding slope for the
best case is d = 40. This indicates again that switching for a better configuration
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introduces higher diversity order. Notice that the slope of the 4×2 system is higher
than the slope of the 2 × 2 system, illustrating the fact that a 4 × 2 system has a
higher diversity level than a 2×2 system. At the same time, the relative increase in
SNR is more for the 2× 2 system. Again, it is observed that the 2× 2 system has a
higher potential of increasing the performance when introducing reconfigurability,
while the 4 × 2 already provides good diversity.

Note that the results indicate the the propagation environment where the mea-
surements have been conducted provides rich scattering and high diversity even
with no switching. It is expected that the reconfigurable system will allow larger
gains in environments resulting in lower rank channels.

5.8 Conclusions

A reconfigurable 4 × 2 MIMO system with MEMS switches was presented with 4
feed elements and 4 parasitic elements operating at carrier frequency 1.76 GHz.
The switches allow 16 different configurations and the potential was demonstrated
when the system has the ability to adapt to the current channel realization. MIMO
channel measurements were carried in an indoor office environment using the re-
configurable array to assess the link improvements. The cumulative distribution of
the capacity was presented when choosing the most favorable configuration at every
point and compared to the fixed cases. The reconfigurable MEMS array improved
the overall MIMO channel and two effects were quantified. The capacity was im-
proved by providing better channel gain as the norm of the channel increases. Also,
an increase in diversity order was shown by observing the distribution of the chan-
nel singular values. Consequently, the power required to achieve a level of outage
probability was decreased. Furthermore, the relative gain of the 2 × 2 system is
higher in terms of channel capacity if compared to the 4 × 2 system. The 4 × 2
system already provides a large degree of diversity in the current environment and
the relative gain of increasing the diversity additionally, is smaller than for the 2×2
system.



Chapter 6

Summary of Part I

Three reconfigurable antennas and one reconfigurable array were investigated and
analyzed from different perspectives regarding their reconfigurability. The objective
has been to find antenna designs that are able to carry the MEMS switches and
still act as antennas in the different configurations achieved when the switches
move up and down. Two of the antenna elements were frequency reconfigurable
and one was polarization reconfigurable. The frequency reconfigurable meander
slot antenna showed that with two switches the operating frequency is changed
from 900 MHz to 1800 MHz in four steps. Measurements were conducted with the
switches mounted on the antenna. They showed that the antenna properties are
unaffected by the switch package. Measurements on the antenna being reconfigured
by the switches are yet to come. The polarization reconfigurable PIFA was designed,
simulated and measured. The antenna showed good bandwidth properties while
consuming little space. Correlation calculations were made show an acceptable
level of correlation between two different configurations. Improved designs in terms
of minimizing the correlation together with measurements with switches mounted
on the antenna are intended for future research. The frequency reconfigurable
PIFA was investigated in terms of frequency shift achieved with the different switch
positions. The antenna design should be investigated and analyzed further in terms
of the switch positions, but it shows good bandwidth properties with dual band
behavior. A promising structure that has the potential to cover several frequency
bands within a given frequency interval. The three antenna elements could be
used in a MIMO system setup as individual antenna elements within an antenna
array. The benefits relative to the SISO case is that more possibilities arise giving
better throughput on average. Compared to the MIMO case without reconfigurable
antenna elements, the reconfigurability saves space and complexity with almost
the same amount of options when antenna selection [Mol03] is considered. Two
examples of such were given in the introduction to this thesis. A 2 × 2 system
with reconfigurable antenna elements was compared to a full 4 × 4 system without
reconfigurable antenna elements. In addition, a reconfigurable MEMS antenna
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array was presented with 4 feed elements and 4 parasitic elements at 1.73 GHz.
The aim was to introduce diversity and to improve the performance of a wireless
channel. Indoor MIMO channel measurements at 1.73 GHz using the presented
antenna array have been analyzed. Comparisons have been made between the sub
system of 2 × 2 antennas and the full 4 × 2 antenna array regarding both the
channel capacity and diversity gain. Further analysis was also made to investigate
and verify the change in singular values of the H matrix. It was concluded that the
presented reconfigurable MEMS array helps improving the overall MIMO channel.
The capacity is improved by both providing better channel gain (the norm of H
is improved and we see a shift in the cdf) and by providing diversity gain (change
of slope in the cdf). Furthermore, the relative gain of the 2 × 2 system is higher
in terms of channel capacity if compared to the 4 × 2 system because the 4 × 2
system already provides a large degree of diversity. The relative gain of increasing
the diversity additionally, is smaller than for the 2 × 2 system.



Part II

Estimating the Coupling Matrix of

an Antenna Array
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Chapter 7

Estimating the Coupling Matrix

7.1 Introduction

Background

Adaptive antenna arrays in mobile communication systems promise significantly
improved performance [TV05,SK92, JSO98]. However, practical limitations in the
antenna arrays, for instance inter-element coupling, are not always considered. The
array is commonly assumed ideal which means that the radiation patterns for the
individual array elements are modelled as isotropic or omnidirectional with a far-
field phase corresponding to the geometrical location. Unfortunately, this is not true
in practice which leads to reduced performance as reported by [FW94,SH90,YS95].
One of the major contributors to the non-ideal behavior is the mutual coupling
between the antenna elements of the array [Bal97,Sva98] and the result is a reduced
performance [DLX00,FW91]

The background to the problem of estimating the coupling matrix is presented
in more detail in Section 1.3. As described there, the coupling matrix represents
the interaction between the different antenna elements of an antenna array, called
mutual coupling. The coupling is modelled as a matrix, C, multiplied by the
array response of the antenna array, A. In the above, the radiation pattern of the
individual array elements are assumed isotropic. To model a non-isotropic behavior,
the matrix E is introduced representing the element factor. Furthermore, a possible
shift relative to the phase center of the array may occur because of difficulties finding
the true phase center. The latter is based on the antenna array being measured in a
calibration setup with a controlled environment where the incoming directions are
known. The phase center is modelled as a matrix D which completes the antenna
array model as CADE.

The problem discussed in this part of the thesis is that of finding the coupling
matrix using the model described above. When the coupling matrix is found, a
more accurate estimate of the signal is possible leading to improved performance.
The introduction of the element factor and phase center representations improve
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the accuracy of the coupling matrix estimation, which is seen in the subsequent
sections.

The Approach

The work extends previous work [SH90,SDL00,LLSB98,ML05,Lin05a] by treating
the radiation pattern and the array phase center as unknowns during the coupling
estimation. A robust and versatile joint method is obtained for estimation of the
coupling matrix, the element factor, and the phase center. The proposed method
does not require the user to provide any a priori knowledge of the location of the
array center or about the individual antenna elements. The estimator is described
starting from the usual assumption of the output for the antenna array. The model
includes the coupling matrix as an unknown and unstructured matrix together with
a matrix representing the phase shift. The element factor is yet another matrix
expressed as a sum of fourier series basis functions. The resulting estimator is
essentially a least squares estimate of the coupling matrix with additional iterations
to estimate the best fit for the phase shift and the coefficients defining the element
factor expansion. Results are presented on a dual polarized antenna array based
on measurements. The performance of the proposed joint estimator is compared
via simulations of an 8-element antenna array to a previous method developed by
the authors [ML05]. In addition, we illustrate the estimation performance based on
actual measurements on an 8-element antenna array. Furthermore, a CRB analysis
is presented which can be used as a performance benchmark. Finally, a trade-
off between the complexity of the model and the performance of the estimator is
examined for an 8-element antenna array with element factor Etrue = cos(2θ).

7.2 Previous Work

As described in the introduction to this thesis, effort has been put into describing
the effect of the mutual coupling [GK83] [LLSB98] as well as finding alternative
ways to compensate for it [Lun96] [LLSB98]. To model the mutual coupling, a
matrix representation has been proposed whose inverse may be used to compen-
sate the received data in order to extract the true signal [SH90]. For basic an-
tenna types and array configurations, the coupling matrix can be obtained from
electromagnetic calculations. The matrix representation method [SH90] has been
used for estimating the coupling matrix [SDL00]. In this way, calibration mea-
surement data can be collected and the coupling matrix may be extracted from
the data [SDL00, LLSB98, ML05]. One difficulty that arises when estimating the
coupling matrix from measurements is that other parameters such as the element
factor and the phase center of the antenna array need to be estimated. These have
been reported to influence the coupling matrix estimate [Lin05a], and compensation
with a coupling matrix was then found superior to using dummy columns in the
case of a 4-column dual polarized array.



7.3. DATA MODEL 95

The work presented in this chapter stems from that and adds two modified
approaches for the estimation of the coupling matrix. The Cramér-Rao Lower
Bound (CRB) is also introduced as a tool for analyzing the theoretical minimum
variance, which could be represented as the cost for introducing different parameters
such as the element factor.

7.3 Data Model

As in e.g. [FW94], assume the usual model for the vector output x(t) from an M
column antenna array:

x(t) = Atots(t) + u(t) (7.1)

where Atot is the unknown Array response matrix of size M×P,

s(t) = [s1(t), ..., sP (t)]T (7.2)

the incident signals from P different angles, and u(t) the noise. If ideal conditions
are assumed including isotropic element factors and the absence of mutual coupling
while the phase center of the antenna array is placed in the center of the antenna
array, the response matrix would reduce to:

A(Φ) = [a(φ1) · · · a(φP )] (7.3)

With k = 2π
λ as the wave number and the φ representing the different directions of

arrival, the elements of each column a(φ) are given by

am(φ) = ejkd sin φ(m−M/2−1/2) (7.4)

which could be interpreted as the phase difference due to the geometrical or spatial
difference between the antenna elements.

The calibration measurement data is collected in the matrix X as

X = [x(t1), · · · ,x(tP )] (7.5)

these are samples of data corresponding to Atot and are generated in the usual way
with one signal incident from one known angle at a time. This means that

sp(tk) = δpk (7.6)

The resulting matrix corresponding to all the measurements sums up to

S = [s(t1), ..., s(tP )] = I (7.7)
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φ φδx, δy

Figure 7.1: Schematic drawing of the antenna array with (right) and without (left)
the displacement of the phase center relative to the origin of the coordinate system.
Rotating the antenna array (solid) an angle φ gives a relative change (dashed) that
depends on the distance to the origin (δx, δy).

The signal matrix is an identity matrix. The noise u(t) is assumed negligible since
each measurement sample is the average over several samples corresponding to the
same angle and incident signal. The model (7.1) conforms to

X ≃ Atot(φ1, ..., φP ). (7.8)

The next step is to decide a model for Atot based on A that incorporates the
mutual coupling in such a way that it can be compensated for by matrix inversion
and multiplication similar to [SH90] [SDL00] [LAS04]. The mutual coupling matrix,
C, is assumed to be unstructured and complex-valued with size M×M and modelled
as

Atot = CA (7.9)

In addition, there are two important factors that need to be considered other
than the mutual coupling. First of all, the elements are typically not isotropic and
a modified model is needed for the element factor, hence E. This has been done in
two different ways and is described in the subsequent sections.

The second factor to consider is that the calibration measurement may have been
done with the antenna rotated around an axis off the phase center. The illustration
in Figure 7.1 shows this as a displacement of the antenna array by δxx̂ + δy ŷ from
the origin. Consequently, the received phase varies with incident angle φ of the
signal during the calibration. The phase shift is modelled as a multiplication by
the diagonal matrix D according to
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D =




ejkw(δx cos φ1+δy sin φ1) · · · 0
...

. . .
...

0 · · · ejkw(δx cos φP +δy sin φP )


 (7.10)

Keeping the previous model for the array response and adding the two factors
described above, the updated model for the measurement setup is

Atot ≈ CADE (7.11)

where the unknown parameters to estimate are the complex-valued elements of the
coupling matrix C, the δx and δy parameters of the D matrix, and the parameters
included in the E matrix depending on which model that is used.

The D and E matrices are in practice only auxiliary matrices in the search for
a better estimate of the coupling matrix, C. The knowledge of the phase shift
and element factor is of less importance when the signal is estimated. Consider an
unknown signal, s(t), incident on the antenna array. With perfect knowledge of the
angles of arrival and uncorrelated white noise, the least squares estimate based on
the measurements, x(t), is [FW94] [Lin05a]

ŝ(t) = A
†
totx(t) = (AH

totAtot)
−1AH

totx(t) ≈ (7.12)

((CADE)HCADE)−1(CADE)Hx(t) =

((DE)H(CA)HCADE)−1(DE)H(CA)Hx(t) =

((CA)HCADE)−1((DE)H)−1(DE)H(CA)Hx(t) =

((CA)HCADE)−1(CA)Hx(t) =

(DE)−1((CA)HCA)−1(CA)Hx(t) (7.13)

since CADE is full rank. (CA)H is N×M and CADE is M×N, which makes
(CA)HCADE N×N and the breakout of (DE)H in the inverse is motivated. Like-
wise (CA)HCA is N×N, which is the same size as DE and the second breakout is
motivated.

The diagonal structure of DE assures that the estimation of the signals is merely
altered by the multiplication of a constant and the signals are not mixed in any
way. On the other hand, D and E will influence the estimation of C and ultimately
the performance of the total system on the whole.

7.4 Element Factor as cos
n φ

As a first guess to the iterative estimator approach described in the next section,
the element factor is modelled as a cosn φ pattern. This could approximate an
antenna array consisting of dipoles a distance λ/4 above a ground plane. In general,
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the model for the element factor should include possible nulls in the visible space
(0◦ to 180◦), which a simple cosine does not.

Assert

E(n) = cosn φ (7.14)

where n is an unknown parameter to be estimated, and E is a diagonal matrix.
From (7.8), (7.11), and (7.14), the relationship between the measured data, X,

and the model for the array response including the coupling matrix, element factor,
and phase center while neglecting the noise is

X ≈ CAD(δx, δy)E(n) (7.15)

where n is an unknown parameter to be estimated together with δx and δy.
Choosing a least squares criterion, the estimation problem in C, n, δx, and δy

then becomes

min
C,n,δx,δy

‖X − CAD(δx, δy)E(n)‖2
F (7.16)

An estimator will be formulated where the Frobenius norm is chosen as the cost
function to minimize. This includes all the elements of the unstructured coupling
matrix, C, without relative weights on them.

The estimator is based on a two-step approach. First, the least-squares estimate
of C is expressed as the solution to (7.16) given a fixed n, δx and δy according to

Ĉ(n, δx, δy) = XAH
tot[AtotA

H
tot]

−1 = X(ADE)H [ADE(ADE)H ]−1 (7.17)

The best fit for n, δx and δy is then found using a gradient method. (7.17) is
substituted back into (7.16) and an error function, ǫ, is defined as

ǫ(n, δx, δy) =
‖X − ĈADE‖2

F

‖X‖2
F

=
‖X − X(ADE)H [ADE(ADE)H ]−1ADE‖2

F

‖X‖2
F

(7.18)

This corresponds to the normalized mean square error of each element in the array
response matrix (7.11). Finally, the unknown parameters are determined as

(n̂, δ̂x, δ̂y) = arg min ǫ(n, δx, δy) (7.19)

and the result is substituted into (7.17) to find C.

7.5 Results - Dipoles over Ground Plane

Simulated patterns of an array of 8 parallel λ/2 dipoles placed a distance h = λ/4
over an infinite ground plane are presented according to the geometry of Figure 7.2.
The analytical expression for the element factor in this case is [Bal97]
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Figure 7.2: A schematic drawing of the antenna array above a ground plane with
a displacement of the phase center relative to the origin of the coordinate system.
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Figure 7.5: Radiation patterns and phases for three different scenarios. Top: No
compensation (Atot), Mid: Only element factor (n), Bottom: Element factor and
phase center (C−1Atot)
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Etrue = sin(π/2 cos φ) (7.20)

The effect of correct estimation of the element factor is first studied with the true
displacement set to δx = δy = 0.2λ. Figure 7.3 shows the mean square error ǫ as
a function of δx for δy = 0.2 and fixed estimates of n. The first case, n = 0, is an
assumption of isotropic elements, the second, n = 0.51, is the best estimate, and
the final case of n = 2 is an assumption of 65◦ beamwidth of the element factor.
Even if there is a minimum in all the cases, the best performance requires a correct
estimation of n.

The effect of estimating an unknown displacement (δx, δy) during calibration
assuming knowledge of the best estimate n = 0.51 for the element factor is dis-
cussed next. Figure 7.4 shows the mean square error ǫ as a function of different
δx and δy values for true values of δx = δy = 0 and δx = δy = 0.2λ, respectively.
There is a single minimum for δx, δy < λ which means that the minimization of
ǫ(n, δx, δy) is straightforward. Furthermore, the modelling of the array response
during calibration is more sensitive to displacements in the y direction than in the
x direction. Still, if a desired mean square error of -30 dB, corresponding to an
error in am(φ) of 3%, the displacement in δx must be less than 0.07λ if δx is not
estimated properly.

Finally, the effect of different estimation methods on the compensated radiation
patterns is studied for a case of a moderate displacement of δx = 0.1 during cali-
bration. The top graphs of Figure 7.5 show the uncompensated patterns Atot and
phase error of the dipole array. Note that the average phase for each angle φ has
been subtracted so that the displacement δx does not produce any phase error in
itself. The center graphs show the performance if n is estimated while neglecting δx

when determining a coupling matrix Ĉ′. The bottom graphs show the performance
of the compensation with the full estimation method based on the element factor
as a cosn φ function. Although the use of Ĉ′ reduces phase and amplitude errors,
it is clear that the full method is superior.

7.6 Element Factor as Fourier Series Expansion

One of the novel aspects of the proposed estimator is the inclusion of the element
factor, f(θ), as a jointly unknown parameter during the estimation of the coupling
matrix, C. This requires a parametrization that provides a flexible and mathe-
matically appealing representation of an a priori unknown element factor. f(θ) is
modelled as a linear combination of sinusoidal basis functions according to

f(θ) =

K∑

k=1

αk cos (k − 1)θ, |θ| < π/2 (7.21)

where K is a known (small) integer, and α are unknown and real-valued constants.
Equation (7.21) is effectively equivalent to a truncated fourier series where the
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coefficients are to be estimated. Even though the chosen parametrization may
assume negative values, it is introduced to allow the element factor, E, to assume
arbitrary shapes that can match the true pattern of the measured antenna array.
This can increase the accuracy in the estimate of C compared to only assuming an
omnidirectional element factor that would correspond to E = I.

Other alternative parameterizations of f(θ) exist as well. A piecewise constant
function of θ is one example. The proposed parametrization, on the other hand,
is particularly attractive since the basis functions are orthogonal and at the same
time smooth. Additionally, the unknown coefficients, α, enter the model linearly.
Based on (7.21), the element factor can be expressed as

E =

K∑

k=1

αkQk (7.22)

α = [α1 . . . αK ]T

Qk = diag{cos (k − 1)θ1, . . . , cos (k − 1)θN}

The coefficients, α, will be jointly estimated together with the coupling matrix and
phase center by the estimator proposed in this paper. The total data model is then

X ≈ CAD(δx, δy)E(f(θ)) (7.23)

A = [a(θ1) · · · a(θN )]

E(f(θ)) = diag{f(θ1), . . . , f(θN )}
D(δx, δy) = diag{ejk(δx cos θ1+δy sin θ1), . . . , ejk(δx cos θN+δy sin θN )}

C, α, δx, and δy from X are estimated by using a least-squares criterion1 on the
data model expressed in (7.23) according to

min
C,α,δx,δy

‖X − CAD(δx, δy)E(α)‖2
F (7.24)

Under the assumption of Gaussian noise, (7.24) is the maximum-likelihood estima-
tor. The values of C,α, δx, δy that minimize the Frobenius norm in (7.24) are found
using an iterative approach. The coupling matrix, C, is first expressed as if the
other parameters were known followed by a minimization over the α parameters
while keeping C and {δx, δy} fixed. A second minimization is made over {δx, δy}
with C and α treated as constants after which the algorithm loops back to minimize
over α again. The steps of the estimator are:

1. Minimize (7.24) with respect to the coupling matrix, C, while the phase
center, {δx, δy}, and the element factor representation, α, are fixed. This is
done using the pseudo-inverse approach expressed by [FW94]

Ĉ = X(ADE)H [ADE(ADE)H ]−1 (7.25)

1The minimum of this cost function is not unique, see Section 8.1 for a discussion of this.
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2. Minimize (7.24) with respect to α while C, δx, and δy are fixed. In this step,
the value of C found in the previous step is used as the assumed constant
value for the coupling matrix. The minimization over α is then performed
using the following manipulations. First, re-arrange the measurement matrix,
X, and the expression (7.23) in vectorized form as

x =

[
vec{Re{X}}
vec{Im{X}}

]
(7.26)

Y =

[
vec{Re{CADQ1}} . . . vec{Re{CADQK}}
vec{Im{CADQ1}} . . . vec{Im{CADQK}}

]

The least-squares criterion used is then expressed as

min
α

‖x − Yα‖2
F (7.27)

with the solution

α̂ = (YTY)−1YTx (7.28)

This gives the minimizing α parameters.

3. Minimize (7.24) with respect to δx and δy while keeping C and α fixed. Using
the α parameters found in the previous step, C, is expressed again according
to (7.25). Assuming the other parameters to be constant, a two-dimensional
gradient search is conducted to find the minimizing {δx, δy} of (7.24). Steps

1-3 are iterated until ‖X − ĈAD̂Ê‖2
F is within a certain tolerance level.

To provide the algorithm with an initial estimate, in the first iteration, let D = I

and α = [0, 1, 0, . . . , 0]T, which corresponds to the element factor f(θ) = cos θ that
was used in [ML05]. The initialization of the algorithm could of course be done in
many different ways and this may affect its performance. The choice considered
here can be seen as a refinement of the algorithm previously proposed in [ML05].

Typically, about 5 iterations of the algorithm are required to reach a local op-
timum depending on the given tolerance level. Convergence to the global optimum
can not be assured. However, the algorithm will converge since the cost function
(7.24) is non-increasing in each iteration, as was seen in previous sections.

Results - Simulated Dipole Array Example

Let us consider the case of an 8-element dipole array over a ground plane, see
Fig. 7.6. In the absence of mutual coupling, each element has the true radiation
pattern

Etrue = sin(khgp cos θ) (7.29)
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hgp

θ

d

Figure 7.6: Schematic overview of the antenna array consisting of dipoles over an
infinite ground plane. The distance from the ground plane is hgp and the spacing
between the elements is d. The angle from the normal to the antenna axis is denoted
by θ.

where k is the wave number and hgp is the distance to the ground plane. Using
known expressions for mutual coupling between dipoles [Bal97], it is straight for-
ward to calculate the embedded element patterns. Fig. 7.7 shows the radiation
pattern for a single element, and Fig. 7.8 shows the radiation pattern for an 8-
element array with mutual coupling for hgp = 3λ

8 . The inter-element spacing is
d = λ/2 and the true {δx, δy} are {0, 0}. The proposed method using a truncated
fourier series expansion of the element factor, (7.21), is then compared to results
obtained by using a cosine-shaped (E = cosn θ) element pattern assumption as
described in Section 7.4. The estimator is used to estimate C, {α1, α2, α3}, and
{δx, δy}, which corresponds to choosing K = 3 in the model for the element factor
as expressed in (7.21). Similarly, the parameter n in the expression E = cosn θ is
optimized as part of the procedure when using the method of Section 7.4. In both
cases, a starting assumption of {δx, δy} = {0, 0} is made, which is also the true
value for this case.

With no compensation, the uncompensated radiation pattern is represented in
Fig. 7.8. With compensation, where a cosine-shaped element pattern (E = cosn θ)
is assumed, the resulting radiation pattern is displayed in Fig. 7.9. The unknown
values in addition to the mutual coupling matrix were estimated to n̂ = 0.5 and
{δ̂x, δ̂y} = {0, 0}, and the performance is significantly improved over the uncom-
pensated case. By allowing the model for the element factor to follow a truncated
fourier series (K = 3) according to the proposed method, the performance of the
mutual coupling matrix estimate is improved even more resulting in the graph of
Fig. 7.10. For this case, the values for the auxiliary unknown parameters were es-
timated to be α̂ = [−1.1 3.1 − 1.1]T and {δ̂x, δ̂y} = {0, 0}. The result also agrees
well with the true (ideal) radiation pattern when the mutual coupling is neglected
as presented in Fig. 7.7.

The phase error for the cases of uncompensated and compensated phase dia-
grams are presented in Fig. 7.11. The top graph represents the uncompensated case,
while the middle and bottom graphs represent compensated cases with a cosine-
shaped and the truncated fourier series parameterizations of the element factors
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Figure 7.7: Compensation for mu-
tual coupling for an array of 8 dipoles
placed hgp = 3λ

8 over a ground
plane.True radiation patterns for a
single element; f(θ).
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Figure 7.8: Uncompensated radia-
tion patterns with mutual coupling;
x1 . . .xM .
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Figure 7.9: Radiation patterns ob-
tained from compensated data using
a C matrix estimated via E = cosn θ
as the parametrization of the element
factor [ML05]; C−1

cosx1 . . .C−1
cosxM .
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Figure 7.10: Compensated radi-
ation patterns using the fourier
based method with K = 3;
C−1x1 . . .C−1xM .
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Figure 7.11: Uncompensated (Top) and compensated (Middle, Bottom) phase di-
agrams with E = cosn θ and E =

∑
αkQk respectively. The true element factor is

Etrue = sin(2π 3
8 cos θ), which corresponds to hgp = 3λ

8 .

respectively. This also verifies that the proposed method with K = 3 improves the
result over constraining the element factor to be cosine-shaped (E = cosn θ) as
was proposed in Section 7.4.

7.7 Results - Dual Polarized Array

The performance of the presented fourier based estimator was studied based on mea-
surement data from an actual antenna array. Data from an 8-column antenna array
(see Fig. 7.12) were collected at 1900 MHz during calibration measurements with
180 measurement points distributed evenly over the interval θ ∈ {−90◦ . . . 90◦}.
Uncompensated radiation patterns with mutual coupling are presented in Fig. 7.13
for measured data of the array. The fourier based estimator presented in Section 7.6
was used to estimate the coupling matrix. The estimated coupling matrix was then
used to pre-compensate the data, after which radiation patterns can be obtained.

To modify the fourier based estimator (Section 7.6) to the dual polarized case,
the method described in [Lin05a] was followed. Considering a dual polarized array
with ±45◦ polarization and neglecting noise, (7.23) becomes

[
X−45◦

co X−45◦

xp

X+45◦

xp X+45◦

co

]
=

[
C11ADE1 C12ADE2

C21ADE2 C22ADE1

]
(7.30)

where X−45◦

co means measuring the incoming −45◦ polarized signal with the antenna
elements of the same polarization, while X−45◦

xp means the data measured at the
−45◦ element when the incoming signal is +45◦. To estimate the total coupling
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Figure 7.12: Eight column dual polarized array developed by Powerwave Technolo-
gies Inc. Results are presented for this array in Section 7.7. Note: Each vertical
column of radiators forms an element with pattern ãm(θ) in the horizontal plane.

matrix,

Ctot =

[
C11 C12

C21 C22

]
(7.31)

the four blocks of (7.30) are treated independently according to

X−45◦

co = C11ADE1, X−45◦

xp = C12ADE2,

X+45◦

xp = C21ADE2, X+45◦

co = C22ADE1 (7.32)

The D matrices of these four independent equations are equal. The E1 matrix
represents the co-polarization blocks of (7.30), namely X−45◦

co and X+45◦

co , simulta-
neously and is modelled according to (7.21) with a set of α parameters estimated
by the fourier based method described in Section 7.6. For the cross-polarization,
isotropic element patterns were assumed, E2 = I. Once the equations in (7.32) are
solved, the total coupling matrix can be expressed using (7.31) and the radiation
pattern of the measured data may be compensated by inverting the coupling matrix
according to

[
x−45◦

compensated

x+45◦

compensated

]
= C−1

tot

[
x−45◦

measured

x+45◦

measured

]
(7.33)

Fig. 7.13 shows the individual radiation patterns of each antenna element as mea-
sured during calibration (X). Fig. 7.14 shows the radiation patterns after compen-
sation by the coupling matrix (C−1

isoX) when isotropic conditions are assumed by
the estimator. This means assuming E = I, which is equivalent to setting K = 1
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Figure 7.13: Radiation patterns ob-
tained from compensated data with
the coupling matrix C estimated in
different ways. The measurements
are from the 8-element dual po-
larized array in Fig. 7.12 with co
(solid) and cross (dashed) polariza-
tion collected during calibration. Mea-
sured uncompensated radiation pat-
terns for the array of Fig. 7.12;
{x−45◦

measured, x+45◦

measured}T.

−50 0 50
−25

−20

−15

−10

−5

0

θ [degrees]

R
ad

ia
tio

n 
P

at
te

rn
s 

[d
B

]

Figure 7.14: Radiation patterns
obtained from compensated data
using a C matrix estimated via
the fourier based algorithm set-
ting K = 1 (i.e., forcing E ∝ I);

C−1
iso{x−45◦

measured, x+45◦

measured}T.
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Figure 7.15: Compensated radi-
ation patterns using the fourier
based method with K = 3;
C−1{x−45◦

measured, x+45◦

measured}T.
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Figure 7.16: Phase errors for the cases
in (a), (b), and (c).
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in the fourier based algorithm. The radiation patterns after compensation by the
coupling matrix when using the fourier based estimator with K = 3 are presented
in Fig. 7.7.

The results using an isotropic assumption on the element factor, Fig. 7.14, shows
an improvement over the uncompensated data of Fig. 7.13. The graphs showing the
co-polarization (solid) are smoother and more equal to each other, which is what is
expected from an array with equal elements when no coupling is present. The cross-
polarization (dashed) is suppressed significantly compared to the uncompensated

case. The estimated phase center is {δ̂x, δ̂y} = [0.2 0].
Further improvement is achieved using the fourier based method, Fig. 7.7. Using

K = 3, the coefficients in the element factor representation (7.21) are estimated as

α̂ = [0.8 − 0.4 0.6], while the phase center is estimated as {δ̂x, δ̂y} = [0.3 0].
The resulting compensated radiation pattern of Fig. 7.7 is even closer to the ideal
array response when no coupling is assumed. The co-polarization graphs are almost
overlapping in the ±60◦ interval showing the radiation patterns of 8 equal elements
with cosine-like element factors. The cross-polarization is also improved slightly
over the isotropic case.

Phase diagrams representing the average phase error of the coupling matrix
before and after compensation with the coupling matrix are presented in Fig. 7.16.
The phase error after compensation with K = 3 (Fig. 7.16, bottom), modelling the
phase shift and the element factor, is less than without the compensation (Fig. 7.16,
top). Assuming an isotropic element factor (Fig. 7.16, middle) gives a better result
than without compensation but not as good as the result of the fourier based
method. This indicates that the validity of the estimated coupling matrix based
on phase considerations increases with the fourier based estimator. Furthermore,
the results of the presented fourier based method with K = 3 show a notable
improvement over the results presented in [Lin05a].





Chapter 8

Derivation of Cramér-Rao Lower

Bound

8.1 Introduction

The CRB (Cramér-Rao Lower Bound) represents the theoretical minimum variance
of the best unbiased parameter estimator [Kay93]. As a consequence, it may be
used for bench marking estimators. The CRB for the estimation problem described
in the previous chapter is derived below. The objective is to find the CRB and say
something about the complexity of the estimation problem. Results are presented
for an antenna array with eight dipoles over an infinite ground plane. Analytical
results are available in the literature for this case, which makes it a good candidate
for bench marking the proposed estimator. In addition, results on fictitious antenna
arrays are also presented as an alternative.

The parameter K, corresponding to the number of terms used in the truncated
fourier series representation of the element factor, is key to the proposed estimator.
This value will affect the accuracy of the estimator. Increasing the value will give a
better match between the true element factor and the assumed model. At the same
time it will increase the complexity of the model and complicate the estimation.
Another aspect is the fact that increasing the value K towards infinity may not be
the best way of tuning the algorithm if the true value is much less. This would
force the estimator to use a model far more complicated than needed, leading to
estimation of additional parameters. Even though the parameters would be close
to zero, the performance of the estimator is still affected as indicated by the CRB
analysis in this section. On the other hand, a smaller number of parameters may
give insufficient flexibility to the algorithm and force it into a non-optimal result.

To compensate for the affected performance associated with a large value of K,
the number of measurements N of xn can be used as well as a higher signal-to-noise
ratio (SNR). The trade-off between these three parameters is studied by quantifying
how the choice of K relates to N and the SNR (1/σ2). The Cramér-Rao bound

111
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(CRB) for the estimation problem in (7.24) is derived and will provide a lower
bound on the variance of the unknown parameters [Kay93,vT07,GH90].

Algebraic Tools

The following are useful in the derivation of the CRB. When vectorizing a product
of matrices the following holds [LS03]

vec{ABC} = (CT ⊗ A)vec{B} (8.1)

The derivative of a vectorized matrix may be rewritten as

∂(vec{A})
∂x

= vec{∂A

∂x
} (8.2)

The derivative of the hermitian transpose of a matrix may be rewritten as

∂AH

∂x
=

(
∂A

∂x

)H

(8.3)

which is true if x is a scalar.
In terms of notation the following is used

ei =




0
...
1
0
...




(8.4)

with the 1 in position i.

8.2 Formulation of the Problem

Assume

X = CADE + W (8.5)

Compared to (7.23) noise is added in terms of W in order to make the CRB analysis
meaningful. W consists of independent and complex-valued gaussian variables with
σ2 variance and zero mean. The number of antenna elements is set to M and the
number of angles is set to N. This makes the C matrix an M×M matrix. It is
unstructured and complex-valued. The A matrix is M×N, the D matrix is N×N,
and the E matrix is N×N consisting of the Qk matrices as described below. They
are also N×N in size.
The D matrix representing the phase shift is modelled as
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D =




ejkw(δx cos φ1+δy sin φ1) 0 0

0
. . . 0

0 0 ejkw(δx cos φN+δy sin φN )


 (8.6)

where kw = 2π
λ is the wave number and j =

√
−1.

The E matrix representing the element factor is modelled as,

E =

K∑

k=0

αkQk (8.7)

where

Qk =




cos kφ1 0 0

0
. . . 0

0 0 cos kφN


 (8.8)

8.3 Deriving CRB

Vectorizing the equation (8.5) yields

vec{X} = vec{CADE} + vec{W} (8.9)

x̃ = vec{CADE} + w̃ (8.10)

where x̃ = vec{X} and w̃ = vec{W} are complex valued vectors.
Following [Kay93] the suggested approach is to choose the vector of real param-

eters to be estimated as

ξ = [ CR
ij CI

ij δx δy αi ]

= [ CR
11...C

R
1M CR

21...C
R
2M ...CR

MM ... CI
ij δx δy α0...αK ] (8.11)

The CRB is defined as

CRB = [IFisher]
−1 (8.12)

where the Fisher Information Matrix, IFisher, is given by [Kay93]
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[IFisher]ij = 2Re{∂µ̃
H

∂ξi
C−1

x̃

∂µ̃

∂ξj
} (8.13)

with C−1
x̃ = 1

σ2 I as the covariance of the assumed Gaussian distribution described
by the probability density function (pdf) below [Kay93] and is assumed independent
of ξi

p(x̃) =
1

πNdet(Cx̃)
e−(x̃−µ̃)H

C
−1

x̃
(x̃−µ̃) (8.14)

and µ̃ as the expected value of x̃. The derivation of CRB reduces to finding the
partial derivatives of µ̃ = CADE with respect to ξi;

∂µ̃

∂ξi
(8.15)

The Elements of C

Using (8.1) above,

vec{CADE} = ((ADE)T ⊗ I)vec{C} (8.16)

which yields

∂(vec{CADE})
∂CR

ab

=
∂(((ADE)T ⊗ I)vec{C})

∂CR
ab

= ((ADE)T ⊗ I)ea+(b−1)M (8.17)

and

∂(vec{CADE})
∂CI

ab

=
∂(((ADE)T ⊗ I)vec{C})

∂CI
ab

= i((ADE)T ⊗ I)ea+(b−1)M (8.18)

The Elements of D

Using (8.1) above,

vec{CADE} = (ET ⊗ CA)vec{D} (8.19)

which yields

∂(vec{CADE})
∂δx

= vec{CADDxE} (8.20)
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where

Dx =
∂D

∂δx
(8.21)

therefore

Dx =




jk cos φ1 0 0

0
. . . 0

0 0 jk cos φN


 (8.22)

Following the same procedure

∂(vec{CADE})
∂δy

= vec{CADDyE} (8.23)

where

Dy =




jk sin φ1 0 0

0
. . . 0

0 0 jk sinφN


 (8.24)

The Elements of E

Using (8.1) above,

vec{CADE} = (I ⊗ CAD)vec{E} (8.25)

which yields

∂(vec{CADE})
∂αi

= vec{CADQi} (8.26)

since

CADE = CAD
∑

k

αkQk (8.27)

8.4 Constraints on the Elements of C

The task of finding the CRB enforces the need for a constraint on the problem
described by (8.5), which is unidentifiable as it is presented. To put a constraint
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without altering the physical independence of the model ‖C‖2
F = M was chosen

in favor of α1 = 1 and CR
11 = 1. The latter favors particular elements of C or α

by forcing these to be nonzero. This is undesirable and consequently ruled out.
Following the suggested derivation of CRB under parametric constraints described
in [Sto98] the constraints are enforced according to the following

g(ξ̂) = ‖C‖2
F − M = Tr{CHC} − M = 0 (8.28)

The gradient matrix of the constraints is then defined by

[G(ξ̂)]l =
∂g(ξ)

∂ξl
=

∂(Tr{CHC} − 1)

∂ξl
=

∂Tr{CHC}
∂ξl

=
∂(

∑M
ij cH

ij cij)

∂ξl
=

∂(
∑M

ij |cij |2)
∂ξl

=
∂(

∑M
ij Re{cij}2 + Im{cij}2)

∂ξT
=





2Re{cij} if ξ = Re{cij}
2Im{cij} if ξ = Im{cij}

0 otherwise

(8.29)

Next, the null space of G(ξ) is found as

G(ξ)U = 0 (8.30)

This gives the new CRB given by [Sto98]

CRBconstrained = U(UTIunconstrainedU)−1UT (8.31)

CRB for Dipole Array Example

The CRB as a function of K (i.e., the order of the parametrization of f(θ)) for an
8-element array of dipoles over ground plane (Figure 7.6) is presented in Fig. 8.1.
When generating this graph, the theoretical models of [Bal97] were used for the
coupling between antenna elements with inter-element spacing d = λ/2. The true
data used are based on a scenario when K = 1, D = I, and E = I. The SNR was
0 dB (σ2 = 1). The four curves show

• CRBC = Tr{{UC(UT

CICUC)−1UT

C}C},the CRB of C when both D and E

are known

• CRBCD = Tr{{UCD(UT

CDICDUCD)−1UT

CD}C}, the CRB of C when D is
unknown and E is known
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Figure 8.1: CRB for the elements of C under different assumptions on whether
D,E were known or not, and for different K.

• CRBCE = Tr{{UCE(UT

CEICEUCE)−1UT

CE}C}, the CRB of C when D is
known and E is unknown

• CRBCDE = Tr{{UCDE(UT

CDEICDEUCDE)−1UT

CDE}C}, the CRB of C when
D and E are unknown

The results in Fig. 8.1 quantify the increase in achievable estimation performance
for the elements of C when increasing the number of nuisance parameters in the
model. In particular we see that the estimation problem becomes more difficult
when more α parameters are introduced in the model. For example, it is more
difficult to estimate the coupling matrix C when the phase center δx, δy, is unknown.
However, for K ≥ 3, the difficulty of identifying α dominates over the problem of
estimating the phase center. Since the CRB is proportional to σ2, the increase
in emitter power (i.e., SNR) required to maintain a given performance when the
model is increased with more unknowns can be seen in the figure.

In Fig. 8.2 the CRB as a function of K and N is studied. From this figure it is
possible to directly read out how much higher emitter power (or equivalently, lower
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Figure 8.2: CRB for the elements of C as a function of K and N when SNR is 0
dB.

σ2) is required to be able to maintain the same estimation performance for C when
K or N vary. For example, if fixing N = 100, then going from K = 1 to K = 2
requires 1 dB additional SNR. Going from K = 2 to K = 3 requires an increase
of the SNR level by 1.5 dB. However going from K = 3 to 4 requires 10 dB extra
SNR. Thus, K = 3 appears to be a reasonable choice. In practice, it is difficult to
handle more than K = 3 for the element factor in this case.

In Fig. 8.2 show that in the limit when the number of angles reaches N = 15,
the problem becomes unidentifiable. This is so because for N ≤ 15 the number of
unknown parameters in the model exceeds the number of recorded samples. From
Fig. 8.2 many other interesting observations can be made. For instance, increasing
N from 100 to 200, for a fixed K, is approximately equivalent to increasing the
SNR with 3 dB. This holds in general: For N ≫ 1, doubling the SNR gives the
same effect as doubling N .
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Figure 8.3: CRB and RMS based on Monte Carlo simulations when SNR is 30 dB.
The true element factor is Etrue = cos 2θ, which means αtrue = [0 0 1 0 0] or
Ktrue = 3.

8.5 K-Value Trade-off Based on Monte Carlo Simulations

We have seen in Section 8.4 that there is a trade-off between K, N and the SNR in
terms of the CRB. In reality, the error in the estimation is a combination of both
model- and noise-induced errors. The overall performance of the proposed fourier
estimator is now studied using the root-mean-square error of the mutual coupling
matrix

RMS =
1

M2
‖C − Ĉ‖F =

1

M2

√∑

ij

|Cij − Ĉij |2 (8.32)

where M2 is the number of elements in C. As an example, use an 8-element
linear array with spacing d = λ/2 and a true element factor given by αtrue =
[0 0 1 0 . . . ]T. Simulations were conducted with the proposed fourier estimator
based method for K = 1 . . . 5 based on 1000 realizations and an SNR = 30 dB.
The result is shown in Fig. 8.3. The CRB for the given SNR level is also presented
in the same graph and represents the impact of the noise. This is seen as an
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increase of the CRB in the region K > 3. Note that CRB for lower values of K has
no scientific meaning since the estimator would be biased. Because of insufficient
parametrization, it could never reach the true value on average. For the CRB
derivation of Section 8.1 to hold, an unbiased estimator is demanded. Nevertheless,
there is no harm in actually running the estimator with the assumption of K < 3,
when the true value is Ktrue = 3, in order to find the RMS error.

Because of the insufficient parametrization of E, the RMS is higher for smaller
values of K than the true K. The RMS decreases toward the point where K = 3,
which is the true value of K. For higher values of K, there is no longer a model
error and the noise is the sole contributor to the RMS. This is evident as an increase
in RMS when K > 3. The same estimation was also made with E = cosn θ [ML05].
A straight line represents this case in Fig. 8.3 showing the difference in RMS, which
is higher compared to using our method with K = 3. This shows that the optimum
trade-off for our proposed method, in this case, is K = 3. This gives the best
performance when comparing different values of K and the E = cosn θ assumption.



Chapter 9

Summary of Part II

A new method for the estimation of the mutual coupling matrix of an antenna
array was introduced with two slightly different approaches. The main novelty over
existing methods was that the array phase center and the element factors were
introduced as unknowns in the data model, and treated as nuisance parameters in
the estimation of the coupling as well, by being jointly estimated together with the
coupling matrix. In a simulated test case, the second approach outperformed the
initially proposed estimator [ML05] for the case of an 8-element dipole array. The
radiation pattern and phase error were significantly improved leading to increased
accuracy in any following post processing. The model was then extended to in-
clude dual polarization. Using measured calibration data from a dual polarized
array it was found that the proposed method and the associated estimator could
significantly improve the quality of the estimated coupling matrix, and the result
of subsequent compensation processing.

Based on a CRB analysis, the SNR penalty associated with introducing a model
for the element factor with two degrees of freedom (K = 3) was 2.5 dB relative
to having zero degrees of freedom. This means that an additional 2.5 dB more
power (or a doubling of the number of accumulated samples) must be used to
retain the estimation accuracy of the coupling matrix compared to the case when
the algorithm assumed omnidirectional elements. To add another degree of freedom
(set K = 4) costs another 10 dB. Finally, the trade-off between the complexity of
the proposed data model and the accuracy of the estimator was studied via Monte
Carlo simulations. For the case of an 8-element linear array, the optimum was found
to be at K = 3 which coincides with the true value in that case.
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Chapter 10

Summary and Future Work

This thesis was divided into two parts.
In Part I, three reconfigurable antennas and one reconfigurable array were inves-

tigated and analyzed from different perspectives regarding their reconfigurability.
The objective has been to find antenna designs that are able to carry the MEMS
switches and still act as antennas in the different configurations achieved when the
switches move up and down. Two of the antenna elements were frequency recon-
figurable and one was polarization reconfigurable. The frequency reconfigurable
meander slot antenna showed that with two switches the operating frequency is
changed from 900 MHz to 1800 MHz in four steps. Measurements were conducted
with the switches mounted on the antenna. They showed that the antenna prop-
erties are unaffected by the switch package. Measurements on the antenna be-
ing reconfigured by the switches are yet to come. The polarization reconfigurable
PIFA was designed, simulated and measured. The antenna showed good bandwidth
properties while consuming little space. Correlation calculations were made show
an acceptable level of correlation between two different configurations. Improved
designs in terms of minimizing the correlation together with measurements with
switches mounted on the antenna are intended for future research. The frequency
reconfigurable PIFA was investigated in terms of frequency shift achieved with the
different switch positions. The antenna design should be investigated and analyzed
further in terms of the switch positions, but it shows good bandwidth properties
with dual band behavior. A promising structure that has the potential to cover sev-
eral frequency bands within a given frequency interval. The three antenna elements
could be used in a MIMO system setup as individual antenna elements within an
antenna array. The benefits relative to the SISO case is that more possibilities arise
giving better throughput on average. Compared to the MIMO case without recon-
figurable antenna elements, the reconfigurability saves space and complexity with
almost the same amount of options when antenna selection [Mol03] is considered.
Two examples of such were given in the introduction to this thesis. A 2 × 2 system
with reconfigurable antenna elements was compared to a full 4 × 4 system with-
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out reconfigurable antenna elements. In addition, a reconfigurable MEMS antenna
array was presented with 4 feed elements and 4 parasitic elements at 1.73 GHz.
The aim was to introduce diversity and to improve the performance of a wireless
channel. Indoor MIMO channel measurements at 1.73 GHz using the presented
antenna array have been analyzed. Comparisons have been made between the sub
system of 2 × 2 antennas and the full 4 × 2 antenna array regarding both the
channel capacity and diversity gain. Further analysis was also made to investigate
and verify the change in singular values of the H matrix. It was concluded that the
presented reconfigurable MEMS array helps improving the overall MIMO channel.
The capacity is improved by both providing better channel gain (the norm of H
is improved and we see a shift in the cdf) and by providing diversity gain (change
of slope in the cdf). Furthermore, the relative gain of the 2 × 2 system is higher
in terms of channel capacity if compared to the 4 × 2 system because the 4 × 2
system already provides a large degree of diversity. The relative gain of increasing
the diversity additionally, is smaller than for the 2 × 2 system.

One general conclusion of Part I is that reconfigurability of antennas is possible
to achieve with MEMS switches. However, more work needs to be invested in
developing more suitable MEMS switches for antenna application. In the long
run, this could be integrated antenna-MEMS layers or components, which would
decrease the complexity of mounting the MEMS switches on the antenna. Another
aspect is the theoretical or signal processing part of reconfigurable antennas. More
work needs to be invested in finding schemes and algorithms for switching between
the antenna configurations once the design is set. Perhaps the opposite is also
worth investigating: Given a certain desired outcome in terms of performance in
the system (given some algorithm), how do we design the antenna elements and
where do we place the switches?. In summary, the topic of reconfigurable antennas
includes everything from practical design and manufacturing to algorithms and
overall wireless channel aspects.

In Part II, a new method for the estimation of the mutual coupling matrix of
an antenna array was introduced with two slightly different approaches. The main
novelty over existing methods was that the array phase center and the element
factors were introduced as unknowns in the data model, and treated as nuisance
parameters in the estimation of the coupling as well, by being jointly estimated
together with the coupling matrix. In a simulated test case, the second approach
outperformed the initially proposed estimator [ML05] for the case of an 8-element
dipole array. The radiation pattern and phase error were significantly improved
leading to increased accuracy in any following post processing. The model was
then extended to include dual polarization. Using measured calibration data from
a dual polarized array it was found that the proposed method and the associated
estimator could significantly improve the quality of the estimated coupling matrix,
and the result of subsequent compensation processing. Based on a CRB analysis,
the SNR penalty associated with introducing a model for the element factor with
two degrees of freedom (K = 3) was 2.5 dB relative to having zero degrees of
freedom. This means that an additional 2.5 dB more power (or a doubling of the
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number of accumulated samples) must be used to retain the estimation accuracy
of the coupling matrix compared to the case when the algorithm assumed omnidi-
rectional elements. To add another degree of freedom (set K = 4) costs another 10
dB. Finally, the trade-off between the complexity of the proposed data model and
the accuracy of the estimator was studied via Monte Carlo simulations. For the
case of an 8-element linear array, the optimum was found to be at K = 3 which
coincides with the true value in that case.

The outcome of Part II shows that the estimation of signals could be improved
by refining the estimation method. As a continuation, more work should be invested
in improving the presented estimator of this thesis depending on what aspects that
are important for the application of the estimator. Maybe someone needs a similar
estimator in real-time, and therefore needs the estimator to be fast.





Epilogue

This thesis has presented two topics related to wireless communication. Part I
included reconfigurable antennas with integrated MEMS switches. Four different
antenna designs were proposed and investigated. The antenna properties show
good behavior. A complete reconfigurable antenna with switches mounted was built
and, after that, channel measurements with the reconfigurable antenna array was
possible. Together with postprocessing, some benefits of reconfigurable antennas in
MIMO systems was shown.

Part II deals with the estimation of the coupling matrix for an antenna array
during calibration. A modified model for the array response was presented includ-
ing nuisance parameters to improve the accuracy of the estimator. The objective
was to compensate for the mutual coupling between the individual array elements
by including the element factor and the phase center in the model. The results
verify the need for these parameters. Furthermore, the Cramér-Rao Lower Bound
(CRB) was used as a theoretical tool when considering the cost of including different
parameters.

The future of mankind promises many things. Nevertheless, I, the author, will
continue to strive for perfection and improvements within the fields of Telecommu-
nications and Engineering. The next step of my career will be the legendary and
renown company named Ericsson. To my friends and family I want to say: "It has
been some crazy years, but now it’s done". As for the rest of you, I would like to
send a "thank you" to everyone and hope you have enjoyed your time at KTH as
much as I did. See you in the FUTURE!
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