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Abstract

The advances in the communications systems has brought new requirements
and challenges in terms of compactness and efficient systems that looking
for increase the signal coverage area. The reconfigurable antennas are a
promising solution for the communication systems when looking to improve
the channel capacity and/or to extend the signal coverage. The main ad-
vantages of the reconfigurable antennas are the capabilities to change their
frequency, polarization and radiation beam steering at a low cost. The re-
configurable antennas can be designed to operate in a determined changing
environment keeping good electromagnetic characteristics. The design of
reconfigurable RF repeaters is a relevant application of this reconfigurable
antenna principle.

This thesis is devoted to study and propose new repeater architectures in
which a set of reconfigurable parasitic elements as part of the repeater are
used for reducing the electromagnetic coupling between the Rx and Tx an-
tennas. It is shown that the use of the parasitic elements as a reconfigurable
mechanism gives the flexibility to adapt the repeater electromagnetic char-
acteristics to changing environments while keeping a good system perfor-
mance. The determination of the minimum number of parasitic elements
is an important parameter and it is determined by a modal analysis to
define the minimum number of parasitic elements able to fulfill specific re-
peater electromagnetic characteristics. In order to validate the analytical
results, different reconfigurable repeater prototypes controlled electronically
are manufactured. A reconfigurable repeater prototype that is using eight
reconfigurable parasitic elements has been designed for operating at dif-
ferent scatterer environments. The repeater reconfigurable capabilities are
studied to evaluate the repeater performance in realistic indoor locations.
Finally, in order to obtain a repeater with reconfigurable frequency isolation
capabilities between the Rx and Tx antennas over a wide frequency range,
a repeater prototype based on a pixeled layer as reconfigurable mechanism
has been designed and measured.
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Chapter 1

Introduction

T
he objective of this thesis work is to contribute to solve a problem
that is often present in wireless communication systems: the lack
communication coverage for a base station due the path propagation

between a transmitting and receiving system. In the development of this
thesis an isofrequency reconfigurable repeater model is presented and vali-
dated with an experimental isofrequency reconfigurable repeater controlled
by electronic switches. First of all, the setting of the problem that moti-
vates this thesis is identified, followed by the state of the art. Finally, the
objectives and the organization of this thesis is presented.



1. Introduction

1.1 Setting and definition of the problem

The modern wireless mobile systems are in continuous demand for improved
coverage area and signal strength. However, the presence of scatterers and
the signal attenuation between the transmitter and receiving systems re-
duces the coverage range of these systems. Actually the communication
systems require coverage in difficult access locations like subways or in places
where exist shadow areas that are uncover by the RF signal (Fig.1.1). A
solution to enhance the RF coverage area is to use RF repeater devices. The
RF repeater is a device that receives an RF signal with adequate level and
retransmits it to a determined area where the signal is strongly attenuated
or weak due the long distance between the transmitter and the receiving
system. There are two kind of RF repeaters: passive and active. The pas-
sive repeaters not require amplifier stage in the RF signal while the active
repeaters require an active RF amplifier stage [1–6]. Usually the passive
repeaters are metallic reflectors that are placed in strategic places to re-
flect the incoming RF signal to shadow areas, but he main disadvantage of
this repeaters is that the reflected signal is weak. The active repeaters are
composed of a receiving and a transmitting antenna, in which the signal
received in the Rx antenna is amplified by active elements like RF ampli-
fiers and retransmitted by the Tx antenna. The coverage area of an active
repeater depends on the gain of the active elements and the propagation
losses.

An isofrequency repeater is a device in which the input and output signals
are at the same frequency and a frequency conversion stage is not used.
The main factor that limits the maximum gain of an active repeater is the
electromagnetic coupling between the Rx antenna and the Tx antenna. In
an isofrequency repeater, when the Rx and Tx antennas have low isolation
between them, the electromagnetic feedback produces undesirable oscilla-
tions in the system. The isofrequency repeater has the advantage that the
electronic circuitry control is simple, not require frequency conversion and
the cost is reduced. The general block diagram of the isofrequency repeater
is shown in Fig.1.2. Commonly in isofrequency repeaters a metallic plane is
placed between the Rx and the Tx antenna for reducing the antenna mutual
coupling.

A repeater can be designed to operate in indoor or outdoor locations. Inte-
rior private houses, buildings and closed places are examples of indoor loca-
tions, while urban areas, and open fields are examples of outdoor locations.
In the outdoor locations the base stations require a high RF signal gain,
for this reason when a repeater is used, it requires high isolation between
the receiving Rx and transmitting Tx antenna. In the outdoor base stations
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1.1. Setting and definition of the problem

Figure 1.1 – General Repeater block.

Figure 1.2 – General Isofrequency block.

increasing the RF power is an expensive solution because it increases the
electromagnetic pollution. Using a repeater in indoor locations where there
are a big number of scatterers that reflect the RF signal between the trans-
mitting and the receiving system producing electromagnetic feedback, the
isolation between the Rx-Tx antenna is reduced considerably, for this reason
the repeater would require to be reconfigurable for enhancing and recover
the isolation between Rx-Tx antenna in a changing scatterer environment.
The required isolation in an isofrequency repeater in order to operate in a
properly way is determined by:

I(dB) = G(dB) + S(dB) (1.1)

where G is the amplifier RF gain and S is the safe margin to avoid undesir-
able oscillations and take values around 10-15 dB.
In the design of repeaters, the electromagnetic block isolator is the part
that needs a special attention for obtaining a RF repeater device with good
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1. Introduction

Figure 1.3 – Isofrequency repeater with a set of parasitic elements.

electromagnetic properties. The use of parasitic elements in multielement
antennas is very common, specially when is required to have directive an-
tennas with high gain, such is the case of the yagi-uda antennas, but nev-
ertheless this is not the only application of the parasitic elements. The
parasitic elements not only contribute to increase the bandwidth and the
gain, but also can contribute to reduce the coupling between antennas. In
different antenna references it has been reported that the coupling between
two printed antennas is reduced around 40 dB using printed parasitic el-
ements [7, 8]. The mutual coupling can be reduced as a function of the
parasitic element position and length, and for different parasitic lengths,
where the length is shifted until getting an optimum isolation value be-
tween two antennas. In resume, the isolation level between two antennas
using parasitic elements depends on three factors: length, width and po-
sition of the parasitic elements. For this reason the study of the parasitic
elements on antennas is an attractive topic because they present interesting
properties in the modification of the antenna parameters. In the design of a
repeater, the parasitic elements can be used in combination with a metallic
plane for enhancing the isolation between the Rx and the Tx antenna, this
geometry is shown in Fig.1.3. This thesis is focused in the study and devel-
opment of isofrequency reconfigurable repeaters based on parasitic elements
as a reconfigurable mechanism.

1.2 State of the art of repeaters

In the mobile commercial and private communications systems it is required
to have a good as possible RF coverage. The isolation between the Rx and
Tx antenna is an important parameter in active repeaters, and for this rea-
son have been proposed different isolation techniques to be applied in the
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1.2. State of the art of repeaters

design of repeaters [9–13], but in some of them the separation distance be-
tween the antennas is big, which is not useful when a compact repeater
is required. In the following, different techniques to enhance the isolation
between active elements are presented. A properly way to design a recon-
figurable repeater capable to enhance, and recover the isolation between
Rx-Tx antennas in a changing scatterer environment is also discussed.

The first step on the development of the repeater is to define the frequency
range and the communication standard in which the repeater is designed
to operate. The repeater has to be designed to operate under a promising
communication standard, in this case was chosen WiMAX (Worldwide In-
teroperability for Microwave access) for the frequency band of north america
due to the initial collaboration with the University of California at Irvine
in this work. The WiMAX is a wireless communication standard designed
to provide 30-40 megabit per second data rates. Actually, WiMAX is re-
ferred to interoperable implementations of the IEEE 802.16 family of wire-
less networks, and similarly WiFi refers to the interoperable implementa-
tions of IEEE 802.11 wireless LAN certified standard. Until now the de-
signed WiMAX frequency bands are for : 2.40-2.48 GHz, 3.40-3.60 GHz,
4.50-4.90GHz, and 5.0-5.8GHz for licensed and unlicensed bands. For the
case of indoor applications, the 5.0 GHz band has an advantage over the
2.4GHz frequency band, this is because is possible to get a wider bandwidth.
The 5.0 GHz frequency band is an interesting band to design new wireless
communication devices and specially to RF repeaters.The bands for 802.11a
that operates in the frequency of 5.0GHz range are :

• Band A : Frequency range of 5.15-5.25 GHz with maximum EIRP
(Effective Isotropically Radiated Power) of 50 mW used for indoor
locations.

• Band B: Frequency range of 5.25-5.35 GHz with maximum EIRP of
250mW used for indoor and outdoor locations.

• Band C: Frequency range of 5.72-5.82GHz with maximum EIRP of
1W used for fixed service operations only.

1.2.1 Techniques to reduce the coupling between antennas

In a communication system where a multielement antennas is used, it exists
a coupling effect and electromagnetic interference between antennas which is
difficult to solve beyond a determined level using base band and processing
signal techniques. The effects due to the undesirable antenna coupling are :
system signal feedback, decoupling between the antenna and the amplifier,
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1. Introduction

Figure 1.4 – Metallic plane shapes.

feedback in the amplifier, appearance of spurious signal levels and reduction
in the transmit bit speed. In the next subsections some techniques to reduce
the coupling between active antennas are mentioned.

1.2.1.1 Coupling reduction between antennas using metallic
planes

The coupling between two antennas is strong when the electrical separation
distance is short, in this case is common to use metallic planes to reduce the
electromagnetic coupling [14]. Typically the active antenna is placed at λ/4
of the metallic plane with the finality to reduce the influence on the antenna
impedance of the metallic plane and the electromagnetic coupling between
two antennas. The metallic plane dimension has significant influence on
increase the antenna isolation, getting up 20 dB for optimal metallic plane
dimensions. For a particular case where there are two dipole antennas ,
the metallic reflector size to enhance the isolation is between λ/2 and λ
and each dipole antenna is separated λ/4 from the metallic plane [15, 16].
In previous references the use of metallic reflectors has been proposed to
increase the antenna isolation for different applications, it is the case of to
use double metallic reflector in which the antenna isolation is around 45 dB.
The use of metallic reflectors using double box is other option, but it is not
always a good solution because the required space is big and the fabrication
is expensive (Fig.1.4 ).

The use of metallic planes in the design of the isofrequency repeater is
not enough because the isolation between antennas is a parameter that not
only depends on the metallic plane shape but also depends on the scattering
environment and the multiple electromagnetic reflections.
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1.2. State of the art of repeaters

1.2.1.2 Coupling reduction between antennas using signal
processing

There are computational signal processing techniques to reduce the coupling
between antennas called coupling canceler or echo canceler [17, 18]. This
technique has the function to reduce the electromagnetic coupling effects
between two antennas estimating the phase, amplitude and the delay of
the feedback signal. However, these systems are not able to control all the
feedback signals under a variable time environment because the estimation
of the phase, amplitude and the signal delay is not quite exact. The use
of echo cancelers on the design of isofrequency RF repeaters is realized at
intermediate frequency (IF) because the signal variation is slow and is more
easily estimated. The computational complexity and the cost of the canceler
technique on isofrequency repeaters is high and the device is limited to work
at low rate, for this reason it is required to find other alternatives to design
isofrequency repeaters with simple structure and working at higher signal
rates.

1.2.2 Reconfigurable antennas

The reconfigurable concept when is referred to antennas, it means the ca-
pability to change the characteristic antenna electrical parameters through
electric or mechanic mechanisms. Ideally, a reconfigurable antenna is de-
signed to change the resonant frequency, input impedance, bandwidth, po-
larization, and radiation pattern as a function of the requirement systems
[19–37]. There are different mechanisms in order to reconfigure the antenna
characteristics:

• Electronic and Electromechanical switches: The effective parasitic
length and consequently the resonant frequency can be shifted chang-
ing the antenna length placing switches over the antenna like PIN
diodes, optical diodes, FETs and MEMS. Interesting switches are the
MEMS, because they present low losses and high isolation.

• Variable loads: Different from the electronic and the electromechanical
switches, the variable loads can change the antenna electrical length
taking continue values (typically capacitive) on a determined range,
and consequently changing the resonant frequency. The varactors are
an example of the variable loads, and recently has been used integrated
capacitors RF-MEMS to change the antenna patch resonant frequency
[38].

• Structural mechanic changes: The antenna characteristics can be mod-
ified changing the antenna structure by mechanical systems [39].
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1. Introduction

Figure 1.5 – a) Pixeled reconfigurable antenna structure. b) MEM switch “on”
state. c) MEM switch “off” state.

• Material changes: The changes on the material characteristics in which
the antenna is designed contribute to shift the antenna frequency, this
permittivity material changes are used to modify the electrical antenna
length.

In previous references it has been published experiments with pixeled recon-
figurable antennas for designing MIMO systems. The pixeled reconfigurable
antenna is based on the interconnection of a limited number of metallic pix-
els by MEMS-RF or PIN diodes over a laminated substrate for the design
of microwave circuits Fig.1.5. The pixeled reconfigurable antenna is an at-
tractive solution to get an antenna able to change its resonant frequency,
polarization and the radiation pattern beam direction with the same struc-
ture.

There are many applications in which it can take advantage of the antenna
capability to adjust its radiation pattern, the most common is the beam-
scanning or beam steering. It consist of rotating automatically the antenna
radiation pattern towards a certain interest direction or a determined base
station, this is useful when there are mobile devices under line of sight (LOS)
because high antenna gain can be obtained even when one or both commu-
nication systems are moving or rotating. The classical printed structures
are using parasitic elements for getting radiation pattern reconfigurability
(Fig.1.6).

1.2.3 Optimization Algorithms

The optimization algorithms are used in many engineering areas, because
they help to find optimum numerical values that fulfill determinate cost
functions. In the design of antennas the genetic algorithm (GA), particle
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(a)

(b)

Figure 1.6 – Reconfigurable antennas using parasitic elements.

swarm optimization (PSO) and newton-rapson optimization are very useful
to find optimal antenna dimensions and configurations in a determined mul-
tielement antenna [40–43]. In the case of pixeled reconfigurable antennas,
the binary genetic algorithm (GA) is the most used to find an optimal code
(determined number of switches in “ON” and “OFF” state) that cover speci-
fied parameters like impedance match, polarization, resonant frequency, etc.
The PSO algorithm is used when it is required to adjust the antenna di-
mensions or the parasitic elements associated to the active antenna. In
order to design an isofrequency reconfigurable repeater with specific electri-
cal characteristics, the used optimization algorithm is the GA. The general
GA flowchart is shown in Fig.1.7.

1.3 Objectives of the thesis

The encompassing objective of this doctoral work is to realize an isofre-
quency reconfigurable model based on the use of parasitic elements that
helps to enhance the isolation between the Rx-Tx ports, optimizing the re-
quired number of parasitic elements for reducing the fields generated by
a determined number of scatterers. The proposed model is validated by
an isofrequency reconfigurable repeater prototype capable to enhance and
recover high isolation level between the Rx and Tx ports in a real indoor
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1. Introduction

Figure 1.7 – Genetic Algorithm flowchart.

location. In order to obtain these goals, the research steps are divided as
follows:

• To study, design and model an isofrequency repeater based on the
spherical analysis able to obtain a modal decomposition of the elec-
tromagnetic field produced by a certain number of parasitic elements
for their different configurations.

• To explore and to find a proper number of required parasitic elements
to reduce and minimize the spherical wave coefficients generated by a
determined number of scatterers that surrounds the repeater in order
to design a low complexity reconfigurable repeater.

• To validate the isofrequency repeater model with a manufactured
isofrequency reconfigurable repeater prototype controlled by electronic
switches and exploring its reconfigurable capabilities in a real indoor
location.

• To explore an alternative repeater able to support broader band iso-
lation performances at the price of a higher complexity.

1.4 Outline of the document

This doctoral dissertation is organized in five chapters including this first
chapter which exposes the setting of the problem, the state of the art and
the main goals of this work.

• Chapter 2 addresses the analytical tools to compute the coupling be-
tween two antennas in free space and when a metallic plane reflector is
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1.4. Outline of the document

placed between them. The spherical wave expansion for the coupling
between two antennas is presented as analytical tool in order to model
an isofrequency repeater.

• Chapter 3 is focused on realize a repeater modeling and a modal study
in the way in which the parasitic elements reduce the spherical wave
coefficients generated by a determined number of scatterers. The first
isofrequency reconfigurable repeater approximation is presented.

• Chapter 4 presents the experimental characterization of an isofre-
quency reconfigurable repeater based in the study realized in chapter
3. Also, an alternative reconfigurable repeater that has the capability
to reconfigure the optimum isolation between Rx-Tx ports at different
frequencies is presented.

The document is concluded with chapter 5 summarizing the main results
presented along the presented work and commenting the future work.
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Chapter 2

Antenna Mutual Coupling
Analysis

T
he mutual coupling between antennas is the most important param-
eter in the design of the isofrequency repeaters because, as higher
is the isolation between antennas, more free is the isofrequency re-

peater system of undesirable oscillations [44]. In order to obtain an optimum
isofrequency reconfigurable repeater with high reconfigurable isolation ca-
pabilities between the Rx- Tx ports, it is required to know the existing
coupling effects, exploring and proposing a way to reduce them. This chap-
ter is devoted to review different analytical methods to compute the mutual
coupling between two active antennas (dipoles in this case), introducing the
spherical wave expansion as an useful analytical tool for the design of isofre-
quency repeaters. Two cases of mutual coupling analysis are considered, the
first is when the antennas are in free space and the second case is when a
metallic plane is placed between the two active antennas.



2. Antenna Mutual Coupling Analysis

2.1 Coupling Between Antennas in Free Space

The receiving coupling voltage VRx is a measure of how much signal couples
into the receiving antenna per unit input into the transmitting antenna,
and in this section, different analytical methods to compute the receiving
coupling voltage VRx in the Rx antenna when there are two active antennas
(dipoles) are presented and compared with a modal method based on to
decompose a field in a series of spherical wave coefficients, showing the ad-
vantages that this method presents in order to compute the mutual coupling
at different antenna separations.

2.1.1 Far-Field coupling Approximation

The presented method is used to compute the mutual coupling impedance
for the two antennas as a function of their effective length [45] and antenna
separations larger than λ. Consider two dipoles separated a distance drtds as
the presented in Fig.2.1, the mutual coupling impedance ZRT12 for drtds � λ
can be computed as

ZRT12 = jkη
e−jkd

rt
ds

4πdrtds
lRxef · lTxef (2.1)

where lRxef and lTxef are the effective length of the antennas (in this case re-
ferred as dipoles), η is the intrinsic impedance in vacuum and k is the wave
number in the vacuum. Finally the ratio between the mutual impedance
coupling and the mutual coupling voltage VRx is computed as ZRT12 =
VRx/ITx |IRx=0, where IRx and ITx are the input currents into the Rx and
Tx antennas respectively.

2.1.2 Induced EMF method

In an array of two elements, when the antennas are placed in a side by side
configuration, with active dipole length in the Rx and Tx port defined as ,
the mutual coupling can be computed based in the induced EMF method
presented in [46] for a distance separation between the Rx and Tx dipole
drtds as

ZRT12 = RRT12 +XRT
12 (2.2)

with
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2.1. Coupling Between Antennas in Free Space

Figure 2.1 – Space Coordinate system to compute the antenna coupling.

RRT12 = η

4π [2Ci(uo)− Ci(u1)− Ci(u2)]

XRT
12 = − η

4π [2Si(uo)− Si(u1)− Si(u2)] (2.3)

and

uo = kdrtds

u1 = k
√

(drtds)2 + (lRxad )2 + lRxad

u2 = k
√

(drtds)2 + (lRxad )2 − lRxad (2.4)

where Si and Ci are the sine and cosine integrals which are defined in a
general form as:

Ci(x) = γ + ln(x) +
xˆ

0

cosτ

τ
dτ (2.5)

Si(x) =
xˆ

0

sinτ

τ
dτ (2.6)

with euler constantγ = 0.577215664...
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2. Antenna Mutual Coupling Analysis

Figure 2.2 – Rx-dipole and Tx dipole reciprocity field geometry.

2.1.3 Lorentz reciprocity field

This analytical method has the advantage that the coupling between anten-
nas can be computed by the cross product between the electric and magnetic
field that produces each antenna over a plane at a determined distance and
for a determined position. In order to compute the coupling between Rx-Tx
antennas using the Lorentz reciprocity consider Fig.2.2. The source free
volume V is bounded by the closed surface , consisting of the infinite plane
surface So centered in the origin of the coordinate system and the surface at
infinity S∞. The Rx antenna placed at a distance drxsa and the Tx antenna
placed at a distance dtxsa produces the primary fields ~ERx, ~HRx and ~ETx,
~HTx over a plane surface So . The expression that relates the electric and
magnetic fields generated by the primary sources to obtain the coupling
voltage VRx [47] is defined by (2.7).

VRx(~rp) =
ˆ

So

( ~ERx × ~HTx − ~ETx × ~HRx) · n̂ds (2.7)

where ~rp is the vector of relative position between the Rx and Tx antenna.

The expression (2.7) can be modified by expanding the primary fields in
terms of their plane wave spectrum over the surface So. The plane wave
spectrum can be determined analytically with the tangential fields ~ERx and
~ETx at every point in the plane.
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2.1. Coupling Between Antennas in Free Space

~ERx (x, y, drxsa) =
∞̂

−∞

∞̂

−∞

~FRx (kx, ky) · e−j
~kp·~r rx

so dkxdky (2.8)

~ETx
(
x, y, dtxsa

)
=

∞̂

−∞

∞̂

−∞

~F Tx (kx, ky) · e−j
~kp·~r tx

so dkxdky (2.9)

in which the function ~FRx (kx, ky) is obtained from the tangential field com-
ponents ~ERxx and ~ERxy as

FRxx

(
~kp
)

= ejkzdrx
sa

4π2

∞̂

−∞

∞̂

−∞

ERxx (x, y, drxsa) · ej(xkx+yky)dxdy

FRxy

(
~kp
)

= ejkzdrx
sa

4π2

∞̂

−∞

∞̂

−∞

ERxy (x, y, drxsa) · ej(xkx+yky)dxdy (2.10)

The coupling tension in terms of plane wave spectrum can be obtained
after a mathematical reductions [47],and considering drxsa =dtxsa , the result
expression is

VRx(~rp) = 8π2

ωµ

∞̂

−∞

∞̂

−∞

kz ~F
Rx (kx,ky) · ~F Tx (kx,−ky)

· e−j~kp·~rpdkxdky (2.11)

2.1.4 Spherical wave expansion for the coupling coefficient

The spherical wave theory is a powerful tool that can be applied to analyze
a wide range of antenna problems, especially an electromagnetic field, that
in general can be expressed in terms of a series expansion, in which the
expansion coefficients are defined by integrals over the source currents or
boundary fields. When an integral formulation is used, the integral must be
evaluated for each field point; instead with series formulation an integration
is performed only once to determine the coefficients, and thereafter the series
are summed for each field point [48–51].

The spherical wave expansion theory can be used to compute the mutual
coupling voltage between two antennas because, (2.11) satisfies the scalar
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2. Antenna Mutual Coupling Analysis

Figure 2.3 – Schematic of the Rx antenna and Tx antenna showing radius of each
sphere surrounding the radiating portion of each antenna and oriented in a deter-
mined position in free space.

wave equation and thus can be expressed and expanded in a series of spheri-
cal waves [52] in order to compute the mutual coupling at different distances.
The coefficients of the spherical waves may be obtained from the scalar prod-
uct of the electric fields of the two antennas. Consider Fig.2.3, in order to
compute the coupling tension in terms of spherical wave expansion, it is
required to have the electric field that produces each antenna over a sphere
that surrounds the main sources. The radii of the spheres that surrounds
the Rx and Tx antennas are denoted by rRxsp , and rTxsp . The value of the
coupling voltage can be computed as

VRx(~rp) =
∞∑
n=0

n∑
m=−n

Bnmh
(1)
n (kdrtds)Pmn (cos θp)ejmφp (2.12)

Where θp and φp are the spherical coordinate angles of the position vector
~rp with respect to the coordinate system fixed in the Rx antenna, h(1)

n is
the spherical hankel function of first kind, Pmn are the associated legendre
polynomials and Bnm are the spherical wave coefficients that change for
each antenna pair and for each relative orientation of the antenna pair. The
radii of the spheres rTxsp and rRxsp are important parameters because they
determine the maximum number of modes required to evaluate (2.12).

For a specific case, (2.12) can be reduced since the interested direction of
the antenna coupling is for θp = 0 and Pmn (1) are non zero only for m = 0,
(2.12) is then reduced to

VRx(~rp) =
∞∑
n=0

Bnh
(1)
n (kdrtds) (2.13)
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2.1. Coupling Between Antennas in Free Space

Figure 2.4 – Comparison of different analytical methods to compute the mutual
coupling tension VRx between two dipoles in free space.

The coefficients Bnm are defined as

Bnm = jn(2n+ 1)
2

(n−m)!
(n+m)!

π̂

0

2πˆ

0

~ERx(~rp) · ~ETx(−~rp)·

Pmn (cos θp)e−jmφp sin θpdφpdθp (2.14)

and for the specific case of m = 0, (2.14) is written as

Bn = jn(2n+ 1)
2

π̂

0

2πˆ

0

~ERx(~rp) · ~ETx(−~rp) ·Pn(cos θp) · sin θpdφpdθp (2.15)

Finally, the number of modes N required to compute the summation given
in (2.12) and (2.13) is approximately

N ≈ k0(rRxsp + rTxsp + λ) (2.16)
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2. Antenna Mutual Coupling Analysis

Figure 2.5 – Schematic of the Rx antenna and Tx antenna showing radius of each
sphere surrounding the radiating portion of each antenna when is considered a metal-
lic plane.

The different analytical methods presented in the previous sections used to
compute the coupling voltage VRx for the side by side dipole orientation
case are compared with the simulated results of a full-wave electromagnetic
simulator (ansoft HFSS). This results are presented in Fig.2.4, in which it
can be seen that the spherical wave expansion agrees with the numerical
simulator results and with the different methods used to compute the mu-
tual coupling voltage. The main advantage for using the spherical wave
expansion is that the coupling voltage VRx between antennas can be com-
puted once for one specific orientation and can be expanded at different
distances, because the coupling Bn coefficients are unique, and has been
assumed ejωt time dependence, and finally the outgoing waves use spherical
hankel functions of first kind.

The information that the coefficients Bn gives, is useful because in the
repeater analysis, if the coefficients Bn are reduced in magnitude or changed
in phase by a determined mechanism, the coupling voltage between antennas
is also changed because VRx is the sum of all created Bn coefficients.

2.2 Coupling between antennas in presence of a
metallic plane

When a metallic plane reflector is introduced between two active antennas
(dipoles), the Rx antenna and the Tx antenna each are considered inside
a sphere of radii rRxsp and rTxsp that surrounds the Rx or Tx dipole plus the
metallic plane as Fig.2.5. Due the to diffraction effects that are present when
a metallic plane is introduced and in order to get more accurate results, the
fields ~ERx(~rp) and ~ETx(−~rp) required to evaluate (2.14), are obtained with
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2.2. Coupling between antennas in presence of a metallic plane

Figure 2.6 – Mutual coupling VRx computed when an λ × λ scatterer is placed
between the Rx and Tx antenna.

Figure 2.7 – Schematic of the Rx antenna and Tx antenna showing radius of each
sphere surrounding the radiating portion of each antenna when is considered a metal-
lic plane for drt

ds = 0.92λ.
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2. Antenna Mutual Coupling Analysis

(a)

(b)

Figure 2.8 – Normalized amplitude and phase of the reference spherical wave coef-
ficients Brep

n (a) Amplitude. (b) Phase.
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2.3. Coupling With Parasitic Elements

the full wave electromagnetic numerical simulator ansoft HFSS. In this case,
is selected a λ× λ metallic plane because it is an optimum size to initialize
the design of the repeater and this size keeps a good trade off between size
and performance. The active Rx and Tx dipoles are placed at a distance
of dRxma and dTxma from the metallic plane with dimensions of lmp × lmp in
which lmp = λ . The coupling voltage VRx as a function of the distance drtds
and in presence of a metallic plane is computed first for a fix distance and
then expanded to different distances using the spherical wave expansion.
The modal computed coupling expansion for this case is computed and
compared with the electromagnetic simulator results with good agreement
as shown the Fig.2.6. The presented results shows that the coupling voltage
can be evaluated for different antenna separation in an efficient way using
the spherical wave expansion with the spherical coefficients computed with
good accuracy.
As a fist step for the repeater modeling, the coupling spherical wave coef-
ficients Bn are considered when is placed a metallic plane with dimensions
of λ×λ mentioned before and for a fixed distance of drtds = 0.92λ (Fig.2.7 ),
in this case, the computed coefficients are named reference spherical wave
coefficients Brep

n for N=13. The normalized amplitude and phase of the
reference coefficients are computed and presented in Fig.2.8.

2.3 Coupling With Parasitic Elements
In order to increase the reconfigurable capability of the repeater, a set of
parasitic elements are added at both sides of the repeater. The parasitic
elements interacts with the active elements in order to change the radia-
tion pattern repeater properties depending the parasitic length and relative
parasitic position from the active element.
The most simple case using parasitic elements is a geometry just with one
active dipole element and one parasitic dipole element. In this case, when
the active dipole has a length of λ/2 can be obtained three different ra-
diation patterns which depends of the parasitic dipole length: 1) When is
lightly longer, 2) equal and 3) lightly shorter (capacitive) than the active
dipole. In the first case when the parasitic dipole is lightly longer (inductive)
than the active element an electric field with its maximum in the direction
of the active antenna, and for this reason is named reflector element, in
the second case, when the parasitic element has the same length than the
active element, the radiation pattern shape is almost symmetrical, and fi-
nally for the third case, when the parasitic length is lightly shorter than
the active dipole an electric field with maximum in the parasitic direction
is obtained, and is named director element. In order to visualize the effect
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2. Antenna Mutual Coupling Analysis

Figure 2.9 – Coordinate system of the active and parasitic element placed side by
side to compute the total electric field in the point P .

that produces a parasitic element over the antenna field, consider Fig.2.9,
the active element have a length of lad = 0.45λ and the parasitic length lpd
is variable, the separation between the active and the parasitic element is
dap = λ/4, which is the approximate distance between the active antennas
and the parasitic elements in the proposed repeater model approached in
the next chapter. The total electric field produced by the active element
and the parasitic element is computed at the point P placed a distance of
λ/2 from the parasitic element.

In order to compute the total field produced by the active element and the
parasitic element in the point P :

V ad
1a = Zad11 Ia + Zpd12Ip

0 = Zpd21Ia + Zpd22Ip (2.17)

Where Ia is the current through the active element and Ip is the induced
current by the active element over the parasitic element, V ad

1a is the voltage
in the active dipole. The induced current Ip and the input impedance in
the active element due the interaction with the parasitic element Zadin are
obtained as

Ip = −Zpd21

Zpd22
Ia

Zadin = Zad11 + Zpd22
Ip
Ia

(2.18)

24



2.3. Coupling With Parasitic Elements

Figure 2.10 – Total field produced by the antenna (active plus parasitic element)
P ( 0, 0, λ/2).

The total electric field ~ETot of a multielement antenna consisting of i ele-
ments is given by the sum of the electric field of the elements individually
where the currents are represented by complex numbers and the phase dif-
ferences in all directions are taken into account. The total electric field can
be written

~ETot =
K∑
i=1

E (Ii) (2.19)

where E (Ii) is the electric field of the ith element carrying current Ii. With
this consideration, the total electric field produced by the active element
and the parasitic element in the point P is computed and in the Fig.2.10
is presented the normalized total electric field when the parasitic length lpd
changes.
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Chapter 3

Repeater Modeling And
Design

W
hen two active antennas are separated by a metallic plane, the
mutual coupling between them is reduced considerably, however
the isolation generated by the metallic plane between the two an-

tennas is not enough for the isofrequency repeater isolation requirements.
In an indoor environment where there are a big number of scatterers that
may change their position constantly, the isolation between the Rx and Tx
changes also. In order, to solve this problem, the use of parasitic reconfig-
urable elements on the repeater design is a good alternative because when
they are configured in a proper way, it is possible to enhance and to recover
a high isolation between the Rx and Tx ports at the designed frequency
even in presence of scatterers. The number of the parasitic elements used
to reconfigure the electric repeater characteristics is an important parameter
that needs to be defined because, using a high number of parasitic elements
increase the cost and the repeater reconfiguration time. This chapter is de-
voted to model and design an isofrequency repeater based on a modal and
a parametric study with the objective of knowing the required number of
parasitic elements that needs to be used in the isofrequency repeater to get
an optimum isofrequency repeater with good electromagnetic characteristics
and performance in an indoor place.



3. Repeater Modeling And Design

3.1 Repeater model and coupling spherical
coefficients

The effect that produces the parasitic elements over the coupling spherical
coefficients Brep

n presented in (2.12) has to be explored in order to analyze
the isofrequency repeater performance when surrounded by scatterers. The
coupling spherical coefficients generated by the repeater in free space are
reduced when the parasitic elements configured in an optimum position and
length are used, but, when the repeater operates in a scatterer environment,
this coupling spherical coefficients are changed also, this is, the scatterers
produce coefficients that are added to the original repeater coefficients Brep

n

changing in this way the coupling between antennas. In the next sections
the effects that produce the parasitic elements over the coupling spherical
coefficients Brep

n are explored when their length, position and separation is
changed with the repeater located in free space, also the effects that produce
to reconfigure the parasitic elements when are placed a determined number
of scatterers around the repeater are studied.

3.1.1 Repeater coupling spherical wave coefficients in free
space

In order to model the repeater when the parasitic elements are introduced,
consider Fig.3.1. In this first approximation a total of four parasitic elements
are used. The fields ~ERxand ~ETx generated at the Rx and Tx antenna loca-
tions are the sum of the field generated by the active dipole, the scattered
field produced by the metallic plane ( ~ERxsm and ~ETxsm ) plus the field rera-
diated by the parasitic elements ( ~ERxp1 , ~ERxp2 , ~ETxp1 , ~ETxp2 ) over their respective
spheres.

~ERx = ~ERxad + ~ERxp2 + ~ERxp1 + ~ERxsm

~ETx = ~ETxad + ~ETxp2 + ~ETxp1 + ~ETxsm (3.1)

When the parasitic elements are introduced, they have to be configured
in terms of an optimum length and position in order to enhance the iso-
lation and reduce as much as possible the parameter VRx between the Rx
and Tx antennas. In a modal way, the parasitic elements change the phase
and magnitude of the Brep

n reference coefficients in such a way that from
(2.15), the total sum of all coefficients is reduced and consequently the value
VRx. The coupling spherical wave coefficients generated in the repeater for a
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3.1. Repeater model and coupling spherical coefficients

Figure 3.1 – Schematic of the isofrequency repeater using four parasitic elements.

certain number of parasitic elements are normalized with respect to the ref-
erence coupling spherical coefficients Brep

n and are named repeater coupling
spherical coefficients B(rep,par)

n . In the Fig.3.2 the comparison between the
coefficients Brep

n with respect to B(rep,par)
n when the parasitic elements are

introduced and configured in an optimum separation, position and length is
shown. From this results, it is observed that the parasitic elements produce
significant changes on the amplitude and phase of the Brep

n coefficients.

3.1.2 Effect of the parasitic elements over the coupling
spherical wave coefficients

In the repeater design, when the parasitic elements are introduced between
the metallic plane reflector and the active antennas, it is required to explore
the way in which the configuration of the parasitic elements modify the co-
efficients B(rep,par)

n . In order to realize the mentioned study, we used as first
approximation four parasitic elements considering symmetry between the
Rx and Tx parasitic elements, this is dmp= dTxmp=dRxmp, Sp=STx1p =SRx1p and
lp=lRxp1 =lRxp2 =lTxp1 =lTxp2 , where the initial values are Sp = 0.4λ, dmp=0.35λ,
and lp=0.66λ. In Fig.3.3, Fig.3.4 and Fig.3.5 the amplitude and phase for
different values of dmp, Sp and lp are shown, where is observed that when the
parasitic elements are moved along dmp and when the length lp is changed,
they modify significantly the amplitude and phase of the B(rep,par)

n coeffi-
cients, and the parameter Sp have more influence over the change in phase
of the coefficients B(rep,par)

n . In order to modify the higher B(rep,par)
n modes,

the parameter dmp has to be increased, while the length lp of the parasitic
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3. Repeater Modeling And Design

(a)

(b)

Figure 3.2 – Comparison between the coupling spherical coefficients Brep
n and

B
(rep,par)
n in free space. (a) Amplitude (b) Phase.
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3.1. Repeater model and coupling spherical coefficients

(a)

(b)

Figure 3.3 – Coupling spherical wave coefficients (a) amplitude (b) phase for dif-
ferent dmp positions: 0.125λ, 0.25λ,0.3λ and 0.4λ.
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3. Repeater Modeling And Design

(a)

(b)

Figure 3.4 – Coupling spherical wave coefficients (a) amplitude (b) phase for dif-
ferent Sp positions: 0.125λ, 0.25λ,0.3λ and 0.4λ.
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3.1. Repeater model and coupling spherical coefficients

(a)

(b)

Figure 3.5 – Coupling spherical wave coefficients (a) amplitude (b) phase for dif-
ferent lp positions: 0.3λ, 0.4λ,0.5λ and 0.7λ.
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3. Repeater Modeling And Design

elements have to be short to modify the low order B(rep,par)
n coefficients and

large to modify the high order B(rep,par)
n coefficients. When the parasitic

elements are reconfigured in order to modify undesirable coupling spherical
coefficients, is required to have an equilibrium in the configuration, this is,
large parasitic elements that change the high coefficients order and short
parasitic elements to modify the low coefficients order, in such a way that,
the sum of all coefficients keep a low VRx value.

3.1.3 Repeater coupling spherical wave coefficients on a
scatterer environment

When the isofrequency repeater is located in a scatterer environment, it
is required to determine its reconfigurable performance, for this reason the
repeater model has to be evaluated as a function of its capability to reduce,
change and compensate the effects of the scatterers in terms of spherical
modes as a function of the number of parasitic elements that are used,
the number of scatterers and the distance in which the scatterers are placed
from the repeater. In order to model the repeater in a scatterer environment,
the field reflected by the scatterers is added to the field ~ETxgenerated by
the repeater. When a determined number of Si scatterers are placed in a
random position, the field ~ETxdefined in (3.1) is now defined as

~ETx = ~ETxad + ~ETxp2 + ~ETxp1 + ~ETxsm +
K∑
i=1

~ETxSi (3.2)

where ~ETxSi represents the field generated by a determined Si scatterers over
the Tx sphere of radii rTxsp . The sphere that surrounds the Tx antenna
has to include the Si scatterers, consequently as greater or distant are the
scatterers, the radii rTxsp is increased as the same way the N modes ( see
Fig.3.6). In order to explore the effect that the parasitic elements have in the
modification of theB(rep,par)

n coefficients when scatterers are introduced, as a
first step, two cases are considered, a) when a plane scatterer is introduced
with dimension of λ × λ in a position ~rTxS1 (rTxS1 = 2λ, θS1 = 45o, φS1 =
90o) and (Fig.3.7 a), and b) when two plane scatterers are introduced with
dimension λ × λ each and placed at ~rTxS1 (rTxS1 = 5λ, θS1 = 45o, φS1 = 90o)
and ~rTxS2 (rTxS2 = 5λ, θS2 = 0o, φS2 = 90o) like the Fig.3.7 b. In both cases,
when the parasitic elements are reconfigured in an optimum configuration,
the B(rep,par)

n coefficients are changed, in such a way that the amplitude
and phase of a determined region in the n modes map is affected more than
other n mode map region. The reconfigured B

(rep,par)
n coefficients for the

case a) are presented in Fig.3.8 and for case b) are shown in Fig.3.9. From
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3.1. Repeater model and coupling spherical coefficients

Figure 3.6 – Schematic of the Rx antenna and Tx antenna showing radius of each
sphere surrounding the radiating portion of each antenna when is considered a metal-
lic plane and scatterers.

the Fig.3.8 and the Fig.3.9 it may be observed that the proper configuration
in the parasitic elements helps to change and reduce the n modes, however,
for each scatterer position and size, the B(rep,par)

n is changing constantly, for
this reason the parasitic elements needs high capability in reconfiguration
for to compensate the n modes generated by the scatterers.

3.1.4 Repeater coupling spherical wave coefficients
increasing the number of parasitic elements

In a scatterer environment, the repeater performance can change depending
of the scatterer number, the scatterer size, and the distance from the metal-
lic plane in which the scatterers are separated from the repeater. Depending
on the number of parasitic elements that are used, the repeater reconfigu-
ration capability and isolation between Rx-Tx ports can be enhanced. In
order to validate this, a method to model a repeater with high reconfigurable
capability, is considering big scatterers or scatterers placed in a position in
which the reflections that they produce are high, in this way, if the parasitic
elements can change and reduce the spherical wave coefficients generated
by the scatterers in the mentioned case, then the repeater have high prob-
abilities to compensate the spherical wave coefficients generated by small
scatterers placed in a random position. In order to show how the parasitic
elements number influence the B(rep,par)

n coefficients, a modal study is real-
ized. Considering three metallic plane scatterers with dimension of 3λ× 3λ
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3. Repeater Modeling And Design

(a)

(b)

Figure 3.7 – Repeater model for one and two scatterers placed at (a) rT x
S1 =2λ and

(b) rT x
S1 =5λ, rT x

S2 =5λ.

are placed at a distance of rTxS1 = rTxS2 = rTxS3 = 11λ, at θS1 = 45o, θS2 = 0o

and θS3 = −45o, thus different B(rep,par)
n coefficients are obtained using dif-

ferent number of parasitic elements, in this case a total of four, eight and
twelve parasitic elements, and all reconfigured in an optimum configuration
to compensate the coefficients generated by the three scatterers. In Fig.3.10
are presented a comparison of the reconfigured B(rep,par)

n coefficients mag-
nitude and phase for 4, 8 and 12 parasitic elements in presence of the three
scatterers. As can be observed in Fig.3.10, the B(rep,par)

n coefficients magni-
tude are reduced in a significant way when 8 parasitic elements are used in
comparison to use 4 parasitic elements, however, when 12 parasitic elements
are used the change of the B(rep,par)

n coefficients magnitude is similar than
the case to use 8 parasitic elements.

In order to realize a study that links the number of necessary parasitic
elements to reduce the coefficients B(rep,par)

n to the number of existing scat-
terers, a particular case is considered. The case consists in introducing a
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3.1. Repeater model and coupling spherical coefficients

(a)

(b)

Figure 3.8 – B(rep,par)
n repeater normalized amplitude and phase coefficients for

one scatterer placed at rT x
S1 = 2λwith θS1 = 45o.
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3. Repeater Modeling And Design

(a)

(b)

Figure 3.9 – B(rep,par)
n repeater normalized amplitude and phase coefficients for

two scatterers placed at rT x
S1 = 5λ, rT x

S2 = 5λ, with θS1 = 45o and θS2 = 0o.

38



3.1. Repeater model and coupling spherical coefficients

(a)

(b)

Figure 3.10 – Comparison of theB(rep,par)
n coefficients in presence of three scatterers

and using 4, 8 and 12 reconfigurable parasitic elements.
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3. Repeater Modeling And Design

Figure 3.11 – Schematic of the isofrequency repeater model in presence of a deter-
mined Si scatterers using, 4 , 8 or 12 parasitic elements.

certain number of metallic plane scatterers with dimension of 3λ×3λ placed
at different distances in positions that surrounds the repeater (Fig.3.11). In
this case as mentioned before, metallic planes with dimension of 3λ×3λ are
chosen because they produce strong reflections and is the proposed way to
study the repeater reconfigurable capability in an indoor place. In Fig.3.12
are shown the results in a plot that links the number of parasitic elements
required to reduce and compensated the spherical wave coefficients gener-
ated by a determined number of scatterers Si for this particular case (in
this case metallic planes with dimension of 3λ × 3λ). From the Fig.3.12,
with a total of 12 parasitic elements the repeater performance is good in
comparison to use 8 and 4 parasitic elements, however the reconfiguration
time that would require to use 12 parasitic elements is high. The required
number to have a good trade off between the number of parasitic elements
and the number of scatterers in which the repeater has still good perfor-
mance are 8 parasitic elements. The presented results are taken as reference
in order to design a repeater with high reconfigurable capabilities and low
cost.
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3.2. Design of the Isofrequency Reconfigurable Repeater

Figure 3.12 – Required number of parasitic elements for compensating a determined
number of scatterers placed at different distances rT x

Si .

3.2 Design of the Isofrequency Reconfigurable
Repeater

The influence of the parasitic elements over the spherical wave coefficients
B

(rep,par)
n and consequently over the parameter VRx in free space and when

a certain number of scatterers are introduced, as seen in previous sections,
has been studied. The parameter ZRT12 = VRx/ITx |IRx=0 is related directly
to the scattering parameter SRT21 by

SRT21 = 2ZRT12 Z0
∆Z (3.3)

where ∆Z = (ZRx11 + Z0)(ZTx22 + Z0)− ZRT21 ZRT12 .

From (2.13), related with the coefficients Brep
n and, as mentioned, lower is

VRx, from (3.3) lower is the scattering parameter SRT21 . The high isolation
between the Rx and Tx ports is obtained when pointing the Rx radiation
pattern to a determined base station. Additionally a Tx wide radiation pat-
tern are important characteristics that the repeater needs fulfill. There is
a important trade off between the desired electromagnetic repeater charac-
teristics and the repeater reconfigurable capabilities, for this reason, in the
repeater design, genetic algorithms with a specific cost function that helps
to find the best repeater configuration in a specific environment are used. In
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3. Repeater Modeling And Design

order to validate the study presented in the last section a first isofrequency
reconfigurable repeater is designed and manufactured.

3.2.1 Pixeled-Dipole Based Isofrequency Reconfigurable
RF Repeater

The changes in position of scatterers surrounding an isofrequency repeater
reduce the isolation level obtained with the initial configuration. In order to
keep the Rx-Tx isolation level it is necessary to reconfigure and optimize the
parasitic elements configuration. In particular: 1) to determine the position
of the parasitic panel with respect the metallic reflector, 2) to determine
the lateral separation between parasitic elements and 3) to determine the
length of the parasitic elements.
In a real application, the length of the parasitic elements can be changed
dynamically using pixeled lines interconnected with switches like MEMS or
PIN diodes. These switching devices may be activated or deactivated to
change the effective electrical length of the parasitic elements to make them
act as strip director or reflector elements.
As first step an isofrequency repeater using 4 parasitic elements is designed
to operate at 5GHz, showing that the reconfigurable dipole parasitic ele-
ments help improving the isolation level between the Rx and Tx ports in
a dynamic way in presence of a nearby changing scatterer disposition by
a reconfiguration of the parasitic dipole length. The shape of the Rx or
Tx radiation pattern and so the isolation between the Tx and Rx ports of
the repeater depends of the parasitic dipole length. For this reason, it is
important to find a correct configuration of the parasitic elements to avoid
electromagnetic coupling between ports.
In order to have high reconfiguration capability on the dipole parasitic ele-
ments, they can be substituted by a panel of reconfigurable parasitic strips
interconnected by PIN diodes or MEMS, in this case a pixeled layer can be
used, where the parasitic elements can be reconfigure changing their sep-
aration and length interconnecting the parasitic strips in a dynamic way
(see Fig.3.13). As mentioned before, using a high number of switches the
reconfiguration time is increased, however, the number of parasitic strips
can be reduced drastically placing the strip parasitic elements in a sensitive
position where the changes in the parasitic length modify in strong way the
currents over the surface and consequently the radiated field.
In a first step the whole geometry was simulated using a full wave simulation
and the genetic algorithm as global optimization tool. From the modal study
realized in the section 3.1, and using the genetic algorithm, the optimiza-
tion parameters are shown in the table 3.1. For fabrication and specially
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3.2. Design of the Isofrequency Reconfigurable Repeater

Figure 3.13 – Isofrequency reconfigurable repeater using a pixeled reconfigurable
planar structure.

measurement simplicity, an isofrequency repeater version using monopole
printed antennas is implemented, as shown in Fig.3.14. It consists of two
sets of back to back monopole printed antennas fed by a coaxial probe. The
active monopole has a length lRxam = lRxam = 11mm and a separating on dis-
tance dRxma = dRxma = 24.5mm from the metallic reflector. In order to improve
the isolation level between the Rx and Tx ports, a parasitic panel with two
pixeled strips separated a lateral distance SRx1p = STx1p = 34.4mm is placed
at a distance dRxmp = dTxmp = 10mm from the metallic ground reflector.The
proposed prototype is referred as pixeled-dipole isofrequency reconfigurable
RF repeater.

The distances dRxma = dTxma, dRxmp = dTxmp and SRx1p = STx1p were optimized for the
operating band 5GHz . The selected optimum distances were found to pro-
duce a maximum isolation level between the Rx and Tx ports maintaining
good impedance matching. A study of the sensitivity with these different
parameters showed that the length of the parasitic elements can change the
frequency of maximum isolation between ports and recover the isolation
level when is reduced due to a changing environment. As a result the only
parameter that is changed with the optimization process is the pixeled upper
parasitic lengths lup that are added to a parasitic lower fixed lengths llp. In
this design each metallic pixel strip has a width of tp = 1.7mm, and length
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Repeater Optimization Process

Initial Configuration

dRx
ma = dT x

ma = λ/2
SRx

1p = ST x
1p = λ/2

dRx
mp = dT x

mp = λ/4
lRx
p1 = lRx

p2 = lT x
p1 = lT x

p2 = λ/4

Restriction

dRx
ma, d

T x
ma ≤ λ/2

llp with a fix value

Optimization Parameters

dRx
ma = dT x

ma

SRx
1p = ST x

1p

dRx
mp = dT x

mp

lup

Optimization Method Genetic Algorithm

Criteria Goals

min
∣∣SRT

21

∣∣
min

∣∣SRT
12

∣∣
min

∣∣SRx
11

∣∣
min

∣∣ST x
22

∣∣
Table 3.1 – Pixeled dipole based Optimization isofrequency reconfigurable repeater
parameters.

of 0.2 mm, being separated by a gap of 0.2 mm; therefore interconnecting
an additional metallic pixel, discrete length increments of 0.4 mm in the
overall parasitic length lup can be achieved. Therefore the total effective
parasitic length lines are lRxp1 = llp + lup, lRxp2 = llp + lup, lTxp1 = llp + lup,
lTxp2 = llp+ lup where llp have a fix value of 4.4 mm, and lup being of discrete
variable length for each parasitic whole element. The width of the substrate
and metallic ground reflector WS is 60 mm, and their height hS is 30 mm.
The parasitic elements help minimizing the back to back coupling in the
Rx and Tx ports improving the isolation level between them. When the
isolation level is reduced due to the presence of nearby obstacles, the para-
sitic element is reconfigured to a new optimum length. The parasitic length
change produces a deviation in the angular direction of radiation reducing
in this way the Rx-Tx coupling.
Microwave switches like RF-MEMS or PIN diodes may be used to inter-
connect the metallic pixels that change the length of the parasitic strips.
In order to reduce cost for real applications the number of switches needs
to be low. Additionally, an increase in the number of switches reduces the
antenna efficiency and may increase the reconfiguration time. For simplicity
and to demonstrate the practical effect of the pixeled parasitic lines on the
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Figure 3.14 – Pixeled dipole based isofrequency RF repeater.

Total Parasitic length (mm) lRxp1 lRxp2 lTxp1 lTxp2

Without presence of obstacle in the Tx port 10.8 10.8 10.8 10.8

With presence of lateral obstacle in the Tx port 16 10.8 11.2 14.8

With presence of obstacle rotated 45 in the Tx port 11.2 11.2 10.8 10.8

Table 3.2 – Optimum pixeled parasitic length.

isolation level, the length of the pixeled lines were reconfigured by short
circuiting them with silver painting, emulating as a first approximation the
state “on” and “off” of the switching devices.

To experimentally verify the simulated results, an isofrequency repeater
prototype has been manufactured. The substrate used has been RO4003
(εr=3.55,tanδ=0.0027) with a thickness of 1.52 mm. The prototype is shown
in Fig.3.14. As commented by interconnecting the pixeled parasitic dipoles
is possible to reconfigure each parasitic element to adopt certain length
improving the isolation level for a determined environment. The optimum
length of the parasitic elements obtained are shown in table 3.2.
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3. Repeater Modeling And Design

Figure 3.15 – Scattering parameters of the repeater optimized without obstacle
presence.

The measured initial isolation reference level between the Rx and Tx ports
separated by a metallic ground reflector (dimension of λ × λ/2 ) at 5GHz
and in absence of nearby scatterers and without parasitic elements is 35 dB,
referred as reference isolation level. When a parasitic panel is placed at an
optimum position (dRxmp = dTxmp) and the parasitic strip length are optimized,
the isolation level may be improved 20 dB from the reference level while
maintaining good impedance matching. The simulated and the measured
scattering parameters are presented in Fig.3.15. The simulated radiation
pattern in the Rx port and the Tx port of the repeater is similar when no
obstacle is present, it can be observed in Fig.3.16.

In order to verify the reconfigurable capabilities of the proposed repeater
an obstacle with two different geometries is located in the Tx coverage area:
1) The repeater is in presence of a 0.5λ x 0.5λ metallic plane scatterer,
positioned in lateral position at 0.5λ from the Tx printed monopole edge.
2) The obstacle considered in case 1 is now rotated −45o in the yz plane
respect to the Tx printed monopole panel and separated 0.5λ from the edge.

In the case 1, when the obstacle is introduced, its isolation level between
ports at 5GHz is first reduced to 47 dB from its previous 57 dB (optimized
with no obstacle presence), but when the pixeled parasitic strips are recon-
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3.2. Design of the Isofrequency Reconfigurable Repeater

Figure 3.16 – Normalized radiation pattern of the pixeled-dipole repeater without
presence of scatterer.

Figure 3.17 – Reconfigured SRT
21 parameter in presence of a lateral obstacle.
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Figure 3.18 – Normalized reconfigured radiation pattern of the pixeled-dipole re-
peater with presence of a lateral scatterer.

Figure 3.19 – Reconfigured SRT
21 parameter in presence of a -45 degrees position

scatterer.
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3.2. Design of the Isofrequency Reconfigurable Repeater

Figure 3.20 – Normalized reconfigured radiation pattern of the pixeled-dipole re-
peater with presence of a -45 degrees position scatterer.

figured for the new scenario, the isolation level goes back at 55 dB. It is
important to mention that good impedance matching is also achieved. The
genetic algorithm was used to find the optimum length of each pixeled para-
sitic strip. In Fig.3.17 it is shown that the simulated parameter SRT21 agrees
well with the measured results. In the Tx port of the repeater, the shape
of the radiation pattern is deformed in presence of an scatterer, and when
the repeater is reconfigured, the new parasitic configuration tries to deviate
the angular direction of the radiation pattern. In Fig.3.18 the simulated
radiation pattern in the repeater Rx and Tx ports is presented.

For the case 2, the isolation level at 5 GHz is reduced to 45 dB when the
scatterer is present. When the parasitic strips are reconfigured to the new
optimum length, the measured isolation level at 5GHz goes back to 55dB. In
the Fig.3.19 is presented the simulated and measured SRT21 parameter when
the repeater is reconfigured.The corresponding simulated radiation pattern
in the Rx and Tx port is shown in Fig.3.20.

Based in the modal study realized in this work, when the parasitic ele-
ments have a determined length, they have strong influence on the spher-
ical wave coefficients and consequently reducing the tension coupling VRx
at the designed frequency, however, for a fix active antenna length lRxam =
lRxam = 11mm and when the parasitic length change, the coupling voltage
VRx change and can be optimum for other frequency where the main active
antenna is well match. This property is important because the repeater not
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Figure 3.21 – SRT
21 Frequency reconfigurable repeater response in free space when

the total parasitic length lp is changed in a symmetrical way.

only can be reconfigured to recover the isolation level at the designed fre-
quency when there are scatterers around the repeater, but also the repeater
can be reconfigured to operate in other frequencies. In the Fig.3.21 simu-
lated and measured SRT21 parameters are presented when the reconfigurable
repeater is in free space and the total parasitic length lp is changed in a
symmetrical way where can be observed that changes � λ/30 has strong
influence on the repeater reconfiguration capability. This first prototype has
paved the way for a real implementation of an isofrequency reconfigurable
repeater.
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Chapter 4

Isofrequency Reconfigurable
Repeater Prototype

I
n the previous chapter it has been presented a modal analysis that shows
the way in which the parasitic elements have a significant influence over
the repeater performance. To validate it, a first reconfigurable repeater

approximation has been built. For a realistic application, the required num-
ber of parasitic elements and switches in the repeater has to be low, because
the reconfiguration time has to be short and able to keep a good repeater
performance in an indoor location. An alternative to improve the isola-
tion in a dynamic way consisting on reconfiguring the plane between the
Tx and Rx elements. This can be obtained by using a pixeled layer that
interconnects a determined number of strip pixels in a dynamic way. After
presenting the optimization model process, the chapter follows presenting
first an experimental isofrequency reconfigurable repeater prototype using
eight parasitic elements and eight switches electronically controlled and pro-
ducing high reconfigurable isolation and radiation pattern capabilities. In a
second step a manufactured reconfigurable repeater prototype using a pix-
eled layer that can be reconfigured to enhance the isolation between the
Rx-Tx ports over a wide frequency range is presented.



4. Isofrequency Reconfigurable Repeater Prototype

4.1 Port Optimization Loading Model
The optimization process in a reconfigurable antenna is an important de-
sign step, specially when is desirable to have a multifunctional antenna.
The use of computational scripts and algorithms are the usual recurrence
design tools, in which the genetic algorithms are the most used. When
a pixeled reconfigurable antenna is designed with a determined number of
pixels interconnected by Msw switches and a determined number of feed
active antennas NAA, it is well know that depending on the environment
and the electromagnetic antenna specifications, the pixel antenna switches
state change [53–55]. To connect the genetic algorithm to the reconfigurable
antenna, and get the best antenna switch configuration that fulfill the elec-
tromagnetic antenna specifications, a full-wave simulation of the geometry
problem is developed using the finite element method electromagnetic solver
Ansoft (HFSS). In the simulation, each one of the operational switches is
replaced by lumped ports and in this way only a single full simulation is
realized to evaluated the 2MSW possible configurations. The number of con-
figurations is the result of the number of switch elements that can be in ON
or OFF state. From the simulation data, the scattering parameter matrix
S is exported and this matrix has dimension of NP ×NP , where NP is the
total number of used ports.

The network model representation of the pixeled antenna is depicted in
Fig.4.1 where, a1 and b1 represent the incident and reflected waves in the
feeding coaxial cable of the active ports, a2 and b2 represent the incident and
reflected waves on each of the Msw switches distributed across the pixeled
panel. The matrix S can be obtained from the simulator as:

S =
(

SNAA×NAA
11 SNAA×MSW

12
SMSW×NAA

21 SMSW×MSW
22

)
(4.1)

and

[
b1
b2

]
=
[
SNAA×NAA

11 SNAA×MSW
12

SMSW×NAA
21 SMSW×MSW

22

] [
a1
a2

]
(4.2)

with

a2 = ΓRb2, ΓI = b1
a1

(4.3)

combining the (4.2) and (4.3) :
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Figure 4.1 – Network model representation of a pixeled antenna.

b1 = SNAA×NAA
11 a1

+ SNAA×MSW
12

(
IMSW×MSW − ΓRSMSW×MSW

22

)
ΓRSMSW×NAA

21 a1 (4.4)

and the total antenna scattering parameters ΓI are extracted as

ΓI = SNAA×NAA
11 +

SNAA×MSW
12

(
IMSW×MSW − ΓRSMSW×MSW

22

)
ΓRSMSW×NAA

21 (4.5)

where ΓR is a identity matrix in which the diagonal elements can take the
value of 1 or -1, if ΓR = −1 then the switch state is ON , and if ΓR = 1
the switch state is OFF . In order, to get the radiation pattern gener-
ated by each switch configuration, it is possible to get a complete antenna
characterization by running the NP full wave simulations, where for the
ith simulation, a source to excite the ith port is used and other ports are
terminated with a convenient load. Storing the vector of the currents Iip
computed in all ports and the far-fields ~Eip (θ, φ) for each of the NP simula-
tions, the radiation pattern for arbitrary loading can be then computed [56].
The arbitrary values of the switches are given by superposition as :

~ET (θ, φ) =
NP∑
i=1

Iip ~Eip (θ, φ) (4.6)

In order to get the best antenna response, the collected data from (4.5)
and (4.6) are introduced into a genetic algorithm that evaluates an specific
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4. Isofrequency Reconfigurable Repeater Prototype

Figure 4.2 – General script Flow-chart of the Genetic optimization based on port
load.

cost function to arrive at the optimal solution. In particular, the genetic
algorithm stops when the antenna electrical specifications are obtained and
the cost function is minimum. For the specific case of a reconfigurable
RF repeater, there are some requirements that the repeater needs to fulfill:
1) Higher isolation between the Rx and TX ports SRT21, ≥ 60 dB, 2) good
matching conditions in the Rx-TX ports SRx11,S

Tx
22, ≤ −10 dB , and 3) the Rx

maximum radiation pattern ~ERxmax pointing to a determined base station.
For the mentioned electromagnetic antenna specifications the cost function
has to minimize 1) and 2) and optimize 3). The cost function defined and
used for the reconfigurable repeater is defined as

Fcost = w1

(
SRT21,opt(fd)− SRT21 (fd)

SRT21,opt(fd)

)2

+ w2

(
SRx11,opt(fd)− SRx11 (fd)

SRx11,opt(fd)

)2

+

w3

(
STx22,opt(fd)− STx22 (fd)

STx22,opt(fd)

)2

+ w4 ~E
Rx
max(fd, φ = 90o, θRxd ) (4.7)

where w1, w2, w3, w4 are the weighting functions , fd is the desired operation
frequency , θRxd is the desired DOA azimuth angle, SRT21,opt is the desired
isolation between Rx-Tx ports, SRx11,opt and STx22,opt are the desired port return
loss. The general genetic optimization flow chart script implemented with
HFSS and matlab based on port loading is shown in Fig.4.2.

4.2 Isofrequency Reconfigurable 8 Bit RF
Repeater

Based on the results of the Fig.3.12, with a total of 8 parasitic elements it
is possible to have a good repeater performance in a realistic scatterer envi-
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ronment. Using 8 parasitic elements, it was decided that, in order to reduce
the repeater complexity, the maximum number of switching devices had to
be the same. In order to minimize the number of switches, each switch has
been placed in sensitive positions where the change on the currents along
the parasitic elements produce important changes in the shape of the total
radiated field. As mentioned before, the genetic algorithm is a powerful tool
that helps to find the best repeater configuration, and is used to design the
reconfigurable repeater presented in this part.
A realistic monopole-based isofrequency reconfigurable repeater is designed
to operate at 5.25 GHz under the WIMAX frequency band, using a low
number of switching devices. The proposed repeater has the capability to
point its maximum of the radiation pattern towards a specific base station
while maintaining good match and a high isolation level between the Rx and
Tx ports. The repeater reconfiguration is achieved by changing the state of
the PIN diodes, which are placed in selected positions on the parasitic ele-
ments. The repeater can be electronically reconfigured to react to changing
scatterer environments, thus enhancing and recovering a similar isolation
level to that obtained with an initial optimum configuration of parasitic
strips in which no scatters were present.
The geometry of the proposed reconfigurable RF repeater is depicted in
Fig.4.3. The repeater consists of two active monopoles separated by a verti-
cal metallic plane. As started, the metallic plane is introduced to reduce the
coupling between antennas. On each side of the metallic plane two groups
of two reconfigurable parasitic dipole elements are symmetrically placed at
a distance dRxmp = dTxmp from the metallic plane behind each active dipole.
The two pairs of parasitic monopoles of each group are separated by lateral
distances sRx1p and sRx2p respectively. In order to maintain a compact size for
the repeater, the size of the metallic plane was reduced to λ/2× λ/2.
As a first step towards finding the optimum position of these parasitic ele-
ments, the separation between them and the length of each parasitic element
are calculated using a genetic algorithm with the goal of enhancing the iso-
lation between the Tx and Rx ports in the absence of scatters. Secondly,
the optimum distance dRxma of each active element to the metallic plane is
found in this scenario. At that point, a study of sensitivity showed how the
parasitic dipole position and length take an important role in maximizing
the isolation level between ports for a given frequency, as well as in shaping
the Rx or Tx radiation patterns of the repeater. This can be explained from
the fact that depending on the length of the reconfigured parasitic strips,
those can act as a reflector or director strip. Thus the change in the para-
sitic lengths produces a deviation in the angular direction of radiation that
at the same time helps reducing the coupling between the Rx and Tx ports.
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(a)

(b)

Figure 4.3 – (a) Isofrequency reconfigurable 8-bit RF repeater (b) Dimensions of
the left parasitic strip group symmetrical to the right parasitic strip group.

A printed monopole version of the isofrequency reconfigurable repeater has
been designed for its simplicity of fabrication and measurement, as shown
in Fig.4.4. The repeater dimensions are optimized for the desired operating
frequency at 5.25 GHz and to produce a maximum isolation level between
the Rx and Tx ports while maintaining good impedance matching for dif-
ferent cases of scatters location. The optimum size of the repeater and the
parasitic elements are shown in Table 4.1.

In order to optimize the repeater parasitic elements, the modeling PIN diode
in “OFF” and “ON” state is an important parameter to be considered
because the PIN diode present an impedance that can change the parasitic
electric length. The PIN diode in “ON” and “OFF” state are modeled
according to the equivalent circuit shown in Fig.4.5(a). The switch used in
this work is a microwave GaAs PIN diode (model MA4AGBLP912, vendor
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Repeater Optimum
Dimensions

(mm)

Parasitic Strip
Optimum

Dimensions (mm)

lRx
am = lT x

am 11 llp,l 7.5

dRx
ma = dT x

ma 22.52 llp,r 9.1

dRx
mp = dT x

mp 10 lup,l 10

ws 60 lup,r 8.4

hs 30 tp 1.7

sRx
1p = sT x

1p 34.4 Gp 0.3

sRx
2p = sT x

2p 43.8 wgnd 140

Table 4.1 – Isofrequency reconfigurable 8-bit repeater optimum dimensions.

Figure 4.4 – Fabricated isofrequency repeater monopole version and zoom-in of the
parasitic panel and bottom view. The PIN diodes are attached using silver epoxy.

MA-COM) with measured insertion loss 0.34 dB in “ON” mode fed with
10mA and 22 dB in “OFF” mode at 5.25 GHz (Fig.4.5 b).

The isofrequency repeater was designed using an electromagnetic full wave
simulations tool (HFSS). To experimentally verify the design and to compare
it with the simulated results, a prototype has been manufactured, where the
active and parasitic elements are printed on a substrate RO4003 (εr =3.55,
tanδ = 0.0027) with a thickness of 1.52 mm. The DC paths are designed
to bias the PIN diodes and minimize any undesirable coupling with the
parasitic strip elements. The parasitic monopole strips have been designed
with an initial length of around λ/2 in such a way that when additional

57



4. Isofrequency Reconfigurable Repeater Prototype

(a)

(b)

Figure 4.5 – (a) PIN diode model (b) Transmission coefficient SP IN
21 for the PIN

diode values Coff = 5.5 fF , Roff = 8 kΩ, Ls = 0.3nH, Ron = 3.3 Ω.

incremental strips connected by ”ON” state switches are added they are
slightly longer than λ/2 operating basically as reflectors elements. On the
other hand when some strips are disconnected by ”OFF” state switches
the parasitic length is slightly shorter than λ/2 operating essentially as
director elements. The ”ON” state of the switches is referred with the
symbolic notation value ”1”, and the ”OFF” state with the symbolic value
”0”. Initially the Tx and the Rx parasitic strip panels are configured into
a symmetrical state, which means that the radiation pattern in both ports
has the same shape. The total number of different possible configurations
with the current number of parasitic strip elements is 28. The radiation
efficiency of the repeater antenna depends on the particular configuration
of the ON-OFF PIN diodes distribution and varies between 85% and 90%.

58



4.2. Isofrequency Reconfigurable 8 Bit RF Repeater

Figure 4.6 – Setup to characterize the reconfiguration properties of the 8-bit isofre-
quency repeater.

The repeater switch configuration state is applied using the commercial
board (Agilent U-2653A) controlled by PC. The complete setup used to
measure the repeater scattering parameters S is depicted in Fig.4.6. A
similar measure setup has been used in the anechoic chamber in order to
measure the repeater radiation pattern characteristics for different switch
configurations with and without scatterer presence.

The optimization process has been performed using a genetic algorithm in
combination with (HFSS), that consists on a custom-coded optimization
algorithm running over matlab using a script to lunch the multiple required
simulations. As a result, the optimum states of the switches in the parasitic
elements were found using a genetic algorithm in combination with a multi-
goal cost function (4.7) based on the isolation between ports, the impedance
matching, and the shape of radiation patterns.

4.2.1 Isofrequency Reconfigurable 8-bit Repeater in
absence of scatterers

In absence of scatterers, the measured initial isolation level between the
Rx and the Tx ports without parasitic elements and separated only by the
metallic plane in the absence of nearby obstacles is 36.5 dB at 5.25 GHz, this
value is defined as the reference isolation level. In this case, when the para-
sitic strip elements are placed and configured to an optimum parasitic strip
state, significant improvement into the matching level ( up to -10 to -15 dB)
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Configuration DOA (Rx Port) lRx
p1 lRx

p2 lRx
p3 lRx

p4 lT x
p1 lT x

p2 lT x
p3 lT x

p4

Conf. # 1 135o 1 0 0 0 1 0 0 0

Conf. #2 150o 1 1 0 0 0 0 0 0

Conf. #3 ±180o 0 0 0 0 0 0 1 1

Conf. #4 −150o 0 0 1 1 0 0 0 0

Conf. #5 −135o 0 0 0 1 0 0 1 0

Table 4.2 – Optimum switch parasitic strip configuration in absence of scatterers

and isolation (up to 20 dB below initial levels) may be dynamically obtained
for 1% − 3% frequency bandwidths. In the Rx port, the maximum radia-
tion pattern is able to point to the DOA = −135o,−150o,±180o, 150o, 135o,
which indicates that the repeater has radiation pattern flexibility and can
get the maximum gain pointing to an specific base station. In the table 4.2
the bit configurations that fulfill the electromagnetic repeater specifications
are presented . In the Fig.4.7 the simulated scattering S parameters for
optimal configurations are presented, which are agree with the measured
scattering S parameters presented in Fig.4.8. In the Fig.4.9 the comparison
between the simulated and the measured radiation pattern for the repeater
optimal configurations are presented , where can be seen that the simulated
and measured values agree. In the repeater Rx port radiation pattern, for
the configuration #3, in the direction of the maximum co-polar level, the
measured cross-polar radiation is of 20dB below co-polar level when mea-
sured without the DC biasing networks. When measured with the bias
networks, the value was 22 dB, thus a 2 dB increase was observed due to
the biasing networks. This was considered acceptable for an indoor commu-
nication scenario. One of the repeater characteristics is that the Rx port is
symmetric with the Tx port, and a wide radiation pattern in the Tx port
is required to operate in an indoor place, consequently the repeater gain is
not high. The repeater realized gain for the optimum configurations and
the realized gain as a function of the frequency for the configuration # 3
that represents a direct path between the base station and the repeater is
shown in Fig.4.10. From the presented results is observed that the repeater
performance in free space is good and the simulation and the measurements
are agree with the designed electromagnetic specifications.

In absence of scatterers, from the total 28configurations in which the re-
peater can be configured when no exist scatterers, the 5.48 % are optimal
configurations that maximize the isolation to values around 60 dB, meaning
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Figure 4.7 – Simulated scattering parameters of the 8-bit repeater optimum con-
figurations in free space.

Figure 4.8 – Measured scattering parameters of the 8-bit repeater optimum config-
urations in free space.
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(a) (b)

(c)

Figure 4.9 – Measured and simulated the repeater Rx port radiation pattern for
the optimum configurations in free space. a) Conf. # 3 b) Conf. # 2 and Conf. #
4 c) Conf.# 1 and Conf.# 5.

that the repeater has more optimal configurations that enhance the isolation
between the Rx-Tx ports (see Fig.4.11).

4.2.2 Isofrequency Reconfigurable 8-bit Repeater
performance with the reference scatterers

In a real scatterer environment, the dimension and position of the scatterers
is random and it change constantly, consequently the configuration and the
position of the parasitic elements to compensate and recover a high isolation
in the repeater Rx-Tx ports also has to change. A proposed way for design-
ing a robust repeater able to work in a changing scatterer environment,
is that starting from a repeater designed to operate in free space, define
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(a) (b)

Figure 4.10 – (a) Realized gain in the repeater Rx port for the optimal configura-
tions (b) Repeater 8-bit gain for the optimal configuration #3 in the Rx port.

Figure 4.11 – Transmission coefficient SRT x
21, for all the possible optimal repeater

configurations.
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a set of reference scatterers that may be considered close to a worst real
scenario. In this case, the scatterers have to be placed in a position where
they generate the highest realistic maximum reflections possible, and, con-
sequently if the repeater can be reconfigured under these conditions, then,
the probability to properly operate in presence of realistic scatterers is in-
creased. In order to attain this goal, three reference cases are considered :
1) a scatterer placed in a lateral position, 2) a scatterer rotated 45o degrees
and placed in lateral position, and 3) a plane 3λ× 3λ scatterer placed in a
frontal position.The proposed reconfigurable repeater has been designed to
operate under a scattering environment. In order to verify the reconfigura-
tion capability of the proposed repeater geometry, a study of the changes on
the isolation level between ports due to nearby obstacles placed at different
positions is performed.

For the first case 1), at the position ~rTxS1

(
rTxS1 , θ

Tx
S1 , φ

Tx
S1

)
is placed , a scat-

terer with dimensions of 0.53λ× 0.53λ at ~rTxS1 (1.67λ, 76.35o, 90o) , from the
origin. When the lateral scatterer is introduced, the isolation level of 65 dB
previously obtained at 5.25 GHz is reduced to 42 dB (using the parasitic
strip optimum configuration when the repeater is in absence of scatterers).
When the parasitic strip elements are re-optimized for the new scenario,
the isolation level increases to 55 dB. Though the selected parasitic strip
configuration tries to recover and maintain the initial proposed electrical re-
quirements, a tradeoff exists between the achievable isolation on the active
elements and the direction of maximum of the radiation pattern in the Rx
port .The optimum configurations that tries to fulfill and maintain the ini-
tial electromagnetic repeater characteristics are presented in Table.4.3. The
measured transmission coefficients SRT21 for this case are shown in Fig.4.12
and in Fig.4.13 the measured reconfigured radiation pattern in the Rx and
Tx ports are presented. For this case, from the total 28 configurations in
which the repeater can be reconfigured, a 4.3% of optimum configurations
as minimize the transmission coefficient SRT21 covering a 3% of bandwidth,
this can be seen in Fig.4.14.
As a second case, the previous scatterer is rotated 45o in the plane Y Z plane
with respect to the Tx printed monopole panel and placed in the position
~rTxS1 (1.45λ, 36.48o, 90o). The isolation level at 5.25 GHz is reduced to 43 dB
(when using the parasitic strip configuration for case 1), however, when the
parasitic elements are reconfigured, the measured isolation level increases to
57 dB at 5.25 GHz. The optimum new reconfigured bit states for this case
are presented in Table 4.4. The measured transmission coefficient SRT21 using
the bit configurations that fulfill the repeater electromagnetic characteris-
tics are shown in Fig.4.15, and in Fig.4.16 are presented the corresponding
measured radiation pattern in the Rx and Tx port. Also for the presented
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4.2. Isofrequency Reconfigurable 8 Bit RF Repeater

Figure 4.12 – Measured transmission scattering coefficients SRT
21 when is introduced

a lateral scatterer.

(a) (b)

Figure 4.13 – Measured reconfigured radiation pattern when of the isofrequency
8-bit repeater when a lateral scatterer is introduced. (a) Radiation pattern in the
Rx port (b) Radiation pattern in the Tx Port.
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Configuration DOA (Rx Port) lRx
p1 lRx

p2 lRx
p3 lRx

p4 lT x
p1 lT x

p2 lT x
p3 lT x

p4

Conf. # 1 135o 1 0 0 0 1 1 1 0

Conf. #2 −135o 1 0 1 1 1 0 1 0

Conf. #3 135o 1 0 1 0 1 0 1 1

Conf. #4 150o 1 1 0 0 0 0 1 1

Table 4.3 – Optimum switch parasitic strip configuration when is introduced a
lateral scatterer.

Figure 4.14 – Measured transmission coefficient SRT
21, for all the possible optimal

repeater configurations when is introduced a lateral scatterer.

optimum configurations, from the total 28 configurations in which the re-
peater can be reconfigured, 6.64% of the total configurations minimize the
transmission coefficient SRT21 covering a 4.4% of bandwidth (See Fig.4.17) .

In these previous cases, the repeater reconfiguration capability has been
evaluated in presence of nearby small scatterers, but the repeater also has
to be designed to operate in presence of big scatterers producing significant
reflections. A plane metallic scatterer placed in a frontal position can gen-
erate strong reflections over the field produced by the Tx repeater port, for
this reason the repeater is tested to work in presence of this kind of scat-
terers. From the study realized in chapter 3, with eight parasitic elements,
the repeater was capable to recover the high isolation when exist a metallic
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Figure 4.15 – Measured transmission scattering coefficients SRT
21 when is introduced

a rotated 45o scatterer.

(a) (b)

Figure 4.16 – Measured reconfigured radiation pattern when of the isofrequency
8-bit repeater when a rotated 45o scatterer is introduced. (a) Radiation pattern in
the Rx port (b) Radiation pattern in the Tx Port.
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Configuration DOA (Rx Port) lRx
p1 lRx

p2 lRx
p3 lRx

p4 lT x
p1 lT x

p2 lT x
p3 lT x

p4

Conf. # 1 −150o 0 0 0 1 1 1 1 0

Conf. #2 −150o 0 1 1 1 1 1 1 0

Conf. #3 150o 1 1 0 0 0 0 0 1

Conf. #4 ±180o 0 0 0 0 1 1 1 1

Table 4.4 – Optimum switch parasitic strip configuration when is introduced a
rotated 45o scatterer.

Figure 4.17 – Measured transmission coefficient SRT
21, for all the possible optimal

repeater configurations when is introduced a rotated 45o scatterer.

plane scatterer with dimension of 3λ× 3λ at a minimum distance rTxS1 = 9λ
from the repeater Tx port. In order to design a repeater with high reconfig-
urable capabilities, the mentioned case is considered in the repeater design,
but the metallic plane reflector is placed in a frontal position separated a
distance rTxS1 = 9λ from the repeater Tx port. The proposed prototype was
measured in presence of the mentioned frontal scatterer, and the measured
repeater transmission coefficient SRT21 parameters for this case are presented
in Fig.4.18. For this case the repeater is able to get a 6.2% of optimum bit
states from the total 28 possible bit state configurations, covering a 1.06%
isolation bandwidth of 60 dB.
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4.2. Isofrequency Reconfigurable 8 Bit RF Repeater

Figure 4.18 – Measured transmission coefficient SRT
21, for all the possible optimal

repeater configurations when is introduced a plane 3λ× 3λ frontal scatterer.

4.2.3 Isofrequency Reconfigurable 8-bit Repeater
performance in a indoor scatterer environment

When the presented repeater prototype is capable to properly operate in
presence of the reference scatterers, the next step is to evaluate the repeater
in a real scatterer environment. Due the changing scatterer environment,
is not possible to measure all the radiation patterns for each case, but it
has been seen that the transmission coefficient SRT21 parameter helps to
evaluate the repeater performance which is easy and fast to measure for the
used measurement setup. The repeater evaluation and measurement in an
indoor location is realized taking in account three cases, 1) four scatterers
placed in random position, 2) Evaluation of the repeater in a real indoor
location (position 1) , and 3) evaluation of the repeater in a real indoor
location (position 2) .

For the case 1, the closer scatterer is placed at a distance rTxS1 = 8.4λ and the
farthest scatterer is placed at a distance rTxS2 = 12.76λ. The measured trans-
mission coefficients SRT21 are presented in Fig.4.19, where it can be seen that
the repeater is covering the 1.23% of the frequency bandwidth with high
isolation, and from the total 28 possible configurations, the 5.07% are con-
figurations with high isolation between Rx-Tx ports. In case 2, when the
reconfigurable repeater is placed in a real indoor location, the bandwidth
of high isolation ≥ 60dB covers a 1.04%, and, from the total possible 28

configurations, the 4.91% are optimal for the transmission coefficient SRT21
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Figure 4.19 – Measured transmission coefficient SRT
21, for all the possible optimal

repeater configurations in presence of four scatterers in random position (case 1).

Figure 4.20 – Measured transmission coefficient SRT
21, for all the possible optimal

repeater configurations in an indoor location (position 1).
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Layer

Figure 4.21 – Measured transmission coefficient SRT
21, for all the possible optimal

repeater configurations in an indoor location ( position 2).

(see Fig.4.20). Finally, for the case 3, the repeater presents a 2% bandwidth
of high isolation covering the operation frequency of 5.25 GHz, where from
all the possible 28 configurations, the 6.53% are optimal for the transmis-
sion coefficient SRT21 , as it can be observed in Fig.4.21. With the presented
results it has been demonstrated that the 8-bit reconfigurable repeater pro-
totype presents high reconfigurable capability, low complexity and good
performance in an indoor location with a realistic distribution of scatterers.

4.3 Frequency-Agile Isofrequency Repeater using
a Reconfigurable Pixel Layer

In the previous sections it has been shown that a low complexity isofre-
quency reconfigurable repeater based on a modal study can work properly
in a realistic scatterer environment. However the bandwidth of the pre-
sented isofrequency 8-bit reconfigurable repeater is narrow covering an ef-
fective high isolation bandwidth of 1% ∼2% in a real indoor location. In
order to have a higher frequency bandwidth with high isolation reconfigu-
ration capability, the complexity of the repeater had to be increased. An
alternative isofrequency reconfigurable repeater prototype with high isola-
tion frequency reconfiguration over a wide frequency range is presented in
this section.
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4. Isofrequency Reconfigurable Repeater Prototype

(a) Front view

(b) Side view

Figure 4.22 – Pixel frequency-agile repeater geometry.

The repeater geometry is composed of two λ/4 monopoles with a common
ground plane. The key and the most important part of the design consists on
replacing the previous intermediate metallic plane by a reconfigurable plane.
This reconfigurable layer is based on a pixeled geometry that consists in a
grid of small metallic patches interconnected by RF-switches [57] 1. The
ON-OFF state configuration of the switches modifies the re-radiation of
the pixel layer and therefore adjusts the repeater properties. The working
principle is that the reconfiguration elements are not used to adjust the
properties of either the Rx or Tx ports but, instead the reconfiguration
elements affect simultaneously the two repeater ports in a balanced manner
to adjust their mutual interaction. In Fig.4.22 the frequency-agile geometry
is presented, where g = 2mm, p = 12mm, lpix = 120mm, dRxml = dTxml =
40mm, lTxam = lRxam = 27mm.

1The manufactured pixeled layer used in the frequency-agile reconfigurable repeater
has been provided by the collaboration with the Ph.D Daniel Rodrigo
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Figure 4.23 – Principle of operation of the pixel frequency-agile repeater.

The pixeled repeater operation principle is based on : the field produced at
the Tx antenna location is the superposition of the field produced by the Rx
antenna ~ERx and the field scattered by the pixel layer ~Esc. When the switch
configuration on the pixeled layer is properly selected, the field scattered by
the pixeled layer at the Tx antenna location cancels the direct radiation
of the first antenna, providing in this way a high level of isolation, see
Fig.4.23. Additionally, the repeater can be designed in such a way that the
pixel layer induces a specific impedance loading over the Rx and Tx able to
adjust their input impedances. Therefore, in principle it is possible to select
configurations over a wide frequency range that produce simultaneously a
low return loss and high isolation.

4.3.1 Frequency-Agile repeater design and optimization

The pixel frequency agile repeater has been designed to operate at 2.5GHz,
and the pixel layer has been designed according to the guidelines given
in [57], using a 6× 6 pixel layer with individual pixel sized of λ/10× λ/10.
The parameters lTxam = lRxam and dRxml = dTxml shown in Fig.4.22 b have been
optimized to maximize the frequency reconfiguration range. In order to
perform the optimization using an accurate and time-efficient process, the
port loading technique has been used. For the proposed repeater it has
been possible to compute the response of several thousands of switch con-
figurations in a few minutes. The pixel frequency-agile repeater shown in
Fig.4.24 has been manufactured in order to realize the frequency isolation
reconfiguration flexibility.
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4. Isofrequency Reconfigurable Repeater Prototype

Figure 4.24 – Manufactured pixel frequency-agile repeater using a switched pixel
layer with PIN diodes operating as RF-switches.

The resulting simulated and measured transmission coefficients SRT21 pro-
vided by the optimized pixeled repeater are shown in Fig.4.25 and Fig.4.26.
Each curve represents the optimum value of isolation at each central fre-
quency. The optimal configuration at the frequency fo is defined as the
configuration with higher isolation at fo among all the configuration with a
reflection coefficient below -10dB at that same frequency. Therefore, high
isolation and good matching are simultaneously achieved. The frequency
agile reconfiguration range covers from 2.15 GHz up to 3.25 GHz, which
means a reconfiguration bandwidth higher than 40 %. The isolation levels
of the optimal configurations are between 60 dB and 70dB. This is 30 dB
higher than the isolation achieved by an identical repeater replacing the
pixel layer by a metallic plane reflector with same dimensions.

On the other hand, Fig.4.25 and Fig.4.26 also reflects that the instanta-
neous bandwidth of the optimal configurations is approximately 20 MHz.
However this value can be improved by updating the fitness criteria to get
a wider bandwidth. The optimal configuration is then redefined as the one
that maximizes the worst case and consequently a wider bandwidth is ob-
tained, based on this principle a bandwidth isolation of 60 MHz has been
obtained. In Fig.4.27 and Fig.4.28 the simulated and measured transmis-
sion coefficients SRT21 are presented for a bandwidth of 60MHz with a good
agreement. With this study is clear that configurations covering a wider
band can also be synthesized at the price of a lower isolation level. The
frequency agile repeater gain is similar to the 8-bit reconfigurable repeater
presented in the last section, it can be observed in Fig.4.29 where for the
frequency 2.4 GHz the maximum realized gain is 4.89dB and for 2.5 GHz
the realized gain is 4.80dB.
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Layer

Figure 4.25 – Simulated transmission coefficient SRT
21 achieved by the optimal con-

figurations of the pixel repeater for instantaneous bandwidth of 20 MHz at different
frequency.

Figure 4.26 – Measured transmission coefficient SRT
21 achieved by the optimal con-

figurations of the pixel repeater for instantaneous bandwidth of 20 MHz at different
frequency.
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4. Isofrequency Reconfigurable Repeater Prototype

Figure 4.27 – Simulated transmission coefficient SRT
21 achieved by the optimal con-

figurations of the pixel repeater for instantaneous bandwidth of 60 MHz at different
frequency.

Figure 4.28 – Measured transmission coefficient SRT
21 achieved by the optimal con-

figurations of the pixel repeater for instantaneous bandwidth of 60 MHz at different
frequency.
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Layer

Figure 4.29 – Simulated frequency agile repeater gain for the instantaneous band-
width of 60 MHz at the frequency of 2.4GHz and 2.5GHz .
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Chapter 5

Conclusions And Discussion

T
his thesis has mainly contributed to the analysis, modeling and design
of isofrequency reconfigurable repeaters able to operate in a proper
way into realistic indoor locations maintaining good electromagnetic

characteristics. This final chapter is devoted to present the main conclusions
of this work. The main future research lines are also outlined.



5. Conclusions And Discussion

5.1 Main Conclusions

The reconfigurable antennas is a promising solution for the communication
systems when looking to improve the channel capacity and/or to extend
the signal coverage. The main advantage of the reconfigurable antennas are
the capabilities to change their frequency, polarization and radiation beam
steering at a low cost. Reconfigurable antenna capabilities requires to op-
erate in a determined changing environment keeping good electromagnetic
characteristics. The design of reconfigurable RF repeaters is a relevant ap-
plication of this reconfigurable antenna principle. In this thesis it has been
shown that the use of a set of reconfigurable parasitic elements as part
of the repeater, gives the flexibility to adapt the repeater electromagnetic
characteristics to changing environments while keeping a good system per-
formance. It has been proven with a low number of reconfigurable parasitic
elements that allows to keep a low level of complexity it is possible to signifi-
cantly reduce the coupling between Rx and Tx ports in a realistic scattering
dynamic environment. The main difficult for the design of this kind of re-
peaters resides on the determination of the minimum number of parasitic
elements. A modal study has been proposed to define the minimum num-
ber of parasitic elements able to obtain the specified Rx antenna pointing
direction, impedance matching and isolation. As a significant contributions
we may identify the following.

Modal Study Based on Spherical Wave Expansion

The spherical wave expansion theory can be used as an analytical tool for
computing the mutual coupling between the Rx and Tx repeater antennas
at different distances. Taking the advantage that the electromagnetic field
can be decomposed in a series of spherical coefficients, a modal study for
reducing the coupling between the two antennas has been realized. It has
been observed that when the parasitic elements are used as part of the re-
peater, depending of their electrical length and position, they change the
amplitude and phase of the spherical coefficients in a way that allows to
extract some basic rules to establish a minimum number of parasitic el-
ements into the repeater Rx-Tx system. As a first step, a repeater with
one and two scatterers around it has been modeled, and the total repeater
electromagnetic field has been decomposed in their spherical coefficients in
order to identify the incremental coefficients generated by the scatterers.
Different configurations of the parasitic elements and their influence over
a determined area of the spherical coefficients modal (m,n) map has been
studied. The modal map variation produced by the nearby scatterers is
useful to guide the process of defining the number, dimensions and location
of the parasitic dipoles to compensate the effect introduced by a certain
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number of scatterers, located at different distances. Although this results
are for a specific case, they can be used as a reference for general cases,
because the scatterers are located where the reflections that they produce
over the repeater are strongest (worst case). From this results has been
found that for a realistic scenarios with an approximate number of eight
parasitic elements the repeater has good reconfigurable capabilities.

Reconfigurable Repeater Prototype

In order to validate the previous analytical results, different reconfigurable
repeater prototypes have been manufactured. The first manufactured re-
peater prototype uses four pixeled parasitic elements able to change their
length in incremental steps. In order to reduce the repeater complexity, the
pixeled parasitic elements has been placed in sensitive positions where the
changes in their length produces significant changes on the isolation between
the Rx and Tx antenna. The optimization of the repeater has been done
with the help of a genetic algorithm in order to find the optimum repeater
configuration and it has been obtained 60 dB of isolation between the Rx
and the Tx antenna at the designed frequency. In order to explore the re-
configurable capabilities it has been considered two reference cases in which
a scatterer is placed at two different positions around the repeater system.
In both cases the length of the parasitic elements were reconfigured and it
has been observed that a similar isolation level obtained initially with the
parasitic elements without any scatterer around the repeater at the oper-
ation frequency can be approximately recovered. Although the obtained
bandwidth of the maximum isolation is narrow, this results are important
because they give an important base for designing reconfigurable repeaters
based on a set of parasitic reconfigurable elements.

The second manufactured repeater prototype uses eight reconfigurable par-
asitic elements and is the first reconfigurable repeater based on a small
number of switches electronically controlled reported on publications. This
prototype not only has the capability to enhance and recover the isolation
level at the designed operation frequency, but also has the flexibility to aim
the Rx radiation pattern to a determined direction in the azimuth plane.
The presented prototype has good electromagnetic characteristics, and has
been measured for different scatterer environments. The measured results
have shown that the repeater has a good performance with high reconfig-
urable capabilities for realistic indoor locations.

Finally a third manufactured repeater based on a pixeled layer as reconfig-
urable mechanism has been designed and measured. The reconfigurable
capabilities of this prototype has been studied obtaining high reconfig-
urable frequency isolation capabilities over a wide frequency range. This
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novel structure has contributed to determine the frequency isolation recon-
figurable limits of this kind of repeaters.

5.2 Future Work
Future research lines move towards the real implementation of the 8-bit re-
configurable repeaters for indoor locations. The presented work paves the
way for developing reconfigurable repeaters for operating in different scat-
terer environments while maintaining good electromagnetic characteristics.

In the case of the frequency-agile repeater using a reconfigurable pixeled
layer, it uses a high number of switching elements. For this design, a study
in how to reduce the number of switches and the system complexity is still
an open research topic line that requires additional work.

Finally, the repeater optimization algorithms is an open research line that
needs to be explored for developing new reconfigurable smart RF devices
using reconfigurable antennas.
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