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Abstract

Antenna arrays with multiple isolated ports are widely used in various wireless applica-
tions such as diversity reception, multiple-input multiple output (MIMO) communication,
adaptive beamforming, and direction finding. For applications on in which limited platform
size is available to accommodate the antenna, restrictions on the available space demand
the use of an element spacing significantly smaller than A/2. This is particularly the case at
at low radio-frequency (RF) and microwave frequency bands (i.e., below 1 GHz) where the
wavelength of electromagnetic waves is relatively large. The small element spacing intro-
duces strong mutual coupling between the ports of the compact arrays. The strong coupling
can cause significant system performance degradation. Thus, it is highly desirable to develop
efficient methods for cancelling the mutual coupling.

In this dissertation, we discuss array decoupling and self-interference reduction techniques
that are particularly relevant to low-frequency RF and microwave applications. These include
developing simultaneous transmit and receive (STAR) antennas and synthesizing external
matching and decoupling networks for multi-element antenna arrays. In Chapter 2, we
design a compact, low-profile simultaneous transmit and receive antenna. The proposed
STAR antenna architecture consists of a pair of capacitively-coupled, orthogonal half loops
as the RX antenna, and a centrally located, top-hat monopole as the TX antenna. This
approach involves a high transmit-receive isolation level and an omnidirectional radiation

pattern in the azimuth plane. However, the proposed STAR antennas require multi array



xii
elements with restrict symmetry in the alignment and phase shifters, which this technique can
not be applied to an antenna array with only one transmit and one receive antenna. Thus,
in Chapter 3, we present an analytic technique for synthesizing a decoupling and matching
network (DMN) for symmetric two-element antenna arrays. Using this approach, we can
determine the S-parameters of the DMN and use them to synthesize its coupling network.
Then, this work was extended into designing the decoupling and matching networks for three-
element antenna arrays as discussed in Chapter 4. In the previous two chapters, the designed
DMNs are for stable antenna systems. However, in a varying environment, the performance
cannot be maintained due to the change of the S-parameters of the antenna. Thus, in
Chapter 5, a method for designing an adaptive matching and decoupling network (MDN) is
proposed. The system can track the variation in the antennas impedances and update the
tunable matching network, which can successfully perform the tasks of impedance matching

and decoupling of an asymmetric two-element antenna system over a narrow bandwidth.



Chapter 1

Introduction and Background



1.1 Motivation

The rapid penetration of wireless systems has resulted in increased demand for high data
rate, low latency systems to provide quality wireless access to the end user. Over the past
decade, various techniques have been used to increase the throughput like multiple-input
multiple-output (MIMO) and other multi-antenna techniques. Individual radio frequency
(RF) signals at multi-antenna ports are decorrelated either by increasing the isolation be-
tween two antennas, or by using antennas with dissimilar radiation patterns. This results
in spatial diversity and multiplexing, thus improving the channel capacity in MIMO trans-
mission. Antenna arrays with multiple ports can also be used in space-time techniques like
diversity reception, adaptive beamforming or nulling and direction finding. However, for a
MIMO system with limited space for antennas, the mutual couplings among the antenna
elements causes interference and so have serious effect on the performance. The goal of iso-
lation is normally achieved by ensuring a sufficient inter-element spacing of at least A/2 in
order to inhibit the effects of mutual coupling. However, in the case of size-limited platforms
like mobile applications, the required diversity can only be achieved if an element spacing
significantly smaller than A/2 is utilized. With such small element spacing mutual coupling
is not any longer negligible [1, 2].

Moreover, in-band full-duplex (IBFD) transmission is an attractive solution for improving
the link throughput and double the wireless capacity by simultaneously transmit and receive
(STAR) signals using the same frequency band comparing to time or frequency division du-
plex systems [3]. In electronic warfare applications, full-duplex transmission techniques offer
the possibility of jamming a frequency band, while monitoring it simultaneously. However,
the primary challenge for STAR operation in a transceiver is the necessity to greatly reduce
the level of self-interference (SI) generated through coupling of the transmitter’s signal into
the simultaneously active receiver operating at the same RF carrier frequency. To effectively

discriminate the receive signals from the self-interference signals, the IBFD system needs to



achieve a high isolation between the transmit (TX) and receive (RX) channels [4, 5].

To achieve this level of isolation, multiple stages of separation and cancellation at the
antenna, RF, analog, and digital levels are needed [6]. Toward that end, exploiting antennas
capable of providing high isolation levels between the transmit and receive ports is critical as
it alleviates the requirements of the subsequent self-interference cancellation stages. Hence,
antenna isolation has been given significant attention in recent years due to its impact on
decoupling multi-antenna elements. It is necessary and desirable to find techniques, which
can reduce the mutual coupling.

Besides, majority of the existing proposed approaches for decoupling techniques are for
steady environment. However, for low frequency applications, such as handset antenna
system of a mobile device being held with different orientations at different distances from
human body, or a vehicle-mounted antenna array experience changes in the surrounding
environment during motion. Such changes in operating scenarios may cause substantial
variations in the antennas impedance, degrading the impedance matching and detuning the
frequency range for sufficient interelement isolation. Therefore, a method that tracks the
antenna arrays impedance variation and provides adaptive matching and decoupling for the

array elements is highly desirable for these application scenarios.

1.2 Literature Review

1.2.1 Simultaneous Transmit and Receive Antenna

In the antenna domain, several different techniques have been developed to enhance the
isolation between the transmit and receive ports. These include spatial duplexing [7-8], po-
larization diversity [9-17], using a circulator or quasicirculators [18-25], near-field cancellation
[26-32], and other hybrid approaches [33-34].

The receiving and transmitting antenna pairs behave orthogonal polarization perfor-

mance in [9-17]. Under ideal circumstances, no signal will enter into the receiving port due



to the orthogonal polarization and such method has no requirement for antenna physical
locations placement. Limitations of the integrated quasicirculators are insertion loss, return
loss, low power efficiency, and limited isolation bandwidth. The near-field cancellation ap-
proach creates near-field nulls where the RX antenna(s) is placed, when TX signals from
the designed phased array combine in space. When there are two array elements, although
high isolation can be achieved, the far-field gain patterns of the TX phased array are usually
different from the ones of the RX antenna. High isolation and similar radiation patterns can
be achieved by using a circular array.

A number of circularly polarized (CP), unidirectional STAR antennas based on the four-
arm spiral antenna topology were reported recently [26] [28], [29]. In [26], an antenna system
with an eight-element TX monopole array distributed on a ring antenna and a centrally
located RX monopole was designed. To decrease the coupling between each TX element and
the RX antenna, the authors used a conductive cylinder to elevate the RX antenna. This
makes the overall dimensions of the whole antenna system (excluding the ground plane)
relatively large. The antenna system in [30] is combined with multiple stages of interference
cancellation circuits and utilizes the space between the antennas to acquire the total isolation
as much as 60 dB, where the antenna cancellation contributes 30 dB. But this system is
complicated and its antennas occupy a large space. The STAR antennas presented in [31]
and [32] have high isolation and are broadband or even ultra-wideband. However, these
antennas are not low profile. Thus, a STAR antenna with more compacted size and good

performance is desirable and proposed in this thesis.

1.2.2 Decoupling Networks for A Multi-element Antenna Array

In recent years, plenty of achievements have been made in reducing mutual coupling, especial-
ly between array elements with fairly small spacing. Various methods have been developed
for accomplishing this, such as electromagnetic bandgap (EBG) [34-36], defected ground

structure (DGS) [37-39], single negative (SNG) metamaterial [40], [41], neutralization line



[42], array-antenna decoupling surface [43], and decoupling network [44-48].

While the metamaterial and EBG structures are generally large in size, the spatial multi-
plexing method increases the circuit complexity and DC power consumption. Various EBGs
were schemed out for the reducing mutual coupling between two-element arrays, but could
not be applied to arrays with smaller spacing, as EBGs themselves occupied too much space.
In [37], several slits were etched from the ground plane, and then the identical DGS was
capable of alleviating mutual coupling between planar inverted-F antennas, monopoles, and
patches, which could take effect for smaller separation on account of its resonant character-
istic. However, the radiation patterns, in particular, the back radiation, could be execrably
deteriorated when introducing DGSs [40-41]. [42-43] employed two types of SNG metamate-
rials to decouple two-element antenna arrays. Although the similar method could effectively
improve isolation between smaller gap, the designing process was rather complex. However,
the decoupling network exhibits its superiority in compliable designing principle and flexible
element gap.

Various implementations of decoupling networks have been described in the literature
[44-49]. In its simplest form, the decoupling network consists of reactive elements connected
between neighboring array elements, which effectively cancels the external mutual coupling
between them. An alternative approach to achieving port decoupling involves the use of a
modal feed network, where isolation between the new input ports is achieved by exploiting
the inherent orthogonality of the eigenmodes of the array [50-53]. Besides, there are also
some decoupling network techniques using hybrid couplers, multi-layer networks or different
coupling stages to decouple multi-element antenna arrays [91-92]. These techniques make
the dimension of the system large and increase the complexity.

The previously reported methods are designed with only one solutions and single net-
work topology or for a special application. Thus, in this thesis, we provide an analytic
synthesizing method for decoupling network. The proposed procedure provides a system-

level solution to precisely determine the element values of decoupling network and identify all



possible lumped-element network implementations, which can also satisfy various conditions

for different applications.

1.2.3 Adaptive Matching and Decoupling Networks

At present, the commonly used approaches for tunable matching and decoupling antenna
arrays include the followings. Some solutions use tunable electromagnetic band-gap struc-
tures or spatial multiplexing of local elements to reconfigure the operating frequency range
over which good impedance matching and high isolation is achieved [34, 105-107]. However,
due to the lack of impedance sensing and feed-back control system, these techniques can not
be applied to provide an adaptive matching and decoupling.

External decoupling networks with tunable components are widely used in different liter-
atures for adaptive matching and decoupling systems [54-58, 109-112]. The simplest method
referred to as open loop utilizes a lookup table. While this addresses the multiband issues, it
cannot provide accurate match tuning that accounts for component and environmental vari-
ation. The closed loop control approach most commonly used minimizes the input reflection
or voltage standing-wave ratio (VSWR) of the matching network using a loop configuration
[54-57]. The control unit is run iteratively until a best matching solution is achieved with
the tuning trajectory controlled by an optimization algorithm. In [58], the adaptive tun-
ing for compensating antenna mismatch based on conjugate match is carried out by using
L-networks and associated impedance measurements. However, this adaptive tuner has con-
siderable limitations since an L-network can only achieve a conjugate match over half of the
Smith Chart. With finite tuning range, the region for the conjugate solution will be further
significantly reduced. In [109-112], these networks consist of multiple electronic devices as
switches, bias trees, amplifiers, mixers or diodes, which will increase the complexity of the
circuits. Besides, some of the previously reported techniques also limit to symmetric antenna
arrays.

Thus, it is desirable to develop an adaptive matching and decoupling networks for a two-



element antenna array, which can analytically determine the element values and with less

complicated network topology.

1.3 Proposed Solutions

Chapter 2 presents a compact, low-profile simultaneous transmit and receive (STAR) antenna
with monopole-like radiation characteristics. This approach involves a compact, vertically
polarized STAR antenna with a high transmit-receive isolation level and an omnidirectional
radiation pattern in the azimuth plane. The proposed STAR antenna consists of transmit
(TX) and a receive (RX) antennas whose phase centers are collocated. The TX antenna is a
monopole with top-hat loading, placed directly below the central point of the crossed loop.
The RX antenna consists of a pair of orthogonal half loops, each capacitively fed at its both
ends with a 180° phase difference. The four ports of the RX antenna are fed with the same
amplitude and relative phase values of 0°, 90°, 180°, 270° to produce an omnidirectional
radiation pattern and high isolation with the TX antenna. Simulation and experimental
results are presented.

Chapter 3 covers an analytic technique for synthesizing the decoupling and matching
network for a symmetric two-element antenna array. We first determine the 4 x 4 scattering
matrix of DMN. Subsequently, we identify 13 different lumped-element networks that can be
used to implement the DMN and present an analytic method for determining their element
values from the DMNs S-matrix. This work is important because, for the first time, it offers
a systematic method for determining all potential implementations of a two-element antenna
array and precisely determining the DMNs element values. The detailed design, simulation
and experiment results are presented with a good agreement.

Chapter 4 provides an analytic synthesis method for the decoupling network of a three-
element antenna arrays. This method investigates a new procedure for analytically synthe-

sizing an decoupling network for both the center-symmetric and the linear three-element an-



tenna array. Using the approach reported in this chapter, we can determine the S-parameters
of the DMN that can simultaneously impedance match and decouple the antennas and use
them to synthesize the network. The performance of the system was evaluated by both
simulations and measurements. Measurement results confirmed the results obtained from
simulations and verified the validity of the proposed synthesis technique.

Chapter 5 introduces a method for adaptive matching and decoupling network for a
two-element antenna array. The system includes three sub-systems as impedance sensing,
tunable matching network and fixed decoupling network. The impedance sensing sub-section
can track and measure the antenna array’s impedance matrix. The adaptive tuning section
is designed to make the system symmetric and make the impedance matrix at the intended
operating frequency relatively. A fixed decoupling network was designed using the method
reported in Chap 3 to final match and decouple the system to 50 ) loads. The design
procedure, operating principle, simulations and experimental characterization of the system

are included.

1.4 Overview of the dissertation

The organization of this dissertation is as follows:

Chapter 2 presents a compact, low-profile, vertically polarized simultaneous transmit and
receive (STAR) antenna with monopole-like radiation characteristics. The proposed STAR
antenna has a high transmit-receive isolation level and an omnidirectional radiation pattern
in the azimuth plane.

Chapter 3 covers an analytic technique for synthesizing a decoupling and matching net-
work for a two-element antenna array. Using this approach, we can determine the S-matrix
of the DMN first and use it to synthesize its coupling network.

Chapter 4 provides a new procedure for synthesizing a decoupling and matching network

for both center-symmetric and linear three-element antenna arrays. Using the procedure



reported in this chapter, we can determine S-matrix of the DMN that can simultaneously
impedance match and decouple the antennas. Subsequently, this S-matrix will be used to
synthesize the DMN.

Chapter 5 introduces a solution for designing an adaptive matching and decoupling net-
work for a two-element antenna array. The proposed system can track the variations in the
antenna array’s impedance and update the network to re-match and re-decouple the antenna
array.

Chapter 6, we conclude that the proposed methods are contributing to the array decou-

pling and self-interference techniques and discuss two possible future works.
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Chapter 2

A Compact, Low-Profile Simultaneous
Transmit And Receive (STAR)

Antenna With Monopole-Like

Radiation Characteristics

The full manuscript was published as:
D. Wu, Y. Zang, and H. Luyen, M. Li and N. Behdad, “A Compact, Low-Profile Simul-
taneous Transmit And Receive (STAR) Antenna With Monopole-Like Radiation Character-

istics,” IEEE Antennas Wireless Propag. Lett., vol 18 ; no 4 , Apr. 2019.
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A compact, vertically polarized simultaneous transmit and receive (STAR) antenna with a
high transmit-receive isolation level and an omnidirectional radiation pattern in the azimuth
plane is presented. The proposed STAR antenna consists of transmit (TX) and a receive
(RX) antennas whose phase centers are collocated. The TX antenna is a monopole with top-
hat loading, placed directly below the central point of the crossed loop. The RX antenna
consists of a pair of orthogonal half loops, each capacitively fed at its both ends with a 180°
phase difference. The four ports of the RX antenna are fed with the same amplitude and
relative phase values of 0°, 90°, 180°, 270° to produce an omnidirectional radiation pattern
and high isolation with the TX antenna. The STAR antenna was designed for operation
in the 2.45 GHz ISM band with electrical dimensions of D x H = 0.44\ x 0.15\ (diameter
x height). A prototype of this antenna was fabricated and experimentally characterized.
Measurement results show that the antenna has a TX/RX isolation level better than 38 dB
and maintains monopole-like patterns for both TX and RX modes over a bandwidth of 300
MHz centered at 2.45 GHz.

2.1 Introduction

In-band full-duplex (IBFD) wireless communication systems have the potential for enhancing
the spectrum efficiency of next generation wireless communications systems [59]. For an
IBFD system, signals can be transmitted and received simultaneously at the same frequency;,
hence doubling the spectral efficiency and system capacity [59]. One of the most challenging
works in designing an IBFD system is to suppress self-interference (SI) between the transmit
and receive chains to a level below the receiver’s noise floor [3, 59]. For a typical ISM radio
system transmitting at 20 dBm with a receiver noise floor of -90 dBm, an isolation level of
more than 110 dB between the transmit (TX) and receive (RX) chains is required [3]. This
high isolation can be realized in three different stages: antenna cancellation, RF interference

cancellation, and digital baseband interference cancellation [60]. High isolation in antenna
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cancellation stage could alleviate the burden of implementing the subsequent RF and digital
cancellation stages.

Antenna cancellation for IBFD system can be realized by using spatial duplexing [9],
polarization diversity [13, 28, 61-62], resonators placed between the antenna elements for
decoupling [63-65], four-arm spiral antenna for ultra-wide band circular polarization [27, 29,
33], and near-field cancellation technique [26, 30, 66]. Among these techniques, the near-field
cancellation technique is especially attractive as it allows TX and RX antennas to have not
only high isolation but also similar radiation characteristics, especially the polarization and
the shape of the radiation patterns along the direction(s) of maximum radiation. In [26],
an antenna system with an eight-element TX monopole array distributed on a ring antenna
and a centrally located RX monopole was designed for the 2.45 GHz ISM band. To decrease
the coupling between each TX element and the RX antenna, the authors used a conductive
cylinder with the dimensions of D x H = 0.84\ x 0.62\, where X is the free-space wavelength
at 2.45 GHz, to elevate the RX antenna. This makes the overall dimensions of the whole
antenna system (excluding the ground plane) relatively large as D x H = 2.68)\ x 0.87\ [66].
In [30], it is shown that the conductive cylinder in this design can be removed to make the
antenna more compact with the dimensions of D x H = 0.74\,,;, X 0.25\,in, Where A, is
the wavelength at the lowest operating frequency of the antenna.

In this paper, a compact, low-profile, high-isolation simultaneous transmit and receive
(STAR) antenna with omnidirectional radiation patterns is presented. The proposed anten-
na is designed at 2.45 GHz ISM band for the Vehicle-to-Vehicle communications applications
[26] as well as military communications applications, which could offer the possibility of jam-
ming a frequency band, while monitoring it simultaneously. Our proposed STAR antenna
architecture consists of a pair of capacitively-coupled, orthogonal half loops as the RX an-
tenna, and a centrally located, top-hat monopole as the TX antenna. The TX antenna is
directly fed by a 50 €2 SMA connector. Each half loop of the RX antenna is differentially

fed at its both ends. The four ports of the RX antenna are connected to a quardrifilar and
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excited with the same amplitude and linear progressive phase of 90° to generate a near-field
null at the location of the TX antenna. Hence, high isolation between TX and RX antenna
can be achieved. Additionally, the horizontal portion of the cross loop is meandered to re-
duce the height and aperture area of the RX antenna while maintaining vertically-polarized
radiation. The proposed STAR antenna is with a compact size of 7 x (0.22X)? x 0.15\.
The volume occupied by this antenna is approximately 98.1% smaller than the volume of the
STAR antennas operating at ISM band reported in while having the same overall bandwidth
26, 66]. The fabricated prototype exhibits more than 38 dB isolation between the TX and
RX ports over the frequency range of 2.4 to 2.7 GHz, which covers the 2.45 GHz ISM band
and maintains consistent, monopole-like patterns for both TX and RX modes over the entire

band of operation.

2.2 Antenna Design

Fig. 2.1 shows the topology of the proposed STAR antenna that comprises a pair of orthogo-
nal, capacitively-coupled half loops acting as the RX antenna and a top-hat loaded monopole
acting as the TX antenna. The TX and RX antennas are mounted on a circular ground plane
with a diameter of 123 mm and a thickness of 1.5 mm, as shown in Fig. 2.1(a). Figs. 2.1(b),
2.1(c), and 2.1(d) show the top view of the cross loop, side views of capacitively-coupled
feed structure for the RX antenna, and the perspective view of the central TX monopole,
respectively. Fig. 2.1(e) shows the layout of the feeding network of the RX antenna and
a dashed rectangular box indicating the footprint of a commercial quadrifilar IC (REMW
RQF2500Q06),which is used to excite the four input ports of the RX antenna with equal
amplitudes and phases of 0°, 90°, 180°, and 270°. Photographs of the fabricated prototypes
of the STAR antenna and the feeding network of the RX antenna are shown in Figs. 2.1(f)
and 2.1(g), respectively. The antenna was designed to work in the ISM frequency band. The

physical dimensions of the proposed STAR antenna are provided in the caption of Fig. 2.1.
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Figure 2.1: Geometry of the proposed STAR antenna. (a) 3-D view. (b) Top view of the
horizontal portion of the RX antenna. (c) Vertical portion of the RX antenna. (d) The TX
antenna. (e) The layout of the feeding network of the RX antenna. (f) Photograph of the
fabricated STAR antenna. (g) Photograph of the fabricated feeding network used to feed the
RX antenna. The physical dimensions of the proposed STAR antenna are listed as follows:
Dy = 123.00 mm, R; = 26.29 mm, Ry, = 4.21 mm, R3 = 2.61 mm, W; = 2.62 mm, 6 = 60°,
L = 16.48 mm, Ly, = 13.48 mm, L3 = 10.00 mm, Ly = 14.48 mm, W5 = 8.00 mm, W3 =
1.40 mm, Wy = 1.00 mm, W5 = 6.00 mm, Dy = 22.00 mm, Ls = 10.93 mm, Lg = 29.00 mm,
L; =3.00 mm, Lg = 11.38 mm, W, = 1.75 mm, and W; = 1.02 mm.
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2.2.1 TX antenna design

The TX antenna is a top-hat loaded monopole located at the center of the ground plane
and aligned with the vertical symmetry axis of the RX antenna, as shown in Fig. 2.1(d).
The top hat of the TX antenna not only reduces the profile of TX monopole antenna, but
also contributes to the coupling path #2 to reduce the mutual coupling between each RX
port and TX port, as shown in Fig. 2.2(a). The height of the monopole and diameter of the
top hat were optimized in full-wave simulations that take into account the presence of the
RX antenna to achieve good impedance matching for the TX antenna over the operating
frequency range of 2.4 — 2.5 GHz. The final dimensions for the diameter of the top hat and

height of the monopole are 22 mm and 10.93 mm, respectively.

2.2.2 RX antenna design

The RX antenna consists of two orthogonal loops, as shown in Fig. 2.1(a). The total length
of each loop, measured from RX port #1 to #3 or from RX port #2 to #4, is about one
wavelength at 2.45 GHz. The four ports of the RX antenna are capacitively fed to make
each port well matched to 50 2. The geometry of each capacitively-coupled feed structure
is shown in Fig. 2.1(c), which consists of a central feeding strip and two grounding strips
on one side of a dielectric substrate, and a coupling pad on the other side of the substrate.
The central feeding strip is connected to the inner conductors of an SMA connector, and the
coupling pad is directly connected to the meandered cross-loop. By using the two grounding
strips, the impedance matching of each RX port could be further improved. The capacitive
feed structures and meandered cross loop are implemented on Rogers RO4350B substrates,
with a permittivity of 3.48 and a thickness of 1.524 mm.

The four ports of the RX antenna are fed with the same amplitudes and different phase
values of 0°, 90°, 180°, 270°, respectively. The distance R; between each RX port to the center

of the ground plane is 26.29 mm, equivalent to 0.22)\, where X is the free-space wavelength
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at 2.45 GHz. This distance is small enough to ensure a relatively omnidirectional radiation
pattern can be obtained [43]. In addition, since the opposing ports of each loop are fed with
the same amplitude and 180° phase difference, a near-field null is created on the central axis
of the RX array where the TX monopole is placed. This helps achieve a high isolation level
between the TX and RX antennas [39—43].

The horizontal portion of the cross loop is meandered to reduce the dimensions of the
STAR antenna. As a result, the STAR antenna has a very compact volume of D x H =
52.6 mm x 18.5 mm, excluding the ground plane. Indeed, the volume of the proposed
STAR antenna is about 98.1% smaller compared to that of a prominent STAR antenna
design utilizing the near-field cancellation technique reported in [38, 39] while having similar
bandwidth. The use of the meandered cross loop also allows for reducing the distances
between the RX ports and hence, resulting in a more omnidirectional radiation pattern of
the RX antenna [43]. For the proposed STAR antenna architecture, there are two mutual
coupling paths between each RX port and TX port. Due to the rotational symmetry of the
whole antenna, here we just show the two coupling paths from RX port #1 to the TX port,
as shown in Fig. 2.2(a). Path #1 is the direct coupling path between the TX monopole and
the vertical capacitively-coupled feed line of the RX antenna and path #2 is the coupling
path via the top hat of the TX monopole and the horizontal meandered section of the RX
antenna. The length difference between path #1 and path #2 is around half a wavelength
at 2.45 GHz, resulting in destructive interference that reduces the mutual coupling between
the TX port and each RX port. As a result, the transmission coefficient between the TX
port and each RX port is well depressed, to be lower than —18.3 dB from 2.4 to 2.5 GHz as
can be observed from Fig. 2.2(b). The low mutual coupling between the TX antenna and

individual RX sections alleviates the requirements of the power handling of the quadrifillar

IC.
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Figure 2.2: (a) Current distributions and mutual coupling paths when RX Port #1 and #3
are excited with differential signals, while TX Port is loaded with 50 €. (b) Mutual coupling
between RX port #1 and TX port.

2.2.3 Feeding network for the RX antenna

A quadrifilar IC (RFMW RQF2500Q06) is used to excite the four ports of the RX antenna.
The quadrifilar IC is suitable for ISM band and can provide excitation signals with four
different phase states of 0°, 90°, 180°, and 270° at its four output ports. We soldered the
quadrifilar IC on the feeding network (see Fig. 2.1(g)) and tested the phase and amplitude
balance errors at the output ports of the feeding network. Measurement results show a
maximum phase balance error of 7.1° and a maximum amplitude balance error of 0.9 dB

over the frequency range of 2.4—2.6 GHz.
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2.3 Simulation and Measurement Results

We conducted full-wave simulations of the STAR antenna using CST Microwave Studio to
predict and optimize its performance. In the simulations, the TX antenna is excited with
a waveguide port connected to the SMA connector at its input. The RX antenna is fed
through four SMA connectors that are connected to the four outputs of a 5-port data block
representing the measured S-parameters of the feeding network. The simulated scattering
parameters of the RX antenna were evaluated at the input port of the 5-port data block for
the feeding network (the RX port shown in Fig. 2.1(g)). The dimensions of the TX and RX
antennas were tuned to achieve good impedance matching, a high TX-RX isolation level, and
omnidirectional radiation patterns with a vertical polarization. The finalized dimensions are
given in the caption of Fig. 2.1. Subsequently, we fabricated the STAR antenna as shown
in Fig. 2.1(f). The RX antenna is connected to the feeding network by using four identical,
250 mm long coaxial cables. The input of the RX antenna is defined as the input port
of the feeding network. A vector network analyzer (Agilent N5225A) was used to measure
the scattering parameters of the STAR antenna. All measured S-parameters were obtained
inside a laboratory in a multi-path environment.

Fig. 2.3 shows the simulated and measured scattering parameters of the TX and RX
antennas of the fabricated prototype. The simulated results for the STAR antenna are
obtained by combining the CST simulation results of the four-port RX antenna and the
measured results of the feeding network. The measured impedance matching bandwidths
(for |S11], |S22] < -10 dB) of both TX and RX antennas show an overlapping region from
2.3 to 2.6 GHz, which is large enough to cover the 2.45 GHz ISM frequency band. The
overlapped impedance matching frequency range acquired from the measurements is slightly
larger than the range of 2.4—2.6 GHz predicted in the simulations. The simulated isolation
levels (as calculated from |Ss| in Fig. 2.3) between the TX an RX antennas are more than

40 dB over of the frequency range from 2.43 to 2.66 GHz with a peak value of 43 dB at
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2.56 GHz, while the measured values are higher than 40 dB over almost entire frequency
range of 2.4—2.7 GHz with a peak value of 63 dB at 2.5 GHz. The small differences between
the simulation and measurement results are mainly due to the fabrication tolerances of the
antenna elements and feeding network made manually, imperfections of the four connecting
coaxial cables, and the impact of multipath propagation in the measurement environment.
It would be well reduced if the feeding network and the antenna ground plane are integrated

together, replacing the four coaxial cables with vias, in automated production processes.
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Figure 2.3: Simulated and measured S-parameters of the proposed STAR antenna.

The radiation patterns of the fabricated STAR antenna were measured using a multi-
probe, spherical near-field measurement system over a frequency range of 2.0-3.0 GHz. When
the RX antenna was measured, the input port of the TX antenna was terminated to 50 €2, and
vice versa. Due to rotational symmetry, the patterns of both the TX and RX antennas in the
z-z and y-z planes are similar, and for brevity, the patterns in the y-z plane are not reported.
Fig. 2.4 shows the simulation and measurement results for the normalized gain patterns of
the TX and RX antenna in both azimuth (z-y plane) and elevation planes (z-z plane) at
2.45 GHz. It can be seen in Fig. 2.4(a) that the RX antenna shows good omnidirectional

radiation with vertical polarization in the azimuth plane. The gain variation is less than 1.5
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dB over 0° — 360° range of ¢ for the RX antenna at 2.45 GHz in the measurements. The
RX antenna shows radiation towards the zenith direction, as shown in Fig. 2.4(b), which
is mainly due to limited size of the ground plane. A far-field null in the zenith direction
could be achieved if an infinitely large ground plane is used. The simulated and measured
radiation patterns of the TX antenna are shown in Figs. 2.4(c) and 2.4(d). The TX antenna
shows a typical monopole like radiation pattern with two axial nulls in the elevation plane
and omnidirectional radiation patterns in the azimuth plane. The gain variation is smaller
than 3.2 dB in the azimuth plane for the TX antenna at 2.45 GHz in the measurements.
Overall, the simulation and measurement results agree reasonably well on the general shapes
of the radiation patterns of both TX and RX antennas. The discrepancies in the normalized
gain patterns between the simulated and measured results are mainly due to fabrication
tolerances and measurement uncertainty. The simulated and measured realized peak gains
of the TX and RX antennas are shown in Fig. 2.5. The reported gain values for both
antennas include all of the losses in the feed network including the quadrifillar loss and the
loss of coaxial cables used between the RX feed network and the input ports of the RX
antenna. The simulation and measurement results show similar trends for the variation of
the realized gain with respect to frequency for each antenna. Over the operating frequency
range of 2.4-2.5 GHz, the measured realized peak gains of TX and RX antennas range from

0.8-1.8 and 3.2-3.3 dBi, respectively.
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Figure 2.4: Simulated and measured normalized 2-D radiation patterns of the STAR antenna
at 2.45 GHz. (a) RX antenna along the azimuth plane (the z-y plane). (b) RX antenna
along the elevation plane (the z-z plane). (¢) TX antenna along the azimuth plane (the z-y
plane). (d) TX antenna along the elevation plane (the x-z plane).
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Figure 2.5: Simulated and measured realized peak gains of the TX and RX antennas.

2.4 Conclusions

A vertically-polarized STAR antenna with omnidirectional radiation in the azimuth plane
was presented in this paper. The antenna system produces desirable radiation characteristics
as well as a high TX-RX isolation level while being compact and low-profile. The RX an-
tenna of this system is a capacitively fed, cross-loop and the TX antenna is a top-hat loaded
monopole located at the center of the ground plane and aligned with the vertical symmetry
axis of the RX antenna. The four ports of the RX antenna are fed with a quadrifilar IC to
achieve a high TX-RX isolation level by utilizing the near-field cancellation technique. Mean-
while, we use the meandered horizontal strips of the cross loop of RX antenna to make the
antenna compact and low profile while producing a good vertical polarization. A prototype
of the proposed antenna was fabricated and experimentally characterized. The prototype
achieves an isolation level better than 38 dB between the TX and RX ports from 2.4 to 2.7
GHz, which covers the 2.45 GHz ISM band. Moreover, the antenna maintains consistent,

monopole-like patterns for both TX and RX modes over the entire band of operation.
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Chapter 3

An Analytic Synthesis Method for
Designing Decoupling and Matching
Network for A Two-element Antenna

Array

The full manuscript was published as:
Y. Zang, and H. Luyen, H. R. Bahrami and N. Behdad,“An Analytic Synthesis Method
for Two-Element Biomimetic Antenna Arrays,” IEEE Trans. Antennas Propag., vol. 68, no.

4, pp. 2797-2809, Jan 2020.
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An analytic technique for synthesizing the decoupling and matching network (DMN)
for a two-element antenna arrays is presented. This method addresses the shortcomings of
previous methods used to design decoupling networks with this architecture, which frequently
designed with only one unique solution and have a single network topology. We first present
an analytic method for determining all possible S-parameters that satisfy the requirements of
the 4-port decoupling and matching network of a two-element antenna array. Subsequently,
all possible lumped element implementations of the DMNs are presented. Finally, we present
a method for determining the values of the reactive elements constituting the DMN from
its S-matrix. We demonstrate the proposed design procedure for a two-element antenna
array consisting of two 10.3 cm long monopole antennas separated by 5 cm. The design
procedure is used to determine the reactive elements constituting the DMNs for two (out
of infinity) S-matrices and 13 different DMN architectures. Two representative decoupling
networks were also fabricated and the responses of the antenna system using them were
characterized experimentally. Measurement results are found to be in good agreement with

the simulations, verifying the validity of the proposed synthesis technique.

3.1 Introduction

Multiple-input-multiple-output (MIMO) antenna systems have been widely used in various
modern wireless communication and direction finding systems. It is of great interest to
reduce the dimensions of antenna arrays used in MIMO systems to meet the growing demands
for wireless systems demanding higher mobility and throughputs [67]. As the elements of
an antenna array are placed closer to each other, their mutual coupling increases, which
can degrade the performance of the array [68]. Numerous multi-port external networks
connecting antenna elements have been used to reduce unwanted inter-element coupling of
antenna arrays to enhance radiation efficiency [69, 70], increase channel capacity [71 — 74],

and minimize noise figures for power amplifiers [75].
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Several analytic synthesis methods for designing decoupling networks for MIMO antennas
have been presented in the literature [48, 82 — 86]. In [48, 82 — 83], the decoupling networks
were synthesized by conditioning their impedance/admittance matrices for decoupling effects
and solving the reactive element values for specific classes of network topologies. In [52 —
53, 84], the feed networks were designed to transform the S-matrices of the arrays to their
diagonalized forms. Due to the orthogonality of the eigenmodes of the array, the input ports
of the external feed networks are naturally decoupled and can be matched independently.
The methods presented in these studies only provide a unique solution with one network
topology. Using a specific coupling network topology may not yield element values that are
easily realizable for the DMNs in all cases. Thus, it is valuable to develop a systematic
method for determining all potential DMN topologies for a two-element antenna array and
precisely calculating their element values.

In this paper, we identify all possible lumped-element network topologies of the DMN of
the decoupling network for a two-element antenna array and present an analytic technique
for precisely determining the element values of each DMN implementation. To the best of
our knowledge, this work is the first such work that offers a systematic method for determin-
ing all potential implementations of DMN of a two-element antenna array and analytically
calculating the element values. We first formulate and derive the S-matrix of a four-port
network that can decouple and match the antenna array at the intended operating frequency.
Subsequently, we examine all possible implementations of a lossless, symmetric, and recip-
rocal four-port coupling network that can be used to synthesize the desired S-matrix. We
show that there are 13 unique topologies that can do this and present an analytic method
for determining the values of the reactive elements constituting each network. This design
procedure is applied to design the DMN for of a two-element antenna array that consists of
two 10.3 cm long monopole antennas separated by 5 cm and operates at ~625 MHz. The
reactive elements of these 13 topologies were calculated using two different S-matrices for

each topology. Comparison of the bandwidths in the differential mode of excitation across
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different topologies and S-matrices shows that some topologies perform consistently better
than others. Therefore, a high-performance DMN topology was selected and two versions of
the coupling networks corresponding to the two different S-matrices were fabricated. These
coupling networks were realized using lumped components and transmission lines. The re-
sponses of both networks were experimentally characterized. The measurement results for

output reflection coefficients show a good agreement with the simulation results.

3.2 Synthesis Method

Figs. 3.1(a) and 3.1(b) show the network model of a two-element antenna array with the
DMN. When illuminated with a plane wave coming from an oblique incidence angle, the
array is excited with a linear combination of the common and differential modes. A lossless
four-port DMN is designed to match the impedances of the two antennas to 50 €2 for both the
common and the differential modes of excitation. This ensures that the maximum power is
delivered to the loads when the array is in the receiving mode. The DMN can be analytically
synthesized by deriving its S-matrix and subsequently calculating its reactive element values

based on the S-matrix.

50Q2
1 3
Antenna Decoupling
and Matching
»| Network |4
2X2 4 x4
50Q

Figure 3.1: Network model of a two-element antenna array with its DMN.
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3.2.1 Deriving the S-matrix of the decoupling and matching net-

work

First, we formulate the S-matrix of the network with the following assumptions and condi-

tions:
(C1) The network is lossless, symmetric, and reciprocal;

(C2) Maximum power is transferred from the sources to the loads when the network is

excited in the common mode;

(C3) Maximum power is transferred from the sources to the loads when the network is

excited in the differential mode;

While these three conditions guarantee the network can match and decouple the antenna

array [95].
The S-matrix of the network satisfies the reciprocal condition [S?] = [S] and the lossless
condition [S][S*] = [I], where [ST] and [S*] are the transpose and conjugate transpose of

[S], respectively. We express the S-matrix of the four-port coupling network as:

Sll 812 813 Sl4
512 Sll Sl4 Sl3
513 514 SSS 534

514 513 S34 S33

Here, due to symmetry S22 = SH, 544 = 533, S42 = 813, and 532 = 814. The impedance
matrix of the two-element antenna array, which can be acquired via full-wave simulations or

measurements, is:
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The coupling network is designed to transform the load impedances to conjugate match
the impedances of the antenna array in the common and differential modes of excitation.
Therefore, the input impedances, seen at the input of the network when the outputs are
connected to 50 €, in the common mode (Z;,.) and the differential mode (Z;,4) can be

expressed as:

Zine = (211 + Z12)", (3.3)
Zing = (Z11 — Z12)", (3.4)

where the superscript * indicates complex conjugate. Thus, the input reflection coefficients
of the equivalent circuits of the network in both modes of excitation can be written in terms

of the input impedances and reference impedance (Z):

Zinc - ZO
lpyp,=———=25 S1a, 3.5
, Zone + Zo 11 + 012 (3.5)
Zind - ZO
Tipg= —"—— =511 — S1a. 3.6
A= T Z 11— P12 (3.6)

The values of S1; and Si can be calculated from (3.5) and (3.6). With the lossless condition
of the network ([S][SH] = [I]), this leaves us with eight unknowns, consisting of the real
and imaginary parts of the remaining four scattering parameters (Si3, S14, S33, and Ss4),
and only six equations. Thus, we have two degrees of freedom to introduce another two
constraints for calculating the whole S-matrix of the DMN, which will be used in the next
stage for deriving network element values. Details of the equations used to calculate these

parameters and their derivations are provided in Appendix A.
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3.2.2 Network topologies and element values

From the derived 4 x4 S-matrix, we can express the two S-matrices of the equivalent two-port

networks of the common and differential modes as:

511 + 812 813 + 514
[Scomm] = 5 (37)
S13+S1a Sz3+ Ss4

S11— S12 Si3— S
[Saigs] = : (3.8)
Sz — S1a Szz — Ss4

Since each element of the S-matrices has both real and imaginary parts, there are eight
equations for each mode of excitation, adding up to 16 equations in total, if we want to
use the S-matrices to solve for the reactance values of the network elements directly. It is
not trivial to find the number of independent equations among the 16 equations. However,
if we transform the S-matrices to transmission matrices using the equations provided in
[87] (page 192), each parameter in the transmission matrices is either real or imaginary for
a passive, lossless network. By using the transmission matrices to reduce the number of
parameters/equations to eight, it is more convenient to calculate the element values of the
network.

After examining all eight parameters of the two transmission matrices (in the common
and differential modes), it can be shown that there are only six independent parameters
(three for each mode), resulting in six independent equations that need to be solved to
match the elements of the transmission matrices. Hence, we must have at least six reactive
elements in the coupling network to realize the transmission matrices. The six elements can
be chosen from ten possible positions in a generalized, symmetric four-port DMN shown
in Fig. 3.2. Fig. 3.2 shows this general coupling network that uses only lumped reactive
elements. Additionally, we deducted five rules for choosing the network element positions

that can guarantee the uniqueness of the network topology as well as the existence of solutions
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for the element values given the characteristics of the two transmission matrices.

5
—— —1 ——{In

8
—— —1 ——{In

10 10
50 Q 50 Q2

Figure 3.2: A generalized symmetric four-port decoupling and matching network for a sym-
metric two-element antenna array. This circuit shows the possible positions for the six
elements (minimum) needed to synthesize the DMN for a two-element symmetric antenna
array.

The five rules are listed as follows (see Appendix B for more detailed discussions of these

rules):

(R1) An element in position 1 or 10 must be chosen before choosing one in position 2 or 8,

respectively.
(R2) At least two elements from three positions of 2, 5, and 8 must be picked.

(R3) No two elements can be in series/parallel without another parallel/series element added

in between.
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(R4) The equivalent circuit of the network in the common mode must contain a section that

is a Il or a T network.

(R5) An element in position 7 must be chosen if any position from 8, 9, and 10 is to be

picked.

Figure 3.3: 13 unique topologies for implementing DMN for a symmetric two-element an-
tenna array.
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Applying all these rules in choosing the network element positions yields a total of 13
unique topologies for the DMN of a symmetric two-element antenna array. These topologies
are all shown in Fig. 3.3. For each of these 13 possible topologies, the six reactance values can
be determined to produce the exact common- and differential-mode transmission matrices
that were derived in the previous steps (see Appendix C for detailed steps for calculating
the reactance values).

After choosing the topology of the network, we express the transmission matrices of
the equivalent two-port networks in both modes of excitation in terms of the reactance
values of the network elements. The reactance values can be solved by matching these two
transmission matrices with the two transmission matrices transformed from (3.7) and (3.8)
previously (see Appendix C). Subsequently, the calculated reactance values are translated
to corresponding inductance and capacitance values.

We summarize the whole synthesis process in the flowchart shown in Fig. 3.4. The first
step of the synthesis procedure is to derive an S-matrix for the coupling network. The S-
matrix can be calculated when the network is designed with the three conditions (C1)-(C3)
and another two arbitrarily added constraints. The next step is to transform the S-matrix to
two transmission matrices in the common and differential modes. Subsequently, the network
topology is chosen and the transmission matrices in both modes of excitation are expressed
in terms of the reactance values of the network elements. The reactance values are derived
by solving a system of six equations matching the parameters of the transmission matrices.
Eventually, the calculated reactance values are translated to corresponding inductance and

capacitance values.
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Figure 3.4: Flow chart demonstrating the synthesis procedure of the DMN.
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3.3 Design Examples

We applied the synthesis procedure presented in the previous section to design a DMN for a
symmetric two-element antenna array intended to operate at 625 MHz. The array consists
of two monopole antennas that are 10.3 cm long, separated by 5 cm, and placed above a
ground plane with an area of 30 cm x 30 cm. We simulated the antenna array in CST
Microwave Studio to extract its two-port impedance matrix at 625 MHz, which will be
used for calculation of the S-matrix of the DMN. The derived impedance matrix (where the

impedances are in ) of the antenna array is:

32.37 + j14.86  29.82 + 53.69
7] = . (3.9)
20.82 + j3.69 32.37 + j14.86

According to (3.3) and (3.4), we can calculate the input impedances, seen at the inputs of
the equivalent circuits of the coupling network, in the common mode as Z;,, = 62.19 +
j18.55  and in the differential mode as Z;, 4 = 2.55 + j11.17 Q. Using (3.5) and (3.6), we
can determine S;; and Sia:

Zin,cZin,d - Zg

S = = —0.344 — 70.265, 3.10
H (Zine + Zo)(Zin,a + Zo) J ( )

(Zin,c - Zin,d)ZO
(Zine + 20)(Zing + Zo)

Spy = = 0.477 + j0.122. (3.11)

Besides conditions (C1) to (C3), we add another two constraints: (1) the phase difference
between the output voltages in the common and differential modes is 90°; (2) the phase of
So1 in the common mode equals to 90°. The first condition is inspired by a previous work in
our group [81]. This condition can provide the antenna array with a greater angular phase
sensitivity and can find applications in direction finding systems. The added conditions are

arbitrary and added to obtain an analytic solution for the S-matrix of the DMN. Since this
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condition is arbitrary, one can come up with an infinite number of S-matrices that can satisfy

the conditions needed to design a DMN for two-element antenna arrays and find different

applications. After introducing this condition, we have eight equations to solve for the real

and imaginary parts of Sy, S14, S33, and S34 (see Appendix A). The calculated S-matrix of

the four-port network is shown in (3.12). Subsequently, we transformed the S-matrix to two

transmission matrices in the common and differential modes, which are shown in (3.13) and

(3.14), respectively. We chose Topology T12 (shown in Fig. 3.3) to demonstrate this new

synthesis process. The equivalent circuit model of the two-element antenna array along with

the coupling network in both the common and differential modes are shown in Fig. 3.5.

Table 3.1:

—0.34—350.27 0.48+4j0.12 —0.154+50.50 0.27+50.47
] = 0.48+40.12 —0.34-50.27 0.274+;0.47 —0.15450.50 (3.12)
= | —0.15450.50 0.27+40.47 0.46—50.20 —0.29+30.31 | - .
0.27+50.47 —0.15+50.50 —0.294;0.31 0.46—30.20

~9.149 x 10~ —458.190
[ABC D compm) = , (3.13)

—70.0172 0.256

—0.499  j44.170
[ABCDgizs] = . (3.14)

—70.025  4.659

Reactance values for the components of the DMN shown in Fig.3.5 (in §2).

X, | -22.749
X, | 23273
X, | -35.442
X | 58.190
X, | -43.276
Xs | 333.250

The transmission matrices in both modes of excitation were written as functions of six

reactive elements, X, X5, X4, X4, X7, and Xg. We calculated the transmission matrices for

both modes using the equivalent circuit model in Fig. 3.5 by the equations provided in [87]

(pp. 190). By matching the rewritten matrices to the ones shown in (3.13) and (3.14), we
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arrived at a nonlinear system of six independent equations with six variables (see Appendix
C for the detailed procedure for calculating the reactance values). Solving these equations
yields the reactance values for the coupling networks, which are listed in Table I. We solved

these equations by using the equations and systems solver in MATLAB.

X Vee 2

Xe 50 Q

j X5 P

Vod
iXe iXg2 ESOQ

(b)

Figure 3.5: The equivalent circuit model of DMN using Topology 12 in the (a) common
mode and (b) differential mode of excitation.

Ideal capacitors and inductors corresponding to the calculated reactance values were
used in a circuit simulation software to predict the performance of the synthesized DMN.
These circuit simulations take into account the Z-parameters and the equivalent short-circuit
currents of the two-element antenna array, which were extracted previously from the full-wave
simulations of the antenna array, to compute the output reflection coefficients and output
phase differences. Since we add the constraint of a enhanced phase difference between two
output ports, the results of output phase responses are also simulated and compared. Fig.
3.6(a) shows the output reflection coefficients seen at the output ports (Ports 3 and 4) of
the equivalent circuits of the system assuming that Ports 1 and 2 are connected to the two-
element monopole array discussed earlier. From the results, we can see the antenna array is

decoupled and matched at 625 MHz.
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Fig. 3.6(b) shows the simulated phase difference of the signals at the two output ports
of the system as a function of the angle of incidence. The result for the two-monopole array
without the coupling network, is plotted in the same figure for direct comparison. The phase
enhancement factor is defined as n = s/sg, where sy and s are the slopes of the output
phase difference curves at boresight (f = 0°) of the antenna array with and without the
DMN, respectively. For the results shown in Fig. 3.6(b), the phase enhancement factor of

the antenna array with DMN is 5.6.
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Figure 3.6: (a) Output reflection coefficients of the two-element antenna array with the DMN
discussed in Section III. (b) Phase difference between the voltages at the two outputs of the
antenna array.

3.4 Impacts of the ECN Topology and S-Matrix Con-
straints

As discussed in the previous section, there are infinite S-matrices that can decouple and
match the antenna array. Moreover, there are 13 unique topologies that can be used to im-
plement the DMN. Thus, there are an infinite number of DMN implementations for a given
two-element antenna array. While an exhaustive investigation of the choice of S-matrix or

the coupling element on the performance of the DMN is beyond the scope of this article, we
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nonetheless briefly examine this subject in this section. Specifically, we pick two differen-
t constraints as the added eighth condition needed to analytically determine the S-matrix
values. For each S-matrix, 13 different unique DMNs were designed and simulated and the
performances of the antenna system using them in terms of differential-mode bandwidth
were compared among all 13 topologies since the overall impedance bandwidth of the DMN
is mostly limited by the bandwidth of the differential mode. The phase enhancement fac-
tors were also compared between the two S-matrices at the operating frequency. First, we
fabricated a two-element monopole array consisting of two 10.3 ¢m long monopole antennas
separated by 5 cm. The monopole antennas are made of solid copper tubes with a circular
cross-section with the radius of 3 mm and mounted on a brass ground plane with physical
dimensions of 30 cm x 30 cm. We measured the scattering parameters of the two-port anten-
na array using a vector network analyzer (Agilent N5225A). We observed that the resonant
frequency of the two-element antenna array is around 610 MHz and extracted its impedance
matrix at this frequency to design the DMN. The measured S-parameters of the two-element
antenna array were used to calculate the S-matrices of the DMNss.

The first S-matrix was calculated by using equations (A.1)-(A.9) given in Appendix
A using the added constraint that Z£Ss; = 90° in the common mode (equation (A.11) in
Appendix A) at 610 MHz. The second constraint was determined by minimizing the variance
of the absolute value of the derivative of the output reactances in the differential mode with
respect to frequency from 605 to 615 MHz (see equation (A.13) in Appendix A). Each of
these additional constraints allows for analytically determining a distinctive S-matrix for
the DMN. Using each of these two S-matrices, we synthesized the element values for the 13
topologies shown in Fig. 3.3. The measured frequency-dependent S-parameters of the two-
element antenna array were used along with ideal capacitors and inductors representing the
DMN’s lumped elements to generate the differential-mode impedance matching bandwidths
of the antenna system in circuit simulations. Table II shows the simulation results for

the bandwidths in the differential mode of the antenna array with these different coupling
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Table 3.2: Differential-mode bandwidths (in MHz) for the antenna array using different
DMNs (discussed in section IV) corresponding to two S-matrices and 13 topologies.

Topology | S-matrix 1 | S-matrix 2
T1 9.2 9.2
T2 8.2 7.7
T3 8.3 8.1
T4 5.8 8.8
T5 7.9 7.7
T6 8.5 7.9
T7 8.3 8.1
T8 7.2 7.7
T9 7.8 7.7
T10 5.0 8.6
T11 8.2 7.9
T12 9.2 9.3
T13 9.2 9.0

networks. The simulation results show that, across different topologies, the largest and
smallest bandwidths are 9.2 and 5.0 MHz for the first S-matrix, and 9.3 and 7.7 MHz for
the second S-matrix, respectively. We observed that some topologies are superior to others
according to the impedance-matching bandwidth in the differential mode. For some of the
DMN topologies (e.g, topology T1, T12, and T13), the influence of different S-matrices on
the bandwidth is insignificant. The second S-matrix seems to outperform the first one as it
provides larger bandwidths for most of the topologies. Additionally, the bandwidth is also
less sensitive to the choices of the network topology for the second S-matrix.

Fig. 3.7 shows the simulated output phase differences of the antenna array using different
DMNs as functions of the angle of incidence and compares with the original antenna array.
The results were generated for the antenna array two DMNs (both of Topology 1 but with
different S-matrices). It should be noted that the phase enhancement factor is determined by
the S-matrix of the DMN regardless of the network topology!. Therefore, at the operating

frequency, different network topologies have the same output phase responses as long as they

IThis statement is valid for an ideal coupling network consisting of lumped elements and ignores the
parasitics involved in implementing the DMN.
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Figure 3.7: Simulated output phase responses of the two-element antenna arrays with and
without the DMNs discussed in Section IV.

have the same S-matrix. From Fig. 3.7, the slopes of the output phase difference curves
are 1.73 and 1.77 for the antenna array using the DMN with the first and second S-matrix,
respectively, and 0.93 for without the DMN. The corresponding phase enhancement factors
of the two antenna system are 1.87 and 1.91, respectively. These phase enhancement factors
are smaller than that of the antenna system shown in the previous section. This is due to
the fact that the results in this section are generated using the measured S-parameters of
the fabricated prototype of the two-element antenna array while the result in the previous
section is produced using the simulated S-parameters extracted from full-wave simulations
of the antenna array. There seems to be no obvious difference on the impact of the two S-
matrices on the phase enhancement factor at 610 MHz since they both satisfy the condition
that the output-voltage phasors in the common and differential modes being orthogonal at
boresight, which was shown to allow the maximum possible phase enhancement factor for

the antenna system in [95].
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3.5 Experiments

We chose Topology 1 (T1), which along with Topologies 12 and 13 seem to provide better
bandwidths compared to the other topologies, and fabricated two versions of the coupling
networks corresponding to the two S-matrices as mentioned in Section IV. Figs. 3.8(a)
and 3.8(b) show the photographs of the fabricated antenna array and DMNs; respectively.
The DMNs were implemented on Rogers RO4003C substrates with a dielectric constant of
€, = 3.55 and thickness of 0.508 mm. The reactive elements of the DMN were realized using
lumped capacitors and inductors as well as transmission lines. The values of the lumped
elements used in these DMN are provided in Table IIT and the lengths and characteristic

impedances of the different transmission lines are listed in Table I'V.

(a) (b)

Figure 3.8: Photographs of the fabricated prototype. (a) The two element monopole antenna
array. (b) Two-input two-output DMN.

We connected the monopoles to input ports of the corresponding coupling network and
measured its scattering parameters at the two output ports of the DMN using the vector
network analyzer. To characterize the output phase responses of the fabricated antenna
system, we followed a procedure consisting of several steps of measurements and data post-
processing. First, we used a spherical near-field antenna measurement system to characterize

the radiation patterns of the antenna array without a coupling network. The radiation
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Table 3.3: Values of the lumped elements used in the fabricated DMN.

Position S1 S

1 2.5 pF 2.3 pF
2 1.5 pF 1.6 pF
3 TL(l) TL(I3)
4 2.4 pF 5.6 pF
5 180 nH 82 nH
6 TL(ly) TL(l4)
TL: Transmission line

Table 3.4: Lengths and characteristic impedances (Zy) of the different transmission lines
used in the fabricated DMN.

Transmission | Length | Width | Zy ()
Line (mm) (mm)
ly 34.56 0.55 75
lo 0.84 1.14 20
l3 27.55 0.55 75
ly 43.74 1.14 20

patterns of the monopole antennas in the horizontal plane were used to extract the equivalent
short-circuit current sources, acting as the input sources for the antenna array, as the angle
of incidence changes from —90° to 90°. Subsequently, the extracted input current sources
and the measured S-parameters of the antenna array with and without DMNs were used to
generate the measurement results for the output phase responses of the antenna system.
Figs. 3.9(a)-(c) show the measured and simulated output reflection coefficients of the
antenna array with the DMN 1. Figs. 3.9(d)-(f) show the measured and simulated output
reflection coefficients of the antenna array with the DMN 2. From the results, we can see the
antenna array is decoupled and matched at around 600 MHz for both DMNs. The center
frequencies of impedance-matching bandwidth and the decoupling are shifted in the mea-
surement results compared to the simulation results by about 10 MHz. There are several
reasons contributing to these frequency shifts. These include fabrication tolerances (e.g,
inductors and capacitors have respectively tolerances of 2% and 8%), slight asymmetry of

the precise dimensions of the two monopoles, small differences between the SMA adapters
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used to connect the two-element monopole array to the DMN, and the tolerances of the
exact values of the dielectric constant and loss tangent of the substrate used to implement
the DMN. Furthermore, simulation and measurement uncertainties are potential additional
factors that may contribute to the differences observed between the predicted and measured
responses. Additionally, the short transmission line sections that connect the lumped ele-
ments of the DMN were not considered in the simulations. These short transmission lines
add parasitic reactances, causing the operating frequencies of the network to change. Despite
these frequency shifts, the measured responses of the antenna array with the DMNs agree
well with the values predicted in the simulations.

Figs. 3.10(a) and 3.10(b) show the measured and simulated output phase differences
of the antenna array with two DMNs as functions of the incident angle. The measured
and simulated results without the DMN are also shown for comparison. In general, the
measured output phase differences show a good agreement with the values predicted by the
simulations. The simulated phase enhancement factors are 2.61 and 2.78 for the antenna
array with two DMNs, respectively, while the measured phase enhancement factors are 1.92
for both. The measured phase enhancement factors for the two antenna systems are lower
than the values predicted in the simulations. These discrepancies are commensurate with
the noticeable difference between the measurement and simulation output phase response of
the original antenna array without the DMNs as can be seen in Figs. 3.10(a) and 3.10(b),
which can be primarily attributed to a slight asymmetry of the two monopoles as well as the
fact that a finite ground plane was used in the measurements while an infinite ground plane

was used in the simulations.
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Figure 3.9: Measured and simulated output reflection coefficients of the antenna array with
two fabricated DMNs (a)-(c) DMN 1 and (d)-(f) DMN 2.
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Figure 3.10: Measured and simulated output phase responses as functions of the angle of
incidence of (c) antenna array with DMN 1 and (d) antenna array with DMN 2.

3.6 Conclusions

We presented a new procedure for analytically synthesizing the decoupling and matching
network for a symmetric, two-element antenna array. Using this approach, we can deter-
mine the S-parameters of the DMN and use them to synthesize its coupling network. The
synthesis procedure starts with formulating and deriving a specific S-matrix for the DM-
N. Subsequently, the transmission matrices of the equivalent circuits of the network in the
common and differential modes are calculated from the S-matrix and used to solve for the
reactive element values of the network. By using the transmission matrices, we can reduce
the number of equations and deduce that the network needs at least six reactive elements
to realize these transmission matrices. We investigated all possible options for a symmetric
four-port coupling network consisting of lumped reactive elements from a generalized topol-
ogy and identified 13 unique topologies that can be used to implement the DMN. The facts
that an infinite number of S-matrices exist that decouple and match the antenna array and 13
unique DMN topologies can be used, result in infinite design varieties. We conducted a small

scale investigation by examining the differences between the performances of DMNs using
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two different S-matrices and 13 different network topologies. These results suggest that some
S-matrix choices and topologies may have advantages over others in terms of bandwidth or
simplicity of implementation. Our limited-scale simulation results show that some topologies
consistently provide wider differential-mode impedance matching bandwidths compared to
the others. A topology with a good simulated performance was chosen for fabrication of two
prototypes of the DMN corresponding to the two different S-matrices. Measurement results
for the output reflection coefficient and the phase enhancement factors of the antenna array

with two fabricated DMN confirmed the results obtained from simulations.
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4.1 Introduction

Multi-input-multi-output (MIMO) antenna systems have been widely adopted in modern
mobile communications to increase the data throughput. However, as the number of antenna
elements increases in a compact wireless device, the electrical distances between the antenna
elements decrease, and the mutual coupling as well as pattern correlation increase [88]. In a
MIMO system, strong mutual couplings between the antenna elements results in significant
deterioration of the overall performance of the system. Furthermore, the channel capacity
can be greatly affected in a highly correlated channel. These drawbacks limit the benefits
of a MIMO system in such situations. Therefore, it is important that a simple but effective
decoupling technique is developed for a multiple antenna system.

Very few existing decoupling techniques can effectively deal with a decoupling problem
of a compact array with more than two elements. The most obvious method is to apply
conventional two-element decoupling techniques to every pair of elements in the array. Such
techniques include using electromagnetic band gap (EBG) structures [34], defected ground
structures [89], [90], and inserted transmission lines network changing the characteristic
admittance between elements [48]. But these methods will lead to complex circuitry when
applied to a multi-element array. There are also some techniques have already been applied in
decoupling multi-element antenna array. Most of the methods involve mode-decomposition
that diagonalizes the S-parameters of a coupled array [52 — 53, 91 — 92]. In these references,
they have different coupling sections, serval hybrid couplers or multi-layer networks, which
make the dimensions of the network large and increase the complexity as well. These methods
can only be applied to smaller arrays due to the complexity as well.

Inspired by our previous work in Chap 3, we developed an analytical method for synthe-
sizing a decoupling and matching network (DMN) for both a center-symmetric and a linear
three-element antenna array, as shown in Fig. 4.1. Using the approach reported in this

chapter, we can determine the scattering parameters (S-parameters) of the DMN that can



49

simultaneously impedance match and decouple the antennas. Subsequently, this S-parameter

matrix will be used to synthesize the DMN itself.

Ant 1

Ant 2 Ant 1 Ant 3
v LTI Y
R R

Ant2 R Ant3

(@ (b)

Figure 4.1: (a) Center-symmetric antenna array. (b) Linear three-element antenna array.

For the center-symmetric case, the synthesis procedure starts with formulating and deriv-

ing a specific S-matrix for the DMN to provide the desired performance, including maximum
power extraction in different modes. Subsequently, the transmission matrices of the equiva-
lent circuits of the network in two different modes are calculated from the S-matrix and used
to solve for the reactive element values of the network. Besides, we investigate all possible
options for a symmetric six-port decoupling network consisting of lumped reactive elements
from a generalized topology that can be used to implement the decoupling network for a
three-element antenna array.
As a proof of concept demonstration, we examine a system with a three-element antenna
array consisting of three monopole antennas, which operate at 600 MHz. The antennas are
positioned on the corners of an equilateral triangle whose side length is 5 cm. All three
monopoles are identical. The representative DMN was also fabricated and the response of
the system was characterized experimentally. Measurement results are found to be in good
agreement with the simulations, verifying the validity of the proposed synthesis technique.

For the linear case, the analysis exploits singular value decomposition (SVD) of the s-
cattering parameter matrix of the antenna and that of the matching network. Using this
process, we derive a specific S-matrix for the DMN to provide port decoupling and impedance

match the antenna at the desired frequency of operation. We can synthesize the network



50

as a six-branched star network with capacitors and inductors. The element values can be
calculated by transforming the S-matrix of the DMN to the admittance matrix (Y-matrix).
To verify our approach, we simulated a linear three-element antenna with 110 mm long
monopoles, separated by 5 cm, which are placed on a ground plane with a radius of 40 ¢m in
CST Microwave Studio. Then, we proposed detailed procedures to design a decoupling net-
work for the antenna array at 600 MHz. The desired decoupling and matching performances

are shown in the simulation results.

4.2 Decoupling and Matching Network Design for A

Center-symmetric Three-element Antenna Array

4.2.1 Modal analysis of the system

Fig. 4.2(a) shows the block diagram of a three-element, center-symmetric antenna array
with decoupling and matching network. A three-input-three-output DMN, which takes the
input signals received at the antenna terminals (labeled as Vj;, Vis, and Vj3) and converts
them to the output signals measured at the outputs of the DMN (labeled as Vi, V.3, and
Vos)-

Considering reciprocity and symmetry, the frequency-dependent impedance matrix, [Z],
characterizes the self and mutual impedances of the different elements of the array can be

represented as:

Zi Zia Zio
[Z] = \|Zi2 Zu Ziaf - (4-1)
Zis Zia Zu

In the eigenmode analysis, the antenna system has three linearly independent eigen-
modes identified as Modes A, B and C. The eigenvalues of the impedance matrix (modal

admittances) as described in [93] and [94] are:
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with orthogonal unit eigenvectors [1,1,1],[—1,0,1], and [2,—1,—1]. In the modal analy-
sis, the decoupling network decouples the ports of the array by matching all the mode-
impedances. Such a network with three independent inputs has three linearly independent
modes of excitation, which form a set of orthogonal basis functions. For an arbitrary ex-
citation, the response of the circuit can be represented in terms of a linear combination of
the responses of the circuit for each basis function. In this analysis, however, we choose the
eigenvectors of the antenna array as the independent modes of excitations to simplify the
subsequent circuit analysis steps. Based on this assumption for these orthogonal vectors, the
response of the array for a general incoming wave in terms of (V;4, Vg, and V¢) for different
modes can be decomposed as shown in Fig. 4.2 (b)-(d). The networks have output voltages

labeled as V4, V,5, and V,¢, respectively.
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Figure 4.2: (a) Generic model of a three-element antenna array with a 3 x 3 DMN. The
antenna system is considered to be rotationally symmetric when rotated by 120°. This array
has three linearly independent modes of excitation identified here as Modes A, B, and C.
(b-d) Equivalent circuit model of the antenna array and its simplified DMN for each specific
mode of excitation.
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4.2.2 Deriving the S-matrix of the decoupling and matching net-

work

First, we formulate the S-matrix of the network with the assumptions that it is lossless,
symmetric, and reciprocal. The network can match and decouple the three-element antenna
array and maximum power is transferred from the sources to the loads when the network is
excited in different modes of excitation.

The S-matrix of the network satisfies the reciprocal condition [S?] = [S] and the lossless
condition [S][S*] = [I], where [ST] and [S] are the transpose and conjugate transpose of

[S], respectively. We express the S-matrix of the six-port coupling network as:

Si1 Sz Sz S S5 Sis
S12 St Sz S5 Suu Sis
Sz Sz St S5 S5 Su
S14 S5 S15 S Sas Sus
S5 S S5 S5 Su Suis
Sis S5 S S5 S5 Su

Here, due to symmetry, Sy; = Soo = S33, Sy = S55 = Se6, S12 = S13 = Sa93, S14 = S95 = S36,
S15 = S16 = Sas, and Sy5 = Sy6 = Sse-

The coupling network is designed to transform the load impedances to conjugate match the
impedances of the antenna array in different eigenmodes of excitation. Therefore, the input
impedances, seen at the input of the network when the outputs are connected to 50 €2, when

the system is excited in Modes A, B, and C can be expressed as:

Zin, a4 = (Zn1 +2212)", (4.4)

Zin, B= Zin, ¢ = (Z11 — Z12)", (4.5)
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where the superscript * indicates complex conjugate. Thus, the input reflection coefficients
of the equivalent circuits of the network in all modes of excitation can be written in terms
of the input impedances and reference impedance (Z):

Zin, A — ZO

Dy 4= 2 AT20 g 196, 46
, A Zom A+ Zo 11+ 2012 (4.6)

Zin, B — ZO

=S — Sio. 4.7
Zin, B+ 2o H 2 (4.7)

Fin,B:Fin,C:

The values of Sj; and S5 can be calculated from (4.6) and (4.7). With the lossless condition
of the network ([S][SH] = [I]), this leaves us with eight unknowns, consisting of the real and
imaginary parts of the remaining four scattering parameters (Si4, Sis, S, and Sys), and
only seven equations. Thus, we have one degree of freedom to introduce another constraint
for calculating the whole S-matrix of the decoupling network, which will be used in the next

stage for deriving network element values.

4.2.3 Decoupling and matching network topologies and element

values

From the derived 6 x 6 S-matrix, we can express the two S-matrices of the equivalent two-port

networks of mode A and B shown in Fig. 4.2(b) and 4.2(c)as:

S11 42512 Siy + 2555
[Smode7 A] - ) (48)
Sia 42515 Saa + 2545

Sll _512 814_515
[Smode7 B] = . (49)
514 - Sl5 544 - 545

The next step should be to find the implementation of the network, which the S-matrices of

the network in Mode A and B are the same as what we calculated in (4.8) and (4.9). If we
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want to match the S-matrices directly, we will end up solving a non-linear equations system
with 16 equations. Because each element of the S-matrices has both real and imaginary parts,
there are eight equations for each mode of excitation, which will add up to 16 equations in
total. But the equation system can not be solved since it is not trivial to find the number of
independent equations among the 16 equations. However, if we transform the S-matrices in
(4.8) and (4.9) to transmission matrices using the equations provided in [87] (page 192), the
number of equations will reduce to eight since each parameter in the transmission matrices
is either real or imaginary for a passive, lossless network. By using the transmission matrices
to reduce the number of parameters/equations to eight, it is more convenient to calculate
the element values of the network.

From Section 3.2.2, we noticed that one must have at least six reactive elements in the
network to realize the transmission matrices. The six elements can be chosen from ten
possible positions in a generalized, symmetric six-port external coupling network shown in
Fig. 4.3. Additionally, after applying all the rules in Section 3.2.2 in choosing the network
element positions yields a total of 13 unique topologies for the DMN. These topologies are
all shown in Fig. 4.4. For each of these 13 possible topologies, the six reactance values can
be determined to produce the exact different modes of the transmission matrices (Mode A
and Mode B) that were derived in the previous steps (see (E.1) to (E.11) in Appendix E for

detailed steps for calculating the reactance values).
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Figure 4.3: A generalized symmetric six-port DMN for a three-element antenna array. This
circuit shows the possible positions for the six elements (minimum) needed to synthesize the
DMN for a three-element antenna array.
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Figure 4.4: 13 unique topologies for implementing the DMN for a three-element antenna
array. These topologies have the minimum number of reactive elements (six) needed to

satisfy the DMN design conditions.
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4.2.4 Design Example

First, we fabricated a three-element monopole array consisting of three 110 mm long monopole
antennas positioned at the corners of an equilateral triangle whose side length is 5 cm as
shown in Fig. 4.5. The monopole antennas are made of solid copper tubes with a circular
cross section with the radius of 3 mm and mounted on a brass ground plane with physical

dimensions of 43 cm x 43 cm.

Figure 4.5: Photographs of the fabricated three-element center-symmetric monopole antenna
array.

We measured the scattering parameters of the three-port antenna array using a vector
network analyzer (Agilent N5225A). We observed that the resonant frequency of the antennas
in the array is around 600 MHz and extracted the impedance matrix of the array at this
frequency to design the external matching and decoupling network. The impedance matrix

of the array, measured through this process is:

20.062 + j2.728  16.686 — j28.89 17.173 — j29.623
[Z] = | 16.686 — j28.89  20.208 + j2.272 17.144 — j29.833] - (4.10)
17.144 — §29.623 17.144 — j29.832 21.235 + j1.318

where the numbers are in units of Ohms (2). According to (4.4) and (4.5), we can calculate

the input impedances, seen at the inputs of the equivalent circuits of the coupling network,
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in the common mode as Z;, 4 = 54.48+j56.79 {1 and in the differential mode as Z;, p =

3.51-j31.55 Q by averaging the value of Z;; and Z15. Using (4.6) and (4.7), we can determine

511 and S12:
1 3Zzn AZin B — Zzn AZO + Zzn BZO - 3Z§ .
Sy = —- : : : : = —0.171 — 50.411, 4.11
13 (Zin, 4+ 20)(Zin, B+ Zo) J (4.11)
2 (Zin, A — Zin, B) 20 .
Sio = — - : : =0.216 + 70.406. 4.12
273 (Zin, A+ 20)(Zin, B+ Zo) J (4.12)

Besides the lossless condition and maximum power transfer condition, we need to add another
constraint to this system of equations because as it stands the system is under-determined
(i.e., we have more variables than constraints). Therefore, we choose an additional constraint
and select the phase difference between the output voltages in Mode A and Mode B equals
to 45° as ZV,, — ZV,, = 45°. This is an arbitrary condition and is added to allow for solving
the system of 7 equations 8 unknowns. This way, the element values of the scattering matrix
of the DMN can be calculated analytically. After introducing this condition, we have eight
equations to solve for the real and imaginary parts of Sy, Si5, Su, and Sy5, which can
be solved by MATLAB directly. The calculated S-matrix of the six-port network is shown
in (4.13). To verify that the DMN matches and decouples the antenna array, we calculate
the S-parameters of the three-port network after cascading the antenna array with the DMN
according to (4.10), (4.13), and (4.17) to (4.21). The S-matrix of the antenna array [Suntennal
can be transformed from the Z-matrix as shown in (4.10). [Sita] ends up being equal to zero,
which means that the DMN we calculated in the previous steps can match and decouple the

antenna array.
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—0.171—0.411 0.216+50.406 0.216+70.406 0.263+30.509 0.116+50.108 0.116-+50.108
0.216+50.406 —0.171—50.411 0.216+70.406 0.116+30.108 0.263450.509 0.116-+750.108
9] = 0.216+50.406  0.216+j0.406 —0.171—50.411 0.116+50.108 0.116+30.108 0.263+30.509 (4.13)
= | 0.263450.509 0.116+70.108 0.116+370.108 0.0646+;0.452 —0.171—;0.421 —0.171-50.421 | - .
0.116+50.108 0.263+50.509 0.116+;0.108 —0.171—50.421 0.0646+;0.452 —0.171—30.421
0.116430.108 0.116+50.108 0.263+70.509 —0.171—50.421 —0.171—50.421 0.0646+750.452

S4a S5 Sas S14 S15 S1s _1 S11 512 S127, _q S14 S15 S1s
[Stotal] = | S5 Saa Sa5 | + | S15 S14 S15 | X ([Sante,ma] — | S12 S11 S12 X | S15 S14 S15
Sys5 Sas Saq S15 S15 S14 S12 S12 S11 S15 S15 S14

= [0].
(4.14)

Subsequently, we calculated the S-matrix of Mode A and Mode B separately and trans-

formed the S-matrix to two transmission matrices using the equations provided in [23] (page

192), which are shown in (4.15) and (4.16), respectively. We chose topology T2 (shown in

Fig. 4.4) to demonstrate this new synthesis process for convenience, since its is compact and

easy to fabricate. The equivalent circuit model of the three-element antenna array along

with the DMN in Mode A and Mode B are shown in Fig. 4.6.

1.187  —3546.49
[ABC Dyode, 4] = , (4.15)

—70.0005  0.0959

~1.302  —;100.59
[ABC Dyoge. 5] = . (4.16)

—j0.0478  2.202
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Figure 4.6: The equivalent circuit model of the DMN for the three-element antenna array
using the coupling network of Topology 2 in the (a) Mode A and (b) Mode B of excitation.

The transmission matrices in both modes of excitation were written as functions of six
reactive elements, X7, Xo, X3, X4, X5, and X7 (See (E.1) to (E.11) in Appendix E for details).
We calculated the transmission matrices for both modes using the equivalent circuit model
in Fig. 4.6 by the equations provided in [97] (pp. 190). By matching the rewritten matrices
to the ones shown in (4.15) and (4.16), we arrived at a nonlinear system of six independent
equations with six variables. Solving these equations yields the reactance values for the
coupling networks, which are listed in Table 4.1. All these values are for the ideal DMN
without any connecting transmission lines and other influences. We solved these equations

by using the equations and systems solver in MATLAB.

Table 4.1: Reactance values for the components of the external coupling network shown in
Fig. 4.6 (in Q).

Xy -9.813
X -116.698
X3 52.457
Xy -76.966
X5 83.339
X7 29.538
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4.2.5 Experiments and Measurement Results

We fabricated the DMN corresponding to the S-matrix as calculated in Section 4.2.3. The
simulated layout of the DMN is shown in Fig. 4.7. The front of the board shown in Fig. 4.7(a)
shows the structure of the DMN, which includes the lumped elements and the connecting
transmission lines. Port 1 to Port 3 are the input ports of the DMN connected to the antenna
array, while Port 4 to Port 6 are the output ports. Furthermore, in order to connect the
DMN to the output ports of the circuit and simply the layout of the whole circuit, we used
three 50 Q coplanar waveguide in the back of the board as shown in Fig. 4.7(b) from point
A to point B. And point B is connected to the the output ports by 50 €2 transmission lines.
Both of the coplanar waveguide and the transmission lines with a characteristics impedance

of 50 2 will not influence the output reflection coefficients.

(b)

Figure 4.7: The simulated DMN model in CST studio (a) Front (b) Back.

Besides, when calculating the realistic lumped element values for the fabrication, we took the
the series inductance and shunt capacitance of the transmission lines into consideration by
using its generalized lumped-element model. All the transmission lines are modeled in this

way, especially the three sets of transmission lines, which are the connecting transmission
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lines for X1, X2, and X5, labeled as l; to I3, respectively (See Appendix E for details).

Furthermore, the generalized lumped-element model is not accurate enough and we found the

simulation results still have some frequency shift. Thus, we tuned all the calculated lumped

element values by 20% and optimized in CST solver in order to finalize the set of values which

will minimize the influence of all the transmission lines. The original calculated values, the

after-tuned values and the closet commercial available values chosen in the fabrication are

shown in Table 4.2. The DMN was implemented on FR4 substrates with a dielectric constant

of €, = 4.4 and thickness of 0.6 mm. The fabricated board is shown in Fig. 4.8.

Table 4.2: Values of the lumped elements calculated, after-tuned and used in the fabrication.

Position| Calculated After-tuned Used
X, 16.36 pF 13.13 pF 13 pF
X, 1.415 pF 1.14 pF 1.1 pF
X3 10.121 nH 11.22 nH 11 nH
Xy 3.06 pF 3.9 pF 3.8 pF
X5 13.56 nH 15.3 nH 15 nH
Xy 4.39 nH 3.98 nH 3.9 nH

(a) Front

(b) Back

Figure 4.8: Photographs of the fabricated three-input three-output DMN.

Fig. 4.9 shows the S-parameters of the antenna array without the DMN compared with

the measured and simulated S-parameters of the system with the DMN for all the three

output ports separately. From the results we can see the DMN matched and decoupled the
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original antenna array as desired. The center frequency of the resonance is shifted up in the
measurement results compared to the simulation results by about 8 MHz. There are several
reasons contributing to these frequency shifts. These include the fabrication tolerances of
lumped elements and dielectric constant and loss tangent of the substrate. Besides, the slight
asymmetry of the precise dimensions of the three monopoles in fabrication, small differences
between the SMA adapters used to connect the three-element monopole array to the DMN
also cause the shift. Additionally, the transmission line sections that connect the lumped
elements of the decoupling networks which we calculated its influence by the RLC model
are not 100% accurate. Despite these frequency shifts, the measured bandwidths agree quite

well with the values predicted in the simulations.
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Figure 4.9: Measured and simulated output reflection coefficients of the antenna system.
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4.3 Decoupling and Matching Network Design for A

Linear Three-element Antenna Array

4.3.1 Deriving the S-matrix of the decoupling and matching net-

work

Fig. 4.10 shows the block diagram of the system, which contains a three-element linear
antenna array and an external decoupling and matching network. The voltages and currents

on each of the ports of the DMN are decomposed into inward (a) and outward (b) traveling

waves that satisfy the relation b = [S]a, where [S] is the S-matrix of the DMN.

ol

m &f\ &/\ an
2 S S b,
> s 50Q |
—/\/\/\—' I
Linear Decoupling
and
Antenna 1| Matching 4 50Q .
Array Network
3 6%x6 500
3x3 0 AAA "

<_‘[sa] T[s] 4_‘ [S1ogal

Figure 4.10: Network model of the three-element linear antenna array system

First, we formulate the S-matrix of the network with the assumptions that it is lossless,
symmetric, and reciprocal. The S-matrix of the network satisfies the reciprocal condition
[ST] = [S] and the lossless condition [S][S] = [I], where [ST] and [S¥] are the transpose
and conjugate transpose of [S], respectively. And the S-matrix of the network can be simply

expressed in the form of submatrices as:
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Smm Smn
1) = , (4.17)
Snm Snn

where m = 1, 2, 3, and n = 4, 5, 6, which represent the input and the output ports of the

DMN, respectively. Thus, the relation b = [S]a can be expended as:

, (4.18)

m and by, can be related together using a,, = [S]b,, where [S,] is the coupled S-parameter
matrix measured at the antenna input ports.
From (4.18), we can have:

b = [Smm] X @m + [Smn] X Gn, (4.19)

by, = [Snm] X @m + [Snn) X G- (4.20)

Then, we can calculate the [Siuq| based on [S,] and [S] which represents the total S-

matrix of the whole system after the DMN by combining (4.19) and (4.20):

bn,
[Stota,l] - - |F1m =0

n (4.21)
= [Sun] + [Sum] ¥ ([Sa] ™ = [Smm]) ™" % [Sian]-
By satisfying the decoupling and matching conditions, [Siq] should be equal to [0].

Since the DMN is connected to a set of uncoupled identical loads of impedance Z;, so
that a,, = 0 and the reflection coefficient from the input ports of the DMN is equal to [Syum]-
If we collapse the matching network and load network into a single network block, then
our equivalent network is replaced by the collapsed network with input reflection coefficient

[Syum]. Based upon our work above and since the matching network is lossless, we know that
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all available power will be transferred to the loads if and only if [S,.,] = [SH] [95].

If the whole system is matched and decoupled, [S;q] should equal to [0]. Thus we can have:

[Snn] = _[Snm] X ([Sa_l] - [Smm])_l X [Smn]' (4-22)

Thus, the sub-matrices of [S], [Sy,] can be expressed by [Syum], [Smn] o [Snm]), these matrices
can be calculated by applying the lossless condition of the network using singular value
decomposition (SVD).

The SVD of the S-parameter matrices facilitates analysis and provides a useful inter-
pretation for calculation the S-matrix of the DMN. This decomposition is given by [S] =
[U][A]Y2[V]#, where [U] and [A] are unitary matrices of singular vectors, [A]Y2 is a diag-

onal matrix of corresponding ordered singular values (largest to smallest), and {-}¥ is the

conjugate transpose operation. We may therefore write the S-matrix relation b = [S]a as:

[U1Hb = [A)V?[V]Ha. (4.23)

Using the lossless condition of the network ([S][S]¥ = [I]), we have:

[Sarn) 2 [Sn] + [Snm] ™ [Soan] = [0, (4.24)

(4.25)
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where [O,,,] and [©,,,] are diagonal phase shift matrices with arbitrary complex elements
of unit magnitude. Equation (4.24) and (4.25) are used from [95] and are provided here for
completeness of the calculation steps.

To make the calculation easier, we make [0,,,] = [I], thus [V,n] = [Viun]. Due to the

symmetry and reciprocal conditions of the DMN, the sub-matrix [S,,] can be expressed as:

514 824 524
[Snm]: 515 525 526 . (426)
515 526 525

Here, due to symmetry S5 = Sig, Soa = S34, Sa6 = S35, and Ses = Szg. Therefore, [U,,,] can
be chosen as any unitary matrices of singular vectors that follow the same symmetry and
reciprocal conditions of [S,,,]. Thus, we can calculate [S,,,] by choosing a [U,,,] and using

the existing values of [O,,,], and [V,,,] as:

[Snm) = [Unn) O] * Vi) ™. (4.27)

4.3.2 Calculation example

We applied the calculation procedure presented in the previous section to calculate the S-
matrix of a DMN for a three-element linear antenna array. The array consists of three
monopole antennas that are 110 mm long, separated by 5 cm, and placed above a ground
plane with a radius of 40 cm. We simulated the antenna array in CST Microwave Studio to
extract its three-port S-matrix at 600 MHz, which will be used for calculation of the S-matrix

of the external coupling network. The derived S-matrix of the antenna array is:

—0.464 + j0.256  0.409 — j0.129  0.409 — 50.129
[Sal = | 0.409 —j0.129 —0.27 + j0.271 0.0611 — j0.274 ]| - (4.28)
0.409 — j0.129  0.0611 — j0.274 —0.27 + 50.271
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Based upon our work above, since the DMN is a matching network, [S,.,, = [S.]*. The SVD

of [Spm) can be expended as:

—0.688 — j0.394 0 —0.500 — 50.349
[Umm| = | 0.414 4+ j0.122  0.652 + j0.273  —0.521 — 5j0.206 | , (4.29)
0.414 4 j0.122  —0.652 — j0.273 —0.521 — j0.206

0.993 0 0
Amm] =1 0 04067 0 |, (4.30)
0 0  0.0672
0.793 0 —0.601
[Vim] = | —0.420 — 50.0995 —0.572 + j0.416 —0.545 — j0.129| - (4.31)

—0.420 — 50.0995 0.572 — 70.416 —0.545 — 70.129

Afterwards, we can calculate [A,,,] and [V},;,] based on the matrices above,

0.007 0 0
Aom] =[] =[Nl = | 0 05933 0 |, (4.32)
0 0  0.9328
[Vaim] = [Vinm)- (4.33)

In order to calculate the value of [S,,,| from (4.27), we need to find a [Upy]. [Upm] can
be chosen as any unitary matrices of singular vectors that follow the same symmetry and
reciprocal conditions of [S,,,]. Thus, we decompose a simple S-matrix as [Ss,q] as shown in

(4.34) and use the SVD of it as the as the unitary matrices of singular vectors [U,,).
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1452 24353 2473
[Ssvd) = |34 j4 4445 5+ j6| - (4.34)

344 546 4+ 45

After the decomposition, [U,,,] can be expressed as:

—0.166 — 50.286 0 0.833 + j0.444
[Unm] = | —0.397 — j0.537 0.617 + j0.346 —0.217 — j0.0862 | - (4.35)
—0.397 — j0.537 0.617 + j0.346 —0.217 — j0.0862

Thus, we can calculate [S,,,] by using the existing values of [Upm], [Anm], and [Vin] as:

[Snm] = [Unm] X [®nm]1/2 X [Vnm]H

—0.166 — 50.286 0 0.833 + j0.444 0.007 0 0
= | —0.397 — j0.537 0.617 + j0.346 —0.217 — 50.0862| X 0 0.5933 0

—0.397 — j0.537 0.617 + 50.346 —0.217 — 70.0862 0 0 0.9328
H
0.793 0 —0.601

X [—0.420 — 50.0995 —0.572 + j0.416 —0.545 — 70.129
—0.420 — 50.0995 0.572 — 50.416 —0.545 — 50.129

—0.501 — 50.281 —-0.486 —70.121 —0.486 — 50.121
= 10.102 + 50.0151 —0.0177 — 750.316  0.305 + 50.384

0.102 4+ j0.0151  0.305+ j0.384  —0.0177 — j0.316
(4.36)

Since the whole system is decoupled and matched ([Siorar] = 0), then we can calculate [S,;,]

using (4.22) as:



71

[Snn] = _[Snm] X ([Sa]_l - [SmmD_l X [Smn]

—0.215+350.025 0.0795 + j0.233  0.0795 + 70.233

(4.37)
= 10.0795+70.233  0.184 +50.734  —0.0158 + 50.128
0.0795 4 70.233 —0.0158 4+ 70.128  0.184 + 50.734
Thus, the S-matrix of the DMN can be combined as:
Smm Smn
[S] =

Snm Snn

L (4.38)

[ —0.464—350.256 0.409+430.129  0.409+430.129 —0.501—30.281 0.102430.0151 0.102430.0151
0.409+450.129 —0.27—30.271 0.06114350.274 —0.486—30.121 —0.0177—30.316 0.305+30.384
0.409+4350.129 0.06114-50.274 —0.27—30.271 —0.486—70.121 .305+4350.384 —0.0177—350.316

— | —0.501—-350.281 —0.486—30.121 —0.486—30.121 —0.2154-50.025 0.0795+30.233 0.0795+750.233
0.102450.0151 —0.0177—30.316 0.305+430.384 0.0795+430.233 0.184+50.734 —0.0158+43;0.128

L 0.102+30.0151 0.305+30.384 —0.0177—350.316 0.0795+30.233 —0.01584-50.128 0.1844-50.734

The S-matrix of a matching and decoupling network for a three-element linear antenna array

can be analytically calculated by following all these steps above.

4.3.3 Decoupling and matching network synthesis

After obtaining the S-matrix of the DMN, by using the multi-port conversions between S
and Y parameters [96], [97]:

Y] =[Go] ™"~ ([S][Zo] + [Zo]) " - (1] = [S]) - [Gal, (4.39)

with

(Go] = diag{g1, .-, Gn» -, 9N},
(4.40)

[Zo] = diag{Zl, ceey Zn7 ceey ZN},

and [I] is the identity matrix. [Gy] and [Zy] are diagonal matrices (terms outside the diagonal

are zero) where each term is related to a port reference impedance [Z,] as:



72

Gol = ==
" VIRAZ

where Re{[Z,]} represents the real part of [Z,]. In our case, [Z,] = 50 Q and we can get the

(4.41)

Y-matrix of the DMN as:

—0.07045 0.0357;  0.0357; —0.00765 —0.00195 —0.00197

0.0357j —0.0701j —0.0449j —0.05465 0.00615  0.0246;
0.0357j —0.04495 —0.0701j —0.05465 0.02465  0.0061;]
v = j j j j j ) S
—0.0076; —0.05465 —0.05465 —0.0765; 0.0233;  0.0233;

—0.00195 0.0061;  0.02465  0.02335  0.0047;7  —0.004;

—0.00195 0.0246;  0.0061;  0.02335  —0.0045  0.0047j

where the admittances are in Siemens (S). The admittance matrix [Y] can be converted to
an actual realization of the DMN in terms of capacitors and inductors. The admittance
matrix can be input to solve the matrix form of Ohm’s law, [Y] * [V] = [I]. In this instance
V is a vector of the voltage at each node and I is the vector of corresponding currents. To
realize the diagonal elements of [Y], which are called the self-admittances at the nodes as
Yiili=;, a shunt element at each port is necessary. The value of the ith shunt element is the
sum over the ith row of [Y], which means the sum of all the admittances terminating on
the node identified by the repeated subscripts. The other off-diagonal element of [Y] are
the mutual admittances of the nodes as Y;;|;+;, and each equals the negative of the sum of
all admittances connected directly between the nodes identified by the double subscripts.
The topology of the DMN is depicted in Fig. 4.11. The network consists of 21 elements of

capacitors and inductors. The values of the lumped elements are shown in the Table 4.3.
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Table 4.3: Values of the lumped elements calculated in the DMN.

Port No. 1 2 3 4 5 6
1 2.74 pF 9.46 pF 9.46 pF | 35.08 nH | 141.00 nH | 141.00 nH
2 9.46 pF | 27.40 pF | 5.90 nH 4.86 nH 1.62 pF 6.51 pF
3 9.46 pF 590 nH | 27.40 pF | 4.86 nH 6.51 pF 1.62 pF
4 35.08 nH | 4.86 nH 4.86 nH | 38.93 pF | 6.18 pF 6.18 pF
5 141.00 nH | 1.62 pF 6.51 pF 6.18 pF 4.70 nH | 680.53 nH
6 141.00 nH | 6.51 pF 1.62 pF 6.18 pF | 680.53 nH | 4.70 nH

Ant 2 Ant 1 Ant 3

50 Q_E -E 50 Q ‘%50 Q

Figure 4.11: Topology of the DMN. Thick lines correspond to individual reactance.

We simulated this network in ADS with the ideal calculated lumped element values. Ports
1 to 3 are connected to the antenna array, which are the input ports of the network. Fig. 4.12
shows the simulated reflection coefficients seen at the output ports of the system (Ports 4, 5,
and 6) with and without connecting to the DMN. Since the system is linearly symmetric and
reciprocal, we only show four S-parameters out of 9 to represent its performance. Decoupling

and matching are achieved simultaneously, albeit over a narrow band with a center frequency



74

at 600 MHz. The admittance matrix of the network will change a lot when the frequency
shifts, which makes the network incapable of matching and decoupling the antenna array on

a wide bandwidth based on our previous calculation.

-~
~ - - -
-~ -

d -
-~ -
=~ - -

ol
T
1

]

— T
—————

-
-

i
o
YT
1
]
)
I
i1
|

=
(53]
T
1
1
1

- - -|S44|(bef0re) B

N
ol
T

- - |Ss4|(bef0re)

- - |355|(before)

w
o
T

- _|556|(bef0re) 7
|S44|(after)
|554|(after)
|555|(after)
|Sse|(after)

_40 1 1 1 1 1 1 1 1
500 520 540 560 580 600 620 640 660 680 700

Frequency [MHZ]

Output Reflection Coefficient [dB]

w
(5]
T
1

Figure 4.12: The S-parameters of the antenna array before and after using the decoupling
network.

4.4 Conclusions

We presented a new procedure for synthesizing a decoupling and matching network for both
center-symmetric and linear three-element antenna arrays. Using the approach reported
in this chapter, we can determine the S-parameters of the DMN that can simultaneously
impedance match and decouple the antennas and use them to synthesize the network.

For the center-symmetric case, the synthesis procedure starts with formulating and de-
riving a specific S-matrix for matching and decoupling the antenna array. Subsequently, the

transmission matrices of the equivalent circuits of the network in the different eigenmodes
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are calculated from the S-matrix and used to solve for the reactive element values of the
network. By using the transmission matrices, we can reduce the number of equations and
deduce that the network needs at least six reactive elements to realize these transmission
matrices. We investigated all possible options for a symmetric six-port decoupling network
consisting of lumped reactive elements from a generalized topology and identified 13 unique
topologies that can be used to implement the DMN. A representative DMN prototype for
a three-element, center-symmetric antenna array was designed, fabricated, and experimen-
tally characterized. The performance of the system was evaluated by both simulations and
measurements. Measurement results confirmed the results obtained from simulations and
verified the validity of the proposed synthesis technique.

For the linear case, the analysis exploits singular value decomposition (SVD) of the
scattering parameter matrix of the antenna and that of the matching network, this method
is presented comprehensively in [95]. Using this process, we derive a specific S-matrix for the
DMN to provide port decoupling and impedance match the antenna at the desired frequency
of operation. We synthesized the network as a six-branched star network with capacitors
and inductors. The elements values can be calculated by transforming the S-matrix of the
DMN to the admittance matrix (Y-matrix). An antenna array with three 110 mm long
monopoles, linearly separated by 5 cm, was simulated in CST Microwave Studio. Then, a
detailed procedure to design a decoupling network for the antenna array at 600 MHz was
presented. The simulation results show the network matches and decouples the antenna

array and verified the synthesis method.
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Chapter 5

Adaptive Matching and Decoupling
Network for A Two-element Antenna

Array



7

In this chapter, we will present a method for designing an adaptive matching and decou-
pling network (MDN) for a two-element antenna array. In doing so, we will use the analytic
synthesis procedure for designing matching and decoupling networks that was presented in
Chapter 3. The proposed adaptive matching and decoupling network includes a tunable
matching network and a fixed decoupling network. The tunable matching network sub-
system tracks the antenna impedance variations, and changes and adapts the element values
of the impedance matching network to convert the input impedance of each antenna port to
the same fixed impedance at a single frequency. This way, a fixed impedance matching and
decoupling network can be used to match the overall system impedance to 50 €2 and decou-
ple the two antenna ports. Such a system can successfully perform the tasks of impedance
matching and decoupling of a two-element antenna system over a narrow bandwidth.

As a proof of concept demonstration, we examine a system with an asymmetric two-
element antenna array consisting of one monopole antenna with a length of 225 mm and a
top-hat loaded monopole antenna with a length of 140 mm, which is loaded with a circular
shaped top hat with a diameter of 30 mm. The two monopoles are separated by 20 cm,
and placed above a ground plane with dimensions of 60 cm x 60 cm. The two antennas
were designed to operate at 300 MHz. A prototype of the antenna and that of the adaptive
MDN were fabricated and experimentally characterized. Measurement results of the system
show the capability of this adaptive MDN to perform antenna matching and decoupling in

a changing antenna environment.

5.1 Introduction

Mutual coupling between elements has been a serious problem for multi-antenna systems.
The antennas are usually supposed to be isolated from each other and considered as inde-
pendent radiating elements. For arrays, mutual coupling may have adverse influence on the

input impedance, gain, sidelobe level, and radiation pattern shape.
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Antenna decoupling can be realized at two stages: propagation path and feed networks.
Placing metallic partitions between antennas is a classical shielding method mentioned in
electromagnetic compatibility text books [98], [99]. Following this idea, artificial magnetic
conductors and electromagnetic bandgap surfaces are used to reduce the mutual coupling by
setting up obstacles in the propagation path [100], [101]. Unfortunately, a very large metallic
screen is required to achieve a high isolation ratio. Unlike the shielding idea, decoupling
networks use feedback signal to cancel the coupling signal [102-104]. In this method, a higher
isolation ratio is realized and space occupation is reduced. Although fairly good isolation is
achieved, the methods reported are almost static, which means in a varying environment,
they cannot maintain the same performance. This ideal operation condition is not met in
many practical scenarios, such as a handset antenna system of a mobile device being held with
different orientations at different distances from human body, or a vehicle-mounted antenna
array experiencing changes in the surrounding environment during motion. Such changes in
operating scenarios may substantially change the impedance matrix of the antenna system.
This in turn will degrade the performances of the fixed MDNs resulting in the deterioration
of the impedance matching and decreasing of the isolation levels. Therefore, a method
that tracks the antenna array’s impedance variation and provides adaptive matching and
decoupling for the array elements is highly desirable for these application scenarios.

A few solutions have been presented to provide tunable decoupling for frequency recon-
figurable mobile terminal antennas. These solutions rely on using tunable electromagnetic
band-gap structures or spatial multiplexing of local elements to reconfigure the operating
frequency range over which good impedance matching and high interelement isolation is
achieved [34, 105-107]. These techniques are not readily applicable to provide the prescribed
adaptive matching and decoupling operation due to the lack of impedance sensing and feed-
back control mechanism. Among different technology candidates existing in the literature
for antenna decoupling, external decoupling networks are a sensible choice to be integrated

with such adaptive systems. Moreover, for the previously reported adaptive matching net-
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works [54-55, 57, 109], they only work with a single antenna and cannot be used to decouple
the antenna array. In [58], the adaptive tuning for compensating antenna mismatch based
on conjugate match is carried out by using L-networks and associated impedance measure-
ments. However, this adaptive tuner has considerable limitations since an L-network can
only achieve a conjugate match over half of the Smith chart even if the tuning ranges of
the adjustable components cover all possible values of inductors and capacitors. In addition,
the conjugate match in [58] limits flexibility in the antenna used with this adaptive tuning
approach. In [109]-[112], these existing adaptive decoupling systems for two-element anten-
na arrays require multiple electronic devices as switches, bias trees, amplifiers, mixers or
diodes, which will increase the complexity of the circuits. Besides, some techniques are also
limit to symmetric antenna arrays. Thus it is desirable to develop an approach for designing
decoupling networks with less complexity in implementation and avoiding the intermediate
tuning states.

In this chapter, we present an adaptive matching and decoupling network (MDN) for two-
element antenna arrays using an automatic impedance tuning circuit in conjunction with a
fixed decoupling network. The system can track the variation in the antennas’ impedances
and update the matching network to maintain relatively constant impedances seen at the
input of the decoupling network at the operating frequency. As a result, the two output ports
of the decoupling network are matched to 50 €2 and decoupled regardless of the changes
in the impedances of the antennas. The adaptive impedance tuning system consists of
an impedance sensing unit connected to a control unit which feeds control signals to a
tunable matching network. The impedance matrix of the two-element antenna array is
derived from its transmission matrix which is calculated using the measured transmission
signal voltages and currents at the input and output ports of the matching network. The
complex input-to-output voltage ratio is measured by using a closed-loop system consisting
of logarithmic amplifiers, voltage comparators, phase detectors and a microcontroller. The

measured magnitude and phase values are digitized and sent to a microprocessor, which uses
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the acquired data to calculate the antennas impedances and changes the control signals for
adjusting the components’ values in the tunable matching network. The two-port network
seen at the output of the adaptive tuning section is symmetric and has a relatively constant
impedance matrix at the intended operating frequency regardless of the antennas’ input
impedances. We used the method reported in Chap 3 to synthesize the fixed matching and
decoupling network stage of the proposed adpative MDN. More details on the system design,
simulations and experimental characterization of the proposed adaptive MDN will be shown

and discussed in the following sections.

5.2 System Description

The block diagram of the proposed adaptive matching and decoupling network system is
shown in Fig. 5.1. The system consists of an impedance sensing system, a tunable matching

network, and a fixed decoupling network.

Ant 1 500

T

Ant 2 Tunable Fixed

Matching Decoupling
I System network

50Q

Figure 5.1: Block diagram of the adaptive MDN system.

The impedance sensing system consists of capacitive voltage dividers, phase and gain

detectors (PGD) and a mircocontroller connecting to the computer. The block diagram is
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shown in Fig. 5.2. The input impedance of the log amplifiers must be high enough to limit
the power losses at the input and output ports of the tunable matching network. This may
be implemented by using a high input impedance operational amplifier or a high impedance

passive divider.
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Figure 5.2: Block diagram of the adaptive impedance sensing sub-system of the proposed
adaptive matching and decoupling network.

The Z-matrix of the antenna array can be transformed from its transmission matrix, which
calculated by measuring transmission signal voltages and currents at the antenna ports. Fig.
5.3(a) shows the detailed measurement circuits consists of two capacitors as C1 and C2 and

three PGDs. From the circuit by using the definition of transmission matrix, we can have:

VvoutZ A B Vvoutl
- . (5.1)
Iy C D I

where A, B, C, and D is the transmission parameters of the antenna array. V,,;; and V,m»
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are the voltages at the two antenna ports. Then we normalized the matrix to V,,;; and get:

“joth A B 1
e | = . (5.2)
I I

Voftl C D Vojtl

where I; and Iy are the currents at the two antenna ports. From Ohm’s law, we can have
I, = V“}—IVO” and I, = V"QE—XO’Q, where Z; and Z; are the impedances of C1 and C2

respectively. After the normalization, we can have:

“;oth A B 1
‘YinZ mjtéoutZ = ‘Yinl —1 * (53>
The input to output complex voltage ratio “//mfl and “,/i—"tll, the output to output complex

] Vout
voltage ratio 24

2 can be measured by using log amplifiers, a voltage comparator, and a phase
detector, as depicted on Fig. 5.3(b). The measured magnitude and phase are then digitized
and sent to a microcontroller for computations. The function of the ADC is to acquire
data from PGD, transform the analog signal to digital, which is an integrated part of the
microcontroller. The mircocontroller sends the data to computer using serial communications

for computation.
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Figure 5.3: (a) Impedance measurement circuits. (b) Voltage acquisition connection.

The adaptive matching network consist of two tunable matching networks, each of which
is in the form of a m-shaped circuit as shown in Fig 5.4. An ideal tunable low-pass m-network
topology is shown in Fig. 5.4(a) using a tunable inductor and two tunable capacitors. These
two networks convert the asymmetric 2 x 2 Z-matrix of the antenna array to a symmetric 2

Z-matrix seen at the outputs of the adaptive impedance matching sections.
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(a) (b)
Figure 5.4: The block diagram of the tunable matching network.

Using this impedance matching network, it is possible in principle to convert any impedance
to any other impedance. In practice, however, the range of impedances that can be matched
to a desired value is limited by the tuning range of the tunable components used in the
impedance matching network. In this case, since high-quality tunable inductors are not
available, a fixed inductor is used in parallel with a tunable capacitor to change the effective
inductance value in the series branch. A practical m-network tuner consisting of tunable
capacitors may be implemented as shown in Fig. 5.4(b). As a result, the series equivalent

inductance value is determined by:

L,

L= ————.
! 1 —(,UQLQCg

(5.4)

Ly represents the equivalent inductor of the parallel combination of Ly and C5. To obtain a
desired equivalent L; inductance for a fixed Ly at a given frequency w, the required C3 can

be derived from (4) as:

L — Ly

O3 = ———. 5.5
3 w2L1L2 ( )

After the tuning network, the S-matrix of the two-element antenna array will be sym-

metric at the intended operating frequency. Then we connect a fixed (no-tunable) network
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to match and decouple the system as shown in Fig. 5.1. For synthesizing the fixed external
decoupling network, we will use the method that we demonstrated in Chap 3. The network
is designed to transform the load impedances to conjugate match the impedances of the
antenna array in the common and differential modes of excitation. To synthesize the fixed
decoupling network, we use the same as we shown in Chap 3. We first formulate and derive
a 4 x 4 S-matrix which can decoupled the two ports after the tunable matching network at
the intended operating frequency. Subsequently, we will use one of the implementations of
a lossless, symmetric, and reciprocal four-port decoupling networks in Fig. 3.3 to synthesize
the desired S-matrix. Then, we will present an analytic method for determining the values

of the reactive elements constituting each network.

5.3 Implementation of Prototype ADMN System

As shown in Figs. 5.2 and 5.3, the impedance sensing system consists of capacitive voltage
dividers, phase and gain detectors (PGD), two capacitors (C1 and C2) and a mircocontroller
connecting to the computer. The composite input impedance of the log amplifiers must be
high enough to limit power losses at the input and output ports of the matching network
relative to the power in the main transmission path. This is implemented by using or a high
impedance passive divider. The dividers consist of two capacitors with values of 1 pF and
6 pF in our prototype. Three AD8302 PGDs from Analog Devices are chosen with a 60 dB
input power dynamic range from 60 to 0 dBm. The accurate gain and phase measurement
scaling are 0.5 dB and 1°, respectively. Six analog to digital converter (ADC) channels of
a STM32F407 high-performance microcontrollers from STMicroelectronics are used for the
magnitude and phase digitization.

The tunable matching network as shown in Fig. 5.4(b) consists of a 10 nH series inductor
(L2) and three tunable capacitors (C1, C2, and C3). The digitally tunable capacitors chosen

in this design are PE64102 from pSemi, which offer a linear capacitance change versus
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tuning state from 1.88 pF to 14.0 pF in discrete 391 fF steps. The values of the PE64102 are
controlled through the SPI compatible 8-bit serial interface generated by the microcontroller.

The fabricated board showing the complete system is shown in Fig. 5.5 and the circuit
diagram of that is shown in Fig. 5.6. The layout of the board is designed by Altium Designer
and implemented on an FR4 substrate with a permittivity of 4.7, loss tangent of 0.018, and

a thickness of 0.6 mm.
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Figure 5.6: Circuit diagram of the fabricated board.
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5.4 Experiments and Measurement Results

We examine the system with an asymmetric two-element antenna array as shown in Fig.
5.7. The array consists of one monopole antenna with a length 225 mm and a top-hat
loaded monopole antenna. The dimensions for the diameter of the top hat and height of
the monopole are 30 mm and 140 mm, respectively. The two antennas are separated by 20
cm, and placed above a ground plane with an area of 60 cm x 60 cm. The changing in the
environment is mimicked by two copper blocks. Block 1 has a dimension of 200 x 50 x 150
mm and Block 2 has a dimension of 500 x 50 x 100 mm. The antenna array and the blocks

are shown in Fig. 5.7.

Figure 5.7: Photographs of the fabricated antenna array and the blocks.

In order to calculate the elements’ values in the fix decoupling network before fabrication,
we need to measure the S-parameters of the fabricated antenna array and have the full-wave
simulation results of the board by using ADS Momentum. The S-matrix of the two-element
antenna array was measured by using a vector network analyzer (Agilent N5225A). We
observed that the resonant frequency of the antennas in the array is around 300 MHz and
extracted the S-matrix of the array at this frequency to design the following networks. The

S-matrix is:
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0.148 — 70.272 0.121 — 50.308
S| = . (5.6)
0.119 — 50.308 0.209 — 50.426

We combined the S-matrix of the antenna array with only the simulated impedance
sensing sub-system of the board in ADS to get the new S-matrix of the system before the

tunable matching network. The new S-matrix before the adaptive matching network is:

—0.211 + 50.512 —0.034 + 70.287
[Snew] - . (57)
—0.033 + 70.288 —0.311 4 50.395

The next step is to find the values of the digitally tuned capacitors to make the two-port
network seen at the output of the adaptive tuning section symmetric at 300 MHz. We chose
the median value of the capacitor 7.745 pF to be the original values of capacitors connecting
Antenna 1 (C1, C2 and C3) and only tuned the values of the other three (C4, C5 and C6).
By tuning the values of C4, C5, and C6, the two-port network before the fixed decoupling

network was symmetric. The new symmetric Z-matrix at 300 MHz is:

26.9227 — j58.9722  8.1424 + j6.3115
7] = Q. (5.8)
8.1424 + j6.3115  26.9227 — j58.9722

The elements’ values of X1 to X6 in the fixed decoupling network were calculated ac-
cording to this Z-matrix using the approach discussed in Chapter 3. The reactance values

for the components are shown in Table 5.1.

Table 5.1: Reactance values for the components of the fixed external coupling network shown
in Fig. 5.6 (in Q).

X -0.791
X5 9.637
X3 35.636
Xy 15.788
X5 58.486
X6 19.916
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The performance of the system was evaluated by placing block 2 around the antenna
array to mimic the changing in the environment. The S-parameters of the system before
and after the changing are shown in Fig. 5.8. The S-parameters of the antenna array at 300
MHz before and after the changing were automatically calculated by the impedance sensing
system. The values of the digitally tuned capacitor were updated by the microcontroller after
calculating from the computer. The detailed calculating steps can be seen in Appendix F.
The values of the capacitors in the adaptive matching networks before and after the changing
of environment are shown in Table 5.2.

Table 5.2: Values of the tunable capacitors in the adaptive network before and after the
change in antenna system in pF

Capacitor | Before After
Ch 7.745 3.835
Cy 7.745 10.091
Cs 7.745 9.700
Cy 9.309 5.399
Cs 7.354 8.136
Cs 12.046 1.880

From Fig. 5.8, we can see the system is matched and decoupled at its original state
when there is no block around the antenna array as shown in both simulated and measured
results in (a) and (b). When we put block 2 near to the antenna array, output reflection
coefficients of the system changes, which Antenna 1 is not matched at 300 MHz any more in
(c) simulated and (d) measured results. Besides, in the measurement results as shown in (d),
the isolation between the two antennas reduces to around 19 dB, which is 26 dB previously.
Afterwards, the system adaptively changes the digital tunable capacitors values according
to the newly calculated Z-matrix of the antenna array by the impedance sensor unit. As
shown in both (e) and (f), the system returns to a matched and decoupled condition.

There are several reasons contribute to the mismatches between simulation and mea-
surements results. These include fabrication tolerances of the lumped elements, the SMA

connectors and the cables connecting the antenna array to the board. Another issue is the
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Figure 5.8: Simulated and measured S-parameters of the adaptive matching system in d-
ifferent conditions. (a-b) Original state first matched and decoupled. (c-d) Environment
changes. (e-f) Matched and decoupled after tuning.



91

error of the impedance sensing unit, the accuracy of the phase/gain detector is 0.5 dB and
1°, any value smaller than these will be nonlinear and not accurate. Additionally, the short
transmission line sections that connect the lumped elements of the coupling networks and
the voltage dividers were not fully considered in calculating the elements’ values. Besides,
the digital capacitor is optimized for shunt configuration, when it is used in series configu-
ration (C2 and C5), the value will be slightly different due to its equivalent circuit model.
Despite these frequency shifts and slightly mismatch, the measured results agree well with

the predicted results in the simulations.

5.5 Conclusions

In this chapter, we present a new method for designing adaptive matching and decoupling
networks for a two-element antenna array. The proposed adaptive matching and decoupling
network includes an impedance sensing system, a tunable matching network and a fixed
decoupling network. The impedance sensing subsystem tracks the antenna impedance varia-
tions. The tunable matching network changes and adapts the element values to convert the
the input impedance of each antenna port to the same fixed impedance at a single frequency.
This way, a fixed impedance matching and decoupling network can be used to match the
overall system impedance to 50 €2 and decouple the two antenna ports. A topology of the
adaptive MDN was simulated and fabricated with the two-element asymmetric antenna ar-
ray. The performance of the system was evaluated by both simulations and measurements.
Measurement results confirmed the results obtained from simulations and verified the validity

of the proposed synthesis technique.
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6.1 Summary

In this dissertation, we discuss array decoupling and self-interference reduction technique
that are particularly relevant to low-frequency RF and microwave applications. These include
developing simultaneous transmit and receive antennas and external decoupling networks.

In the designing of simultaneous transmit and receive antennas, the goal was to sign a
compact and low-profile STAR antenna with a monopole-like radiation characteristics. The
proposed STAR antenna in this dissertation consists of transmit (TX) and a receive (RX)
antennas whose phase centers are collocated. The STAR antenna was designed for operation
in the 2.45 GHz ISM band with electrical dimensions of D x H = 0.44\ x 0.15\ (diameter
x height). The theoretical analysis and experiments show that this STAR antenna produce
an omnidirectional radiation pattern and high isolation level better than 38dB between the
two ports.

For developing external decoupling networks, the first two goals were to propose analytic
techniques for synthesizing the decoupling and matching networks for two- and three- ele-
ment antenna arrays. The procedure we proposed starts with determining the S-matrix of
the DMN. Subsequently, we identify lumped-element networks implementation and present
an analytic method for determining their element values from the DMNs’ S-matrix. The
performance of the networks were evaluated by both simulations and measurements and
verified the validity of the proposed synthesis techniques.

The third goal was to design an adaptive matching and decoupling network (MDN) for
a two-element antenna array. The proposed adaptive matching and decoupling network
includes a tunable matching network and a fixed decoupling network. The tunable matching
network sub-system tracks the antenna impedance variations, and changes and adapts its
elements’ values. Then, the input impedance of each antenna port remains to the same
fixed impedance at a single frequency. Afterwards, a fixed DMN can be used to match

the overall system impedance to 50 {2 and decouple the two antenna ports. Such a system
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can successfully perform the tasks of impedance matching and decoupling of a two-element

antenna system over a narrow bandwidth.

6.2 Future Research Directions

We conclude this thesis by suggesting some future research directions.

Finish the implementation of the DMN for linear three-element antenna array.
Although we have discussed a method to decouple the linear three-element antenna array,
but the proposed method only show in simulation and the network topology presented is not
ready to fabricate. A comprehensive and better performed fabrication process still need to
be developed based on our approach.

Design a wide-band or dual-band decoupling network. At this stage, we synthe-
size the decoupling network at the center frequency. The impedance matching and isolation
is over a narrow bandwidth. Expand our approach to a wideband or dual-band decoupling
network with a improved performance is desirable and can find more applications in the

wireless communication systems.
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Appendix A

The detailed steps for calculating the remaining four scattering parameters (S13, S14, S33, and

S34) of the DMN are presented. Using the lossless condition of the network ([S][SH] = [I]),

we have:
511575 + 51257 + S1357, + 514575 = 0, (A1)
S1357, + 514575 + 5355, + 554555 = 0, (A.2)
S11575 + 51257, + S13555 + S1455, = 0, (A.3)
S1157, + 512575 + 51355, + S14555 = 0, (A.4)
1S11]? + [S1af* 4 |S1s]? + [Swaf* = 1, (A.5)
|S1s|* + |S1al® + [Ssa]* + [ Saal* = 1. (A.6)

The left sides of equations (A.1), (A.2), (A.5), and (A.6) only contain the real parts of the
S-parameters while the left sides of equations (A.3) and (A.4) include both the real and the
imaginary parts of the associated S-parameters. Therefore, equations (A.1)-(A.6) appear
to provide eight equations relating the remaining unknown S-parameters. However, further
examination of this system of eight non-linear equations reveals that the eight equations
are not independent. We found that six out of these eight equations should be chosen and
used along with two additional equations (e.g, equations (A.11) and (A.13)), which will
be introduced later, in order to solve for the S-parameters of the DMN. For example, six

equations including (A.1), (A.2), (A.5), and (A.6), and the real parts of the left-hand sides
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of (A.3) and (A.4) being equal to 0 were chosen for solving the S-parameters of the DMNs
in Sections II, III, and IV.
Afterwards, we can calculate the output voltages in the common and different modes (V.

and V,q4, respectively) using the following equations (the voltages are assumed to be RMS):

V. — V' Zo(S13 + S14)(Zine + Zo)7 (A7)
ZORin,c

Vo, — \/70(513 — S14)(Zina + 20)7 (A.8)

\ ZORin,d

where, R;,. and R;, 4 are the real part of Z,,. and Z,, 4, respectively. Thus, the added

condition for the phase difference of the output voltages in the common and differential

modes can be expressed as:

|LVye — LV,q] = 90°. (A.9)

Equations (A.1)-(A.6) and (A.9) yield seven independent equations for solving the eight
unknowns (the real and imaginary parts of Si3, Si4, Ss3, and Ssy). Therefore, in order
to have a solution for the eight unknowns, we need to add another constraint to provide
another independent equation relating the unknown scattering parameters. In section IV,
we mentioned two different conditions for this added constraint that result in two different
S-matrices. The first S-matrix was calculated by adding the constraint that £S3; = 90° in
the common mode. We can calculate the input voltage (V;,, ) in the common mode by:

VZo(1+ Si1 + S12)(Zine + Zo)

Vipe = . (A.10)
ZORin,c

Thus, the added constraint for S-matrix 1 can be written as:

|4‘/:)C - éx/in,c| =90°. (All)
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The second constraint was determined by minimizing the variance of the absolute value of
the derivative of the output reactances in the differential mode with respect to frequency
from 605 to 615 MHz. First, we fitted frequency-dependent impedances of the two-element
antenna array to fourth-order polynomial functions over the frequency range from 500 to 700
MHz. Using the fitted polynomials, we can derive the functions of the output impedance seen
at the output of the equivalent circuit of the antenna array with the DMN in the differential

mode (see Fig. 3.5(b)) with respect to frequency:

/ 1 7l
Z22 — Z12Z21

, A12
Z{1 + Zq ( )

Zout,d =

where Z1,, Z',, Z4, and Z), are the Z-parameters of the equivalent circuit of the DMN in
the differential mode, which are derived from the S-matrix. Z; is the impedance of the two-
element antenna array in the differential mode and is equal to Z;; - Zj5 from (2). Therefore

the added constraint for calculating S-matrix 2 can be expressed as:

f2:615 d(Xout,d) _ d(Xout,d) 2 df
g = min (L= U ol ), (A.13)
fo— fi

where X, 4 is the output reactance of the equivalent circuit model of the antenna array

with the DMN in the differential mode and f represents the frequency (in MHz).

Appendix B

Justification of Rule 1

We will illustrate this rule by examining a counter example where we choose positions 2
and 8 without choosing 1 or 10. For the example, we consider the network with elements in
positions 2, 3, 4, 6, 7, and 8. The equivalent circuit of the network in the common mode,

with the transmission matrix [T,,,m|, contains elements 3, 4, 6, and 7. The transmission
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matrix for the network in the differential mode can be expressed as:

[Tdiff] = [TQ] X [Tcomm] X [TS]

1 0 A B 1 0
e X X
v, 1| |c p| |v 1 (B.1)
A+ BYj B
AY; +C + BY,Ys + DYy BY;+ D

where [T,] and [T3] are the transmission matrices for elements 2 and 8, respectively and Y,
and Yy are the admittances for elements 2 and 8, respectively. We can see that [Teomm(1,2)]
is the same as [Ty;rr(1,2)], imposing a specific constraint that generally cannot be satisfied

by the transmission matrices derived from the predetermined S-matrix.

Justification of Rule 2

We begin with an assumption that we pick only one position from 2, 5, and 8. We denote
this element by the letter X for convenience. We separate the differential-mode circuit of the
network into three cascaded parts with the corresponding transmission matrices of [T7], [T7],
and [T3]. [T is the transmission matrix of the element X (with admittance value of Y), while
[T1] and [T3] are the transmission matrices of the parts on the left- and right-hand sides of
this element, respectively. The total transmission matrix of the network in the differential

mode is:

A B 1 0 Ay By
(Taars) = [T1) x [T] x [T5] = x x . (.2)
Y Dy Y 1 Cy D,

In the common mode, element X is absent and the transmission matrix of the network

is written as:

[Tcomm] = [TI] X [T2] - X : (B?))
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The difference between the two transmission matrices is:

B1Ay B1D,
[Taiss] = Teomm] = [Y] : (B.4)

DyAy DD,
If we want to have analytic solutions for the reactive elements of the network, (B.4) must be
satisfied. This mandates that the ratio of the two elements in the first column equals that of
the two elements in the second column. It will introduce a specific constraint that the given

S-matrix cannot satisfy. Therefore, we need to pick at least two positions from position 2,

5, and 8 to avoid this situation.

Justification of Rule 3

This rule is quite obvious, since two series/parallel reactance can be combined and treated
as one single reactive element. This rule ensures that the six elements we pick are separate

and independent.

Justification of Rule 4

An example of picking positions 1, 4, 7, and 10 is shown that the equivalent circuit of the
network in the common mode must include a section that is a m network or T network. The
transmission matrix of the network in the common mode will be:

1 Ziazi0

[Teomm] = , (B.5)
0o 1

where 7 4710 is the total impedance of the four series elements. This transmission matrix
will not match the one transferred from the given S-matrix in the common mode. Besides,

if the differential-mode network is an L-network, e.g, for the case where we pick positions 1,
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4, 7, and 9, the transmission matrix in the common mode will have the following form:

1 Zyaz 1 0 1+2Y Z
[Toomm] = X = , (B.6)
0 1 Y, 1 Yy 1

where Z; 4 7 is the total impedance of three series elements 1, 4, and 7 and Yy is the admittance
of the shunt element 9. Again, [T.omm(2,2)] is equal to 1, resulting in no solutions for element
values to match the parameters of the transmission matrix derived from the predetermined

S-matrix.

Justification of Rule 5

If either position 8 or 9 is picked without position 7, it can be combined with position 5 or 6,
respectively, to act as a single element. As a result, the network topology in such case is not
unique. For example, it is the same as a network composed from 5 and/or 6 as a replacement
for 8 and/or 9. Additionally, if we choose position 10 without choosing positions 8 and 9,
position 10 will behave as position 7. This also does not guarantee the uniqueness of the

network topology of these choices.

Appendix C

To demonstrate the detailed procedure for calculating the reactive element values of the
coupling DMN, we take Topology 12 as an example as in Section 3.3. We can calculate the
transmission matrices for both modes of excitation using the equivalent circuit models shown

in Fig. 3.5. The transmission matrices in the common and differential modes are:

[Tcomm] = [Tl} X [T4] X [Tﬁ] X [T7]

=[x o] x [igxo 1] % [6777]

(C.1)
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[Taigs] = [T] > [To] x [Tu] x [T6] x [T7] x [T5]
] 1 1 0 j 4
= [o"1] % [o/xa 1] < [0 /7] (C2)
10 ; 10
x [1axe 1] % [0 747] % [2/6x0 1]
where [T1], T3], [T4], [Ts], [17], and [T3] are the transmission matrices for components 1, 2, 4,

6, 7, and 8, respectively. Subsequently, we equate the transmission matrices shown in (C.1)

and (C.2) to the ones shown in (3.13) and (3.14):

[Tcomm] = [ABCDcomm]7 (C3>

[Taigs] = [ABCDaiy]. (C.4)

Each equation system of (C.3) and (C.4) generates four equations for matching the elements
of the two corresponding 2x2 matrices. We can solve the reactance values for the DMN (X,

Xo, X4, Xg, X7 and Xg) by picking six (out of eight) equations:

. . . X1+ X
JX1 4+ 7 Xa + 5 X7(( ! !

)+ 1] = —;58.190, (C.5)

X7
—4+1=0.2 .
Tt 1=0256, (C.7)
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92X, X1+ Xu(B2 41
L Bl HU g,

GX1+ § X7 S
X2 Xo (C.8)

2X
X4 (22 1) = j44.170,
Xo

2j 2X4 2X; X7 2X4
S ot Nt e V|
Xg[Xg X )(6()(2 1+

RS )
X, Xg

= —40.025,

29X, 2X; X, 2X4
S 2T 2TER Ly 41 = 4.659. C.10
o Xa( a +1)+ (C.10)

Appendix D

The detailed steps for calculating the remaining four scattering parameters (S13, S14, Ss3, and

Sa4) of the DMN are presented. Using the lossless condition of the network ([S][S]# = [[]),

we have:
S11S7y + S1287; + [S1a]* + S14S75 + S1557 + [S15[* = 0, (D.1)
S145%5 4+ S1555, 4+ |S15|* + S4aSs + Sas Sty + |Sus)* =0 (D.2)
5115’;1 —|— 25125?5 —|— 514514 —|— 2515515 - 0, (DB)

S11S5s + S19S%, + S1287s + S1aS%s + S155%, + S5 = 0, (D.4)
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|511‘2+2‘512|2+ |514‘2+2‘515’2 =1, (D.5)

S1a]? + 2| S15]° + | Saal? + 2| S5 |” = 1. (D.6)

The left sides of equations (D.1), (D.2), (D.5), and (D.6) only contain the real parts of the
S-parameters while the left sides of equations (D.3) and (D.4) include both the real and the
imaginary parts of the associated S-parameters. Therefore, equations (D.1)-(D.6) appear
to provide eight equations relating the remaining unknown S-parameters. However, further
examination of this system of eight non-linear equations reveals that the eight equations are
not independent. We found that seven out of these eight equations should be chosen and
used along with one additional equation (e.g, equations (D.9)), which will be introduced
later, in order to solve for the S-parameters of the DMN. For example, seven equations
including (D.1), (D.2), (D.3), (D.5), (D.6), and the real parts of the left-hand sides of (D.4)
being equal to 0 were chosen for solving the S-parameters of the DMN.

Afterwards, we we introduce an additional condition that the output voltages in Modes
A and B (V,, and V,;) have a 45° phase difference. The voltages can be calculated using the
following equations (the voltages are assumed to be RMS):

‘/Og _ \/70(514 + 2515)(Zin,a + ZO) ’ (D?)

\V/ ZORin,a

\/70(514 — 515)(Zina + Zo)

\V4 ZORin,b ’

where, Ry, , and R;,; are the real parts of Z;, , and Z;,;, respectively. Thus, the additional

Vob = (D.8)

condition can be expressed as:

| L Ve — LV| = 45°. (D.9)
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Appendix E

To demonstrate the detailed procedure for calculating the reactive elements values of the
decoupling network, we take Topology 2 as an example as in Section 4.2.3. We can calculate
the transmission matrices for Mode A and Mode B using the equivalent circuit models
shown in Fig. 4.6 with the consideration of the connecting transmission lines. The dielectric
constant of the board is ¢, = 4.4 and the height of the board is 0.6 mm. The effective
wavelength is 238.37 mm at 600 MHz. The equivalent series inductance and the shunt
capacitance of the transmission lines are calculated by using the microstrip lines model. The
inductance is L = 0.5945 nH per millimeter and the capacitance is C' = 0.05412 pF per
millimeter. Thus the impedance of the inductor and the admittance of the capacitor can be

calculated by :

Zp = x 21 x freq x L = j x 21 x 600 x 10% x 0.5945 x 107% = j2.24 Q,
(E.1)

Yo =j x 21 x freq x C =j x 21 x 600 x 10° x 0.05412 x 10712 =j2.04 x 107* S.

For [y, the characteristics impedance is 100 2 and the length is 6 mm, we treat the

transmission line as a two-port network and calculate its transmission matrix L1 as:

cos(Bl)  jZysin(pl)

JjYosin(Bl)  cos(pl)
m (E.2)

cos(127/233.13 7100 x sin(127/233.13)

L] =

7/100 x sin(127/233.13) cos(12m/233.13)

For the other transmission lines, we consider that the series inductor and shunt capacitor
are connected directly to the lumped elements. The transmission matrices for components

1,2, 3,4, 5, and 7 are calculated as [T1], [T»], [T3], [T4], [T5], and [T%], respectively.
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The short transmission line connecting component 1 is 2 mm, the transmission matrix is:

1 jX1+27; 10
[T1] = X . (E.3)
0 1 e 1

The transmission lines connecting component 2 shown as lp is 10.76 mm each side, thus
the transmission matrix is:
1 0
[15] = : (E.4)
2Ye x 10.76 + 3/(2Z x 10.76 + j X2) 1
The short transmission line connecting component 3 is 2 mm each side, the transmission

matrix is:

1 0 1 0
T3] = X . (E.5)

1/(4Z, + jX3) 1 2V, 1

The short transmission line connecting component 4 are 2 mm and 3 mm for two different

sides, the transmission matrix is:

1 0 1 jX4+57, 1 0
[Ty = x X : (E.6)

2, 1 0 1 3Y, 1

The transmission lines connecting component 2 shown as I3 is 6.43 mm each side, thus

the transmission matrix is:

1 0
[T5] = : (E.7)
2Yy x 6.43 + 3/(2Z, x 6.43 + jX5) 1

The short transmission line connecting component 7 is 2 mm each side, the transmission
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matrix is:

1 0 1 jXT+47,
1Y) = x . (E.8)

1Y, 1 0 1

The total transmission matrices in the Mode A and B are:

[Tonode,a] = [Th] x [T3] x [T4] x [T7],
(E.9)
[Tnode,B] = [T1] x [Ty % [T3] % [T4] x [T5] x [17]

Subsequently, we equate the transmission matrices shown in (E.9) to the ones shown in
(4.15) and (4.16):
[Tcomm] = [ABCDcomm]7 (ElO)

[Taigs) = [ABC Dgsyy]. (E.11)

Each equation system of (E.10) and (E.11) generates four equations for matching the ele-
ments of the two corresponding 2x2 matrices. We can solve the reactance values for the

coupling networks (X7, Xo, X3, Xy, X5 and X7) by picking six (out of eight) equations.

Appendix F

To demonstrate the detailed procedure for calculating the values of the digitally tuned ca-
pacitors, we expressed the transmission matrix of the changed antenna system before the

adaptive matching network as:

A B
[Tnew] - . (Fl)
C D

which the transmission matrix is calculated by the previous impedance sensing system. The

adaptive matching network was designed to convert the the input impedance of the new
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system to the same fixed input impedance Z;; and Zys at 300 MHz as shown in (5.8). The
impedance matrix after the adaptive matching network can be transformed from its trans-
mission matrix. The transmission matrix can be expressed by combining the transmission
matrix T in (F.1) and the two transmission matrices of the tunable matching network as
shown in Fig. 5.6. The transmission matrices of the networks can be written as functions of
six digitally tuned capacitors reactive values with the two series inductors. The transmission

matrices of parallel capacitors C1, C2, C4, and C5 can be written as:

1 0
[T172’475] - . (F2)
/(1 X1245) 1

where X 945 are the reactance values of the capacitors directly. The transmission matrices

of the series capacitors C3 and C6 can be calculated by treating them as series inductors L1

shown in Fig. 5.4(a) as:

1 jXs6
[Ts6] = : (F.3)
0 1

where X3¢ are reactance values of the equivalent inductors. Then, the new transmission

matrix of the system before the fixed decoupling network can be expressed as:

[Tiotar] = [To] X [Ts] X [T] X [Thew] x [T4] X [Te] x [T5]. (F.4)

Subsequently, we transformed the new Z-matrix of the system from (5.14) as:

le,new ZlQ,new

[Znew) = . (F.5)

ZQl,new ZQQ,new

In order to make the the input impedance to the same fixed values, we should have:
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711 mew = 26.9227 — j58.9722 Q,
(F.6)

292 new = 26.9227 — j58.9722 ().

Both impedances have the real and the imaginary parts, which will lead to four different
equations. However, we have six digitally tuned capacitors values as unknowns. The system
can not be solved with more unknowns than equations. Thus, we pre-assigned the values of
C3 and C6 from 1.88 pF to 14 pF by its discrete steps 0.391 pF and reduced the number of
unknown capacitors to four. We solved these equations by using the equations and systems
solver in MATLAB and this method will provide us with several sets of solutions of the
other four capacitors. By comparing different solutions, we choose the one with minimum
variation in Zy e, compared to the value of 8.1424+ j6.3115 as shown in (5.8). The solution

chosen will lead to a better performance in isolation between the two ports.
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