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ABSTRACT

First, the motivation behind adding a passive external coupling network after antenna

arrays is discussed, the concept of biomimetic antenna arrays (BMAAs) introduced and

some of the previous work done in this area have been reviewed. Next, a BMAA which

achieves an angular resolution of roughly 15 times its regular counterpart is introduced

and fully characterized. The introduced BMAA employs transformers which considerably

degrade its performance, namely its output power. To cicumvent this shortcoming a new

architecture of a BMAA that does not employ transformers and therefore yields a higher

output power for the same angular resolution has been subsequently presented. Moreover,

a detailed noise analysis of this BMAA is carried out and the output noise of the new

architecture is compared with the output noise of the original design. The modified two-

element BMAA architecture is then extended to multiple elements. A novel nonlinear

optimization process is introduced that maximizes the total power captured by the BMAA

for a given angular resolution and the concept illustrated for a three-element antenna array.

Next an optimum two-element BMAA which achieves the maximum possible angular

resolution while obtaining the same output power level of a regular antenna array with

the same elements and spacing is introduced. A novel two-element superdirective array

based on this optimum BMAA has been also discussed. The passive BMAAs discussed in



xv

this thesis have a relatively narrow bandwidth. To extend the bandwidth of BMAAs, non-

Foster networks have been employed in their external coupling networks and it has been

demonstrated that they can increase their bandwidth by a factor of roughly 33. Finally,

the BMAA concept has been extended to nano-antenna arrays and a concept for designing

sub-wavelength angle-sensing detectors at optical wavelengths has been introduced.
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Chapter 1

Introduction

1.1 Motivation

Antenna arrays provide spatial sampling of an incident signal over an aperture [1].

Due to their high cost and large size, they have usually only had applications in high-

end military systems such as phased array radars. In recent years, decreasing costs in

RF/microwave and digital components and advancements in array signal processing tech-

niques [2] have made the application of antenna arrays in low-cost civilian systems viable.

Most of these systems are located on mobile platforms (cell phones, laptop computers,...),

where due to space limitations, the distance between elements is relatively small com-

pared to the wavelength. Therefore, electrically small antenna arrays (ESA) have recently

become an area of active research. In this section we summarize a few different areas of

application for ESAs.

1.1.1 Direction Finding

Direction finding has many applications such as source (transmitter) localization [3],

navigation, tracking [4] and channel parameter estimation in modern communication sys-

tems [5]. Many simple direction finding systems currently in use utilize the amplitude of

the received signal from the elements of a small antenna array to determine the direction

of the incoming wave. The elements of the array could be directional or omnidirectional.
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Examples of some systems are shown in Fig. 1.1 and Fig. 1.2. In Fig. 1.1 two electrically

small loop antennas with figure-eight radiation patterns are placed at a right-angle to ea-

chother. The relative amplitude of the signal received by the two loops can narrow down

the direction of the incoming wave to two possible directions (these two directions have

a 180o phase difference). A third omnidirectional antenna is used to generate a blanking

signal to resolve this ambiguity. In Fig. 1.2, four omnidirectional antennas are used in

pairs of two (blue and orange) to generate two orthogonal beams similar to Fig. 1.1 for

direction finding and the signal obtained by summing the outputs of the four elements is

used to resolve the ambiguity. This system is often referred to as the Watson-Watt direc-

tion finder. As can be seen in both systems, the signals received from the antennas are

directly connected to the receiver without any further (analog) processing. The possibility

of enhancing the directional resolution of antenna array by adding a passive multi-port

network between the antenna array and the receiver is a main area of focus in this thesis.
Fig. 8: Watson-Watt direction finder with crossed-loop antenna
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The principal advantage of this method is that the bearing 
is indicated without delay, which means that it is capable 
of monopulse direction finding over the entire azimuth 
range. 

Suitable antennas (Fig. 9) with sine-shaped or cosine-
shaped directional patterns are in particular the following:

Loop antennas (or ferrite antennas)JJ

Adcock antennas (monopole or dipole arrays)JJ

Crossed-loop antennas with Watson-Watt evaluation are 
mainly suitable for mobile applications due to their com-
pact size. They feature the following benefits and draw-
backs:

BenefitsJJ :
Extremely short signal duration is sufficientWW

Implementation is simpleWW

Minimum space is requiredWW

DrawbacksJJ :
Small-aperture system (D/WW λ < 0.2) causing errors  
in case of multipath propagation
Large DF errors when receiving skyWW  waves with steep 
elevation angles

Watson-Watt principle
If the amplified and filtered signals of a receiving antenna 
with outputs for a sine-shaped and a cosine-shaped direc-
tional pattern are applied to the x and y deflection plates 
of a cathode-ray tube (CRT), a line Lissajous figure is ob-
tained in the ideal case, whose inclination α̂  corresponds 
to the wave angle but exhibits an ambiguity of 180°. The 
indicated angle is obtained from the ratio of the two sig-
nals as follows:

α = x

y

V
ˆ arctan

V

An unambiguous bearing indication is obtained (Fig. 8) if 
a blanking signal is additionally used in this DF method, 
which was first implemented by Watson-Watt in 1926. The 
blanking signal is derived from an omnidirectional receiv-
ing antenna with an unambiguous phase relationship.

If there is a phase difference δ between the two voltages 
Vx and Vy , which may be due to ambient interference (e.g. 
reflections), the displayed figure is an ellipse. The position 
of the main axis yields the bearing α̂ , which is calculated 
from the two voltages by means of the equation below [9].

δ 
α = =   − 

x yx
2 2

y y x

2 V V cosV 1
ˆ Re arctan arctan

V 2 V V
 

Figure 1.1 Direction finding based on the received signal amplitude from two crossed
electrically small loop antennas [6].
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Fig. 9: Various antenna configurations

Fig. 10: Configuration
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A number of disadvantages of analog direction finders are 
avoided, yielding the following effects:

Synchronous operation of channels also on filter edgesJJ

Simple procedure of taking into account correction JJ

values for antenna networks, cables, etc.
No temperature drift in digital sectionJJ

Bearings available as numeric values for JJ evaluation, 
especially for easy transmission to remote evaluation 
stations

Doppler direction finder
If an antenna element rotates on a circle with radius R, the 
received signal with frequency ω0 is frequency-modulated 
with the rotational frequency ωr of the antenna due to the 
Doppler effect. If the antenna element moves toward the 
radiation source, the receive frequency increases; if the 
antenna element moves away from the radiation source, 
the receive frequency decreases. 

From the instantaneous amplitude

( ) ( )( ) ( )0 r
0

2 R
u t acos t acos t cos t

 π
= φ = ω + ω − α + ϕ λ 

the instantaneous frequency is derived by differentiation of 
the phase

( ) ( ) ( )0 r r
0

d t 2 R
t sin t

dt

φ π
ω = = ω − ω ω − α

λ

After filtering out the DC component ω0, the demodulated 
Doppler signal is obtained as

( )D r r
0

2 R
S sin t

π
= ω ω − α

λ

Adcock antennas feature the following advantages over 
crossed-loop antennas:

Improved error tolerance for skyJJ  wave reception
Wider apertures can be implemented to reduce errors JJ

in case of multipath reception (e.g. D/λ < 1 for 8-fold 
Adcock)

Modern direction finders no longer display the IF voltages 
of antenna signals on a CRT but digitally process the sig-
nals after converting them into a relatively wide IF band 
(Fig. 10). 

Selection is mainly effected by means of digital filters; 
bearings are calculated numerically, e.g. using the last 
equation above, and displayed on a computer (worksta-
tion, PC) with a graphical user interface (GUI).

For generating sine-shaped or cosine-shaped directional patterns: crossed-loop antenna, ferrite antenna, H Adcock, U Adcock (from left).

Configuration of a modern direction finder operating on the  

Watson-Watt principle.
Figure 1.2 The Watson-Watt direction finder [6].

Modern advanced systems use phased array antennas. They employ adaptive beam-

forming techniques along with algorithms such as MUSIC [7] and ESPRIT [8] for high

precision direction finding. They usually have many elements, are expensive and are not

investigated in this thesis.

1.1.2 High-resolution radar and microwave imaging

Another potential application of electrically small antenna arrays (ESA) is High-resolution

radar imaging systems [9]. For instance the inverse synthetic aperture radar (ISAR) tech-

nique uses the radar returns obtained from the elements of an antenna array to form a 2-D

image of the target. Such systems have applications in surveillance and reconnaissance,

and more recently through-the-wall imaging [10], [11]. To reduce mutual coupling effects,

the spacing between the elements is set to half a wavelength. To obtain higher image res-

olution, more elements are needed in the array and the array size increases. This would



4

make the use of such systems on mobile/airborne platforms impractical. Small aperture

antenna arrays can potentially lead to light-weight high-resolution mobile imaging sys-

tems.

1.1.3 MIMO Communications

Multiple-input-multiple-output communications can be thought of as a spatial multi-

plexing scheme where the signal is split into separate streams and transmitted by different

elements of an antenna array in the same frequency band [12]. The transmitted streams are

received by elements of a receiving antenna array and if the characteristics of the channel

(channel state) is known the original signal is recovered. Increasing the number of an-

tennas in the transmitter and receiver antenna arrays would increase the channel capacity.

However, due to space limitations in wireless devices, increasing the number of elements

without performance degradation due to large inter-element mutual coupling is unavoid-

able [13], [14]. The problem is more severe in communication networks operating in the

UHF frequency range such as some LTE networks. Small-aperture antenna arrays can

potentially have applications in these networks where the wavelength is relatively high

compared to the size of wireless devices and therefore large antenna spacings are imprac-

tical.

1.1.4 Radio Astronomy

In radio astronomy the signal of interest has very low power density [15]. To increase

the received signal power, the effective aperture is increased by increasing the number of

antenna elements. For example the planned Square Kilometer Array (SKA) [16] will have

a total aperture of one square kilometer by combining the signal received by thousands of

small antennas spread over a distance of 3000 km. The large distance between elements



5

necessitates the use of high capacity links between receiving stations. Small aperture

antenna arrays could potentially lead to smaller arrays for radio astronomy.

1.2 Literature Review on Electrically Small Antenna Arrays

1.2.1 Superdirectivity

The spacing between the elements in phased array antennas is usually half the wave-

length. This would make phased arrays operating in VHF/UHF frequencies prohibitively

large. Therefore, there is a strong need for small aperture low cost antenna arrays that

have an enhanced angular accuracy compared to a regular antenna array of the same size.

A method for obtaining higher angular resolution is the nonuniform excitation of the an-

tenna elements. It can be shown that if the amplitude of the currents of the antenna el-

ements vary rapidly over distances that are short compared to the wavelength, a higher

directivity can be obtained compared to uniform excitation [62], [18]. This phenomenon

is commonly referred to as superdirectivity. In a superdirective small aperture antenna ar-

ray the amplitude of the currents have large variation from element to element [19], [20].

This would make the precise control of the currents (both amplitude and phase) impracti-

cal. Moreover, high current values can lead to significant ohmic losses in the antenna array

and reduce antenna efficiency. It is for this reason that some researchers have investigated

the application of superconductors to superdirective antenna arrays [21], [22]. Due to the

aforementioned practical issues of superdirectivity, superdirective arrays have had limited

applications in low-cost mobile devices.

1.2.2 Mutual Coupling

If the spacing between the elements in an antenna array is small compared to the wave-

length, mutual coupling between the elements can lead to problems such as reduction
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of realized gain and radiation efficiency, pattern distortion and reduction of capacity in

MIMO communication systems [23], [24], [25]. Mutual coupling can also lead to error in

direction-of-arrival (DOA) estimation in small antenna arrays [26]. Due to the aforemen-

tioned deleterious effects that mutual coupling has on the performance of small-aperture

arrays, much research has been devoted to compensate for its effects. It has been shown

that if mutual between antenna elements is completely accounted for and a compensation

scheme is implemented in the signal processing algorithm, performance comparable to

the case of no mutual coupling present can be obtained [27], [28], [29]. However, current

compensation schemes based solely on signal processing techniques require accurate mod-

eling of the location of antenna elements, calibration and are fairly complex. Therefore, it

is highly desirable to decouple the antenna elements in the analog domain at front-end of

the system rather than compensation in the digital domain.

1.2.3 Addition of a Passive Multi-port Network

There has been considerable work done on adding a passive multi-port network be-

tween the antenna array and the signal processing section for the purpose of port decou-

pling (for arrays in the receive mode) and beamforming (for arrays in the transmit mode)

in small aperture antenna arrays [30], [31], [32], [33], [34], [35]. Due to the fact that

decoupling networks isolate the different inputs to the antenna array, each port can be in-

dependently matched to its respective impedance, thus they can also perform the function

of impedance-matching and are commonly referred to as decoupling/impedance matching

networks (DCM). Fig. 1.3 shows the topology of the decoupling network presented in

[31]. Here, ports 1-3 are isolated from each other even in the presence of strong mutual

coupling between the antennas. To avoid any losses in the decoupling network, all the

elements are reactive (capacitors or inductors). The authors obtain the actual values from
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an optimization routine. As can be seen, this topology is fairly complicated even in the

case of three antenna elements.
WEBER et al.: MINIATURIZED ANTENNA ARRAYS USING DECOUPLING NETWORKS WITH REALISTIC ELEMENTS 2737

Fig. 4. Outline of the DMN. Thick lines correspond to individual reactances.

, as obtained from (11) in the lossless case. An adjusted
imaginary part of the network admittance matrix is then
calculated from (12)–(15).

This process starts over by recalculating the losses using the
-factor, and so on, as depicted in Fig. 2. Iteration stops when

the differences between subsequent iterations have become neg-
ligible. Multiple trials have shown that convergence is actually
achieved within, at most, ten iterations, even for small factors.
It should, however, be pointed out that convergence greatly de-
pends on the element realization and the network topology em-
ployed. Different element realizations and network topologies
introduce different losses and influence the iteration function
in (18). Tests have shown that convergence cannot generally be
taken for granted.

C. Results and Interpretation

In this example, is chosen as 20. After convergence is
achieved, the correct operation of the network is verified by a
simulation in Agilent ADS [14]. The antenna is imported as
a three-port -parameter file and the network elements are in-
serted as “Inductor with ” or “Capacitor with ,” respectively.
The outline is depicted in Fig. 4. The network consists of 21 ele-
ments whose values are between 0.15–6.2 pF for the capacitors
and between 0.4–22 nH for the inductors. The element values,
therefore, lie within viable intervals. The complete admittance
matrix of the DMN is shown for reference in (19) at the bottom
of this page.

1) Realization of the DMN: Experimental work to realize
such a network is in progress. Difficulties arise from the tight
tolerances imposed on the element values (refer to [9]). We are
currently investigating elements that can be printed using stan-
dard printed circuit board (PCB) processes. Some elements have

Fig. 5. Frequency dependence of the transverse (thick lines) and shunt (thin
lines) susceptances of the �-equivalent network of an inductor printed on PCB
according to the inlay. The dash patterns refer to measurement data (——), sim-
ulation with � = 10:02 (according to manufacturer, - - -), and simulation with
� = 11:92 (according to own measurements using ring resonators, - � - � -).

already been verified by measurement [15] and we are confident
that the required accuracies can be achieved. The quality factors
of the designed elements display a continuous behavior and lie
between 20–160.

As an example, Fig. 5 shows the behavior of a printed
inductor, designed for 1 GHz. The ground plane below the
narrow conductor has been removed to alleviate the effects of
stray capacitances. The RO3010 high-frequency laminate was
used as a substrate with a dielectric constant of at
10 GHz, as specified by the manufacturer.1 Simulation results
of the -equivalent network (dashed lines) clearly show that
the shunt susceptances (thin line) can be made zero at the
design frequency, leaving a series inductance (thick line) of
approximately 1.83 nH.

Measurements, however, produced the plots according to the
solid curves of Fig. 5. Subsequent tests with ring resonators re-
vealed the true dielectric constant of , which is off
by almost 20%. Resimulation with the actual dielectric constant
(dashed–dotted curves) displays an excellent agreement at the
design frequency.

Due to this discrepancy in the material parameter, it was not
possible to verify the complete operation of the first network
built in [15]. A new design accounting for this problem is in
progress. The results will be published after careful analysis.

2) Performance of the Antenna Array: The frequency re-
sponse of the antenna system is simulated and depicted in Fig.

1High-frequency laminates, Rogers Corporation, Rogers, CT, 2006.

mS (19)

Figure 1.3 Topology of the decoupling network presented in [31].

Another approach for the design of a decoupling network can be seen in Fig. 1.4. The

decoupling network employs four rat-race couplers to isolate the inputs from each other.

Moreover, due to the fact that the input ports are isolated, each one of the modes of the

system can be independently excited and consequently different patterns synthesized. A

related concept can be seen in [38], where a multi-port network has been used for the

purpose of impedance-matching and optimization of of radiation pattern for maximum

gain.

Another purpose of adding a passive multi-port network between the antenna array and

the receiver is noise optimization. As we know for any given amplifier, there is an optimal

source impedance that minimizes the noise at its output. The question then arises, “For

a given coupled antenna array and specified amplifiers what multi-port matching network
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Fig. 3. Wave impedances of the four eigenmodes.

By retaining only the dominant term, the field expression for
each of the eigenmodes can be approximated by

(7a)

(7b)

(7c)

(7d)

Clearly, these functions satisfy the inner product relationship
defined in (5) and are, thus, orthogonal to each other. They can
thus be used as individual information channels so as to reduce
mutual coupling and correlation. However, there is a major lim-
itation, which should be pointed out clearly. It is shown that
(see the Appendix) the reduction in element spacing results in
significantly increased radiation quality factors of the higher
order modes. This is also verified from Fig. 3 that the wave im-
pedances of the higher order modes have their real
parts much smaller than their imaginary parts for small element
spacing. This will lead to higher order modes that may not be
usable if the element spacing is too small. For our current anal-
ysis, the third eigenmode has little practical use at less than
spacing and will not be considered further.

B. MDN

In order to transmit/receive signals using those radiation
eigenmodes, the antenna ports should be excited/combined
according to the eigenvectors listed in (3). In this research, a
passive MDN for circular arrays of four identical antennas is
proposed for such purpose. Fig. 4 shows the schematic diagram
of the proposed MDN. The network consists of four 180
hybrids connected in a specific way. It decomposes the four
eigenmodes by means of separating them to four individual
signal ports that are used for both transmission and reception.
For example, signals going into or coming out from the first
port (Port- ) will be radiated or captured by the array through
Mode 1. Mathematically, this decomposition characteristic of

Fig. 4. MDN for four-antenna circular arrays. The four ports are theoretically
isolated from each other.

the network can be understood from its scattering parameter
formulation.

By considering power waves going into one side of the MDN
and coming out from the other, we have

(8a)

and

(8b)

Notice that the orthonormal matrix appears in the above
expressions. When the multiport array scattering model is cas-
caded to the MDN, the overall matrix equation is

(9)

which has exactly the same form as (2) and, thus, offers inde-
pendent access of the eigenmodes through the four signal ports:
Port- , Port- , Port- , and Port- . This, in turn, makes
the use of eigenmodes for MIMO or beamforming applications
practical. It is important to point out that the MDN must give
a real matrix so that (9) is indeed the process of eigenvalue
decomposition.

C. Beamforming Operation

As the signal ports are isolated from each other, indepen-
dent matching and access of the modes become possible. Con-
sequently, a maximum directivity (or gain because the ports are
matched) pattern with 360 scanning capability can be achieved

Figure 1.4 Topology of the decoupling/beamforming network presented in [35].

yields the lowest output noise”. In [36], [37], the authors have proposed a multi-port

matching network which minimizes the noise contributed by the amplifiers.
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Optimal Noise Matching for Mutually
Coupled Arrays

Karl F. Warnick, Senior Member, IEEE, and Michael A. Jensen, Senior Member, IEEE

Abstract—From classical two-port noise theory, the noise figure
of an amplifier is minimized when a source is matched to a par-
ticular optimal reflection coefficient at the amplifier input. In this
paper, we show that this result extends in a natural way to the
multiport case, with a coupled -port source network such as an
array antenna connected by a multiport matching network to the
inputs of low-noise amplifiers. For optimal noise performance,
the matching network must decouple the array and present iso-
lated, individually noise-matched ports to the amplifier inputs.

Index Terms—Amplifier noise, antenna array mutual coupling,
multiport circuits, signal-to-noise ratio.

I. INTRODUCTION

MUTUAL coupling between elements of an array antenna
impacts system performance in a variety of applica-

tions, including phased array radars [1], multiple-input–mul-
tiple-output (MIMO) communications [2], and array feeds
[3], [4]. Most studies of mutual coupling have focused on the
effects of mutual coupling on radiation patterns and the active
element reflection coefficient [5]–[7]. More recent work has
focused on developing a network theory framework for treating
mutual coupling [8]–[11].

A network theory framework for mutually coupled arrays al-
lows the effect of amplifier noise parameters on overall system
noise performance to be modeled. In order to obtain the best
possible system sensitivity, a matching network can be inserted
between the array and amplifiers, in which case the goal is to
specify the matching network such that noise contributed by
the amplifiers is minimized. In [9], a simplified amplifier noise
model is assumed for which optimal performance is obtained
when the matching network maximizes the signal power deliv-
ered to the loads.

For a more realistic bidirectional amplifier noise model, a nat-
ural conjecture for the optimal matching network is one that
presents to the amplifiers a diagonal matrix of reflection coef-
ficients with the diagonal elements equal to the single-ampli-
fier optimal reflection coefficient for minimum noise figure (i.e.,
the matching network minimizes the noise figure for each am-
plifier individually). Since the array is mutually coupled, how-
ever, reverse noise exiting the input of one amplifier scatters be-

Manuscript received June 29, 2006; revised January 2, 2007. This work
was supported in part by the National Science Foundation under Advanced
Technology and Instrumentation under Grant 0352705, by the Information
Technology Grants CCR-0313056 and CCF-0428004, and by the U.S. Army
Research Office under the Multi-University Research Initiative (MURI) Grant
W911NF-04-1-0224.

The authors are with the Department of Electrical and Computer Engineering,
Brigham Young University, Provo, UT 84602 USA (e-mail: warnick@byu.edu).

Digital Object Identifier 10.1109/TAP.2007.898596

Fig. 1. Block diagram for the multiantenna receiver considered in this paper.
The system includes a mutually coupled array, matching network, LNAs, and
load terminations. After amplification, the voltages across the loads are either
combined using a hardware beamformer or sampled and combined in digital
signal processing. All connections are modeled as transmission lines with for-
ward and reverse wave amplitudes labeled as indicated in the diagram.

tween array elements and is presented as forward waves at the
inputs of all of the amplifiers. Because of this noise coupling,
it is not obvious that a matching network which minimizes the
noise figure of each amplifier individually is optimal. In [11],
it was shown that this choice of matching network provides su-
perior signal-to-noise ratio (SNR) performance relative to one
that maximizes power transfer. While this latter work speculates
that such a matching network is optimal, it does not provide a
proof of this concept. A numerical demonstration of optimality
was given for a particular array geometry and set of amplifier
parameters in [4]. In this paper, we prove that the conjectured
matching network criterion is optimal in the general case.

II. ARRAY AND RECEIVER MODEL

The model receiver architecture to be considered in this paper
is depicted in Fig. 1. The output ports of array antenna ele-
ments are connected to the input ports of a -port matching
network. The output ports of the matching network are in turn
connected to low-noise amplifiers (LNAs). The amplifiers drive
loads which represent the inputs of a hardware beamformer or
receivers that convert the signal to baseband and provide sam-
pled complex voltages for digital beamforming. External noise
is received by the array, and internal noise is introduced by the
amplifiers and by conductor losses in the elements, transmis-
sion lines, and the matching network. In this analysis, we ne-
glect noise generated by losses in the matching network and
system elements after the LNAs. Signal and noise voltages are
represented as phasors with the frequency dependence
suppressed.

A. Array Antenna Representation

An array antenna is characterized by an mutual scat-
tering matrix (referenced to a real impedance ) and an

0018-926X/$25.00 © 2007 IEEE

Figure 1.5 Proposed network for optimal noise matching in coupled arrays [36].

1.3 Proposed approach: The biomimetic concept

Directional hearing refers to the capability of humans and most animals in being able

to detect the direction of arrival of a sound wave of interest by just listening to it. This

ability is one of the keys to survival for many large and small animals in nature [39]. The

basic physics underlying the concept of directional hearing is rather straight forward. Most
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animals with directional hearing capability have two ears that sense the pressure of the in-

coming sound wave. Based on its direction of arrival (DoA), the sound wave arrives at one

of the ears earlier than the other. In most cases, two ears are separated by a relatively large

head that causes significant scattering of sound. This causes the amplitude of the received

signal to be larger at the ipsilateral ear (the one closer to the incident sound wave) com-

pared to that of the contralateral ear (the one further away from the incident wave), which

is shadowed by the large head. The differences in the time of arrival and the amplitude of

the two received signals are the main cues used by the auditory system of most animals to

determine the location of the emitting source. In large animals and humans, the separation

between the two ears is physically large and significant scattering of sound is created by

the large head separating the two ears. Therefore, the contrast between the two received

signals is rather large. Additionally, such animals have large brains capable of conduct-

ing sophisticated signal processing, which further aids the sense of directional hearing. In

small animals and insects that have tympanal hearing capabilities, however, the contrast

between the two received signals is very small [39]. Moreover, small animals and insects

do not have sophisticated brains, which further complicates the task of directional hearing.

Therefore, smaller animals and especially insects are inherently at a disadvantage when it

comes to directional hearing. However, despite these disadvantages, many small animals

and insects demonstrate acute directional hearing capabilities [42]-[43].

Fig. 1.6 illustrates a system level comparison between the auditory systems of a human

and an insect that possesses directional hearing capability. From a system point of view,

the auditory system of a human acts as two isolated pressure receivers that convert the

pressure of the received sound wave to nerve impulses transmitted to the brain. In a small

animal or insect, on the other hand, the auditory system takes advantage of a set of coupled

ears that act as a pressure difference receiver [39]-[41]. As seen from Fig. 1.6(b), such

an auditory system acts as a two-input two-output system that takes two inputs that have
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Figure 1.6 An illustrative view of mechanisms used for directional hearing in humans
and insects. (a) Humans have directional hearing capability for sound frequencies in the
range of 80 Hz - 20 kHz. The directional hearing capability in humans is aided by the

large separation between the two ears (approximately 22-23 cm), the considerable
scattering of sound caused by the large head that causes amplitude difference between the

received signals, and a powerful brain which can accomplish sophisticated signal
processing. (b) In insects such as Ormia Ochracea, none of these traits are present. To

compensate for this disadvantage, such insects use a coupled-ear system, which enhances
the contrast between the two received signals to make it easier for the brain of the animal

to distinguish them. Photograph of O. Ochracea courtesy of Prof. W. Cade.

almost the same magnitude and a small time difference between them and converts them

to two outputs that have a considerably larger contrast. The outputs of this system excite

nerve pulses transmitted to the brain of the animal. Due to their larger contrast, it is

easier for the brain of the animal to distinguish the differences between these signals as

opposed to nerve pulses that would have been proportional to the pressure of the received

sound wave had the insect been using isolated pressure receivers. Using such coupled

ear systems, insects are able to determine the direction of arrival of sound sources of

interest with extremely small receiving apertures. An example of an insect that possesses

a hyperacute sense of directional hearing is the parasitoid fly Ormia Ochracea shown in

Fig. 2.1(a). This insect has two ears that are separated from each other by about 1 mm and
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can detect the DoA of a sound wave at 5 kHz with an angular resolution of 1◦ − 2◦ [44]-

[45]. At 5 kHz the wavelength of sound is about 70 mm. While 5 kHz is the frequency

of most interest to O. Ochracea, the fly has directional hearing capability over a broad

frequency band ranging approximately from 4 kHz to 25 kHz [46].

O. Ochracea’s super-resolving capabilities have been the source of inspiration for en-

gineers in a number of different fields. Various research groups have worked on developing

directional microphones based on the hearing mechanism of this insect [47]-[49]. More re-

cently, the analogies between the auditory system of O. Ochracea and antenna arrays have

been examined by two research groups [50]-[52]. In [50]-[51], we presented a prototype

of a two-element electrically-small antenna array based on the hearing mechanism of this

insect. Using theoretical analysis verified by measurement results, we demonstrated that

such antenna arrays show enhanced directional sensitivity compared to regular antenna ar-

rays that occupy the same aperture dimensions. Independent of our work, another research

group reported a different idea for designing antenna arrays based on the directional hear-

ing mechanism of O. Ochracea at about the same time [52]. The authors of [52] suggest

that such antenna arrays provide higher directivity values compared to regular arrays with

the same aperture size. While these works both examine the same physical concept, their

conclusions are different. In particular, unlike the conclusions of [52], our theoretical anal-

ysis shows that passive antenna arrays that directly mimic the sense of directional hearing

of O. Ochracea do not offer an enhanced directivity compared to a regular array of the

same size.

Similar to the system shown in Fig. 1.6(b), a two-element biomimetic antenna array

(BMAA) of the type reported in [51] takes two signals with the same magnitude and a

small phase difference between them and converts them to two output signals that have a

considerably larger phase difference between them. The relationship between the input and

output phase differences of the system (Φin and Φout) can be expressed with a nonlinear,
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one-to-one function (e.g., see the inset of Fig. 1.6(b)). This phase enhancement, however,

is achieved at the expense of sacrificing the output power of the array along the direction

of maximum sensitivity (i.e., the direction where maximum variation of Φout with respect

to Φin occurs). This angle-of-incidence- (AoI-) dependent amplitude variation indicates

that the large contrast between the input and output time differences of the coupled ear

system of an insect (τi and τout in Fig. 1.6(b)) is obtained at the expense of sacrificing the

range of the system1. Thus, we believe that insects with directional hearing capabilities

have traded the capability of hearing sounds over large distances in favor of the capability

of being able to localize the sound sources of interest in a smaller region. The goal of the

current thesis is to investigate the trade-offs involved in the design of biomimetic antenna

arrays and characterize their performance.

1.4 Thesis overview

The thesis is organized as follows:

1.4.1 Chapter 2: Biomimetic Antenna Arrays Based on the Directional
Hearing Mechanism of the Parasitoid Fly Ormia Ochracea

We present a thorough examination of two-element antenna arrays that mimic the sense

of directional hearing of the parasitoid fly Ormia Ochracea and examine the design trade-

offs of such arrays. Recently, it was demonstrated that these antenna arrays demonstrate

enhanced sensitivity to the direction of incidence of an electromagnetic wave, compared

to regular arrays occupying the same aperture. This, however, comes at the expense of

1The directivity of a passive two-element antenna array that mimics the sense of directional hearing of
O. Ochracea is not larger than that of a regular two-element antenna array as a result of this AoI-dependent
amplitude variation. This can be observed by coherently adding the output signals of a BMAA specified
by equations (1) and (2) of [51] and observing that the resulting function represents the array factor of a
conventional antenna array.
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sacrificing the available power at the outputs of such arrays. In this chapter, we present a

model for these two-element biomimetic antenna arrays (BMAAs) that takes the mutual

coupling effects into account. Using this model, we examine the tradeoffs that exist be-

tween the phase enhancement, which can be achieved from these arrays, and their output

power levels. We demonstrate that for any given desired phase enhancement factor, an op-

timum BMAA design exists that maximizes the output power level of the array. We also

show that strong mutual coupling between the two antennas can be exploited to enhance

the output power of the array. A method for designing practical two-element BMAAs is

also presented along with simulation and measurement results of a fabricated prototype.

1.4.2 Chapter 3: An Improved Architecture for Two-Element Biomimetic
Antenna Arrays

A new architecture is presented for two-element biomimetic antenna arrays (BMAAs)

that mimic the sense of directional hearing of the parasitoid fly Ormia Ochracea. The

proposed architecture addresses a major practical shortcoming of the previously reported

design in this area, namely the use of lossy transformers at high RF/microwave frequen-

cies. The new topology does not employ any RF transformers and results in a substantially

higher output power level for a given phase sensitivity, compared to the previously pro-

posed design. Moreover, because the new design does not use any transformers, it is

expected to be more amenable to operation at higher RF/microwave frequencies. A noise

analysis is also conducted and the output signal-to-noise ratio (SNR) of the proposed de-

sign is theoretically compared with that of the previously reported design. It is shown

that, for the same system level performance indicators, the proposed design demonstrates

a higher SNR compared to the previous one. A prototype of a two-element biomimetic

antenna array exploiting the proposed coupling network is designed, fabricated, and ex-

perimentally characterized.
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1.4.3 Chapter 4: Architecture, Design, and Nonlinear Optimization of
Three-Element Biomimetic Antenna Arrays

The architecture, design, and nonlinear optimization process of a three-element biomimetic

antenna array (BMAA) are presented and discussed. The array is composed of three λ/4

monopoles with an element spacing of λ/20. The optimization process is based on choos-

ing the desired phase enhancement factor and output power level of the side elements and

maximizing the output power of the center element. A design example in conjunction with

numerical simulations and optimization are presented to illustrate the design and princi-

ples of operation of the proposed array. The new array architecture addresses some of the

shortcomings of the previously reported two-element BMAAs and its architecture can be

readily extended to arrays with more than three elements.

1.4.4 Chapter 5: A Two-Element Biomimetic Antenna Array with En-
hanced Angular Resolution and Optimized Power Extraction

A new architecture for a two element biomimetic antenna array (BMAA) is presented.

This two-element BMAA is in the form of a coupled antenna array with an external cou-

pling network that is designed to efficiently extract power from both linearly-independent

modes of excitation of the array. These include the common mode and the differential

modes of excitation. This new array offers an enhanced phase response compared to the

regular antenna array that occupies the same aperture. However, unlike previous BMAA

designs, the output power of the array does not need to be sacrificed to achieve this phase

enhancement factor. Compared to a regular array, this two-element coupled array extracts

the same amount of power from an incoming electromagnetic wave but provides a con-

siderably larger phase sensitivity. The chapter describes the theory of operation and the

design process of this antenna. Using the design procedure presented in this chapter, a
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prototype of such a two-element BMAA is designed and and experimentally characterized

in the lab. Measurement results confirm the advantages of this new design compared to

the previous BMAAs reported in the literature.

1.4.5 Chapter 6: Bandwidth Enhancement of Biomimetic Antenna Ar-
rays using Non-Foster Coupling Networks

In this chapter the bandwidth of biomimetic antenna arrays has been considerably im-

proved by using non-Foster elements in their external coupling network. The proposed

non-Foster design is compared to a passive design of the same phase enhancement fac-

tor and output power level. It is demonstrated that the non-Foster design improves the

phase enhancement factor bandwidth by a factor of roughly 33. A practical implementa-

tion of the non-Foster coupling network using transistors is also discussed and the results

compared with its ideal circuit element counterpart.

1.4.6 Chapter 7: Biomimetic Nano-Antenna Arrays: A Concept for De-
signing Sub-Wavelength Angle-Sensing Detectors at Optical Wave-
lengths

In this chapter, the concept of a two-element biomimetic antenna array is extended to

optical frequencies and a new design for a two-element nano-antenna array that can act

as a sub-wavelength angle-sensing optical detector is presented. The main feature of the

proposed sub-wavelength detector is that it can be used to perform angle sensing without

the need to perform coherent measurements at optical frequencies. This is particularly im-

portant at infrared and optical frequencies where conducting phase coherent measurement

is challenging. The principles of operation of the new nano-antenna array along with the

design and simulation results of a prototype are presented and discussed in this chapter.
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Chapter 2

Biomimetic Antenna Arrays Based on the Directional Hear-
ing Mechanism of the Parasitoid Fly Ormia Ochracea

2.1 Introduction

In this section, we present a thorough examination of two-element antenna arrays that

mimic the sense of directional hearing of O. Ochracea. The antennas considered in this

work are not electrically-small. They, however, are closely spaced and the mutual coupling

between them is very strong. We present a model for these two-element BMAAs that takes

the mutual coupling effects into account. Using this model, we theoretically examine the

tradeoffs that exist between the phase enhancement factor and the output power level of

these antennas. We demonstrate that for any given desired phase enhancement factor, an

optimum BMAA design exists that maximizes the output power level of the array. We

also show that mutual coupling between the two antennas can be beneficial in enhancing

the output power level of the array. Additionally, we examine the impact of using non-

ideal transformers on the performance of such arrays and present a method for designing

two-element BMAAs that use nonideal transformers. Finally, we present the measure-

ment results of a two-element BMAA designed using the proposed design procedure and

experimentally validate the theoretical analyses presented in this section.
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2.2 Theory

In this subsection, we analyze a two-element biomimetic antenna array composed of

two closely-spaced antennas with a potentially strong mutual coupling between them.

Through this analysis, we will derive the conditions required to achieve maximum out-

put power from such an antenna with a given desired output phase response. Fig. 2.1(b)

shows the block diagram of a two-element BMAA composed of two omnidirectional re-

ceiving antennas. The two antennas are separated by a distance of d� λ from each other.

A plane wave with an incidence angle of θ is incident on the two antennas, where θ is

measured from the boresight direction. The outputs of the antennas (x1, x2) are fed to

the two inputs of an external coupling network. The external coupling network is a four-

port network with two inputs and two outputs. It takes two input signals, x1 and x2, with

roughly the same amplitudes and a small phase difference of Φin(θ) between them and

converts them to two output signals, y1 and y2, with a considerably larger phase difference

of Φout(θ). Here, Φin(θ) = ∠x2 − ∠x1 and Φout(θ) = ∠y2 − ∠y1 as shown in Fig. 2.1(b)

[51]. The external coupling network is implemented using a passive RLC circuit as shown

in Fig. 2.1(c) [51]. Comparison of the coupling network used in the present work and the

original coupling network reported in Fig. 2(d) of [51] shows some important modifica-

tions done in the new design. These changes, which add more flexibility to our design, are

summarized as follows: 1) The present coupling network is assumed to be lossless (i.e.,

Rc = 0 in Fig. 2(d) of [51]). 2) The coupling capacitor Cc used in [51] is replaced with

the impedance jX2/2 to accommodate the possibility of implementation by an inductor.

3) Dependent voltage sources have been added to take the effect of mutual coupling into

account. Furthermore, in this paper the effect of the impedance seen at the inputs of the

transformers have also been considered. As discussed in [51], the relationship between

Φout(θ) and Φin(θ) can be quantified using a nonlinear one-to-one function and for small
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θ values, Φout(θ) � Φin(θ). The two closely-spaced receiving antennas in this structure

are represented by their Z parameters as shown in Fig. 2.1(c) [53]-[54]. Here, the antennas

are represented by their self and mutual impedances and:

Zs = Rs + jXs (2.1a)

Z12 = R12 + jX12 . (2.1b)

Rs(Xs) is the real (imaginary) part of the self impedance of the antennas and R12(X12)

is the real (imaginary) part of the mutual impedance between the two antennas. The two

antennas are assumed to be identical and their outputs are connected to the passive external

coupling network comprised of transformers and reactances shown in Fig. 2.1(c). The two

outputs of the BMAA, which are outputs of the external coupling network, are connected

to 50 Ω loads.

In this theoretical analysis, we assume that the open circuit voltages of the two antennas

have equal magnitudes and a phase difference of 2α. Additionally, we assume that the

transformers used in the external coupling network are ideal transformers. Under these

assumptions, we can convert the equivalent circuit model shown in Fig. 2.1(c) to the

circuit shown in Fig. 2.2(a). Here, RL = 50 Ω
n2 and α is assumed to be π d

λ
sin(θ). Note that

(for small θ values around zero) α may be slightly different from this value if the mutual

coupling between the elements is strong. This, however, does not impact the validity of the

presented design procedure. In this figure, the two receiving antennas are modeled with

their Thevenin equivalent circuit models and each voltage source represents the normalized

open circuit voltage of each antenna. The circuit shown in Fig. 2.2(a) can be analyzed by

dividing it into an even-mode circuit and an odd-mode circuit as shown in Figs. 2.2(b) and

2.2(c) respectively. From symmetry (anti-symmetry) of the structure shown in Fig. 2.2(b)
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Figure 2.1 (a) Photograph of the parasitoid fly Ormia Ochracea (courtesy of Prof.
William Cade). (b) Block diagram of a two-element biomimetic antenna array. (c)

Equivalent circuit model of a two-element biomimetic antenna array taking into account
the mutual coupling effects between the two antennas.

(Fig. 2.2(c)), we can see that:

I1,c = I2,c = Ic (2.2a)

−I1,d = I2,d = Id (2.2b)

The total currents, I1 and I2, can be obtained from the following equations:
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Figure 2.2 (a) Equivalent circuit model of the two-element biomimetic antenna array
shown in Fig. 2.1. (b) The common-mode circuit. (c) The differential-mode circuit.

I1 = Ic − Id (2.3a)

I2 = Ic + Id (2.3b)

Using the equivalent circuit models shown in Figs. 2.2(b) and 2.2(c) in conjunction with

the relationships given in (2.3a)-(2.3b), we can obtain closed-form expressions for I1 and
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I2 as:

I1 =
cos(α)

(R +R12) + jb
− j sin(α)

(R−R12) + ja
(2.4a)

I2 =
cos(α)

(R +R12) + jb
+ j

sin(α)

(R−R12) + ja
(2.4b)

where

R = RL +Rs (2.5a)

a = X1 +Xs −X12 (2.5b)

b = X1 +X2 +Xs +X12 (2.5c)

For incidence angles close to the boresight, i.e. θ ≈ 0◦, we can use the Taylor series

expansion for the sine and cosine functions in (2.4a) and (2.4b) to arrive at:

I1 ≈
1

(R +R12) + jb
− j α

(R−R12) + ja
(2.6a)

I2 ≈
1

(R +R12) + jb
+ j

α

(R−R12) + ja
. (2.6b)

At boresight, the output power at both ports are the same and are given by:

Pout =
1

2
RL|I1|2

∣∣∣∣
θ=0

=
1

2
RL|I2|2

∣∣∣∣
θ=0

=
1

2
(R−Rs)

∣∣∣∣ 1

(R +R12) + jb

∣∣∣∣2
=

1

2
(R−Rs)

1

(R +R12)2 + b2
. (2.7)

To find a condition for Pout that yields realizable values of R and b, we rearrange (2.7) for

b2 and get:

b2 = −R2 +

(
1

2Pout
− 2R12

)
R−

(
Rs

2Pout
+R2

12

)
. (2.8)
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b2 is a real nonnegative quantity. Thus we must have:

−R2 +

(
1

2Pout
− 2R12

)
R−

(
Rs

2Pout
+R2

12

)
≥ 0. (2.9)

The left hand side of (2.9) is a quadratic function of the independent variable R. Due to

the negative leading term, the quadratic function graphically represents a concave down

parabola. To ensure that the quadratic function has nonnegative values, its discriminant

should be nonnegative, i.e.

∆1 =

(
1

2Pout
− 2R12

)2

− 4

(
Rs

2Pout
+R2

12

)
≥ 0. (2.10)

By rearranging, we arrive at the following necessary condition for the output power:

Pout ≤
1

8(Rs +R12)
, P0 . (2.11)

It is easy to verify that P0 in (2.11) is simply the available power that can be obtained from

each antenna. Thus, for Pout values that are less than P0, real values for R and b can be

found.

The “output phase” (i.e., the phase difference between the two outputs of the BMAA),

is equal to the phase difference between I2 and I1. The ratio of I2 to I1 can be written as:

I2

I1

=
1 + jα (R+R12)+jb

(R−R12)+ja

1− jα (R+R12)+jb
(R−R12)+ja

=
1 + jαz

1− jαz (2.12)

where

z =
(R +R12) + jb

(R−R12) + ja
= η + jξ (2.13)

η = Re(z) =
(R2 −R2

12) + ab

(R−R12)2 + a2
. (2.14)
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Thus,

Φout(θ) = ∠I2 − ∠I1 = ∠(I2/I1)

= tan−1(
αη

1− αξ ) + tan−1(
αη

1 + αξ
)

= tan−1(
2αη

1− α2(η2 + ξ2)
). (2.15)

At boresight, the slope of the output phase with respect to θ is:

s =
dΦout

dθ

∣∣∣∣
θ=0

=

(
dΦout

dα

∣∣∣∣
α=0

)(
dα

dθ

∣∣∣∣
θ=0

)
= 2ηπ

d

λ
. (2.16)

The external coupling network is designed to enhance the phase difference between the

two output signals of the BMAA compared to that of its two input signals. The phase

difference between two isotropic antennas located at a distance of d from each other and

illuminated by an incident plane EM wave from an angle of θ with respect to the boresight

is kd sin(θ) where k = 2π
λ

is the free space wavenumber. At boresight, the slope of this

phase difference, with respect to the incidence angle, is:

s0 =
d

dθ

(
2π
d

λ
sin(θ)

) ∣∣∣∣
θ=0

= 2π
d

λ
. (2.17)

Thus, η = s
s0

is a measure that can be used to quantify the phase enhancement ca-

pabilities of a two-element BMAA. In the remainder of this work η will be referred to

as the “phase enhancement factor”. As demonstrated in [51], a two-element BMAA can

have phase enhancement factors significantly larger than one (i.e., η � 1). This means

that the phase difference between the two output signals of a BMAA (y2 and y1 in Fig.

2.1) is larger than what is normally achieved using an ideal antenna array composed of

two isotropic receivers with the same separation. This, however, comes at the expense of

sacrificing the output power level of the antenna [51]. In general, as η is increased, the out-

put power that is available at the output of a two-element BMAA decreases. Our goal in
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this work is to quantitatively examine this tradeoff and determine the maximum available

output power that can be achieved for a given desired phase enhancement factor. Since the

minimum power level occurs for angles where η is maximum (i.e. close to the boresight),

we define the maximum power that is available from a BMAA output at boresight as Pmax
out .

Rearranging (2.14), we have:

ηa2 − ab+ η(R−R12)2 − (R2 −R2
12) = 0 . (2.18)

This is a quadratic equation with respect to a. Since a is a real quantity, the discriminant

of (2.18) should be non-negative to ensure that (2.18) can be satisfied. Therefore, we have:

∆2 = b2 − 4η

[
η(R−R12)2 − (R2 −R2

12)

]
≥ 0. (2.19)

using (2.8) we can rewrite (2.19) as:

(2η − 1)2R2 −
(

1

2Pout
+ 2R12(4η2 − 1)

)
R

+

(
(2η + 1)2R2

12 +
Rs

2Pout

)
≤ 0 . (2.20)

The left hand side of (2.20) is a quadratic function of R that graphically represents a

concave up parabola (positive leading term). To ensure that (2.18) can be satisfied, at least

one real value of R must exist that satisfies (2.20). Thus, if the quadratic function on the

left hand side of (2.20) has real roots (as a function of R), real value(s) of R that satisfy

(2.20) will exist. Thus, (2.20) can only be satisfied if the discriminant of the quadratic

function is non-negative, i.e.:

∆3 =

(
1

2Pout
+ 2R12(4η2 − 1)

)2

− 4(2η − 1)2

(
(2η + 1)2R2

12 +
Rs

2Pout

)
≥ 0 . (2.21)
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By rearranging, we arrive at the following necessary condition for the output power:

1

Pout
≥ 8Rs(2η − 1)2

(
1− (

2η + 1

2η − 1
)
R12

Rs

)
. (2.22)

For a given pair of phase enhancement factor and desired output power level (η, Pout)

values, conditions specified by (2.11) and (2.22) are necessary conditions for the existence

of a realizable external coupling network1. If these conditions are not satisfied, real values

for X1 and X2 and a real positive value for RL can not be found. However, the sufficient

condition for obtaining a realizable external coupling network for a given pair of (η, Pout)

values is the existence of a real value of R > Rs that satisfies both (2.9) and (2.20)

simultaneously. Conditions (2.11) and (2.22) simply state that there are real values for R

that satisfy inequalities (2.9) and (2.20), respectively. However these values for R might

not overlap, in which case the external coupling network will not be realizable. For any

given Pout value, a maximum phase enhancement factor (denoted by ηmax) exist where for

η > ηmax, no value of R exists that can simultaneously satisfy (2.9) and (2.20). Under

these circumstances, the BMAA can not be physically realized. For η < ηmax, a range

of values for R can be found that satisfy (2.9) and (2.20). Using any value of R within

this range, a and b can be obtained using (2.8) and (2.18). The circuit values for the

external coupling network can then be found using (2.5a)-(2.5c) and the coupling network

is therefore determined. It is noted that different values of R within the overlap range

result in different coupling networks. However, all these alternative networks provide the

same combination of Pout and η values at bore-sight. For η = ηmax, the range of R values

that satisfy (2.9) and (2.20) is reduced to a single value and only one possible coupling

network exists that results in the desired Pout and η combination.
1Notice that (2.11) is a condition derived by analyzing the output power of the system and (2.22) is a

condition derived by analyzing the phase enhancement factor. Under certain circumstances (e.g., strong
mutual coupling), the upper bound specified by (2.22) is higher than that of (2.11).
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2.3 Design of Optimized BMAAs

2.3.1 BMAA Design Using Ideal Transformers

First, we examine design of an optimized two-element BMAA that uses lossless ideal

transformers. This procedure is demonstrated through a design example. The two-element

array, considered in this example, is composed of two 13.5 cm long monopole anten-

nas separated from one another by a distance of 2.5 cm. At the operating frequency of

600 MHz, each monopole is slightly larger than λ0/4 and the spacing between the two an-

tennas is 0.05λ0. The two antennas are assumed to be mounted on a common ground plane

with infinite dimensions. Since the antennas are closely spaced and operate close to their

resonant frequencies, the mutual coupling between them is very strong. This structure is

simulated in CST Microwave Studio and the two-port Z-parameters of the antennas, at the

desired frequency of operation, are obtained and presented in Table 2.1.

Table 2.1 Calculated Z-parameters of the two monopole antenna system discussed in
Section 2.3.1 at 600 MHz.

Rs = Re(Z11) 42.36 Ω

R12 = Re(Z12) 40.57 Ω

Xs = Im(Z11) 0.79 Ω

X12 = Im(Z12) −53.80 Ω

In designing the optimum BMAA, the goal is to maximize the output power level for a

given phase enhancement factor or to maximize the phase enhancement factor for a given

output power level. In this subsection, we assume that the desired output power level of

the optimized BMAA, normalized to the power that is available from a regular array at

boresight, is known and design the structure to provide the maximum phase enhancement
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factor. In all subsequent discussions, we assume that the power at the outputs of the BMAA

is normalized to the available power at the output of the regular array when the antennas

are connected to matched loads and the array is illuminated by a plane wave at boresight. It

can be shown that this power is P0 as defined in (2.11). For this design example, ηmax has

been calculated as a function of the normalized output power of the BMAA, Pout, using the

following procedure. For a specific value of Pout, we obtain the roots of the left hand side

of (2.9) and denote them by R1 and R2. This gives us the range of values for R ∈ [R1, R2]

which satisfy condition (2.9). For each value of R in this interval we obtain a maximum

value of η that satisfies (2.20) and denote it by η∗. By plotting η∗ as a function of R in the

interval [R1, R2], the maximum value of this function is obtained and denoted by ηmax.

Fig. 3.2 is a plot of ηmax as a function of Pout and shows the maximum phase enhancement

factor that can be theoretically achieved for a given output power level2. Alternatively, Fig.

2.3 can be used to determine the maximum output power level achievable for a given ηmax.

For comparison, ηmax has also been calculated for a hypothetical two-element BMAA

in which the antenna elements have the same Rs =Re(Z11) values but have no mutual

coupling between them (R12 = 0) and the results are also presented in Fig. 2.3. The

comparison between the two results presented in Fig. 2.3 shows that in a two-element

BMAA the presence of mutual coupling can be exploited to enhance the output power

level of the array.

As can be seen from Fig. 2.3, for an ideal coupling network and an arbitrarily chosen

output power of Pout = −12 dB, the value of ηmax is approximately equal to 27. Therefore,

for this design example, we choose an output power level of Pout = −12 dB and a phase

enhancement factor of η = 25. Notice that this value of η is below that of ηmax for
2Notice that the maximum output power level that can be achieved from a two-element BMAA is the

output power level when no coupling network is used and the antennas are impedance matched. Therefore,
the maximum value of the normalized Pout in Fig. 2.3 is 0 dB
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Figure 2.3 Variation of maximum phase enhancement factor as a function of output
power for the two-element BMAA discussed in Subsection 2.3.1. The result for a

hypothetical BMAA composed of two antennas that have the same values of
Rs = Re(Z11) but have no mutual coupling between them, i.e., R12 = 0, is also shown

for comparison.

the desired output power level. Therefore, as described in Subsection 2.2, more than

one coupling network exists that results in this (η, Pout) combination. Following the

theoretical analysis presented in Subsection 2.2, it can easily be shown that for these Pout

and η values, any value of R ∈ [43.75 Ω, 44.25 Ω] satisfies (2.9) and (2.20)3. This limited

range of admissible R values is due to the close proximity of the selected η value to ηmax

for the given Pout value. Notice that as η gets closer to ηmax, the range of admissible

values for R becomes smaller and smaller until it reaches a single value for η = ηmax.

3This can be shown by simply plotting the left hand sides of (2.9) and (2.20) as a function of R.
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If we choose R = 44 Ω, using (2.8), the value of b is calculated to be b = ±38.34. If

we arbitrarily choose the positive value for b, (2.18) can be used to calculate the value

of a. Here, a = 1.42 or a = 0.114. By choosing a = 1.42 and using (2.5a)-(2.5c) in

conjunction with the equivalent circuit values given in Table I, the element values of the

external coupling network of the BMAA can be calculated as:

X1 = −53.17 Ω (2.23a)

X2 = 144.52 Ω (2.23b)

RL = 1.64 Ω. (2.23c)

The reactance values of X1 and X2 can be obtained using a 4.988 pF capacitor and a

19.17 nH inductor at 600 MHz. RL can be realized by using an ideal transformer with a

turn ratio of n =
√

50/1.64 ≈ 5.52 terminated at a 50 Ω load as shown in Fig. 2.1(c).

Table 2.2 The four possible implementations of the external coupling network of the
BMAA examined in Section 2.3.1. At 600 MHz, the reactance value of X1 is obtained
using an inductor with an inductance of L and the reactance value of X2/2 is obtained

using a capacitor with a capacitance of C.

C (pF) L (nH)

Case 1 4.988 19.17

Case 2 4.869 19.34

Case 3 4.736 9.370

Case 4 4.849 9.200

For the specific value of R = 44 Ω chosen in this design example, there are a total of

four different circuits that result in the same η and Pout values. The element values of the

other three circuits can be obtained by using different combinations of values obtained for
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the variables a and b as discussed in the previous paragraph. Following the same proce-

dure, the element values of these four coupling networks are calculated and the results are

presented in Table 2.2. Notice that a different choice of R from the admissible values in

the range of [43.75 Ω, 44.25 Ω] results in a different set of a and b values, which will in

turn result in a different set of coupling networks that provide the same combination of η

and Pout values. Therefore, if the value of η is less than ηmax, numerous different coupling

networks exist that will result in given Pout and η values.
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Figure 2.4 The simulated responses of the four biomimetic antenna arrays examined in
Section 2.3.1. (a) The phase responses of the BMAAs employing the external coupling
networks identified in Table 2.2. The output phase response of a regular array (the same

antennas without the coupling network) has also been included. (b)-(c) The output power
of these BMAAs as a function of angle of incidence of the EM wave. The output power

values are normalized to P0, which is the power available from a regular antenna array (A
BMAA without coupling network) at boresight. See (2.11). (b) The output power at the

contralateral output port. (c) The output power at the ipsilateral output port. The
ipsilateral (contralateral) antenna is the one closer (further) from the incident EM wave.

To simulate the responses of these antennas, the Thevenin equivalent circuit model

of the two antennas is used in a circuit simulation software, Agilent’s Advanced Design

System (ADS), in conjunction with the coupling networks whose parameters are provided

in Tables 2.1 and 2.2. Using these circuit simulations, the output phase and amplitude
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responses of each BMAA is calculated. The results of these simulations are presented

in Fig. 2.4. Fig. 2.4(a) shows the output phase response (Φout) for each BMAA. Cases

1 to 4 refer to BMAAs with external coupling network parameters identified in Table

2.2. As a reference for comparison, kd sin(θ), which is the phase difference between two

uncoupled isotropic receiving antennas separated by a distance of d, is also plotted in this

figure. As can be observed from this figure, all four BMAAs result in the same phase

enhancement factor, which is defined to be the ratio of the slopes of their Φout(θ) curves to

the slope of the kd sin(θ) curve at θ = 0◦. More specifically, all four BMAAs offer a phase

enhancement factor of η = 25 as expected. Fig. 2.4(a) also shows the phase difference

between the two outputs of the regular antenna array, composed of the two closely-spaced

monopoles without the external coupling network. As can be observed, this output phase

difference is enhanced compared to kd sin(θ). This phenomenon is a direct consequence

of the strong mutual coupling between the two closely-spaced monopole antennas. Fig.

2.4(b) and 2.4(c) show the normalized output power of the BMAAs at each output port. As

defined in Fig. 2.1, Port 1 is the output port that is further from the incident EM wave (the

contralateral output) and Port 2 is the output port that is closer to the incident EM wave (the

ipsilateral output). As can be observed from Figs. 2.4(b) and 2.4(c), all BMAAs provide

the expected Pout value of -12 dB at boresight. While the different BMAAs provide the

same η and Pout values at boresight, their responses are not identical to each other for other

incidence angles. This stems from the fact that the design goals of the analysis procedure

presented in Section 2.2 are to optimize the response of the BMAA along the direction

of maximum sensitivity, i.e. θ ≈ 0◦, and the approximations used are most accurate

for incidence angles in the vicinity of the boresight. Therefore, it is not unexpected to

see differences in the output power level of the array at directions other than the bore-

sight. Nonetheless, the results presented in Fig. 2.4 confirm the validity of the theoretical

analysis presented in Section 2.2 for BMAAs that use ideal transformers.
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2.3.2 Design of Optimized BMAAs With Nonideal Transformers

The design of a two-element BMAA using ideal transformers is rather straight forward

and follows directly from the design procedure presented in the previous subsection. In

practice, however, the transformers used at high frequencies are not ideal transformers

and have losses associated with them. This impacts the performance of a two-element

BMAA. In this subsection, we present a procedure that can be used to design BMAAs

which use well-characterized, nonideal transformers. This design procedure is based on

selecting a desired normalized output power level for the BMAA, Pout, and determining

the parameters of the coupling network that result in maximum phase enhancement factor,

ηmax. In this subsection, we demonstrate this process using a design example. Similar

to the previous case, the BMAA considered in this example is composed of two 13.5 cm

monopole antennas, which are separated from each other by 2.5 cm and mounted on an

infinite ground plane.

Fig. 2.5 shows the common and differential mode half circuits of the BMAA shown

in Fig. 2.1(c). In this figure, vc(θ) and vd(θ) are the common mode and differential mode

open-circuit antenna voltages and both are functions of the incidence angle. The values of

vc(θ) and vd(θ) for various angles of incidence are obtained using full-wave electromag-

netic simulations. To do this, the monopole array is simulated in CST Microwave studio

by illuminating it with vertically polarized plane waves incident from various incidence

angles along the azimuth plane and calculating the open circuited voltage at the terminals

of the two antennas. The goal is to design the coupling network so that for Pout ≈ −12

dB, the maximum possible phase enhancement factor is obtained. Before we calculate the

component values of the coupling network (X1 and X2 in Figs. 2.1 and 2.5), we have to

characterize the transformer used in the external coupling network. As seen in the previ-

ous subsection, for Pout = −12 dB, the value of the transformer turn ratio that resulted
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Figure 2.5 (a) The common mode half circuit of the BMAA. (b) The differential mode
half circuit of the BMAA. Here, the transformer is assumed to be nonideal.

in the optimum coupling network was n = 5.5. In this design example, however, we use

a transformer manufactured by Coilcraft (model number Z9314-AL) with a turn ratio of

n = 2.5. This choice was motivated by practical concerns, since a low loss transformer

with a turn ratio of 5.5 that could operate at 600 MHz was not readily available to us.

The four-port S-parameters of the transformer are measured using a four-port vector net-

work analyzer (VNA) and its Z-parameters are calculated from the measured data. The

measured Z-parameters of the transformer are then used in the design process.

The remainder of the design process consists of determining the values of the remain-

ing elements used in the external coupling network. These are the two reactances X1 and



34

X2 as shown in Fig. 2.5. First, we calculate X1 + X2. At boresight (θ = 0◦), vd = 0.

Therefore, the output power of the BMAA at boresight can be calculated by only using

the common mode circuit. As can be seen from Fig. 2.5(a), in this case the output power

is only a function of X1 + X2 (and not on the values of X1 and X2 individually). Since

we have assumed that these reactive components are lossless, part of the power entering

the coupling network (denoted by Pin, c in Fig. 2.5(a)) is delivered to the 50 Ω load and the

rest is lost in the transformer. While the exact value of the transformer loss depends on

the unknown value of X1 +X2, the variation of transformer loss with respect to X1 +X2

is negligible and it is found to be between 1.5 to 2 dB4. Therefore, we take the power

entering the coupling network to be Pin = −10 dB to ensure that Pout is in the range of

−12 dB< Pout < −11.5 dB. Using Fig. 2.5(a) and basic circuit analysis techniques, it

can be shown that the locus of points on the complex Zin, c plane that result in a constant

Pin, c value is a circle. A section of this circle, which corresponds to Pin, c = −10 dB, is

shown with a dashed line in Fig. 2.6. Moreover, as X1 +X2 takes on real values from−∞
to +∞, Zin, c is calculated using ADS circuit simulator and the measured Z-parameters

of the transformer and is found to map the curve shown with a solid line in Fig. 2.6. As

can be observed, the two curves cross at the value of Zin, c ≈ 9.9 − j102 Ω. This means

that there is a real value of X1 + X2 that results in an input power of Pin, c = −10 dB.

By plotting the real and imaginary parts of the input impedance, Zin, c, as a function of

X1 + X2 (as shown in Fig. 2.7), we can easily see that X1 + X2 = 131 Ω realizes this

input impedance. For this value of X1 + X2, the value of the transformer loss is equal to

1.6 dB. Thus, the output power level of the BMAA, at boresight, is expected to be equal to

4This is done by simulating the circuit shown in Fig. 2.5(a) in ADS where the values of X1 + X2 are
changed from −∞ to +∞ and the transformer loss is calculated. In doing this, the measured S-parameters
of the transformer are used.
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Pout = −11.6 dB. The common mode output current, Ioc, is then calculated as a function

of angle-of-incidence (θ) using this reactance.
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Figure 2.6 Locus of Zin, c as X1 +X2 varies from −∞ to +∞ and for constant input
power to the external coupling network of Pin, c = −10 dB.

Now that the value ofX1 +X2 is determined, by determining the value ofX1, all of the

parameters of the external coupling network can be identified. To do this, Iod is calculated

as a function of X1 using the equivalent circuit shown in Fig. 2.5(b). Subsequently, η is

calculated from:

η =
1

2πd
λ

dΦout

dθ

∣∣∣∣
θ=0

=
1

2πd
λ

d

dθ

(
∠Ioc + Iod
Ioc − Iod

)∣∣∣∣
θ=0

(2.24)
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Figure 2.7 The real and imaginary parts of Zin, c as a function of X1 +X2.

as a function of X1. Here Φout is the phase difference between the outputs of the BMAA

and 2π d
λ

is the slope of the function kd sin(θ) at θ = 0◦. Fig. 2.8 shows the variations of

|η| as a function ofX1. As can be seen, the maximum value of phase enhancement factor is

approximately equal to 16.8. Choosing X1 = 350 Ω results in a phase enhancement factor

of η ≈ 15. Using this value ofX1, we can calculateX2 = 131 Ω−350 Ω = −219 Ω. Using

these X1 and X2 values, the values of the lumped element components that constitute

the external coupling network of this BMAA can be determined. At 600 MHz, X1 can

be implemented using an inductor with an inductance value of 92.84 nH and X2 can be

implemented using a capacitor with a capacitance of 2.42 pF.
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Figure 2.8 Variation of |η| as a function of X1 for a coupling network that results in
Pout ≈ −12 dB.

2.4 Experimental Verification

The optimized BMAA discussed in Section 2.3.2 and its associated coupling network

are fabricated as shown in Fig. 2.9. The two monopole antennas are made out of hollow

copper tubes with a circular cross section with inner and outer radii of 1.8 mm and 2.4 mm

respectively. The antennas are mounted on a brass ground plane with physical dimensions

of 60 cm× 60 cm as shown in Fig. 2.9(a). The monopole antennas are fed using SMA con-

nectors mounted underneath the ground plane. The external coupling network is fabricated

on a separate dielectric substrate as is shown in Fig. 2.9(b). Two Z9314-AL transformers

(from Coilcraft), two 82 nH inductors, and a 2.7 pF capacitor are used to implement the

external coupling network. The inductors had a tolerance of 2% and a quality factor of
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Q ≈ 60 at 600 MHz. The capacitors had a tolerance of ±0.1 pF and a quality factor of

Q ≈ 1000 at 600 MHz. The input ports of the external coupling network are connected to

the SMA connectors that feed the two monopole antennas and the outputs of the BMAA

are taken from the two outputs of the external coupling network as shown in Fig. 2.9(b).

The response of the BMAA is measured by illuminating it with plane waves arriving from

different directions. Measurements are conducted using three ports of a four-port VNA.

One of the VNA ports is connected to a dipole antenna operating at 600 MHz, which is

used to illuminate the BMAA. The two other VNA ports are connected to the two BMAA

outputs and the complete S-parameters of this three-port system are measured for vari-

ous incidence angles. To minimize the impact of the scattering and diffraction from the

edges of the finite ground plane on the BMAA response, the edges of the ground plane are

covered with thin absorbers (6.35 mm thick ECCOSORB LS-30/SS-3 absorbers manufac-

tured by Emerson & Cuming). The dipole antenna and the BMAA are placed in the far

field of each other in an open environment free of scatterers and the center of the dipole is

aligned with the edge of the ground plane of the BMAA to ensure that the incident plane

wave is arriving along the azimuth plane. Absorbers are placed on the ground to suppress

specular reflections from ground. For each incidence angle, the magnitude and phase of

the three-port S-parameters of the system are recorded and the results are used to extract

the BMAA amplitude and phase responses. These measurements are also repeated for a

regular two-element antenna array with the same element type and spacing (i.e., BMAA

without the coupling network).

Fig. 2.10 shows the measured and simulated output phase responses of this BMAA

as a function of angle of incidence of the EM wave and compares it with that of a reg-

ular array with the same elements and dimensions. The simulations are done using CST

Microwave studio and Agilent ADS as described in Section 2.3.2. As can be seen from

Fig. 2.10, an excellent agreement is observed between the measured and simulated phase
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responses of the regular antenna array. However, the measured output phase response of

the BMAA is shifted towards negative θ values (the zero crossing occurs for θ ≈ −15◦).

This shift is primarily attributed to the asymmetries in the coupling network, since it is

conspicuously absent in the measurement result of the regular array. These asymmetries

are most likely caused by the differences between the exact element values of the two in-

ductors and the small (but inevitable) differences in the responses of the two transformers.

Since the primary impact of these asymmetries on the BMAA’s phase response is to move

the zero crossing points away from boresight, their effects can be compensated for by us-

ing a simple phase shifter in line with one of the inputs of the BMAA’s external coupling

network. To accomplish this, a phase shifter with a phase shift of 4.7◦ was added between

the second antenna element and the second input of the external coupling network. The

phase shifter is implemented with a small piece of coaxial transmission line5. The output

phase response of this BMAA with the added phase shifter is also presented in Fig. 2.10.

As can be observed, adding this extra phase shifter recovers the desired BMAA output

phase response. Finally, for comparison, the phase difference between two ideal isotropic

receiving antennas separated by a distance of d (kd sin(θ)) is also plotted in Fig. 2.10.

As can be observed, the measured phase enhancement factor of the BMAA at boresight is

η ≈ 15.6, which agrees very well with the designed value of η ≈ 15.

Fig. 2.11 shows the measured and simulated output power levels at the two BMAA

outputs. The results presented in this figure are normalized to the output power level

achieved from a regular antenna array at boresight (i.e. BMAA without the coupling net-

work). As expected, the simulated output power at the two ports of the BMAA is 11.6 dB

lower at boresight compared to that of a regular array. The difference between the mea-

sured and simulated values for the normalized output power levels are attributed to the

5In doing this, the measured S-parameters of the antenna are imported into ADS and the phase shifter is
implemented in ADS (A physical phase shifter has not been used.)
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Figure 2.9 Photograph of the fabricated two-element biomimetic antenna array. (a) 3D
view of the two monopoles. (b) The two-input two-output external coupling network.

asymmetries in the coupling network, which can not be compensated by the phase shifter,

and also the lossy nature of the reactive components used6. It can be seen that the phase

enhancement observed in the BMAA is indeed achieved at the expense of the reduction

of the available output power. Specifically, the phase amplification factor of η ≈ 15.6

(measured) in this device is achieved with a power reduction of approximately 12 dB. By

comparing the results presented in this section with those of Section 2.3.1, it can be seen

that the nonideal transformers used in this case have a significant impact on the perfor-

mance of the BMAA. In particular, for the same output power level of Pout = −12 dB, the

BMAAs that use ideal transformers offer a considerably larger phase enhancement factor

(η = 25 compared to a simulated η value of 15.2). Alternatively, a phase enhancement

6Notice that in our design procedure, the components of the external coupling network except the trans-
formers were assumed to be lossless. However, inductors with large inductance values are quite lossy at
these frequencies. Additionally, because of the tolerances of these elements, these losses are not necessarily
identical for the two inductors used in the external coupling network, which results in additional asymmetry
in the circuit.
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Figure 2.10 Measured and simulated output phase responses of the two-element BMAA
discussed in Section 2.4. The simulated and measured output phase response of the

regular array (BMAA without the external coupling network) is also shown. For
comparison, the phase difference between two isotropic receiving antennas with a

spacing of d, kd sin(θ), is also shown. See Fig. 2.1 for definitions of positive and negative
incidence angles.

factor of η = 15.2 can be achieved from a BMAA using ideal transformers with an out-

put power level of Pout = −7.5 dB (see Fig. 2.3). The adverse impact of using nonideal

transformers on the performance of the BMAA is attributed to two main factors. The first
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reason is the loss of the transformer. When an ideal transformer is used in the external

coupling network, the power entering the external coupling network and the output power

Pout are equal. But when a non-ideal transformer is used, part of the power entering the

external coupling network is lost in the transformer and the rest is delivered to the load.

In the BMAA examined in this section, the power entering the external coupling network

at boresight is Pin, c = −10 dB and the loss of the transformer is 1.6 dB. Thus, it is more

appropriate to compare the phase amplification capability of the two coupling networks

when the same amount of power is delivered to them. For comparison, an ideal external

coupling network with an input power of −10 dB has a maximum phase amplification of

η ≈ 21 (refer to Fig. 2.3).

The other reason can be explained using Fig. 2.6. The value of the power entering

the coupling network (at boresight) is determined by Zin, c. As is evident in Fig. 2.6, the

attainable values of Zin, c are limited to the solid curve in the complex plane. Particularly,

the minimum value of the real part (resistance) of Zin, c is 9 Ω. Thus, the optimum load

resistance (in the ideal transformer case) of R = 1.64 Ω can never be obtained with this

transformer. The goal in the design of a BMAA with a non-ideal transformer is to find

the optimum “achievable” phase amplification for a given output power. This is primarily

dictated by the characteristics of the transformer. Due to the two reasons outlined above,

there will generally be a difference between the values obtained when using ideal and

nonideal transformers.

2.5 Conclusions

We presented a thorough examination of two-element antenna arrays that mimic the

hyperacute sense of directional hearing of the parasitoid fly Ormia Ochracea. It was

demonstrated that the phase enhancing properties of such BMAAs come at the expense
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Figure 2.11 Angular variations of the output power at the two output ports of the BMAA
discussed in Section 2.4. The results are normalized to the output power available from

the regular array at boresight, P0 in (2.11). Port 2 is the output closer to the incident wave
(the ipsilateral antenna) and port 1 is the output further from the incident EM wave (the

contralateral output).

of sacrificing the available power at the outputs of the array. However, for a given de-

sired phase response, an optimum BMAA implementation exists that maximizes the output

power level of the array. Alternatively, for a tolerable output power reduction compared

to a regular array, the optimum BMAA implementation results in maximum phase en-

hancement factor. The effect of mutual coupling on the performance of the array was also

examined. It was demonstrated that mutual coupling between the two receiving antennas
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can enhance the available power at the output of a two-element BMAA. The impact of us-

ing nonideal transformers in the design of these arrays was also examined and a method for

designing two-element BMAAs, which takes the actual frequency response of the trans-

formers into account, was presented. Using this method, a prototype of a two-element

BMAA was designed and experimentally characterized. The measurement results of this

prototype verify the accuracy of the theoretical analyses presented in the paper. The re-

sults presented in this paper can be used to evaluate the suitability (or lack thereof) of such

antenna arrays for applications such as small-aperture radio direction finding as well as

sensing and imaging systems.
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Chapter 3

An Improved Architecture for Two-Element Biomimetic An-
tenna Arrays

3.1 Introduction

The hyperacute sense of directional hearing of the parasitoid fly Ormia Ochracea has

been studied since 1970s [44]-[45]. The amazing ability of this insect in detecting the

direction of arrival of a sound wave, despite using an extremely small receiving aperture,

inspired the development of new types of directional microphones in recent years [47]-

[49]. Recently, biomimetic antenna arrays (BMAAs) that mimic the sense of directional

hearing of this insect were also examined [50]-[51]. It was shown that such antenna arrays

demonstrate enhanced directional sensitivities compared to regular antenna arrays that oc-

cupy the same aperture sizes [51]. However, this enhanced directional sensitivity comes

at the expense of sacrificing the power level at the output of the BMAA [51]. In a re-

cent article, we proposed an architecture for designing two-element BMAAs that mimic

the sense of directional hearing of Ormia Ochracea and obtained a relationship between

the maximum available power at the output and the phase sensitivity that can be achieved

from these arrays [55]. It was demonstrated that as the desired phase sensitivity of the

two-element BMAA increases, its available power decreases. Therefore, for any desired

phase sensitivity, an optimum BMAA exists that provides the maximum available output

power [55]. However, the two-element BMAA architecture examined in [55] suffers from



46

a practical limitation. Namely, it requires the use of two RF transformers in its external

coupling network. Since transformers tend to become lossy and inefficient at high RF and

microwave frequencies, the BMAAs of the type reported in [55] suffer from two major

shortcomings. First, due to the transformer losses, they cannot offer the maximum out-

put power level that can be theoretically achieved for a given phase enhancement factor

[55]. Furthermore, due to the lack of suitable, low-loss RF transformers, they cannot be

efficiently used at high RF and microwave frequencies.

In this paper, we present a new architecture for two-element BMAAs that mimic the

sense of directional hearing of the parasitoid fly Ormia Ochracea. The new BMAA ar-

chitecture does not employ any transformers and, for the same phase enhancement factor,

it can provide a considerably higher output power level compared to the architecture ex-

amined in [55]. A two-element BMAA of the type reported in [55] or the type studied in

this paper will inevitably be used as part of a wireless system. In such systems, the signal-

to-noise ratio achievable at the antenna outputs is generally of particular importance. In

this paper, we also examine the output noise of the proposed two-element BMAAs and

compare it to that of the two-element BMAA reported in [55] (for the same output phase

sensitivity). We demonstrate that the noise generated by the coupling network of the pro-

posed BMAA architecture is comparable to that of the BMAA architecture reported in

[55]. Therefore, the gains in signal-to-noise ratio (SNR) in the proposed design come

from the increase in the level of the output signal power.

A prototype of a two-element BMAA that uses the proposed architecture is designed,

fabricated, and experimentally characterized. This new prototype achieves a (simulated)

measured output power level that is within (1.5dB) 2dB of the theoretical limit at 600

MHz. Additionally, because it does not use any transformers, the new BMAA architec-

ture is expected to be more amenable for operation at higher RF/microwave frequencies
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and its coupling network can potentially be integrated on a single chip. Due to these ad-

vantages and the higher SNR that this structure provides, the two-element BMAA archi-

tecture reported in this paper is expected to be more suitable for practical high-frequency

RF/microwave applications.

3.2 The Proposed Two-Element BMAA Architecture

The topology of the proposed two-element BMAA is shown in Fig. 3.1(a) and its

equivalent circuit model is shown in Fig. 3.1(b). The two antennas are modeled with their

Norton equivalent circuit models and the mutual coupling between them is modeled using

two voltage controlled current sources. The external coupling network between the two

antennas is composed of the reactances B1 and B2. The output loads are modeled with

two parallel conductances ofGL as shown in Fig. 3.1(a). We assume that the two antennas

are identical and that Isc,1 = e−jα and Isc,2 = ejα where α = πd sin(θ)/λ. Using the

common-mode and the differential-mode half circuits of the two-element BMAA shown

respectively in Figs. 3.1(c) and 3.1(d), the voltages at the inputs of the coupling network,

V1 and V2, can be obtained as:

V1 = Vc − Vd =
Ic(θ)

(G+G12) + j b
− Id(θ)

(G−G12) + j a
(3.1a)

V2 = Vc + Vd =
Ic(θ)

(G+G12) + j b
+

Id(θ)

(G−G12) + j a
(3.1b)

where

Ic(θ) =
Isc, 1(θ) + Isc, 2(θ)

2
(3.2a)

Id(θ) =
Isc, 2(θ)− Isc, 1(θ)

2
(3.2b)
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Figure 3.1 (a) Block diagram of the proposed two-element biomimetic antenna array
(BMAA). (b) Equivalent circuit model of the two-element biomimetic antenna array. (c)

The common-mode circuit. (d) The differential-mode circuit.

and

G = GL +G11 (3.3a)

a = B11 −B12 +B1 +B2 (3.3b)

b = B11 +B12 +B1 . (3.3c)
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At boresight, the output powers at both ports, corresponding to V1 and V2 in Fig. 3.1(a),

are the same and are given by:

Pout =
1

2
GL|V1|2

∣∣∣∣
θ=0

=
1

2
GL|V2|2

∣∣∣∣
θ=0

(3.4)

Let us define the output phase difference of the BMAA, ΦBMAA
out (θ) = ∠V2 − ∠V1, as

the phase difference between the two outputs of the BMAA. We will denote the slope of

ΦBMAA
out (θ) with respect to θ at θ = 0◦ by s (i.e., s = d

dθ
ΦBMAA
out (θ)|θ=0◦). We define

the slope of Φin(θ) with respect to θ at θ = 0◦ as s0. Using this definition, the phase

enhancement factor is defined to be η = s
s0

. Using a procedure similar to the one reported

in [55], it can be shown that the sufficient condition for obtaining a realizable external

coupling network for a given pair of (η, Pout) values is the existence of a real value of

G > G11 that satisfies both (3.5) and (3.6) simultaneously:

−G2 +

(
1

2Pout
− 2G12

)
G−

(
G11

2Pout
+G2

12

)
≥ 0. (3.5)

(2η − 1)2G2 −
(

1

2Pout
+ 2G12(4η2 − 1)

)
G

+

(
(2η + 1)2G2

12 +
G11

2Pout

)
≤ 0 . (3.6)

Also, it can be shown that a and b must satisfy the following equations:

b2 = −G2 +

(
1

2Pout
− 2G12

)
G−

(
G11

2Pout
+G2

12

)
. (3.7)

ηa2 − ab+ η(G−G12)2 − (G2 −G2
12) = 0 . (3.8)

The design procedure of the proposed BMAA is based on using the desired values of η

and Pout in (3.3)-(3.8) to determine all of the parameters of the equivalent circuit model

shown in Fig. 3.1(b). In Section 3.3, this will be demonstrated using a design example.
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Table 3.1 Calculated Y-parameters of the two-element array discussed in Section 3.3 at
600 MHz. The Y-parameters are inclusive of the lengths of the transmission lines that

connect the antennas to the external coupling network.

G11 = Re(Y11) 5.71mf

G12 = Re(Y12) 5.30mf

B11 = Im(Y11) 0.875mf

B12 = Im(Y12) 10.26mf

3.3 Design Example and Measurement Results

The design procedure of the proposed BMAA is demonstrated using a simple de-

sign example in this section. For this design, we consider a two-element antenna array

composed of two 13.5 cm long monopole antennas spaced at a distance of 2.5 cm away

from each other. The design and experiments are conducted at a frequency of 600 MHz.

Therefore, the two monopole antennas are approximately a quarter wavelength long each

and their separation is 0.05λ0 where λ0 is the wavelength at 600 MHz. The two-port

Y-parameters of the antennas, at the operating frequency of 600 MHz, are obtained from

full-wave electromagnetic simulations in CST Microwave Studio and the results are pre-

sented in Table 5.11. As can be seen in Table 5.1, G12 6= 0. Therefore, there is mutual

coupling between the two antenna elements.

For a given value of Pout, (3.3)-(3.8) can be used to determine the maximum possible

value of η, henceforth referred to as ηmax. Fig. 3.2 shows the value of ηmax, which can be

1The transmission lines connecting the antenna elements to the coupling network are regarded as a part of
the antenna. The length of these transmission lines is different in the current BMAA compared to the BMAA
reported in [55]. This is due to the fact that the two monopoles are connected to SMA connectors and a shunt
element cannot be inserted between them and the ground. Therefore a piece of a microstrip transmission
line (shown by a dashed box in Fig. 3.5), was added to facilitate the fabrication of the antenna’s coupling
network.
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Figure 3.2 Variation of the maximum phase enhancement factor as a function of the
output power for the two-element BMAA discussed in Section 3.3. This curve is obtained

for the antenna array whose Y-parameters are provided in Table 5.1.

theoretically achieved for a given output power level for the antenna whose Y-parameters

are given in Table 5.12. In this figure, the horizontal axis shows the power at the outputs of

the BMAA normalized to P0 = 1
8(G11+G12)

(i.e., P n
out = Pout/P0). P0 is the available power

at the output of a regular two-element array (i.e., the BMAA without the external coupling

network) when the antennas are connected to matched loads and the array is illuminated

by a plane wave at boresight3.

2Notice that since the Y-parameters of this antenna are different from those of the antenna reported in
[55], the relationship between Pn

out and ηmax shown in Fig. 3.2 is different from the one presented in [55].
3Assuming that the magnitude of the Norton equivalent circuit current sources is unity.



52

As can be seen from Fig. 3.2, for an arbitrarily chosen output power level of P n
out = −6

dB, the value of ηmax that can be achieved from a two-element BMAA with an ideal

coupling network is approximately equal to 10. Therefore, for this design example, we

choose P n
out = −6 dB and η = 9.85. Using these values for P n

out and η in conjunction

with the theoretical analysis presented in Section 3.2, it can easily be shown that, G =

6.501mf satisfies (3.5) and (3.6). Using (3.7) the value of b is calculated to be b =

Table 3.2 The four possible implementations of the external coupling network of the
BMAA examined in Section 3.3. At 600 MHz, the admittance value of B1 is obtained
using an inductor with an inductance of L and the reactance value of B2/2 is obtained

using a capacitor with a capacitance of C.

C (pF) L (nH)

Case 1 2.749 23.41

Case 2 2.695 24.24

Case 3 2.743 23.41

Case 4 2.701 24.24

±0.193mf. For each value of b, two distinct values of a can be obtained from (3.8).

Thus there are a total of four possible coupling networks which yield the same pair of

(P n
out, η). Notice that the solution to this design example is not unique because for this

desired output power level, a phase enhancement factor value smaller than ηmax is chosen.

Using these four values of a, b in conjunction with (3.3) and the equivalent circuit values

given in Table 5.1, the element values of the external coupling network of the BMAA can

be calculated. The four different possible realizations of the external coupling network is

shown in Table 3.2. All four possible implementations have the same load conductance of

GL = G−G11 = 6.501mf−5.706mf = 0.795mf. For the remainder of this example,
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we use the circuit values of Case 1 in Table 3.2. Using these values, the response of the

BMAA is simulated in Agilent ADS and the results are presented in Figs. 5.6 and 5.7. Fig.

5.6 shows the output phase response of the BMAA as a function of the angle of incidence

of the EM wave. Fig. 5.7 shows the normalized output power of the BMAA at its two

outputs as a function of angle of incidence. The output power of the BMAA is normalized

to the available power from a regular antenna array (i.e., BMAA without the coupling

network) at boresight. As can be observed, at boresight, an output power level of −6 dB

and a phase enhancement factor of 9.8 is achieved as predicted from the design example.

The simulation results are also repeated by taking into account the effects of the losses of

the lumped element components used in the coupling and impedance matching networks

and the results are also presented in Fig. 5.7. As can be observed, the output power

level at boresight is decreased by approximately 1.5 dB compared to the theoretically

predicted value, due to the losses. To compare the proposed BMAA architecture to the

one that was previously reported in [55], we have also designed a two-element BMAA

using the architecture reported in [55]. The BMAA uses two Z9314-AL transformers

(from Coilcraft corporation) along with ideal lumped elements and is designed to provide

a phase enhancement factor of η = 10. For this design, the simulated maximum output

power level that can be achieved at the BMAA output is P n
out = −11.8 dB, which is 4.3 dB

lower than what is achieved here. Therefore, the proposed BMAA architecture improves

the output power level by about 4.3 dB compared to the previously reported one.

The proposed two-element BMAA is fabricated and experimentally characterized. The

fabricated external coupling netwrok is shown in Fig. 3.5. Two lumped-element L-C

impedance matching networks are used in this BMAA (see Fig. 3.1(a)) to convert the

50Ω load impedances at the two output ports of the BMAA to the optimum GL values

calculated from the design procedure. The inductance and capacitance values used in

this impedance matching network are respectively 65.2 nH and 1.04 pF. The fabricated



54

0 30 60 90

0

45

90

135
 BMAA (Sim.)
 BMAA (Meas.)
 Regular Array (Sim.)
 Regular Array (Meas.)
 kdsin( )

ou
t[D

eg
re

es
]

 [Degrees]

Figure 3.3 Measured and simulated output phase responses of the two-element BMAA
discussed in Section 3.3 and that of a regular array (k = 2π

λ
).

BMAA was experimentally characterized using the measurement setup described in [55].

The measurement procedure used to obtain the results is identical to the one described in

[55] and will not be repeated here for brevity. The measured output phase response of the

BMAA is presented in Fig. 5.6 along with the simulated one. As can be observed, there

is good agreement between the two results 4. In particular, the measured output phase

response shows a phase enhancement factor of approximately 10 as expected. The power

4As in [55], to compensate for asymmetries in the coupling network, a piece of 50 Ω transmission line
with a length of≈ 5 mm was added between the second antenna element and the second input of the external
coupling network in ADS.
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Figure 3.4 Measured and simulated amplitude responses of the two-element BMAA
discussed in Section 3.3. Ipsilateral output is closer to the incident wave (port2) and the

contralateral output is further from the incident wave (port 1).

at the two output ports of the BMAA are also measured and the results are presented in

Fig. 5.7 along with the simulated ones. The measured output power level, at boresight,

is approximately 1.3 dB and 2.0 dB lower than the output power value for the two ports

predicted from the ideal coupling network (i.e., P n
out = −6.0 dB). The difference ob-

served between the output power levels of the two ports at boresight is attributed to the
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Figure 3.5 Photograph of the fabricated two-input two-output external coupling network
used in the BMAA reported in this subsection.

inevitable asymmetries that exists in the construction of the coupling network as discussed

in [55]. Similarly, the discrepancies observed between the measured and simulated results

are attributed to the losses and component tolerances of the lumped elements used in the

construction of the external coupling network and the inevitable asymmetries that exist in

the fabricated coupling network as comprehensively described in [55]. Nonetheless, the

measurement results demonstrate that the desired combination of Pout and η values can be

achieved as predicted from the theoretical analysis.

It is noted that the BMAA has a relatively narrow phase enhancement factor bandwidth.

The simulated 3-dB bandwidth of η for the BMAA presented in this work is ≈ 30 MHz
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(or equivalently 5% fractional bandwidth). The narrow-band nature of the response of

this BMAA can be explained using the differential and common-mode equivalent circuits

of Fig. 3.1. If we consider a 200 MHz frequency range around the center frequency of

f = 600 MHz, the common-mode antenna admittance does not vary considerably while

the differential-mode antenna admittance changes significantly over this frequency range.

Therefore, the optimum input admittance for the differential-mode could not be achieved

over this entire frequency range. Furthermore, the narrow bandwidth of the matching

section (which transforms the 50 Ω load to the load conductance GL) further decreases the

bandwidth of η.

3.4 Noise Analysis of the BMAA

In this section we present an analysis of the output noise of the proposed BMAA

architecture and compare the results with the output noise of the two-element BMAA

architecture presented in [55]. Fig. 3.6 shows the equivalent circuit model of the proposed

two-element BMAA, which includes three main sources of noise. The thermal noises due

to the antennas’ ohmic losses are modeled using two i
2

n,Loss current sources. The root

mean square value of this current is in,Loss =
√

4kT∆fGLoss, where T is the antenna

temperature in degrees Kelvin, ∆f is the system bandwidth, k is the Boltzman’s constant,

andGLoss is the loss conductance associated with the antennas. The second source of noise

is due to the non-ideal (lossy) components that are used in the coupling and matching

network. Specifically, the inductors are modeled by an ideal inductor in series with a

resistance of Rind = ωL
QL

, where QL is the inductor’s quality factor and the capacitors

are modeled by an ideal capacitor in parallel with a resistance of Rcap = QC
ωC

, where

QC is the capacitor’s quality factor. The noise sources of the inductors and capacitors

of the matching network are modeled in a similar fashion. The lumped elements used
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in the fabricated antenna prototype have QL = 60 and QC = 1000 at 600 MHz. The

noise contribution of the elements of the coupling network are due to the thermal noise of

the Rind and Rcap resistors. The third source of noise is the noise of the load resistance

R = 50 Ω with a root mean square value of in,L =
√

4kT∆f
R

. There is also the noise picked

up by the antennas from the environment which is modeled using the i2n,ext current source.

The strength of this source depends on the background temperature and the environment

in which the antennas are located in. Since in this work we are primarily concerned with

the impact that the coupling network has on the output noise of the antenna, we ignore this

noise source in our analysis. Notice, however, that this noise source is in parallel with the

two i2n,Loss noise sources. Therefore, its effect can easily be taken into account once the

strength of the source is determined from the knowledge of the environment in which the

antennas are located in as well as the background temperatures.

The output noise spectral density of the BMAA discussed in Section 3.3 is calculated

using basic circuit analysis techniques and the results are shown in Fig. 3.7. The results

for three different values of Gloss are presented. As can be observed, the available output

noise power for the antenna examined in this work is ≈ −172.5 dBm. A similar noise

analysis is also performed for a two-element BMAA of the type reported in Fig. 2 of [55].

To make a fair comparison, this BMAA is designed to provide the same value of η as the

one examined in this work. In this structure, in addition to the losses of the antenna and the

inductors and capacitors, the transformer losses also contribute to the output noise. The

equivalent noise sources of the transformers reported in [55] are calculated based on their

equivalent circuit model. Using these, the output noise of the structure is calculated and

the results are presented in Fig. 3.7 for the same three values of Gloss. As can be observed,

the output noise spectral density of a BMAA of the type reported in [55] is approximately

≈ −172.25 dBm. Considering the fact that the BMAA examined in this work offers a 4.3
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Figure 3.6 Equivalent circuit of the BMAA for noise analysis. Isc,1 and Isc,2 are the short
circuit currents of the two antennas (without considering noise currents).

dB higher output power level, it can be seen that an SNR improvement of 4.55 dB can be

achieved by using the proposed design compared to the one reported in [55].

3.5 Conclusions

In this section, a new architecture for two-element antenna arrays that mimic the sense

of directional hearing of Ormia Ochracea was presented. The new BMAA architecture

does not rely on using high-frequency RF transformers to achieve the desired performance

and hence, offers two major improvements compared to the structure reported previously

[55]. First, for the same phase enhancement factor, it offers a significantly higher output

power level compared to the structure reported in [55]. Thus, the output signal to noise

ratio of the antenna can be enhanced considerably. Additionally, because of the elimina-

tion of transformers from the antenna’s coupling network, the new BMAA is expected to

be more amenable to operation at higher RF/microwave frequencies where low-loss trans-

formers are not available. A prototype of such a two-element BMAA was also designed,
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Figure 3.7 Simulated output noise spectral density of the two-element BMAA discussed
in Section 3.3.

fabricated, and experimentally characterized. Measurement results presented in the paper

were in good agreement with the theoretical predictions and demonstrated the gains that

could be achieved in enhancing the output power level for a given output phase sensitivity.
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Chapter 4

Architecture, Design, and Nonlinear Optimization of Three-
Element Biomimetic Antenna Arrays

4.1 Introduction

Antenna arrays with closely-spaced elements are needed in array applications where

sufficient space may not be available to accommodate a large aperture (e.g. small-aperture

direction finding, mobile VHF/UHF communication systems, etc.). Typically, these arrays

are connected to a passive external network for the purposes of pattern synthesis [31], noise

matching [36], and decoupling of the antenna elements [30]. Two-element biomimetic an-

tenna arrays (BMAAs), which mimic the sense of directional hearing of insects, are an

example of such small-aperture arrays [50]-[51]. A BMAA consist of a regular antenna

array with closely-spaced elements connected to a passive external coupling network. A

two-element BMAA can provide a significantly enhanced phase sensitivity compared to

its regular array counterpart. However, this comes at the expense of sacrificing the output

power of the array [51],[55]. In particular, the main drawback of the previously reported

two-element BMAA designs is the degradation of the output power level of the array as

its phase sensitivity is increased [51],[55]. Therefore, systems that use such two-element

BMAAs will inevitably sacrifice the range of the system in favor of the enhanced res-

olution that the BMAA offers [55]. Furthermore, the two-element BMAA architectures
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discussed in [51],[55] are not readily expandable to arrays with an arbitrary number of

elements.

In this chapter, a new BMAA architecture suitable for multi-element arrays is pre-

sented. This array architecture is used to design a three-element BMAA with uniform

spacing between the elements. Similar to the previously-reported BMAAs, the proposed

array exhibits an enhanced output phase sensitivity compared to a regular antenna array

with the same aperture size and elements. However, the array is optimized to extract the

maximum available power that this three-element aperture can receive, irrespective of the

phase enhancement factor. In other words, this three-element BMAA architecture com-

bines the advantages of the previously reported BMAAs (i.e., enhanced phase sensitivity)

and a conventional array (i.e., maximum output power). This added feature can be ad-

vantageous in low signal-to-noise-ratio (SNR) scenarios where the output power level of

a conventional BMAA is near the noise level. In such a situation, not only a reliable phase

measurement cannot be made (i.e., phase enhancement properties of the BMAA are not

used) but also no signal can be detected in the first place (i.e., gain of the system is reduced

resulting in a reduced range). Using the new architecture, however, one of the outputs of

the array always receives the maximum power that can be received from a three-element

antenna array of this dimension. Therefore, in situations where the SNR is high, both the

phase enhancement capabilities and the high output power level of the array may be ex-

ploited by the receiver. In low SNR situations on the other hand, while the array may not

be capable of taking full advantage of the phase enhancement capabilities of the BMAA,

it receives the maximum available power that can be extracted from the incoming wave

nonetheless. Furthermore, the topology of the three-element BMAA introduced in this

work may also be easily extended to other arrays with an arbitrary number of elements.

The introduced BMAA can potentially have applications in long-range small-aperture di-

rection finding systems, MIMO communications and microwave imaging. In what follows
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Figure 4.1 Block diagram of a three element biomimetic antenna array. The antennas are
assumed to be identical and the external coupling network is symmetric.

details of the design and optimization process of the proposed three-element BMAA along

with numerical simulation results of a prototype are presented and discussed.

4.2 Problem Formulation

The block diagram of a three element BMAA is shown in Fig. 4.1. We consider a linear

array consisting of three λ/4 monopole antennas with an element spacing of d = λ
20

. The

monopoles are mounted on an infinite ground plane and the frequency of operation is 600

MHz. The admittance matrix of the three element antenna array is denoted by Ya. Due to

the fact that the antennas are identical and uniformly spaced, we have:

Ya =


G11 + jB11 G12 + jB12 G13 + jB13

G12 + jB12 G22 + jB22 G12 + jB12

G13 + jB13 G12 + jB12 G11 + jB11

 . (4.1)
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A plane-wave with an incidence angle of θ is assumed to be incident on the array (θ is

measured from boresight). The external coupling network is a symmetric, passive three

port network, which consists of six reactive passive components. The admittance matrix

of the external coupling network is denoted by YCN and is given by:

YCN =


j(B1 + B+B3

2
) −jB j(B−B3

2
)

−jB j(B2 + 2B) −jB
j(B−B3

2
) −jB j(B1 + B+B3

2
)

 (4.2)

where

B =
B3B4

2B3 +B4

. (4.3)

Since the external coupling network and the antennas are in parallel with each other, the

coupling network essentially changes the admittance matrix of the antennas to Ya + YCN .

The equivalent circuit of the three element BMAA is shown in Fig. 4.2(a). The short-

circuit currents of the antennas are denoted by Isc,1 = ejα, Isc,2 = A and Isc,3 = e−jα

where α = 2πd
λ

sin(θ) and A, which represents the amplitude of the short-circuit current of

the center element, is a constant to be determined by full-wave simulations1. At incident
1Notice that the amplitude of the short circuit current of the center antenna may not necessarily be the

same as those of the ones at the edges of the array. The constant A is the ratio of the amplitude of the
short circuit current of the center element to that of the edge antennas. Throughout this paper, the unit of
short-circuit currents are in Amperes.
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angles close to boresight, the short-circuit currents can be written as:

Isc,1 = ejα = cos(α) + j sin(α) ≈ 1 + jα

Isc,2 = A

Isc,3 = e−jα = cos(α)− j sin(α) ≈ 1− jα

and we can use the common- and differential-mode circuits of Fig. 4.2(b) and Fig. 4.2(c)

to determine the output voltages,

Vo1 = V1 + vd (4.4a)

Vo2 = V2 (4.4b)

Vo3 = V3 − vd = V1 − vd (4.4c)

where V1-V3 are the terminal voltages in the common-mode. Note that due to the symmetry

of the BMAA, the common-mode output voltages at ports 1 and 3 (i.e. V1 and V3) are equal

and the differential-mode output voltages at ports 1 and 3 have opposite signs. Moreover

there is a virtual ground at port 2 in the differential-mode.

We first find expressions for the output power of the BMAA at boresight (θ = 0) using

the common-mode circuit of the BMAA shown in Fig. 4.2(b). The output voltages at

boresight, which are denoted by Vo1 = Vo3 = V1 and Vo2 = V2, satisfy the following

equation: 
1

A

1

 = Y


V1

V2

V3

 = Y


V1r + jV1i

V2r + jV2i

V1r + jV1i

 (4.5)
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where

Y = YCN + Ya + YL

=


GL1 +G11 + ja G12 + jc G13 + jd

G12 + jc GL2 +G22 + jb G12 + jc

G13 + jd G12 + jc GL1 +G11 + ja

 (4.6)

and

YL =


GL1 0 0

0 GL2 0

0 0 GL1

 . (4.7)

Here, the reactances of the antennas and those of the coupling network are added together

and are represented by the real numbers a, b, c and d. The power at the output ports of the

BMAA at boresight are P1 = P3 = 0.5GL1|V1|2 and P2 = 0.5GL2|V2|2.

Next, the phase enhancement factor of the BMAA is calculated. The phase enhance-

ment factor is defined to be η = s
s0

, where

s0 =
d(2α)

dθ

∣∣∣∣
θ=0

=
4πd

λ
(4.8)

and s is the slope of the output phase, Φout = ]Vo1 − ]Vo3, with respect to the angle of

incidence, θ, at boresight, i.e.

s =
dΦout

dθ

∣∣∣∣
θ=0

=

(
dΦout

d(2α)

∣∣∣∣
α=0

)(
d(2α)

dθ

∣∣∣∣
θ=0

)
. (4.9)

Using the differential-mode circuit of the BMAA at incident angles close to boresight

(refer to Fig. 4.2(c)), the following system of equations can be obtained for vd:
jα

0

−jα

 = Y


vd

0

−vd

 (4.10)
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we have:

vd =
jα

(GL1 +G11 −G13) + j(a− d)
, jαVd. (4.11)

Using (4.4a), (4.4c), (5.9), (5.11) and (4.11), η can be written as:

η = lim
2α→0

[
]Vo1 − ]Vo3

2α

]
= lim

2α→0

[
1

2α
]
{

1 + jαVd
V1

1− jαVd
V1

}]

= lim
2α→0

 2

2α
tan−1

 αRe
{
Vd
V1

}
1− α Im

{
Vd
V1

}


= Re

{
Vd
V1

}
=
VdrV1r + VdiV1i

V1r
2 + V1i

2 (4.12)

where Vdr and Vdi are the real and imaginary parts of Vd respectively. For each given

value of P1, the value of the phase enhancement is bound by an upper limit, which can be

calculated as follows:

η = Re

{
Vd
V1

}
6
∣∣∣∣VdV1

∣∣∣∣
6
√
GL1

2P1

∣∣∣∣ 1

(GL1 +G11 −G13) + j(a− d)

∣∣∣∣
6 1√

2P1

√
GL1

(GL1 +G11 −G13)
. (4.13)

By taking the derivative of the right hand side with respect to GL1 and setting it equal to

0, we arrive at the following upper bound for η:

η 6
√

1

8 (G11 −G13)P1

. (4.14)

4.3 BMAA Optimization

To determine the values of the elements used in the BMAA coupling network, we use

an optimization process. The goal of this process is to design a three element BMAA
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that maximizes P2 for given values of P1 and η. Since this problem is too complicated to

be solved analytically, we have used a numerical optimization procedure. To do this, the

problem is formulated using a modeling language and a numerical optimization routine

is invoked to find a near optimum solution. In this work, we have formulated the prob-

lem using A Mathematical Programming Language (AMPL), which is a popular model-

ing language used in the field of numerical optimization [58]. With this modeling lan-

guage, the user declares the variables and constraints of the optimization process and the

optimization goal is defined as a function of these variables. The constraints and vari-

ables can be in the form of equalities or inequalities. In this case, the declared variables

are a, b, c, d,GL1 , GL2 , V1r, V1i, V2r, V2i, Vdr, and Vdi and there are a total of 8 constraints.

First, using (4.5), we arrive at four independent constraints (two for the imaginary parts

and two for real parts):

(GL1 +G11 +G13)V1r +G12V2r − (a+ d)V1i − cV2i = 1 (4.15a)

(a+ d)V1r + cV2r + (GL1 +G11 +G13)V1i +G12V2i = 0 (4.15b)

2G12V1r + (GL2 +G22)V2r − 2cV1i − bV2i = A (4.15c)

2cV1r + bV2r + 2G12V1i + (GL2 +G22)V2i = 0 (4.15d)

Subsequently, (4.11) yields the following two constraints:

(GL1 +G11 −G13)Vdr − (a− d)Vdi = 1 (4.16a)

(a− d)Vdr + (GL1 +G11 −G13)Vdi = 0 (4.16b)

Since the value of P1 is assumed to be known, the power constraint is given by:

P1 = 0.5GL1

(
V1r

2 + V1i
2
)
. (4.17)

and finally, from (4.12) and (4.17), we have:

2P1η = GL1(VdrV1r + VdiV1i) (4.18)
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The objective of the optimization process is to maximize P2:

P2 = 0.5GL2

(
V2r

2 + V2i
2
)
. (4.19)

In this example we have chosen η = 8 and P1 = 1W for the phase enhancement

and output power at boresight, respectively. Note that for this value of P1
2, the maximum

possible phase enhancement can be calculated using (4.14) and is equal to ηmax = 9.18.

The conductance and susceptance values for the antenna array are obtained from full-wave

EM simulations in CST Microwave Studio and are given in Table 4.1. The amplitude of

the short-circuit current of the center element at boresight is also found to be A = 0.77.

After setting up the problem in AMPL, a nonlinear optimization program is invoked and

Table 4.1 Simulated conductance and susceptance values for the linear three element
monopole array at 600 MHz. Each element has a length of λ/4. All values are reported in

mS.

G11 3.58 G12 2.17 G13 2.10 G22 1.66

B11 −7.11 B12 10.33 B13 4.39 B22 −10.75

the numerical values of the variables that maximize the goal are found. The optimization

engine used in this process is SNOPT3, which is a numerical optimization code suited for

nonlinear problems. Using this process, the maximum value for the objective is found to

be Pmax
2 = 42.44W . The values of the variables that maximize the optimization goal are

presented in Table 4.24. Using these variable values, the reactance values of the coupling

network are calculated by solving the following system of equations (refer to (4.2)-(4.3)
2The choice of P1 is arbitrary but it affects the maximum value of the phase enhancement factor.
3From Stanford Business Software, Inc.
4Since this problem is a nonlinear optimization problem, there is no guarantee that the values obtained

are for the global maximum of the objective function. Indeed, for certain combination of initial values of the
variables, the optimization problem does not converge.
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Table 4.2 Value of variables found by SNOPT, which maximize the objective and the
calculated values for the components of the external coupling network. All values are

reported in mS.

a 9.42 b 0.41 c −3.47 d 9.46

GL1 1.77 GL2 3.34

B1 7.79 B2 −16.44 B3 3.66 B4 −9.96

and (4.6)): 
a

b

c

c

 =


B11

B22

B12

B13

+


B1 + B+B3

2

B2 + 2B

−B
B−B3

2



=


B11

B22

B12

B13

+


1 0 1

2
1
2

0 1 0 2

0 0 0 −1

0 0 −1
2

1
2




B1

B2

B3

B

 (4.20)

and are also shown in Table 4.2. B1 and B3 can be implemented using 2.07 pF and 0.97

pF capacitors and B2 and B4 can be implemented using 16.1 nH and 26.6 nH inductors at

600 MHz.

These component values are used in a circuit-EM co-simulation in CST Studio to ob-

tain the response of the three-element BMAA. Fig. 4.3(a) shows the output phase response

of the array as a function of the incidence angle. Observe that the the phase enhancement at

boresight between the side elements is twice the phase enhancement between the center el-

ement and each of the side elements. Fig. 4.3(b) shows the output power level of the three

ports of the BMAA as a function of the angle of incidence. The power is normalized to
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Figure 4.3 (a) Simulated output phase responses of the three-element BMAA.
Φout,1 = ]Vo1 − ]Vo2, Φout,2 = ]Vo3 − ]Vo2 and Φout,3 = ]Vo1 − ]Vo3. (b) Simulated

output power of the three-element BMAA. The output power is normalized to the
available power from an isolated monopole antenna of the same length as the BMAA

antenna elements.

the available power from a single isolated monopole of the same length, which is mounted

on an infinite ground plane5. Notice that the maximum available power from this three-

element antenna array is Pav = 1
4
I∗sc(Ya+Y ∗a )Isc = 44.57W where Isc = [1; 0.77; 1] is the

short-circuit current vector at boresight and ‘‘*” denotes conjugate transpose[59]. Thus, in

the current BMAA, the power extracted from the signal at boresight is only 0.38% lower

that the maximum available power from the antenna array (without the BMAA’s exter-

nal coupling network). This indicates that the proposed three-element BMAA efficiently

extracts the power from an incoming wave in addition to providing an enhanced phase sen-

sitivity. Finally, the power level of the center output at boresight is roughly 16 dB higher

than the power level of the side outputs as expected from the optimization process (i.e.,

P2/P1 = 42.44/1).

5For this isolated monopole antenna, the magnitude of the short-circuit current is Isc = 1.81 and the
input admittance is Yin = Gin + jBin = 10.37 − j2.26 mS. Thus, the available power is equal to Pav =
I2sc/(8Gin) = 39.5W .
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4.4 Conclusions

The architecture, design, and nonlinear optimization of a three-element biomimetic

antenna array were presented and discussed in this section. For a given desired phase

enhancement factor between the side outputs of the array, the array is optimized to extract

the maximum available power at its center output. Therefore, this architecture offers the

desirable phase enhancement factors of two-element BMAAs [51],[55] but also extract

nearly the maximum possible power level that can be extracted from an array of this size.

This feature is desirable and can alleviate some of the undesirable aspects of the range-

resolution tradeoffs observed in two-element BMAAs of the types reported in [51], [55].
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Chapter 5

A Two-Element Biomimetic Antenna Array with Enhanced
Angular Resolution and Optimized Power Extraction

5.1 Introduction

The individual antenna elements in an array environment are generally impedance

matched individually before they are connected to the array feed network. In a number

of other designs, passive cross-coupled networks have also been used to feed the different

elements of an antenna array. These coupling networks are in the form of multi-input-

multi-output networks that create external cross coupling between the different antenna

elements used in the array. These external coupling networks have been used for the

purposes of decoupling the antenna elements [30]-[31], noise matching [36], and beam-

forming [35],[61]. In [50]-[51], a two-element antenna array that mimics the sense of

directional hearing of a small insect was presented. Referred to as a biomimetic antenna

array (BMAA), this two-element electrically-small antenna array uses a passive external

coupling network to achieve an enhanced output phase sensitivity compared to a regular

antenna array occupying the same aperture dimensions. It has been demonstrated that such

BMAAs can achieve output phase sensitivities that are significantly larger than those of

regular antenna arrays with the same aperture dimensions [51]. Therefore, these antenna

arrays are expected to find applications in areas where precise angular resolving capabil-

ities are needed from small apertures (e.g. low-frequency direction finding applications).
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While the previously reported passive BMAAs demonstrate higher angular sensitivities

compared to conventional arrays of the same size, this added capability comes at the ex-

pense of sacrificing the output power of the antenna. This means that the better angular

resolution of these arrays comes at the expense of limiting the range over which accept-

able received signal-to-noise ratios (SNRs) can be achieved [55]-[56]. In certain appli-

cations, the reduction in the received signal power can degrade the system’s performance

and should be avoided if possible. In this chapter, we will first revisit the tradeoff between

the output phase sensitivity and output power level of a two-element BMAA and pro-

vide a conceptual understanding of the source of this tradeoff. Subsequently, we propose

a new coupled antenna array topology that addresses this important shortcoming of the

biologically-inspired antenna arrays reported previously. In particular, the new coupled

antenna array topology proposed in this chapter can be used to achieve moderate output

phase sensitivities similar to some of the designs reported previously [55]-[56]. However,

unlike the previously reported BMAAs, this enhanced phase sensitivity does not come at

the expense of sacrificing the output power level of the array.

In this chapter, we will first present a theoretical analysis that can be used to determine

an upper bound for the phase enhancement factor that can be achieved from a given two

element antenna array without paying any penalty in terms of the output power level of the

array. Here, the antenna array consists of two identical elements and the coupling network

is assumed to be a passive 4-port network (with two inputs and two outputs). This analysis

is then applied to a two-element antenna array operating at 600 MHz composed of two

13.5 cm monopole antennas separated by a distance of 2.5 cm. We demonstrate that this

antenna array can theoretically show a phase sensitivity that is fives times higher than that

of a regular array consisting of the same receiving elements, while extracting the same

output power level from an incoming wave compared to the regular array. Next, an ex-

ternal coupling network is designed which achieves a phase enhancement of roughly 20%
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less than the maximum possible value. The coupling network is realized using lumped

components and transmission lines and the resulting two-element BMAA is fabricated

and experimentally characterized. The measurements validate our theoretical findings and

prove that the new BMAA architecture can be used to achieve moderate phase enhance-

ment factors without any degradation in the output power level of the array.

5.2 Optimum BMAA Design

5.2.1 Principles of Achieving Angular Phase Sensitivity in Previously-
Reported BMAAs

In a two element antenna array, one can imagine two independent modes of excitation.

These include the common mode and the differential modes of excitation. The array is

excited in the common (differential) mode when the two elements are excited with the

same magnitude and a 0◦(180◦) phase difference between them. When the array is used

to receive an electromagnetic wave, the mode of excitation is determined by the angle of

arrival of the EM wave and the spacing between the two elements. For instance, if the

wave is incident from broadside, the array is excited purely in the common mode.

For an antenna array with a half-wavelength spacing between the two elements, the

array will be excited in the differential mode if the incoming wave is incident on it from

the end-fire direction. In general, when the array is illuminated with an oblique angle of

incidence, the array is excited with a linear combination of the common and differential

modes. For an array used in the receive mode, the relative strength of the power extracted

from the differential mode of excitation compared to that from the common mode can be

used to quantify the output phase sensitivity of the array. In a conventional antenna array

with closely-spaced elements, the majority of the power extracted from the elements is
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due to the common mode of excitation. In such cases, the power extracted from the dif-

ferential mode is extremely small. Consequently, such arrays do not show any significant

sensitivity to the angle of incidence of the incoming electromagnetic wave [1]. Biomimetic

antenna arrays of the type reported in [55]-[56] offer a means of achieving enhanced angu-

lar sensitivities from antenna arrays with closely spaced elements (e.g. 0.05λ) compared

to conventional antenna arrays. This enhanced angular sensitivity is obtained by using

an external coupling network that increases the contrast between the power extracted from

the common and the differential modes of excitation. In the BMAAs reported in [55]-[56],

the external coupling network acts as a mode selective filter that attenuates the common

mode of excitation more than the differential mode. Therefore, at the output of the array,

the contrast between the common and differential modes of excitation is increased and

the array demonstrates enhanced angular sensitivities. However, this process reduces the

power available from the array compared to a conventional antenna array. Consequently,

the enhanced angular sensitivities offered by the BMAAs reported in [55]-[56] is obtained

at the expense of sacrificing the output power level of the array. For example, the design

reported in [55] achieves a phase enhancement factor of 15.6 with a power degradation of

12 dB compared to a regular array. As with all other two-element antenna arrays, the two-

element BMAAs reported in [55]-[56] can only be used to estimate the angle of arrival of

one source. The BMAA concept has also been extended to arrays with multiple elements

as discussed in [57].

The goal of the current chapter is to introduce a new coupling network and to outline a

new design approach that enable achieving the maximum possible phase enhancement fac-

tor without sacrificing the output power of the BMAA compared to that of a regular array.

To achieve this goal for a two-element antenna array, the antennas should be matched to the

optimum load impedance for both the common and the differential modes of excitation.

Matching the antenna in the common mode ensures that the maximum power is delivered
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Figure 5.1 (a) A two-element regular antenna array where the receiving elements are
individually impedance matched. (b) Block diagram of a two-element biomimetic

antenna array (BMAA).

to a 50 Ω output load impedance when the array is excited with a plane wave incident from

the boresight. Since the array has different impedances for these two linearly-independent

modes of excitation, the external coupling network should be designed to perform differ-

ently for each mode. Matching the antenna in the differential mode results in maximizing

the amplitude of the differential mode voltage at the 50 Ω output load when the array is

excited with a plane wave with an oblique incidence angle. Since conventional antenna

arrays extract the power efficiently only from the common mode excitation of the array,

this ensures that the BMAA can achieve a higher phase enhancement factor compared to

a regular array (refer to Fig. 5.1) while providing the same output power level at boresight

compared to a regular antenna array. The next subsection outlines the design procedure

for obtaining a BMAA that achieves the maximum possible phase enhancement factor

without sacrificing any output power.
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Figure 5.2 (a) Block diagram of a two-element biomimetic antenna array. (b) The
equivalent circuit model of the two-element BMAA shown in part (a) and the architecture

of its external coupling network are shown.

5.2.2 Optimum BMAA Design

The block diagram of the two-element BMAA is shown in Fig. 5.2(a) and its equiva-

lent circuit model is shown in Fig. 5.2(b). The two antennas are identical and are separated

by a distance of d � λ from each other. A plane wave with an angle-of-incidence of θ

is incident on the two antennas, where θ is measured from boresight. The two antennas

are modeled with their Norton equivalent circuit models and the mutual coupling between

them is modeled using two voltage controlled current sources. A symmetric external cou-

pling network, consisting of reactances B1 − B6, are placed between the two antenna

elements and connected to two load impedances of RL = 50 Ω. The short-circuit cur-
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rents of the two antenna elements are assumed to have the following dependance on the

angle-of-incidence, θ:

Isc,1 = (1− cA sin(θ))e−jcθ sin(θ) (5.1a)

Isc,2 = (1 + cA sin(θ))ejcθ sin(θ) (5.1b)

where the coefficients cA and cθ are the slopes of the amplitude and phase of Isc,1 with

respect to the angle-of-incidence (θ) at boresight, respectively. These coefficients are de-

termined using full-wave EM simulations. Fig. 5.3 plots the normalized magnitudes of

the short-circuit currents of the two antennas assuming that the elements are monopole

antennas with a length of 13.5 cm and a spacing of 2.5 cm and that they are placed on top

of an infinite PEC ground plane. In this case, the frequency of operation is 600 MHz and

the results are obtained for a vertically-polarized EM wave incident at different directions

along the azimuth plane. For incident angles close to boresight, the expressions for the

short-circuit currents can be further simplified to:

Isc,1 = (1− cAθ)(cos(cθθ)− j sin(cθθ))

≈ (1− cAθ)(1− jcθθ)

≈ 1− jθ(cθ − jcA) (5.2a)

Isc,2 ≈ 1 + jθ(cθ − jcA) (5.2b)

and the common mode and differential mode short-circuit currents can be written as (refer

to Fig. 5.4):

Ic(θ) =
Isc, 2(θ) + Isc, 1(θ)

2
= 1 (5.3a)

Id(θ) =
Isc, 2(θ)− Isc, 1(θ)

2
= jθ(cθ − jcA). (5.3b)

The BMAA is designed to have the same output power as a regular array composed

of the same receiving elements (i.e. the BMAA without the external coupling network
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Figure 5.3 Normalized magnitudes of the short-circuit currents of two 13.5 cm long
monopole antennas spaced at a distance of 2.5 cm and operating at 600 MHz. The inset
shows the definition of positive and negative angles of incidence and the orientation of

antennas 1 and 2 with respect to the incident wave.

terminated at matched loads) at boresight. Therefore, the coupling network should match

the load impedance (50 Ω) to the admittance of the antenna array in the common mode

(i.e., Y11 + Y12). Therefore, we must have:

Yin, c = (Y11 + Y12)∗. (5.4)

If this condition is satisfied, the input common mode voltage is equal to:

Vin, c =
Ic

2Gc

=
1

2Gc

(5.5)

where

Gc = G11 +G12. (5.6)
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Figure 5.4 The equivalent circuit model of the two-element BMAA shown in Fig. 5.2 in
the (a) common mode and (b) differential mode of excitation.

Due to the fact that the external coupling network is lossless, the power delivered to the

coupling network is totally dissipated in the load and no power is lost in the coupling

network. Moreover, if (5.4) is satisfied, there is maximum power transfer from the antenna

to the load and the magnitude of the output common mode voltage is maximized. In other

words, matching the antenna in the common mode ensures that the output power is equal

to the available power from the antenna. We have:

1

2
RL|V max

oc |2 =
1

2
Gc|Vin, c|2 =

1

8Gc

(5.7)

and the maximum magnitude of the output common mode voltage can be written as:

|V max
oc | =

1

2

√
1

GcRL

. (5.8)

Next, an expression for the phase enhancement factor of the BMAA is derived and

a theoretical upper bound for its value is determined. The phase enhancement factor is

defined to be η = s
s0

where s0 is the slope of the output phase of a regular array with
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respect to the angle of incidence at boresight, i.e.

s0 =
d(2πd

λ
sin(θ))

dθ

∣∣∣∣
θ=0

=
2πd

λ
(5.9)

and s is the slope of the output phase, Φout = ]Vo2 − ]Vo1, of the biomimetic array i.e.:

s =
dΦout

dθ

∣∣∣∣
θ=0

. (5.10)

The phase enhancement factor is a measure of the enhanced phase sensitivity of the BMAA

compared to a regular array. We have:

s = lim
θ→0

]Vo2 − ]Vo1
θ

= lim
θ→0

[
1

θ
]
{
Voc + Vod
Voc − Vod

}]
= lim

θ→0

[
1

θ
]
{

1 + Vod
Voc

1− Vod
Voc

}]

= lim
θ→0

1

θ
]

1 + Re
{
Vod
Voc

}
+ j Im

{
Vod
Voc

}
1− Re

{
Vod
Voc

}
− j Im

{
Vod
Voc

}



= lim
θ→0

[
2

θ
Im

{
Vod
Voc

}]
= lim

θ→0

[
2

θ

∣∣∣∣VodVoc
∣∣∣∣ sin(ϕ)

]
(5.11)

where

ϕ = ]Vod − ]Voc. (5.12)

Thus for a fixed |Voc|, to have the maximum possible phase enhancement η, we must:

• Maximize the output amplitude for the differential mode of excitation. An increase

in the differential mode voltage ensures a larger phase enhancement factor, provided

that the common mode and the differential mode voltages are not in-phase (have a

0◦ phase difference).

• Make the phasors Voc and Vod orthogonal to each other at boresight.
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The upper bound on η can be determined by assuming Voc and Vod are orthogonal and

maximizing |Vod|. Similar to the common mode case, to maximize the amplitude of the

differential mode output voltage, we must have:

Yin, d = (Y11 − Y12)∗ (5.13)

In other words, matching the antenna in the differential mode ensures that the differential

mode output voltage (the voltage at the terminals of the 50 Ω loads) is the maximum value

possible. In this case, the input differential mode voltage is equal to:

Vin,d =
Id

2Gd

= jθ
cθ − jcA

2Gd

= θ
cA + jcθ

2Gd

(5.14)

where

Gd = G11 −G12. (5.15)

The coupling network is lossless, thus we have:

1

2
RL|V max

od |2 =
1

2
Gd|Vin, d|2 (5.16)

and the maximum magnitude of the output differential mode voltage at incident angles

close to boresight can be written as:

|V max
od | =

1

2
θ

√
c2
θ + c2

A

GdRL

. (5.17)

If |Voc| = |V max
oc |, the upper bound of the phase enhancement factor can be written as:

ηmax =
2

s0

√
(c2
θ + c2

A)
Gc

Gd

=
λ

πd

√
(cθ2 + c2

A)
Gc

Gd

(5.18)

It is noted that this expression is only a function of the antenna parameters and does not

depend on component values of the external coupling network. As can be seen from (5.18),
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the maximum phase enhancement factor that can be obtained increases as the distance

between the antenna elements decrease. However, this decreases the bandwidth of the

phase enhancement factor, η. Moreover, as the distance between the elements decrease,

the available power from the antenna array also decreases (due to the smaller aperture size

of the array).

There is a trade-off between the output power level and the phase enhancement factor

in a two-element BMAA. A reduction of output power at boresight leads to a higher phase

enhancement. In this chapter, however, the goal is to obtain the maximum possible phase

enhancement without sacrificing output power. That is why, in calculating the maximum

phase enhancement factor, the value of the output common-mode voltage, Voc, is set to the

maximum possible value, i.e. the value of Voc when the antennas are connected to matched

loads and the available power is extracted from the array. If this condition is relaxed and

a lower value of Voc is considered, a higher phase enhancement value can be obtained as

can be seen from (5.11).

In summary, to achieve maximum phase enhancement factor, the external coupling

network must be designed to match the 50 Ω load to the common and differential mode

source admittances and also make the phasors Voc and Vod orthogonal at boresight. These

conditions lead to a nonlinear system of five equations with six independent variables

B1 − B6 (two for the real and two for the imaginary parts of the common mode and

differential mode impedances and one for the phase condition).

5.3 Experimental verification

The two-element array considered in this chapter consists of two 13.5 cm long monopole

antennas separated from one another by a distance of 2.5 cm. The two-port Y-parameters

of the antennas, at the operating frequency of 600 MHz, are obtained by simulation and
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Table 5.1 Calculated Y-parameters of the two monopole antenna system discussed in
Section 5.2 at 600 MHz.

G11 = Re(Y11) 4.58mf

G12 = Re(Y12) 3.98mf

B11 = Im(Y11) −6.41mf

B12 = Im(Y12) 11.89mf

presented in Table 5.1. Assuming an infinite ground plane size and an incident vertically-

polarized plane wave, the simulated values obtained by full-wave EM simulations for cA

and cθ are:

cA = 0.193 (5.19a)

cθ = 0.102 (5.19b)

There is no guarantee that the nonlinear system of equations discussed in the previous

section for finding the global optimum has a solution, or whether the solution yields prac-

tical values for the components of the coupling network. Therefore, a numerical procedure

was used to find an acceptable sub-optimal solution for component values which results in

a practically implementable coupling network. To this end, the antenna was matched to a

50 Ω load in the common mode and a range of acceptable values which ϕ = ]Vod −]Voc
can take was specified. The goal of the optimization procedure was to make |Vod| as close

to |V max
od | as possible. As can be seen from (5.11), the phase enhancement factor is pro-

portional to the sine of ϕ. Thus if the orthogonality condition is relaxed to a 60◦ phase dif-

ference, the phase enhancement factor would only decrease by a factor of sin(60) ≈ 0.87

which is a relatively acceptable value. Therefore, the following range was specified for ϕ:

60◦ 6 ϕ 6 90◦ (5.20)
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and an optimization tool was used to maximize |Vod|. The equivalent circuit parame-

ters of the antennas, obtained by full-wave EM simulations, were imported into Agilent’s

Advanced Design System (ADS) software, which is a circuit simulation tool. Using the

equivalent circuit shown in Fig. 5.2(b), five goals based on the five nonlinear equations

discussed in the Section 5.2 were defined and the values B1-B6 were optimized to yield

the maximum possible value for |Vod|. The reactive elements were defined as generic

reactive elements and no prior knowledge of them being a capacitor or an inductor was

assumed. The specific optimization routine performed was “random optimization” with a

maximum iterations of 16000. The optimization process took 80s to complete on a core

i7-870 processor running at 2.93GHz. The component values for the coupling network

that are obtained from this optimization procedure are listed in Table 5.2.

Table 5.2 Values for the components of the external coupling network (in mS) obtained
from an optimization process.

B1 33.3

B2 22.2

B3 −10.2

B4 10.0

B5 −20.4

B6 −14.0

These values result in

|Vod| = 0.93 |V max
od | (5.21)

ϕ ≈ 60◦. (5.22)
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Figure 5.5 (a) Topology of the modified external coupling network. (b) Photograph of
the fabricated two-input two-output external coupling network. C1 = 3.6 pF, C2 = 6.2
pF, and L ≈ 19 nH. Thickness of thick and thin lines are respectively 3.36 mm and 0.8

mm (refer to Fig. 5.2 for port naming conventions).

Using (5.11) and (5.17)-(5.18), we have:

η =
s

s0

= 0.93 sin(ϕ)ηmax = 4.2 (5.23)

where ηmax = 5.2. Therefore, when these element values are used in the external coupling

network shown in Fig. 5.2, we expect to achieve a phase enhancement factor of roughly

80% of the maximum theoretical value.

The four-port external coupling network must have specific scattering parameters to

have the desired performance including maximum phase enhancement and output power

at 600 MHz. This can easily be realized using reactive lumped elements. This network
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is to be connected to the two ports of the BMAA. Since these two ports are 2.5 cm apart

from each other, the external coupling network must be modified such that it fits in the

2.5 cm spacing and still provides the same scattering parameters. To do so, a distributed

coupling network composed of microstrip lines etched on the dielectric substrate and three

lumped capacitors is designed and fabricated to cover the spacing and maintain the S-

parameters obtained from the optimization procedure. Fig. 5.5(a) shows the topology of

this modified external coupling network and Fig. 5.5(b) shows a photograph of a fabricated

prototype. The values of the transmission line lengths and characteristic impedances of the

different transmission lines used in this external coupling network are provided in Table

5.3. Reactance B6 is implemented by a lumped inductor with a value of L ≈ 19 nH.

Table 5.3 Length and characteristic impedances of the different transmission lines used
in the coupling network.

l1 1.11 cm w1 3.36 mm 50 Ω

l2 2.57 cm w2 0.8 mm 100 Ω

l3 8.42 cm w3 3.36 mm 50 Ω

l4 0.79 cm w4 3.36 mm 50 Ω

l5 3.32 cm w5 0.8 mm 100 Ω

l6 4.0 cm w6 0.8 mm 100 Ω

l7 0.35 cm w7 0.8 mm 100 Ω

l8 1.0 cm w8 3.36 mm 50 Ω

The inductor is implemented using a short piece of wire, as shown in Fig. 5.5(b) and its

inductance is measured using a vector network analyzer. In this design, Rogers RO4003C

with the dielectric constant of εr = 3.55 and a thickness of 60 mils is used as the substrate.

The two monopole antennas are made out of hollow copper tubes with a circular cross
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section with inner and outer radii of 1.8 mm and 2.4 mm, respectively, and mounted on a

brass ground plane with physical dimensions of 60 cm× 60 cm. To minimize the impact

of the scattering and diffraction from the edges of the finite ground plane on the BMAA

response, the edges of the ground plane are covered with thin absorbers (6.35 mm thick

ECCOSORB LS-30/SS-3 absorbers manufactured by Emerson & Cuming).

Fig. 5.6 shows the measured and simulated output phase responses of this BMAA as

a function of the angle of incidence and compares it with that of a regular array with the

same elements and dimensions. The simulations are done using CST Microwave Studio

(for the monopole antennas on the infinite ground plane) and Agilent ADS (for the cou-

pling network). As can be seen, the asymmetries in the coupling network have shifted the

zeros crossing of the phase from boresight to θ ≈ 5◦. However, there is generally a good

agreement between the simulated and measured results. The measured phase enhancement

factor at boresight is η ≈ 3.3. The main reason for the slight discrepancy between the mea-

sured phase enhancement at boresight and the simulated value of η = 4.2 is attributed to

component tolerances and the asymmetries in the coupling network that have resulted in

the shift of boresight. Fig. 5.7 shows the measured and simulated power levels at the two

BMAA outputs normalized to the output power level achieved from a regular antenna array

(i.e. BMAA without the coupling network). As expected, the simulated output power at

the two ports of the BMAA is equal to that of a regular array. The measured output power

at boresight is Pout = −0.1 dB at port 2 and Pout = −0.7 dB at port 1. The differences be-

tween the measured and simulated values for the normalized output power can be primarily

attributed to the asymmetries in the coupling network and also lossy components (in our

design procedure, the components were taken to be lossless) as described extensively in

[55]. Other factors that contribute to the differences observed between the measurement

and the simulation results include the tolerances of the component values of the capacitors

and inductor, the slight asymmetries that may exist in the fabricated two-element antenna
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Figure 5.6 Measured and simulated output phase responses of the two-element BMAA
discussed in Section 5.2 as well as the phase response corresponding to the propagation

of an electromagnetic wave over a distance of d at an angle of θ.

array and its external coupling network, potential measurement uncertainties, and the finite

dimensions of the ground plane (which were assumed to be infinite in the simulations).

5.4 Application in Designing Directive End-fire Antenna Arrays

The optimum BMAA introduced in this chapter can be used to design a two-element,

end-fire array with a moderate superdirectivity (i.e., the directivity of this array is larger

than that of a regular array occupying the same aperture). The architecture of such an

array is shown in Fig. 5.8 where the external coupling network is followed by a 180◦ hy-

brid which extracts the common mode and differential mode outputs of the BMAA. After

phase shifting the differential mode by 90◦, the signals are added. The resultant measured

and simulated power at the output of this end-fire array are normalized to the measured
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Figure 5.7 Measured and simulated amplitude responses of the two-element BMAA
discussed in Section 5.2. Port 2 is the output closer to the incident wave (the ipsilateral
antenna) and port 1 is the output further from the incident EM wave (the contralateral

antenna).
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Figure 5.8 Block diagram of a two-element end-fire array based on the BMAA presented
in this chapter.

and simulated output power of a regular array at boresight respectively and plotted as a

function of angle of incidence in Fig. 5.9. The normalized simulated output power from a

regular array (the same antennas with the same spacing) along with the hybrid and phase

shifter has also been plotted for comparison. As can be seen, the two-element BMAA with
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Figure 5.9 Normalized output power at the output of the end-fire array shown in Fig. 5.8
and a regular array followed by a 180◦ hybrid and phase shifter (the structure shown in

Fig. 5.8 without the external coupling network of the BMAA).

optimum power extraction and moderate phase enhancement factor can be used to design

a moderately super-directive end-fire antenna array.

5.5 Conclusions

A new architecture for two-element biomimetic antenna arrays was presented. Using

this design, a theoretical upper limit for the phase enhancement factor of a given two-

element BMAA is obtained, which ensures that the output power of the array is not re-

duced compared to a conventional antenna array occupying the same aperture dimensions.

A methodology for the design of a coupling network that can achieve this upper bound is
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outlined and based on that a prototype was designed, fabricated, and experimentally char-

acterized. It was experimentally demonstrated that the new design does not have the main

drawback of the previously-reported BMAAs. Namely, the degradation of received signal

power to achieve an enhanced output phase sensitivity. Since this new antenna extracts

maximum available power from both the common and the differential modes of excitation

of the array, it can also be used to design end-fire antenna arrays with moderate superdi-

rectivity. This new two-element array is expected to find applications in systems where

a small aperture area is available to accommodate the array but enhanced angular resolv-

ing capabilities or directionality from the array is expected (e.g., small aperture direction

finding systems). Therefore, the proposed design can have applications in long-range

small-aperture direction finding systems.
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Chapter 6

Bandwidth Enhancement of Biomimetic Antenna Arrays us-
ing Non-Foster Coupling Networks

6.1 Introduction

Biomimetic antenna arrays (BMAAs) have been previously introduced [55]-[57]. They

offer enhanced angular resolution compared to regular antenna arrays and can potentially

have applications in miniature direction finding systems, small aperture imaging systems

and wireless communication systems. A drawback of previously designed BMAAs is

that the enhanced angular resolution occurs in a relatively narrow bandwidth which is

undesirable in many applications where bandwidth is crucial. To improve the bandwidth,

one can resort to more complicated passive multi-section design techniques similar to the

techniques used in wideband filter design. However, more reactive elements leads to more

loss in the external coupling network and consequently degradation of received signal

power.

A possible method for obtaining a higher bandwidth is the use of non-Foster elements,

i.e. elements that violate Foster’s reactance theorem, in the network. Non-Foster elements

have been previously used in wideband impedance matching of small antennas [62]-[66].

The motivation behind this approach is that the input impedance of a typical electrically

small antenna has a small resistive and a large frequency-varying reactive component.

Therefore, conventional matching techniques based on passive lumped elements result in
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a very narrow impedance bandwidth. To overcome this issue, non-foster matching circuits,

have been proposed, which cancel the reactive part of the antenna input impedance over

a wide frequency band, thereby increasing the impedance bandwidth of the antenna. For

example, the input impedance of an electrically small dipole consists of a small resistance

in series with a capacitor. The technique implements a negative capacitor of the size as

seen looking into the antenna terminals, thereby cancelling the the reactive part of the

input impedance seen by the source. Non-foster matching circuits typically use negative

impedance converters, which employ positive feedback [62].

In this chapter, non-foster elements have been employed in the external coupling net-

work of a BMAA consisting of electrically small antenna elements to cancel the reactive

part of the antenna impedance in the common and differential modes, thereby increasing

the bandwidth over which a considerable phase enhancement factor may be obtained. The

proposed technique has been verified by comparing the non-Foster BMAA to a passive

BMAA designed using previously reported techniques and with the same characteristics.

6.2 Design Procedure

The block diagram of a two-element biomimetic antenna array is shown in Fig. 6.1.

A plane wave with an angle-of-incidence of θ is incident on the two antennas, where θ is

measured from boresight. The outputs of the antennas (x1, x2) are fed to the two inputs

of an external coupling network. This coupling network takes the two input signals, x1

and x2, with a phase difference of Φin(θ) between them and converts them to two output

signals, y1 and y2, with a considerably larger phase difference of Φout(θ). To quantify this,
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Fig. 2. (a) Photograph of the parasitoid fly Ormia Ochracea (courtesy of
Prof. William Cade). (b) Block diagram of a two-element biomimetic antenna
array. (c) Equivalent circuit model of a two-element biomimetic antenna array
taking into account the mutual coupling effects between the two antennas.

signals, x1 and x2, with roughly the same amplitudes and a
small phase difference of Φin(θ) between them and converts
them to two output signals, y1 and y2, with a considerably
larger phase difference of Φout(θ). Here, Φin(θ) = ∠x2−∠x1

and Φout(θ) = ∠y2 − ∠y1 as shown in Fig. 2(b) [12]. The
external coupling network is implemented using a passive RLC
circuit as shown in Fig. 2(c) [12]. As discussed in [12], the
relationship between Φout(θ) and Φin(θ) can be quantified
using a nonlinear one-to-one function and for small θ values,
Φout(θ)� Φin(θ). The two closely-spaced receiving antennas
in this structure are represented by their Z parameters as shown
in Fig. 2(c) [14]-[15]. Here, the antennas are represented by
their self and mutual impedances and:

Zs = Rs + jXs (1a)
Z12 = R12 + jX12 . (1b)

Rs(Xs) is the real (imaginary) part of the self impedance
of the antennas and R12(X12) is the real (imaginary) part
of the mutual impedance between the two antennas. The two
antennas are assumed to be identical and their outputs are
connected to the passive external coupling network comprised
of transformers and reactances shown in Fig. 2(c). The two
outputs of the BMAA, which are outputs of the external
coupling network, are connected to 50 Ω loads.

In this theoretical analysis, we assume that the open circuit
voltages of the two antennas have equal magnitudes and a
phase difference of 2α. Additionally, we assume that the
transformers used in the external coupling network are ideal
transformers. Under these assumptions, we can convert the
equivalent circuit model shown in Fig. 2(c) to the circuit
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Fig. 3. (a) Equivalent circuit model of the two-element biomimetic antenna
array shown in Fig. 2. (b) The common-mode circuit. (c) The differential-
mode circuit.

shown in Fig. 3(a). Here, RL = 50 Ω
n2 and α is assumed to

be1 π dλ sin(θ). In this figure, the two receiving antennas are
modeled with their Thevenin equivalent circuit models and
each voltage source represents the normalized open circuit
voltage of each antenna. The circuit shown in Fig. 3(a) can
be analyzed by dividing it into an even-mode circuit and an
odd-mode circuit as shown in Figs. 3(b) and 3(c) respectively.
From symmetry (anti-symmetry) of the structure shown in Fig.
3(b) (Fig. 3(c)), we can see that:

I1,c = I2,c = Ic (2a)
−I1,d = I2,d = Id (2b)

The total currents, I1 and I2, can be obtained from the
following equations:

I1 = Ic − Id (3a)
I2 = Ic + Id (3b)

Using the equivalent circuit models shown in Figs. 3(b) and
3(c) in conjunction with the relationships given in (3a)-(3b),
we can obtain closed-form expressions for I1 and I2 as:

I1 =
cos(α)

(R+R12) + jb
− j sin(α)

(R−R12) + ja
(4a)

I2 =
cos(α)

(R+R12) + jb
+ j

sin(α)

(R−R12) + ja
(4b)

1Notice that α may be slightly different from this value if the mutual
coupling between the elements is strong. This, however, does not impact the
validity of the presented design procedure.

Figure 6.1 Block diagram of a two-element regular antenna array (BMAA).

the phase enhancement factor is defined as η = s
s0

, where

s =
dΦout

dθ

∣∣∣∣
θ=0

s0 =
dΦin

dθ

∣∣∣∣
θ=0

=
d

dθ

(
2π
d

λ
sin(θ)

) ∣∣∣∣
θ=0

= 2π
d

λ
.

The antenna array discussed in this chapter is a two-element monopole array. The ele-

ments are located on an infinite ground plane, have a length of 5 cm, and are spaced 2.5 cm

apart. This structure is simulated in CST Microwave Studio and the two-port Y-parameters

of the antennas, at the frequency of 500 MHz, are obtained and presented in Table 6.1.

To compare the performance of the non-Foster coupling network proposed in this chap-

ter with previous designs, a passive coupling network based on the procedure outlined in

[56] is also designed. Fig. 6.2 shows the maximum phase enhancement factor that can be

obtained from the two-element antenna array as a function of normalized output power at

500 MHz when the incident wave arrives from boresight (i.e., θ = 0). In this figure, the

output power of the two-element BMAA is normalized to the power available from each

array element at boresight, P0, where

P0 =
1

8(G11 +G12)
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Table 6.1 Simulated Y-parameters of the two-element array discussed in Section 6.2 at
500 MHz. The monopoles have a length of 5cm and are spaced 2.5cm apart. Values are in

mS.

G11 = Re(Y11) 0.047

G12 = Re(Y12) 0.046

B11 = Im(Y11) 13.6

B12 = Im(Y12) −0.57

assuming unity amplitude short-circuit currents. The maximum phase enhancement factor

at a normalized output power level of -3 dB is roughly 6.4. Therefore, the passive coupling

network is designed to have η = 6 and P n
out = −3 dB. The circuit implementation of the

passive coupling network is shown in Fig. 6.3(a)1.

For comparison, the non-Foster coupling network is designed to have the same phase

enhancement factor and output power values as the passive coupling network and its topol-

ogy is shown in Fig. 6.3(b). Due to the fact that the antennas are small at the frequency of

500 MHz (the length of each monopole antenna is λ/12), the equivalent circuit model of

the antennas can be approximated with a capacitor in parallel with a radiation resistance

[62]. Using Table 6.1, the equivalent circuit models of the antenna array in the common

and the differential modes are obtained and shown in Fig. 6.3(c) and Fig. 6.3(d), respec-

tively. Here, we have assumed that the short-circuit currents of the antennas are Isc,1 = ejα

and Isc,2 = e−jα where α = πd sin(θ)/λ and d is the distance between the antennas. At an-

gles close to boresight, the common- and differential-mode antenna short-circuit currents

1The reader is referred to [56] for details of the design procedure.
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Figure 6.2 Variation of the maximum phase enhancement factor as a function of the
normalized output power for the two-element BMAA discussed in this chapter. This

curve is obtained for the antenna array whose Y-parameters are provided in Table 6.1.

can be written as:

Ic(θ) =
Isc, 1(θ) + Isc, 2(θ)

2
≈ 1

Id(θ) =
Isc, 2(θ)− Isc, 1(θ)

2
≈ jα

The imaginary parts of the common-mode and the differential-mode admittances of the

antennas are equal toBc = j(13.6−0.57) = j13.03 mS andBd = j(13.6+0.57) = j14.17

mS, respectively. These values correspond to capacitors with values of Cc ' 4.14 pF

and Cd ' 4.51 pF at 500 MHz. To obtain a broadband match in the common and the

differential modes, the non-Foster coupling network should cancel the common- and the

differential-mode capacitances of the antenna array. This can be seen by examining the

common- and the differential-mode equivalent circuit models of the non-Foster BMAA

shown in Figs. 6.3(c) and 6.3(d). Thus, we have:
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Figure 6.3 Circuit implementation of the coupling networks discussed in this chapter. a)
Passive. b) Non-Foster. c) Common-mode equivalent circuit of non-Foster BMAA at 500

MHz. d) Differential-mode equivalent circuit of non-Foster BMAA at 500 MHz
(α = π d

λ
sin(θ)).

C1 = −Cc = −4.14 pF

C1 + 2C2 = −Cd = −4.51 pF⇒ C2 = −0.185 pF

Similar to the imaginary part of the input admittance, the real part of the common and

differential-mode admittance of the antenna array is equal to Gc = 0.047 + 0.046 = 0.093

mS and Gd = 0.047 − 0.046 = 0.001 mS, respectively. The power delivered to the load

resistance RL at boresight can be obtained using the common-mode circuit of Fig. 6.3(c)

and it is equal to2:

PL =
1

2
RL

(
Rc

Rc +RL

)2

where Rc = 1/Gc = 10.75 kΩ. The power available from the array at boresight at 500

MHz is equal to P0 = Rc
8

. Therefore, to obtain a normalized output power of -3 dB (0.5 in

linear scale), RL must satisfy:

1

2
RL

(
Rc

Rc +RL

)2

= 0.5
Rc

8

2Assuming the reactive part of the antenna admittance is canceled by the coupling network.
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This equation has two solutions for RL of which we arbitrarily choose RL = 1.85 kΩ3.

Next, the value of R that yields a phase enhancement factor of η = 6 is determined.

The phase enhancement factor can be written as:

η , lim
2α→0

[
]Vo1 − ]Vo2

2α

]
= lim

2α→0

[
1

2α
]
{

1 + jα Vd
Voc

1− jα Vd
Voc

}]

= lim
2α→0

 2

2α
tan−1

 αRe
{
Vd
Voc

}
1− α Im

{
Vd
Voc

}


= Re

{
Vd
Voc

}
where Vod = jαVd. Using Fig. 6.3(c) and Fig. 6.3(d) and assuming that the reactive

part of the antenna admittance is canceled in the common and the differential mode by the

coupling network, η can be written as:

η =
Rd||RL||R2
Rc||RL

≈ RL||R2
RL||Rc

where Rd = 1/Gd = 1 MΩ. The reader can easily verify that a R = −4.6 kΩ yields

η = 6. This concludes the determination of the values for the ideal non-Foster coupling

network shown in Fig. 6.3(b).

6.3 Practical Implementation

Next, the non-Foster elements were designed using a negative impedance converter

(NIC) with the specific topology shown in Fig. 6.4 using transistor-based circuits found in

[63]-[64]. Fig. 6.5(a) and (b) show the transistor based implementation of the C1 = 4.14

pF capacitor and the parallel combination of theR = −4.6 kΩ and C2 = 0.185 pF with the

accompanying bias circuitry, respectively. The Infineon BFP620F SiGe bipolar transistor

SPICE model was imported and the circuit simulations for the non-Foster elements were
3The other solution is RL = 62.66 kΩ.
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Figure 6.4 Negative impedance converter (NIC) topology employed for implementing
the non-Foster components in this chapter.

done in Agilent ADS. To validate the implementation, the admittance of these circuits

have been compared to the admittance of ideal negative valued circuit components in Fig.

6.6. Due to the parasitic effects of the transistor, some tuning was carried out to match the

admittance of the transistor-based implementations and their ideal-circuit-element coun-

terparts. As can be seen, the real and imaginary parts of the admittance agree well over

the frequencies of interest. The response of the non-Foster BMAA using both an idealized

and a practically-realizable non-Foster external coupling network was simulated.

Fig. 6.7(a) and 6.7(b) compare the phase enhancement factor and the normalized out-

put power of the three implementations. As can be seen, the passive and the non-Foster

circuits have a phase enhancement factor of η = 6 and a normalized boresight output

power level of P n
out = −3 dB at 500 MHz. Furthermore, the 3-dB bandwidth of the

phase enhancement factor for the ideal non-Foster implementation is roughly 33 times

that of the passive implementation. Also, the transistor-based non-Foster implementation

of the coupling network achieves the same output power level with an η = 6.6 at 500

MHz. The discrepancy between the phase enhancement factor of the the ideal non-Foster

implementation and the transistor implementation is due to the fact that the admittance

values associated with the two implementations are designed to match at 500 MHz and are

slightly different at other frequencies (refer to Fig. 6.6).
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Figure 6.5 Transistor implementation of the non-Foster elements. a) -4.14 pF capacitor.
b) -4.6 kΩ resistor in parallel with a -0.185 pF.

The stability of the proposed transistor-based implementation is investigated using Ag-

ilent ADS. A signal is injected in the feedback loop of the circuits shown in Fig. 6.5 at

the indicated points using the Oscport element and the complex loop gain (magnitude

and phase) is calculated with the harmonic balance simulation controller. The simulation

parameters are adjusted so that simulator searches for oscillation within 5 octaves of cen-

ter frequencies from 100 MHz to 1 GHz in 100 MHz increments and the stability of the

transistor-based non-Foster BMAA is verified.

6.4 Conclusions

A BMAA with a non-Foster external coupling network has been designed and com-

pared to a passive BMAA with the same phase enhancement factor and output power level.

It is shown that the phase enhancement factor of the BMAA with non-Foster elements has

roughly 33 times the bandwidth of its passive counterpart. A practical implementation of
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Figure 6.6 Comparison of the real and imaginary parts of the admittance of the
non-Foster elements with their corresponding circuit implementations using transistors.

a) -4.14 pF capacitor. b) -4.6 kΩ resistor in parallel with a -0.185 pF capacitor.

the non-Foster coupling network with transistors was also introduced and its phase en-

hancement factor and output power level was compared to that of its ideal-circuit-element

counterpart.
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Chapter 7

Biomimetic Nano-Antenna Arrays: A Concept for Design-
ing Sub-Wavelength Angle-Sensing Detectors at Optical Wave-
lengths

7.1 Introduction

Despite having two closely spaced ears (with a spacing of λs/140, where λs is the

wavelength of the sound), the parasitoid fly Ormia Ochracea has hyperacute directional

hearing capabilities and can precisely determine the direction of arrival of a sound wave

of interest with a 1◦-2◦ angular resolution [44]-[45]. Therefore, the auditory system of

Ormia Ochracea, acts as a sub-wavelength, angle-sensing acoustic detector. Recently, we

have investigated the analogies between the auditory system of Ormia Ochracea and an-

tenna arrays composed of two [55]-[56] or more [57] elements. We have demonstrated that

such an antenna array, while occupying an extremely sub-wavelength aperture dimensions,

demonstrate significant sensitivity to the angle of incidence of an electromagnetic wave.

Therefore, these arrays can be used as sub-wavelength, angle sensing detectors for elec-

tromagnetic waves. At RF/microwave frequencies, such antenna arrays are expected to be

useful in scenarios where the physical size of the aperture is small but angle-sensing capa-

bilities are desired. One method for conducting angle sensing in a two-element BMAA is

to perform phase coherent measurements at the two outputs of the array and use the output

phase contrast to determine the angle of arrival of the electromagnetic wave. However,
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a two-element BMAA can be designed to allow for angle sensing without the need for

conducting coherent measurements at its output. This technique is expected to be useful

in situations where conducting coherent measurements is not practical and is expected to

be praticularly useful at frequency bands in the sub-millimeter-wave range or higher.

In this paper, we expand the concept of biomimetic antenna arrays to frequency bands

outside of the RF/microwave range and present the design of a two-element nano-antenna

array with sub-wavelength dimensions. We will demonstrate how the proposed nano-

antenna array can act as a sub-wavelength angle-sensing optical detector without requir-

ing any coherent measurements (i.e., using amplitude detectors only). Therefore, at fre-

quency bands where conducting coherent measurements is not straight forward (e.g. sub-

millimeter wave, infrared, and optical frequencies), the proposed sub-wavelength detectors

and arrays of such detectors offer a new transduction mechanism that can enable the detec-

tion and characterization of properties of the incoming electromagnetic wavefront beyond

the commonly-measured irradiance. These include detection of the angle of arrival, spec-

tral distribution, and the state of polarization of the wave at the single pixel level with a

sub-wavelength spatial dimension.

In what follows, the principles of operation of the proposed nano-antenna array along

with simulation results demonstrating the performance of the structure will be presented

and discussed.

7.2 Sub-wavelength Nano-Antenna Arrays: Design and Principles of
Operation

The phase enhancement characteristics of a two-element BMAA have been studied

extensively [55]-[56]. Compared to a regular antenna array of the same aperture size, the

two-element BMAA provides an enhanced phase resolution. This enhanced resolution can
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be used to detect the direction-of-arrival of an incident wave with a higher degree of ac-

curacy compared to that of a conventional array. The main challenge at frequencies in the

THz, infrared, and visible range is the impracticality of performing phase measurements

at the two outputs of the BMAA.

Therefore, the two-element BMAA designs reported previously, which relied on phase

measurements, cannot be directly used to design sub-wavelength, angle-sensing detectors

at optical wavelengths. This problem can be circumvented by transforming the phase-

contrast enhancement capabilities of a two-element BMAA to amplitude-contrast enhance-

ment capabilities. This will allow us to use amplitude detection at the outputs of the two-

element BMAA and extract useful information about the angle of arrival (AoA) of the

electromagnetic wave from the ratio of the extracted output powers at the two ports. This

can be accomplished by introducing asymmetry in the array.

In this case, the array can be designed such that the ratio of the power absorbed by

the two elements (absorption ratio) becomes a strong function of the incidence angle of an

incoming electromagnetic wave. This can be used as a method to determine the angle of

arrival of the wave without requiring any phase measurement.

Since good electric conductors are not readily available at optical frequencies, the an-

tenna elements are designed with dielectrics. Each dielectric waveguide is made of silicon.

The real and imaginary parts of the dielectric constant of silicon at wavelengths of inter-

est is plotted in Fig. 7.1 [67]. Fig. 7.2(a) shows the cross sectional view of a potential

implementation of the angle-sensing optical detector proposed in this work. In this case,

the structure is composed of two coupled leaky wave optical antennas. Each leaky-wave

optical antenna is in the form of a dielectric waveguide with a rectangular cross section.

A thin layer of silicon dioxide separates the two antennas from the substrate under-

neath. The array is illuminated by a vertically polarized electromagnetic (EM) plane wave

with an angle of incidence of θ.
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Figure 7.1 Permittivity of silicon at optical wavelengths.
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Figure 7.2 (a) Cross sectional view of the asymmetric optical antenna elements located
on top of a silicon substrate. (b) Top view of the structure showing dimensions. A thin

layer of silicon dioxide is placed between the antenna elements and the silicon substrate.
Silicon and silicon dioxide are shown with green and red, respectively.

7.3 Simualtion Results

The structure shown in Fig. 7.2 is simulated using the time domain solver of CST Mi-

crowave Studio with the silicon permittivity shown in Fig. 7.1. The larger waveguide has
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(a) 750nm (b) 600nm 

Figure 7.3 Magnitude of electric field distribution in the cross sections of the two
asymmetric optical antenna elements at two different wavelengths. The structure is

illuminated with a plane wave with a transverse electric polarization and an
angle-of-incidence of θ = 0.

cross sectional dimensions of 0.3µm×0.1µm and the smaller one has a cross sectional di-

mensions of 0.2µm× 0.1µm. The antennas are separated by a distance of 0.33µm. In this

simulation, the length of both waveguides are assumed to be infinite. This assumption is

reasonable in the simulations because the loss of the waveguides (due to their conductivity

and also due to radiation) ensures that the response of the infinite structure will be similar

to that of the finite structure with a relatively large electrical length (a few tens of mi-

crometers at these wavelengths). In this simulation, the antennas are excited with a plane

wave arriving at normal incidence angle (θ = 0) and the induced current and hence power

absorbed by each element per unit length is calculated as a function of the wavelength of

the incident wave. The electric field distribution at the cross sections of the elements are

illustrated in Fig. 7.3 for two different wavelengths. The absorption ratio, i.e. the ratio

of the power absorbed by the two elements per unit length for this structure is plotted in

Fig. 7.4. As can be seen, the absorption ratio has a dynamic range of roughly 10dB over

the wavelengths of interest. Moreover, there is a one to one correspondence between ab-

sorption ratio and frequency. Therefore, this structure can be possibly used as a frequency

sensing detector at optical wavelengths.
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Figure 7.4 Ratio of the power absorbed (dissipated) at the cross sections of the two
asymmetric elements as a function of the wavelength.

Next the angular sensing capabilities of the optical detector is studied. In this simula-

tion, the antennas are excited with plane waves arriving from different angles of incidence

and the power absorbed by each of the waveguides is calculated. As can be seen in Fig.

7.5, the structure is symmetric in this case. The two waveguides have cross sectional di-

mensions of 0.2µm × 0.2µm and are separated by a distance of 0.33µm. As the angle

of incidence of the EM wave is changed, the electric field intesity at the cross section of

the antennas is calculated and plotted for four different angles of incidence in Fig. 7.6.

Observe that the electric field distribution in each waveguide is a strong function of the

incidence angle. Also, the ratio of the power absorbed by the two elements per unit length,

as a function of angle-of-incidence, is calculated from full-wave EM simulations and the

result is plotted in Fig. 7.7. The wavelength of operation is 650 nm. As expected from the
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Figure 7.5 (a) Cross sectional view of the symmetric optical antenna elements located on
top of a silicon substrate. (b) Top view of the structure showing dimensions.

symmetry of the antenna array, the absorption ratio is 0 dB at boresight. Notice that when

a light wave with the appropriate wavelength is incident on this device, dc currents will be

induced in each waveguide (because of the semiconducting nature of the coupled waveg-

uides). Therefore, the structure essentially acts as a direct detector where the intensity of

the incident electromagnetic wave is converted to a direct current that flows between the

input and output of each of the waveguides and can be measured directly. As can be seen

from Fig. 7.7, the absorption ratio of the structure has roughly 8 dB dynamic range as the

angle-of-incidence changes from -90 to 90 degrees.

7.4 Conclusion

A two-element biomimetic nano-antenna array, which can act as a sub-wavelength

angle-sensing optical detector is proposed. Simulation results demonstrate that, despite

their sub-wavelength lateral dimensions, such detectors can be designed to demonstrate

significant output amplitude variations as a function of the angle of incidence and wave-

length of light in their cross-sectional planes. The proposed concept of asymmetric biomimetic

nano-antenna array can be used in designing optical detectors that can detect and charac-

terize certain properties of the incoming EM wavefront beyond its irradiance, including



112

0θ =  20θ = 

40θ =  60θ = 

θ

Figure 7.6 Magnitude of electric field distribution in the cross sections of the two optical
antenna elements for different angles of incidence. The structure is illuminated with a

plane wave with a transverse electric polarization and various different angles of
incidence as indicated in each figure.

angle of arrival. By using more complicated coupled-resonator topologies, the proposed

nano-antenna array concept can be expanded to develop detectors that are capable of sens-

ing the spectral distribution and state of polarization of the incoming wavefront at the

single pixel level with sub-wavelength spatial dimensions. Such detectors are expected

to result in the development of new imaging systems at sub-millimeter-wave through the

infrared and visible frequency bands.



113

- 9 0 - 6 0 - 3 0 0 3 0 6 0 9 0
- 4

- 2

0

2

4

 Ab
sor

pti
on

 Ra
tio

 (P
1/P 2) [d

B]

 � [ d e g r e e s ]

Figure 7.7 Ratio of the power absorbed (dissipated) at the cross sections of the two
symmetric elements as a function of the angle-of-incidence. The wavelength of the

incident wave is λ = 650nm.
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Chapter 8

Future work

In this thesis, a new class of passive networks have been introduced. Added to small

aperture antenna arrays, they increase the angular resolution of the array compared to a

regular antenna array. Here I identify three major areas where the present work can be

extended:

8.1 Design of small aperture compact direction finding systems

A potential application for BMAAs is in small aperture direction finding systems. By

sacrificing bandwidth, passive coupling networks introduced in chapter 5 can increase

the angular sensitivity of direction finding systems. In other words, for a given angular

resolution, BMAAs proposed in this thesis can lead to a more compact direction finding

system. This fact becomes more important when operating at VHF frequencies where the

wavelength is quite large compared to dimensions of common wireless devices. Moreover,

for a given aperture size, the proposed BMAAs can lead to more accurate angle sensing

systems without increasing total system cost and could therefore lead to low-cost systems.

A full system analysis of small aperture direction finding systems based on BMAAs is an

area of future study.
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8.2 MIMO Communications

Another potential application of the BMAAs introduced in this thesis is MIMO com-

munications. As discussed in section 1.1.3 using antenna arrays that are more sensitive

to the angle-of-arrival of the incoming signal can lead to more spatial diversity and con-

sequently improved capacity in MIMO communication systems. The investigation of the

application of BMAAs in improving the capacity of MIMO communications and the trade-

offs involved is an area worth investigation. Due to the fact that signal to noise ratio

(SNR) is of utmost importance in any communication system, it is believed that the class

of optimum BMAAs discussed in chapter 5 would be more suitable in communication

applications.

8.3 Infrared angle sensing detectors

As discussed in chapter 7, the BMAA concept can be extended to infrared and optical

frequencies. Chapter 7 merely provided a preliminary analysis of a proof-of-concept opti-

cal detector employing two rectangular cross section elements made from silicon. A more

detailed analysis of optical multi-element BMAAs using elements with more complicated

geometries and other semiconductors is an area of future study. Moreover, investigation

of potential applications of optical BMAAs in angle-of-arrival sensing and high resolution

optical and infrared imaging can also be an area of study.
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