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N-Element Biomimetic Antenna Arrays

Patrik Griiner™, Member, IEEE, Ines Dorsch

Abstract—Modern communication and sensor systems are in
need of antenna front ends providing a high angular resolution.
This requirement inherently leads to large and sometimes bulky
antenna systems. Biomimetic antenna arrays (BMAAs), however,
can provide a high angle estimation performance while occupying
little space. The concept adapted from the hearing system of
the fly Ormia ochracea has become of great interest recently.
While most of the latest works focused on BMAAs with two
antenna elements only, this article presents a comprehensive
general theory for designing BMAAs with an arbitrary but even
number of antenna elements. A scalable equivalent electrical
circuit and an associated modal analysis are presented, and the
effects of varying levels of biomimetic coupling are highlighted.
The methodology presented in this article is applied to the
design of a BMAA with four antenna elements at 76.5 GHz of
which a prototype was fabricated and measured using radar
measurements.

Index Terms— Antenna arrays, biologically inspired antennas,
biomimetic antenna arrays (BMAAs), direction-of-arrival (DOA)
estimation.

I. INTRODUCTION

N INCREASING demand of modern radar sensors is

the ability to measure the angle of a target relative to
the sensor axis. Especially for sensors operating in multitarget
scenarios, a high angular separability is required [1]-[4]. This
leads to large and often bulky antenna front ends with a high
number of antenna elements [5]. However, if the available
space or the number of realizable antenna elements is limited,
alternative solutions have to be found in order to achieve a
high angular separability.

A widely used method is the application of multiple-input—
multiple-output (MIMO) radars, where a comparably large
virtual aperture is formed by the spatial convolution of the
smaller transmitting and receiving apertures [6], [7]. Other
concepts envisage the use of superresolution algorithms in the
signal processing domain [8], [9].

Yet, another possibility is the application of a biomimetic
antenna array (BMAA). In order to improve the angle estima-
tion performance, this antenna system is designed to adapt a
concept from nature and mimic the dynamical properties of the
hearing system of the parasitoid fly Ormia ochracea [10], [11].
This fly is dependent on a host cricket in order to reproduce
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and lay its eggs. The cricket is located by the fly via its mating
call with a frequency at around 5 kHz [12], [13], whereby the
wavelength of this mating call is significantly greater than the
ear spacing of the fly. Despite this extremely small acoustical
aperture, an estimation accuracy of 1°-2° is achieved by the
fly due to a special mechanical coupling between its ears [10].

The BMAA concept, adapted from nature, has inspired
many research groups. The mechanical coupling has been
transformed into an electrical system, and different ways to
model and realize the so-called biomimetic coupling (BMC)
have been proposed and continually improved [11], [14]-[17].
A wide range of frequencies were considered in recent BMAA
designs, including the microwave range around 400 MHz [18],
[19] and 600MHz [11], [14], as well as the lower and
upper millimeter-wave (mm-wave) ranges around 20 GHz [20]
and 77GHz [15], [21], respectively. Typically, BMAAs are
applied in order to increase the angular resolution of an
antenna array with fixed interelement spacing. This is, e.g.,
useful if the wavelength of a system is large compared to
the available space and the antenna elements therefore cannot
provide a large spacing. However, the biomimetic principle
is not limited to very small antenna spacings but can be
applied to any antenna array in order to further improve
their performance in terms of angular resolution [15]. Another
use case of BMAAs is to reduce the space requirement
of the antenna array while maintaining the angular perfor-
mance. This is especially helpful if an expensive technol-
ogy has to be used, as, e.g., in on-chip applications. Thus,
recent applications of BMAAs are found in direction finding
and localization systems [22] at comparably low frequencies
as well as in compact radar systems [23]. The increased
angle estimation capability of systems utilizing BMAAs was
verified by means of measurements and by computing the
Cramer—Rao bound (CRB) for direction-of-arrival (DOA)
estimations [24]-[26].

However, almost all of the previous works on BMAAs
considered arrays with two antenna elements only. This is
quite obvious because the fly—as the inspiration for the
antenna system—has only two ears. If the antenna front
ends for high-resolution sensor systems are required, how-
ever, a considerably larger number of antenna elements are
necessary. The first approaches to increase the number of
antenna elements in a BMAA are found in [27] and [28] where
the modeling, design, and measurement of a three-element
BMAA arranged in a linear array and a triangular lattice are
presented, respectively. The design process, however, is mainly
based on an optimization process and is not easily scalable
to an arbitrary number of antenna elements. A five-element
BMAA is discussed in [29] with pairwise coupled dipole
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Fig. 1. Generalized electrical model of a two-element BMAA with an external coupling network (from [15]).

antennas arranged in a linear array. However, the system is
only analyzed on a high abstraction level using Monte Carlo
simulations, and neither a circuit was presented nor a prototype
was fabricated and measured.

This article presents a comprehensive, general concept
for designing and analyzing BMAAs with an arbitrary but
even number of antenna elements. The concept is thoroughly
investigated theoretically, starting from the model of the
two-element BMAA in [15]. A systematic extension scheme
is presented, and a modal analysis of the designed circuit is
outlined. Based on the investigations, an exemplary prototype
of a four-element BMAA in the 77-GHz range is designed,
manufactured, and measured. The measurements confirm the
theoretical findings and show a phase gain of up to 2.4.
This article is organized as follows. Section II introduces the
basics of two-element BMAAs necessary for the extension to
BMAAs with more than two elements presented in Section III.
Section IV shows the practical design and measurement of a
BMAA with four elements at 76.5 GHz.

II. BMAA BAsICS

This section briefly summarizes the current theory of
two-element BMAAS as a basis for the multichannel BMAAs
and introduces terms and metrics necessary for describing
BMAAs. The content of this section is described in more detail
in [15].

The electrical model of a two-element BMAA [15] is
shown in Fig. 1. The antenna elements are modeled by a
Norton equivalent current source with short-circuit current
i1(w,0) and i>(w, 8)—depending on the frequency w/2z and
the incidence angle #—and a self-admittance Y;;, which is
identical for both antennas sharing the same antenna design.
Furthermore, the mutual coupling between the antenna ele-
ments is modeled by a voltage-controlled current source with
transadmittance Yj,. The outputs of the system are given by
the voltages u;(w, 0) and u,(w, #) measured across the load
conductance G ;. The BMC network consists of a transformer
with a turning ratio of y = —1, two conductances G ¢, and two
susceptances B¢ realized as capacitor or inductor, depending
on the component value.

As two antenna elements and, therefore, two input currents
to the system i; and i, are considered, the circuit behavior
can be fully described by the superposition of two linearly

(b)

Fig. 2. Vector plots for the generalized BMAA model at a fixed incidence
angle (a) without and (b) with the BMC (from [15]).

independent exciting modes [30]. These modes are usually
chosen as the common mode (|i;| = |i2|, argi; = argiy) and
the differential mode (|i;| = |i»|, argi; = — argi,) of excita-
tion [11], [15]. The BMC network acts as a kind of filter,
which only attenuates the voltages due to the common-mode
excitation and leaves the voltages due to the differential
mode excitation unaltered. The attenuation depends on the
component values G¢ and Bc.

This working principle is summarized using the vector plots
in Fig. 2. Fig. 2(a) shows the output signals u#; and u, of
the conventional, uncoupled antenna array for an arbitrary
but fixed incidence angle 6 #0. u; and u, exhibit identical
amplitudes, and the phase difference ¢y, is equal to that of the
exciting signals i; and i, which follows:

$in(0) =arg(7l,1(w’(9)) =20(0) = kdsin0 (1)

ir2(w,0)

where d is the antenna element spacing, k = 2z /A is the
wavenumber in free space, 4 is the wavelength of the incident
wave, and o.(0) is an auxiliary quantity in order to display sub-
sequent formulas in a concise way. Fig. 2(b) shows the same
situation when applying the BMC. Here, the common-mode
part of the output signals is significantly attenuated, whereas
the differential mode voltage is the same as in Fig. 2(a). As a
consequence, the output signals u; and u, show a larger mutual
phase difference ¢y at a lower signal amplitude due to the
BMC.

The fundamental tradeoff of the BMAA system can be
deduced from the vector plots. Every increase in phase dif-
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Fig. 3. BMAA with phase gain # = 3 and Loy = —9.5dB. (a) Typical phase
progression of a conventional (. ) and a biomimetic ( ) antenna array.
(b) Output power level Loy The two curves for Loy are identical and lie on
top of each other.

ference leads to a reduction in output level. Two parameters
have been introduced in order to describe this BMAA behavior
on a system level [11], [15]. The phase gain # relates the slope
of the phase progression with respect to the incidence angle 6
of the BMAA with that of a conventional antenna array with
identical antenna elements and spacing and is defined as

_ d¢0ut d¢in
=40 |,/ o
The second parameter is the normalized output level Loy,

which normalizes the power at the BMAA ports to the power
measured at the ports of a regular antenna array, i.e.,

)

6=0

P
Loy = out, BMAA 3)

Pout,reg.Array
and takes the values between 0 and 1.
Fig. 3 shows the typical plots of the phase progression
and the normalized output power for a BMAA with d = 1/2,
n=3,and Lo = —9.5dB at 8 = 0°.

III. DESIGN OF N-ELEMENT BMAAS

As a first step in the design of N-element BMAAs, N
linearly independent exciting modes are synthesized for an
array consisting of N antenna elements. In a second step, the

3901
vref
YaXal - Yo TaY
“—>lc—> (—!—b >
1 2 3 AR N-1 N
L ® 4 9, . A
(a)
ej7cu ejSa
ej3a
el
¢ =2c(0)
e i
e—j3a
e—j7a e—jsa
(b)
Fig. 4. (a) Antenna array consisting of N equal antenna elements spaced

at a distance d and (b) antenna excitation currents ij_y(0) = etime with
m=1,3,...,N—1 for an N-element array depicted as vectors in the
complex plane for a fixed incidence angle €. The amplitudes Ay have been
set to 1 in the figure.

circuit representation of N-element BMAAs is introduced, and
a modal analysis of the BMAA, excited by the previously
derived modes, is performed.

A. Excitation Through Linearly Independent Modes

If a plane wave impinges under an angle # on an antenna
array consisting of N antenna elements (N even) spaced at
a distance d [see Fig. 4(a)], a total number of N complex
valued currents are excited at the single antennas. Based on
the definitions in Section II and by setting the reference point
into the center of the array, these exciting currents i;_y(6) are
given by

i0) = (10),20), ... 15 O)iy o O),....in (@)
= Ao(e’j(N’I)“, e’j(N’”", L, e gl ej(N’I)“)T

“)

with equal amplitudes Ay and a mutual phase progres-
sion ¢(0) = 20.(0) between two adjacent antenna elements.
Fig. 4(b) shows an exemplary realization of these currents in
the complex plane for one incidence angle 8 and Ay = 1.

As it was shown in Section II, two linearly indepen-
dent modes—namely the common mode and the differential
mode—are sufficient to describe the exciting currents of a
two-element BMAA. However, a total number of N modes
have to be introduced for N antenna elements in order to
synthesize all arising excitation signals by a superposition
of the single modes. The N basic modes may be chosen
freely as far as all arising antenna signals can be represented
by a weighted superposition of these modes. Furthermore,
the modes have to be linearly independent of each other.
The approach chosen in this work is to separate the antenna
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excitation signals 2(f) into a mode vector %y (@) and into a
scaling matrix D by

1(0) =D-. imode(e)‘ (5)

In order to obtain the mode vector and the scaling matrix,
every component of the vector from (4) is rewritten by Euler’s
formula. As a result, an expression is yielded, which contains
the m-fold angle multiples of the functions cos() and sin()

Agem = Ag(cos(ma) £ jsin(ma)). (6)

The m-fold angle multiples can in turn be expressed as a
polynomial of degree m consisting of powers of the functions
cosa and sin o by substituting [31]

cos(ma) = T, (cosa) 7
sin(ma) = (=1)"7 7, (sina) ®)
into (6). T,,(x) is the Chebyshev polynomial of the first

kind and order m and can be calculated by the recursion
formula [32]

Tm+1 = 2)CTm(x) - Tmfl(x) (9)
for m e N and with Ty(x) = 1, Ti(x) = x.
The N independent modes imoge,, Withn =1,2,..., N are

chosen from the polynomials in a way that allows an extension
to an arbitrary even number of antenna elements. A common
mode for which all antenna elements are excited by the same
signal is ensured for all realizations. The choice of the modes
is performed as follows. One half of the modes (numbered
1 to (N/2)) are composed of powers of cosa and form the
real parts of the complex exciting currents. The remaining
modes (numbered (N/2) + 1 to N) are made up of powers
of sina and form the imaginary part of the exciting currents.
Considering N antenna elements and setting without loss of
generality Ag = 1, the mode vector #nee is constructed as
follows:

Imode, 1 cosV 3 a —cosVlg

Imode,k cosV =@+ ¢ _ cosV—k=1 4
Fmode [ _ cos'” & (10)
'mode, & +1 sin a

imode.l sin~Nt2=3 4 — sin~VNt2=l g

imode. N sinV 3 a - sinV ! a

with k = 1,2,...,(N/2) — 1l and | = (N/2) +2,(N/2) +
3,...,N.

The scaling matrix D is a square matrix of dimension N x N
and is directly deduced from the Chebyshev polynomials.
Considering the polynomial of the exciting current e*”* with
m-fold multiple of & and m = 1,3,..., N — 1, the prefactor
of cos’a is named ai, and the prefactor of sin‘a is named
bi . If the mode vector #mqge is chosen according to (10), then
the scaling matrix D expands from the center to the outside
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according to Fig. 5, starting from the two-element case with

the scaling matrix
L=
Dy = (1 i )

The submatrices for four, six, and eight antennas are marked
in Fig. 5 accordingly.

Inserting the constructed scaling matrix into (5), it can
be noted that mode (N/2) is scaled equally for all anten-
nas. Thus, this mode represents the desired common mode.
Modes 1,...,(N/2) are real and symmetrical regarding its
column center and represent the even modes. In contrast,
modes (N/2) + 1,..., N are purely imaginary and are
mirror-symmetrical with opposite signs with respect to their
column centers. Modes (N/2) + 1, ..., N represent the odd
modes, whereas mode (N/2) + 2 is closest to the classical
differential mode.

As an example, the modal representation according to (5) for
the first (i;(#)) and the last (is(f)) antenna excitation signal
for N = 6 is given

(1)

et = 5 cosa —20cos’ a +16cos’ a
- —— ——

ais ass as,s

+ij( 5 sina —20sin® a +16sin’ a) (12)

bis b5 bs;s
_ 15( 3 5 3 5
= —15(cos’ a — cos’ a) + 5(cosa — cos’ a) + cos” a
N — —— ~——

imode, 1 Imode,2 Imode,3

. . 5 . _ . 3 _ . 3 _ . 5
Fj(sin” o +5(sina — sin” ) — 15(sin” a — sin’ a)).

Imode,4 imode,s imode,6

13)

The presented method for the construction of N linearly
independent exciting modes is a universal approach not being
limited to BMAAs. It also covers the common-/differential-
mode excitation of two-element BMAAs used in recent
works [11], [15].

B. Assembly of the N-Element BMAA Circuit

This section discusses how the BMAA circuit in Fig. 1
is extended to the N-antenna case. The choice of which
antennas are to be biomimetically coupled for N > 2, however,
leaves room for variations. For the sake of straightforward
realizability on planar printed circuit boards (PCBs) without
the need of transitions to other metal layers, only a BMC of
neighboring antenna elements is considered in this work.

The assembly of N biomimetically coupled antennas is car-
ried out by means of two different functional blocks, as shown
in Fig. 6. The first block, which is marked by a dashed frame
in Fig. 6, represents the antenna. This block is analogical to
the circuitry representing the antenna in Fig. 1 with Ys , being
the parallel connection of the antenna self-admittance Y,,, and
the load conductance Gi..

The second functional block, marked by a dotted frame in
Fig. 6, represents the BMC network. It consists, similar to
Section II, of a transformer with a coupling ratio of y = —1
and a coupling admittance Yc. The coupling admittance Yc
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Fig. 6. Equivalent circuit representation of an antenna (left box) and the
BMC network (right box) as building blocks of a BMAA with an arbitrary
number of antenna elements.

can hereby be regarded as a parallel connection of a con-
ductance G¢ and a susceptance Bc. The coupling admittance
can be found symmetrically on both sides of the transformer.
Depending on the desired order N of the BMAA, the circuit
consequently consists of N antenna blocks and N — 1 blocks
representing the BMC, lying in between two antenna blocks.

C. Modal Analysis of the N-Element BMAA Circuit

The aim of the modal analysis is to calculate the voltages
u,(w, 0) in Fig. 6 depending on the excitation and the compo-
nent values in the BMAA circuit. In order to analyze the circuit
synthesized with the functional blocks of Fig. 6, it is excited
by the N modes defined in Section III-A. The short-circuit
current i, of the current source modeling the nth antenna
always corresponds to a mode definition where the weighted
superposition of the N modes yields the complex-valued
signal e*ime

N
ln(a),e) = = E Dn,mlmode,m- (14)
m=1

Construction principle of the scaling matrix D for an increasing number of antennas N, starting with the matrix Dy for the case of two antennas.

In order to perform the calculations, some assumptions
are made. All antenna elements are considered equal, i.e.,
the radiating elements are assumed identical, and no edge
effects are considered. The mutual coupling between the
antenna elements is neglected. This assumption is valid as
long as the mutual coupling is small compared to the BMC
through the transformer [15]. Another prerequisite resulting
from Section III-A is an even number N of antenna elements.
Furthermore, it is assumed that the component values of
the BMC are chosen symmetrically across the array, i.e.,
Yei=Ycn-i withi =1,2,..., (N/2)

The modal analysis in its general form has to be per-
formed individually depending on the specified number N
of antenna elements. However, some characteristics and sim-
plifications, which are generally applicable, are highlighted
in the remainder of this section. A detailed analysis of a
BMAA with four antenna elements is presented afterward in
Section IV.

1) Even Modes: Modes 1 to (N/2) are composed of even
functions. Accordingly, the antenna array is excited symmet-
rically with respect to its point of symmetry (see the dashed
line in Fig. 7). The magnitude of the currents i,; and i, ,
in Fig. 7 is identical due to the symmetrical excitation on
both sides of the array and point toward the transformer
(ix,r <0). The voltage u; on the left side of the transformer
is consequently identical to the voltage u, on the right side
of the transformer. By transforming with a turning ratio of
y = —1, these voltages are inverted (u/., u;) and cancel each
other on either side of the transformer. The potentials u,; and
uy r, therefore, represent a virtual ground, and thus, the whole
BMAA is divided into two identical parts. The currents i,
and i,, flowing through the coupling admittances Y- on
either side of the transformer are identical but not zero and
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Fig. 7. Cutout of the equivalent circuit of an N-element BMAA around the
array center (red dashed) with currents and voltages for the modal analysis.

therefore lead to a parallel connection of Yc with Ys (v/2)
and Ys (y/2)+1, respectively. Because of these admittances
connected in parallel and because the weighting factors of the
modes are not equal for all antenna elements, the remaining
circuits are not symmetrical anymore with respect to their new
center point. Thus, the voltages u, (w, ) have to be calculated
individually depending on the number of antenna elements.
However, for all even modes, only one half of the BMAA has
to be considered.

2) Odd Modes: Mode (N/2) 4+ 1 is a purely imaginary
mode where all antennas are excited with identical magnitude
but with an alternating sign and therefore represents an odd
mode. As a consequence, every two neighboring current
sources in the electrical model are now directed in opposite
directions.

In order to analyze the circuit excited with this mode, the
simplified schematic in Fig. 8 is considered. The left and the
right side with respect to the middle transformer are combined
into one block consisting of a current source and a load
admittance. The current sources are directed oppositely due
to the odd excitation. Due to the assumption of equal antenna
elements and symmetrical component values in the BMC, the
current sources are loaded by the same load admittance Yjg,q.
When transforming the current i»; in Fig. 8 which is formed
by a current divider between load and BMC across the
transformer with turning ratio y = —1, it can be seen that
the currents is; and is, are directed in opposite directions
and, therefore, cancel each other. As a result, no current
is flowing through the coupling admittance Yc (v/2) and the
whole coupling network can be replaced by an open circuit
(Ye,vj2) = 08).

The same procedure can now be repeated for the remain-
ing halves of the electrical circuit. It is obvious that each
remaining circuit can again be represented by an equiv-
alent circuit as in Fig. 8. Every coupling network can
therefore be replaced by an open circuit (Yo =0S), and
consequently, all antenna elements in the array are decou-
pled from each other when the array is excited with
mode (N/2)+ 1. It should be noted that this mode is included
in every BMAA design, regardless of the number of antenna
elements.

Modes (N/2) + 2 up to N are also purely imaginary, odd
modes, but the antenna currents are not equal in amplitude,
in contrast to the aforementioned mode (N/2) + 1. The
outer antennas in the array are given higher weighting than
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Fig. 8.  Equivalent circuit representation of an N-element BMAA when
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Fig. 9. Top view of the four-antenna array consisting of aperture coupled
patches. The patches are on the top metal layer (green, L1), whereas the
microstrip lines (yellow, L4) lie on the bottom layer. The ground plane (red,
L3) carrying the coupling slots is located in between the top and bottom
layers.

the antennas on the inside of the array. Due to the odd
excitation and the assumed equality of the self-admittances of
the antennas, the currents through the coupling network in the
symmetry plane cancel each other, and the coupling network
can be replaced by an open circuit, like it was shown before
for mode (N/2)+ 1. However, the resulting circuit halves are,
in contrast to mode (N/2) + 1, not excited by current sources
with identical amplitudes. Therefore, no further simplification
can be applied and an analysis depending on the actual number
of antenna elements has to be performed.

IV. REALIZATION OF A FOUR-ELEMENT BMAA

This section describes the realization of a BMAA with
four antenna elements (4-BMAA) at a frequency of 76.5 GHz.
After choosing suitable antenna elements, the design process
and analysis based on the theory derived in Section III are
presented. A fabricated prototype is measured using radar
measurements.

A. Antenna Elements and Circuit Representation

The planar, aperture-coupled patch antenna array used in
this work is based on the antenna array in [15] and is shown in
Fig. 9. The stack-up consists of four metal and two RO3003
substrate layers with 127 um height, laminated by RO3001.
The microstrip lines are placed on the bottom metal layer
(L4) with the coupling slots located above in the ground metal
layer L3. The metal layer L2 is removed to not alter the feeding
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TABLE I

Y-PARAMETER OF THE FOUR-ANTENNA ARRAY OF FIG. 9 AT 76.5 GHz
EXTRACTED FROM FULL-WAVE SIMULATIONS

Re() Im() || | Re) | Im()
Yi1 17.72mS 0.24mS Yos 3.27mS 4.83mS
Yi2 2.94mS 4.96 mS \on —1.25mS —1.66 mS
Y13 | —1.23mS | —1.67mS Y33 16.76 mS 0.59mS
Yia 0.47mS 0.44 mS Y34 2.93 mS 5.00 mS
Yoo 16.59 mS 0.60 mS Yaq 17.72mS 0.15mS

of the patch antennas located on the top metal layer (L1).
The four antenna elements are arranged in a uniform linear
array (ULA) and are spaced at a distance of 1.95 mm, which
corresponds to half a wavelength A in free space at 76.5 GHz.
The comparably large spacing leads to a low mutual coupling
between the antenna elements.

The antenna array was simulated by means of full-wave
simulations, and the simulated Y-parameters at 76.5 GHz are
listed in Table I. The Y-matrix is symmetrical, and because
of the symmetrical arrangement of the antennas, it holds

Yii =Yy Yio=7Yxu
Y =Y Yi3=1Yun.

Furthermore, the approximation Y| = Ya4 & Y2, = Y33 can be
made. The cross admittances Y;; with i # j are in their real
parts always at least one order of magnitude smaller than the
self-admittances Y;;. In order to reduce the complexity of the
problem, these are neglected in the following considerations.

The equivalent electrical circuit diagram of the 4-BMAA is
constructed according to the design specification in Fig. 6.
The complete electrical circuit consisting of four antennas
and three BMCs is shown in Fig. 10. Based on the assump-
tions made previously, the outer BMCs are chosen equally,
ie., Yc1 = Yc3 = Yc and different to the middle one
Yeo = Yoo

B. Excitation and Modal Analysis

In the case of four antenna elements, there are four complex
antenna signals i1 4(w, @), which are shown as vectors in the
complex plane as a part of Fig. 4(b). Amplitude differences
between the individual currents can be neglected, which is why
the amplitude Ay is set to Ag = 1 without loss of generality.

In order to perform a modal analysis, the antenna signals are
decomposed into exciting modes according to Section III-A.

tm1,1

Fig. 11.  Left half of the 4-BMAA circuit when excited with mode 1.

In matrix notation, the decomposition is given as

e 3¢ -3 1 j =3j\ [cosa —cos’a

e % I T e cos’ a

el |71 1 j j sin’ > (13
el3* -3 1 —j 3 sina — sin’

D

where the vector of exciting modes is constructed according
to (10) with N =4 and the scaling matrix D is taken from
Fig. 5 for the case of four antennas.

In the following, the electrical circuit of Fig. 10 is evaluated
by a modal analysis. Every exciting mode is considered
separately in order to obtain an expression for the output
voltages u,(w,0) with n =1, ..., 4. These are calculated by
superimposing the individual mode voltages umi, that are
generated at antenna n due to the excitation with mode k

4

n(0,0) = D tmicn (@, 0).

k=1

(16)

1) Mode 1: Mode 1 is dependent on (cosa — cos® ) and
represents an even function. Thus, the array is excited sym-
metrically with regard to the reference plane. According to
Section III-C, the center transformer can be replaced by a short
circuit and only one half of the circuit has to be considered
(see Fig. 11). The circuit is not symmetric anymore due to the
additional admittance Y of the central coupling network and
the differently weighted antenna currents.

For further analysis, the circuit of Fig. 11 is considered
separately for each of the two excitations, whereas the other
current source is temporarily replaced by an open circuit.
The resulting output voltages i an1 and 1 an2 can afterward
be superimposed to get the voltage um; ;. In order to better
illustrate the representation of parallel circuits, the algebraic
equations are expressed as a function of impedances in the
remainder of this section. However, the indices remain the
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same as for the respective admittances, i.e., Zco = (1/Yc2),
Zs, = (1/Ys,1), and so on. The dependence of w and @ is
omitted in the equations for reasons of compactness.

If only the excitation ip; ;(w, #) of antenna 1 with mode 1
is considered and the second current source is replaced by
an open circuit, a passive circuit results on the right side
of transformer T1. These admittances or impedances can be
transformed over T1 with turning ratio y = —1 by a ratio
of y 2 — 1 [33], i.e., the transformer can be regarded as a short
circuit. However, for currents and voltages, the factor y = —1
has to be considered, leading to a change in signs between
the left and right sides of the transformer. Thus, for an
excitation of only antenna 1 with i1 (@, 6), the intermediate
voltage umi,1.ant1 calculates to

Umi,tantt = ((Ze2 || Zs2) +2Z¢) || Zs,)imin-  (17)
For an excitation of only antenna 2 with iy 2(®, 6), it holds
for the second intermediate voltage umi 1 an2

Umi,lan2 = Zs,1i1,1 = Zs,1(—ir) (18)
Z 27 Z Z
_ ZS,I(_( s,1+2Zc) || Zsz |l Cziml,Z)- (19)
2Z¢c + Zs,

Equation (19) results from the current divider that splits im 2
into i7 and i,.

By superimposing (17) and (19), an equation is yielded
dependent on the mode definition ip; , and all occurring cou-
pling, antenna, and load impedances. With the same approach
the voltages um; 2(w, 6) at antenna 2, uy; 3(w, 6) at antenna 3,
and um 4(w, @) at antenna 4 can be calculated. The respective
voltages are

umi,1 = ((Ze2 Il Zsp) +2Z¢) | Zs,1)imin

_((25,1 +2Zc) || Zsa |l Zcz)zs,l s (20)
2Zc + Zs,
umi2 = (Zsp | Zea | RQZc + Zs,1))imi 2
_(Zs,1 I Zc + (Zs, |l Zcz)))
2Zc + (Zsp || Zc2)
X (Zs2 |l Zc2)imi 1 (21)
umiz = (Zss | Zea | RZc + Zs.4))im1 3
_(Zs,4 I QZc + (Zss |l Zcz)))
2Zc+ (Zss |l Zc2)
X (Zs;3 |l Zc2)ima (22)
umi4 = ((Ze2 | Zs;3) +2Z¢) || Zs.4)im14
_((Zs,4 +2Zc) |l Zss |l Zcz)zs,4 s (23)
2Zc+ Zsy

With the exception of the currents, the expressions of
Umi.1(w,0) and um; 4(w, @) are identical for the assumptions
Ys.1 = Ys4 and Ys» = Ys 3 mentioned in Section IV-A. Simi-
larly, umi 2(w, @) and um; 3(w, 0) are identical due to the sym-
metry of the array. Because of mode 1 being an even mode and
l'm1j1(a),9) = im1,4(a),9) as well as l'm152(a), 0) = im1,3(w, 0),
the voltages at antennas 1 and 4 as well as at antennas 2
and 3 are identical in pairs, respectively.
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2) Mode 2: Mode 2 corresponds to a common-mode exci-
tation of all antennas. The excitation currents of this mode are
identical, i.e., im21 = im2 = im23 = im2a = cos® a. Like
mode 1, mode 2 is an even function, which results in a virtual
ground in the center of symmetry of the array, and the array is
split into two identical halves. Thus, (20)—(23) are also valid
for this mode when adjusting all currents to im2,1, im2,2, im2,3
and im2,4.

3) Mode 3: Mode 3 is a purely imaginary odd mode where
all antennas are excited by the same magnitude but with
alternating signs. As it was shown in Section III-C, all BMC
networks can be replaced by an open circuit if assuming
Ys1 = Ysa4 ~ Ysp = Ys3. Thus, the individual antenna ele-
ments are completely decoupled when the array is excited by
this mode. The voltages at the antennas are therefore given by

Um3,1 = Zs,1im3,1 (24)
Um32 = Zs2im32 (25)
Um33 = Zs31im33 (26)
Um3 4 = 284 1im3,4. (27)

4) Mode 4: Mode 4 is like mode 3 a purely imaginary
odd mode. The antenna currents are, however, not equal
in amplitude, in contrast to mode 3. As it was shown in
Section III, the central transformer (in this case T2) can be
replaced by an open circuit for every odd mode and the
assumptions Ys; = Ys4 and Yso» = Ys 3.

In contrast to mode 3, the remaining circuit halves contain-
ing T1 and T3 have to be considered in more detail because
the current sources have different amplitudes. An analysis can
be carried out in the same way as for mode 1 by exciting
the circuit separately with each of the two current sources
and superimposing the resulting voltages afterward. While the
coupling admittance Y, was present in the circuit for modes 1
and 2, it is absent for mode 4. Consequently, a circuit remains
as in Fig. 11 without the dashed line connecting Yc,. Using
this equivalent circuit, the antenna voltages of the array when
excited by mode 4 calculate to

uma1 = ((Zsp +2Z¢) || Zs,1)iman

(Zs1+2Zc) || Zs 2) )
— : “VZs 1 28
( e+ Zs, S,1imd,2 (28)
uma2 = (Zso | RQZc + Zs,1))ima2
Z 27 Z
_( sl 2Zc + s,2))Zs,2 i (29)
2Zc+ Zss
Uma3 = (Zs3 |l QZc + Zs4))ims,3
Zsa | RQZc+ Zs;3) .
— . : Zs3im 30
( 2Zc+ Zss S,3 imd.4 (30)
Umas = (Zs3 +22Zc) || Zs.4)ima.a
(Zsa+2Zc) || Zss )
— . ~1Z . 31
( e+ Zsa S,4imd,3 3D

C. System Evaluation

In Section IV-B, a method was presented to analyze the
behavior of a BMAA with four antenna elements. By applying
the derived formulas on a sample configuration of a 4-BMAA,
the effects on the phase progression, the normalized output
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Fig. 12.
Rc = Rer = 13Q.

power Loy, and the phase gain # are highlighted in this
section. The degrees of freedom in designing the 4-BMAA
are the choices of the coupling admittances Y and Y. These
can, in general, be real or complex values, and they can
be chosen with equal or different component values at the
individual coupling networks, respectively. In the following
example, all BMC admittances are considered equal with
an exemplary value of Yo = Y = 1/13 Q. The load admit-
tance is chosen to Gp =20mS (equals 1/50Q) and forms
the admittance Ys, = 1/Zs, together with the antenna self-
admittance Yy,.

The phase progressions between the antennas of the
4-BMAA are of special interest, together with the normalized
output power Loy. These quantities are shown in Fig. 12(a)
and (c), respectively. The phase progression ¢qy iS hereby
normalized to the first antenna in the array. Thus, @ou 21
denotes the phase progression between antennas 2 and 1.
In general, it holds

Poutij (0) = argu; () — argu;(6),

where u; and u; are the voltages at antennas i and j
calculated by the modal analysis of Section III-C. The
reference antenna to compare the 4-BMAA against is a
four-element ULA with the identical antenna elements and
spacings but without the BMC network. The phase progres-
sions of this ULA are shown in dashed line in Fig. 12(a)
and consist of multiples of 2a = kd sin@. In order to visu-
alize the change in steepness of the phase progression
of the BMAA, the angle-dependent phase gain #;;(6) is
introduced

(32)

(33)

nij ) = dout,ij /d¢out,conv,ij.

do do

This generalized phase gain that normalizes the steepness of
the 4-BMAA phase progression by the steepness of the ULA
phase progression is shown in Fig. 12(b). It is apparent that
the phase progression ¢oy21 between the first two antennas
has its maximum slope in the main radiation direction 8 = 0°.
Consequently, the phase gain reaches its maximum also at
this angle with a value of 71(0 = 0°) = 5 = 3.3. In

960 —40 -20 0

Incidence angle 6 (degree)

| | I T
—60—-40—-20 0 20 40 60

Incidence angle 6 (degree)

©

| |
20 40 60

Calculated (a) phase progression, (b) phase gain, and (c) normalized output power Loy for a 4-BMAA with coupling network parameter

TABLE 11
4-BMAA PARAMETERS WHEN VARYING THE REAL COUPLING
RESISTANCE Rc = Rc2

Rc =Ry  max(ne1(0))  max(nzi(9))  max(na1(0))
20 40 5.6@60 = +28° 3.1
5Q 12 2.8Q@0 = +£27° 1.8
10Q 4.4 1.8@0 = £25° 1.4
200 2.2 1.3@60 = £25° 1.2
40Q 1.4 1.1Q0 = £24° 1.1

RC = RCZ min(Loul,l 4) min(Lout,Q 3)
20 —18dB —42dB
50 —12dB —29dB
100 —9dB —20dB
200 —6dB —13dB
400 —3.8dB —8dB

contrast, the phase progression ¢ou 31 is flatter around the
main radiation direction than the classically expected 2kd sin 6
curve of the ULA, which is why #3;(0) is smaller than one
in an angular range of @ = £12°. The advantage of ¢y 31,
however, is a phase gain of around 1.7 with respect to the
ULA at the incidence angles & = £25°. The phase progression
@our,41 between the two outer antennas is steeper than 3kd sin 0
for the whole angular range 6 = —40°...40°. However, the
phase gain 741 (0) is only marginally above one.

The BMC is accompanied by a loss in output power, which
can be seen in Fig. 12(c). However, the output power does not
decrease in the same way at all antennas, but all antennas show
most of its power loss in the main beam direction § = 0°.
Outer antennas 1 and 4 experience the same attenuation of
up to 7.5dB and internal antennas 2 and 3 also experience
the same attenuation of up to 17.5 dB. Just like the phase
gains from Fig. 12(b), the output power in Fig. 12(c) shows a
ripple.

An increase of the real coupling resistance Rc = R¢; leads
to a decrease of the phase gain, while the overall shape of
the curves remains the same. Consequently, Loy increases.
Table II shows the 4-BMAA parameters considered above
for different values of the coupling resistance. Especially,
the configuration with Rc = 2Q has to be considered as a
theoretical extreme value.
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If the antenna array under consideration is supposed to
be implemented in a direction finding system or an imaging
radar, a good measure to evaluate its performance is the
array ambiguity function (AF) [34]. It is used to estimate
the ambiguities resulting from an angle estimation using the
specific array. The evaluation of the array AF is done with
the help of the antenna steering vector a(#). This vector
contains N complex values that describe the amplitude and
phase relations of all antenna elements in the array when
a plane wave is incident from an angle 8. With Ag =1,
the definition of the steering vector for the 4-BMAA is
given by

a®) = (1, e*j¢uu[,21, e*j%m,}l, e*j¢uu[,41)T (34)

with the phases @ou,ij(€) as defined in (32). The AF can be
regarded as the autocorrelation of the antenna steering vector
and is defined as follows by [34]:

a@)" - a())
la@)Illa@))]

where (-)! denotes the Hermitian operator and || - || denotes the
Euclidean norm of a vector. Usually, only the absolute value
of the AF is considered where 0 means perfect orthogonality
and 1 means colinearity of the steering vector with itself for the
angles 6; and 6;. For a nonambiguous angle estimation, a small
value of the AF off the main diagonal is therefore desired. The
threshold between “ambiguous” and “nonambiguous” is set to
0.5 in this work.

Fig. 13 shows the AF for the conventional ULA [see
Fig. 13(a)] and the 4-BMAA [see Fig. 13(b)]. Due to the
antenna spacing of 1/2, no ambiguities are observed besides
the main diagonal for the ULA. The AF of the 4-BMAA,
however, shows distinct indentions at 0° and 25°, i.e., the
beamwidth is supposed to be smaller (21.2° versus 26.2°
at @ =0°). The position of the indentions corresponds to
the angular regions where the phase progression of one
antenna pair is steepest [see Fig. 12(a)]. The tradeoff of the
smaller lobe is an increase in sidelobe level, which limits the
ambiguity-free region of the BMAA compared to the ULA
(£38.9° versus £57.8°).

AF(6;,0)) = (35)

D. Physical Realization of the Coupling Network

After choosing the desired behavior of the 4-BMAA in
terms of phase gain or maximum allowed loss of output
power by the modal analysis presented in the previous sec-
tions, a set of parameters (G¢ and Bc) is yielded for every
individual BMC. The physical realization of an associated
BMC based on these parameters is addressed in this section
for the exemplary use case at 76.5 GHz. The corresponding
antennas and the substrate layer stack-up are already described
in Section IV-A.

Every BMC is now regarded as a reciprocal two-port char-
acterized by its scattering parameters. The losses and phase
shifts introduced by the two-port are intended to represent
the desired attenuation of G¢ and the phase shifts of B¢
and the ideal transformer with y = —1. For the realization
of the 4-BMAA considered in Section IV-C, the transmission
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Fig. 13.  Absolute value of the AFs (simulated) of (a) conventional ULA

and (b) 4-BMAA using the same antenna elements with identical spacing.
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Fig. 14.  Microstrip line components in order to build up the BMC network.
(a) Transformer. (b) Two-way power divider. (c) Three-way power divider.

of the BMC should show a phase shift of odd multiples of
180° (in order to represent the turning ratio of y = —1 and
Bc=08) and a loss equal to a series resistance with two
times Zc = 13 Q.

In this work, the BMC network is designed as a planar
folded microstrip line with two open-ended stubs at its con-
nections points placed on the bottom layer [see Fig. 14(a)].
Its transmission characteristics were optimized by full-wave
simulations in order to meet the desired scattering para-
meter specifications. The main optimization parameters are
the length /i5 of the transformer line, the width wiine trafo
of the line, and the spacing between the folded lines.
In addition, the stub length Iy and width wgy can
be optimized. Following the requirements, the optimized
dimensions of the microstrip line transformer of Fig. 14(a)
are  Wyafo = 1950 um,  liafo = 1290 um,  liine trafo = 200 £m
hine = 700 um, Iy = 810 um, and wgeyp = 150 um.

At mm-wave frequencies, however, the microstrip line trans-
formers cannot be simply connected with the antenna feeding
lines as additional reflections and transmission losses occur at
the microstrip tees. Especially, the tees introduce additional
phase shifts that alter the desired phase shift of the BMC.
Therefore, a design of three- and four-ports has to be found
ensuring the proper phase relations between the antennas.
In this work, the tees were replaced by microstrip line couplers
designed on the basis of [35] [see Fig. 14(b) and (c)].
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Fig. 15. Composition of the BMC network by means of three transformers

and two three- and two-way power dividers each. The block indices (a)—(c)
refer to Fig. 14.

TABLE III

SIMULATED S-PARAMETERS OF THE TwO-WAY POWER DIVIDER OF
F1G. 14(b) (LEFT) AND THE THREE-WAY POWER DIVIDER OF
FI1G. 14(c) (RIGHT). THE DIVIDERS ARE SYMMETRICAL, L.E.,
§21=541 AND s§32=534

[s21] 531 |s32] s21] |s31] |s32] |s42]
—4.3dB —2.9dB —4.5dB|—-6.5dB —4.7dB —6.8dB —8.7dB
£521 4531 £532 £s21 £531 4532 £542
—16° 65° 81° 2° —34° —40° —9°

In order to derive the required phase relations, the arrange-
ment in Fig. 15 is considered. The phase difference between
the red path from antenna 3 to output 2 and the blue path
from antenna 2 to output 2 in Fig. 15 is supposed to show the
phase shift of the BMC, in this work —180°. This phase shift
is already realized using the microstrip transformer. Therefore,
the remaining phase contributions of the power dividers need
to cancel each other, i.e.,

Lsq1 + 1532 — 1531 =n- 3600, nez (36)

with indices referring to Fig. 14(c). In order to account for the
coupling of antennas through more than one BMC, the phases
of the orange path from antenna 4 to output 2 and the blue
path shall differ two times the phase shift of one microstrip
transformer, in this work —360°. Considering (36), it follows:

sy =n-360°, n €. 37

Based on the requirements in (36) and (37), the power dividers
were designed using full-wave simulations. Its dimensions are
given in Fig. 14 and the simulated transmission S-parameters
are shown in Table III.

The additional losses of the power dividers, however, lead
to a decrease in the phase gain of the 4-BMAA. The final
design, therefore, shows a slightly different characteristic than
intended in the design. Based on the full-wave simulations
of the whole structure, the realized design reflects a cou-
pling impedance of Z¢c = Zc, = 17Q || 40fF, and therefore,
a smaller phase gain is expected. The additional imaginary
component in Z¢ results from the fact that (36) and (37) are
not perfectly satisfied. The layout of the designed BMC is
shown in Fig. 16.

The width of the coupling network in the presented form
exceeds the spacing of the antenna elements of 1.95 mm. This
may be prevented by a codesign of transformer and power
divider. However, in order to quickly exchange the BMC
in future designs, the presented solution is more straightfor-
ward. In order to adapt the designed BMC to the antennas,
the circuit components were bent at the arrows in Fig. 16.
The different lengths of the lines connecting the antennas to
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Fig. 16. Layout of the 4-BMAA coupling network with three transformers
and four couplers. The blue arrows mark the points where the lines are bent
by an angle of f = 10° in order to adjust to an antenna spacing of d = 1/2.
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Fig. 17.  Back view of the realized 4-BMAA. The inset (black dashed

line) shows the patch antennas on the top layer. The overall PCB size is
80 mm x 56 mm.

the BMC were compensated by meander lines between the
outer antenna elements and the BMC. This ensures a uniform
phase distribution at all inputs of the BMC for a vertically
incident wave. A photograph of the fabricated antenna PCB is
shown in Fig. 17.

E. Measurements

This section presents the measurement setup and the mea-
surement results of the fabricated 4-BMAA. In order to mea-
sure the multichannel antenna array in a convenient way, radar
measurements in the frequency range from 75.5 to 76.5 GHz
with a multichannel radar with interchangeable antenna front
end were conducted. The radar was placed on a turntable
in an anechoic chamber, and a corner reflector with a radar
cross section (RCS) of 8.5dBsm was placed as a target in a
distance of 4.4 m under an angle & = 0° to the radar. In order
to characterize the -dependence of the 4-BMAA, the turntable
was rotated in the angular range of 8 = —60...+60°. The
setup and the radar system are shown in Fig. 18. The 4-BMAA
on the PCB acts as the receive antenna array, whereas four
additional antennas (TX1-TX4) are placed on the PCB, which
acts as transmitting antennas. However, in the measurements,
only the outer transmit antenna (i.e., TX1 in Fig. 17) was used.
For comparison, an equivalent PCB with the same antenna
elements at the same positions but without BMC network was
also fabricated and measured.
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Fig. 18. Measurement setup in the anechoic chamber with (a) radar mounted
on a turntable and (b) close-up view of the 77 GHz radar with the 4-BMAA
PCB of Fig. 16 applied.

_ 600 I
S — Gout21
ED 400 - - ¢0ul,31
= —9
o 200 out,41
S
2 0
50
2 —200
a
2 400
=
[aW
—600 | | | | |
—-60 —40 —-20 0 20 40 60
Incidence angle 6 (degree)
Fig. 19. Measured (. ) and theoretical (___) (with

Zc =Zcr =17Q || 40fF) phase progression of the fabricated 4-BMAA
with respect to the first antenna element in the array.

The measured radar signals for every angle 6 and every
receiving channel were processed using a range-Doppler
processing [36], i.e., a 2-D FFT. Afterward, the amplitude and
phase of the range-Doppler matrix were extracted at the target
position in order to calculate the phase progression.

Fig. 19 shows the measured phase progression normalized
to the first antenna in the array in comparison to the theoretical
values with Z¢c = Zcp, = 17Q || 40fF calculated by the modal
analysis in Section IV. The respective AFs are shown in
Fig. 20. A very good match between theory and measurements
can be observed with peak phase gains 7,; ~ 2.4 at boresight
and 73; ~ 1.4 at @ = £27°, respectively. The measurements
show some ripples for positive values of & which are due to
perturbations in the measurement setup and lead to a disturbed
AF for positive angles.

The indentions in the main diagonal and the associated
narrower main lobe, which were already addressed in the
discussions regarding Fig. 13(b), are clearly visible but are
less pronounced here due to the losses of the real system.
This confirms the correctness of the underlying theory regard-
ing multichannel BMAAs. The 3 dB beamwidth around the
boresight direction is reduced from 26.2° of the conventional
array [Fig. 13(a)] to 23.2° for the 4-BMAA. For the second
indention at § = —27°, the beamwidth is reduced by 5.1° from
29.9° for the conventional array to 24.8° for the BMAA.
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Fig. 20. Absolute value of the AF of the fabricated 4-BMAA with
Zc = Zcy = 17Q || 401F. (a) Theoretical. (b) Measured.
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Fig. 21. (a) Measured curves of the fabricated 4-BMAA and (b) theoretical
curves assuming Zc = Zca = 17Q || 40fF of the normalized output power
Loy The dashed lines in both plots are identical and represent a model fit of
the measured data.

The measurements of the normalized output power L,y for
the 4-BMAA are shown in Fig. 21(a) for every individual
antenna. The curves are constructed by dividing the amplitudes
of the target extracted from the 4-BMAA radar measurement
and the target extracted from the ULA measurement according
to (3). Due to a lot of ripples in the measurement results
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because of parasitic influences of the measurement setup,
a nonlinear model-based curve fitting was performed (see the
dashed lines in Fig. 21). Fig. 21(a) shows that the loss of
output power is more pronounced at antennas 2 and 3 than at
antennas 1 and 4. This is in accordance with the theory [see
Fig. 21(b)], and a good match between the measurements and
the theory is observable. For the outer antennas in the array,
antennas 1 and 4, the maximum loss is about 4.5 and 6.5 dB,
respectively. Antennas 2 and 3 have a minimum normalized
output power of about —12.2 and —13.0dB, respectively,
compared to the uncoupled array. The reduction of the output
power for these two antennas is, therefore, lower than the
theoretical value of about Ly, = —16dB.

V. CONCLUSION

In this article, a comprehensive, general concept for design-
ing and analyzing BMAAs with an arbitrary but even number
of antenna elements has been introduced. The conventional
theory on two-element BMAAs has been generalized both
on the circuit level and with respect to the modal analysis.
The effects of applying varying levels of BMC to an antenna
array have been highlighted. The presented methodology was
applied in order to design a BMAA with four antenna ele-
ments at 76.5 GHz. Radar measurements with the fabricated
prototype verified the theoretical findings.
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