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ABSTRACT The angle estimation capabilities of radar sensors are strictly linked to the antenna spacing
between the array elements. A larger array aperture corresponds to a smaller beam width or in terms of
the angle estimation a higher phase sensitivity. So-called Biomimetic Antenna Arrays (BMAAs) provide
the opportunity to shape the angular characteristics with more degrees of freedom. In this work, the
concept and the design process of a tunable BMAA are presented. By electronically tuning varactor
diodes, such an array can adapt its angular characteristics depending on the direction-of-arrival (DoA)
and signal strength of a radar target. The theoretical requirements for the desired task are examined with
general S-parameter simulations. Extensive circuit simulations of a proposed architecture unveil a variety
of achievable designs of tunable BMAAs. Radar measurements of different implementations in the 77GHz
range and the theoretical analysis are in good agreement. The measurements show, inter alia, that the
operational point of maximum biomimetically-increased phase sensitivity can be tuned over a range of
40◦ around the boresight direction, or that the power losses associated with BMAAs can be decreased
by approximately 12 dB for weak radar targets, improving the detection capabilities.

INDEX TERMS Adaptive arrays, biologically-inspired antennas, biomimetic antenna arrays, direction-of-
arrival estimation, millimeter-wave antenna arrays, tunable circuits, varactors.

I. INTRODUCTION

APART from the range and the velocity information,
precise knowledge of the signal’s DoA improves

the perception of the environment with radar
sensors [1], [2], [3]. The angle estimation accuracy
depends on the antenna spacing in relation to the wave-
length within an array and the signal-to-noise ratio [4].
The angular resolution, often defined using the Rayleigh
criterion [5], also depends on the relative antenna spacing
or the overall size of the aperture, respectively. Generally,
a uniform linear array with an antenna spacing of one-half
wavelength is a conventional trade-off between angular
performance and grating lobes [6]. As the number of
available channels is usually limited, a uniform element
distribution might not be sufficient to fulfill the requirements
of angular resolution, e.g., for automotive scenarios, even for
Multiple-Input Multiple-Output (MIMO) radar setups [7].
Then, non-uniform, sparse arrays might be used, for

which antenna elements are reconstructed with compressed
sensing [8], [9]. Hence, the angular performance of radar
sensors is strongly linked to the antenna spacing, as this is
the most important variable that influences the measurable
phase difference between the elements of an array.
Over the past decade, a bio-inspired approach was inves-

tigated by several research groups: the so-called Biomimetic
Antenna Arrays (BMAAs). These arrays allow to shape
the angular characteristic beyond the laws of conven-
tional antenna arrays. Incorporating a Biomimetic Coupling
Network (BCN) in between the antenna elements showed
multiple benefits for different frequencies, technologies, and
use-cases: First, the bio-inspired approach was proposed for
arrays in the very high (VHF) and ultra high frequency
(UHF) bands to improve direction-finding capabilities as
antenna spacings of half-wavelength are often not feasible at
those frequencies [10], [11], [12], [13]. As a consequence,
the antenna elements are mutually coupled to a high degree,
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which needs to be taken into account when designing the
BCN. The same approach with high mutual coupling can
be deployed at higher frequencies, as demonstrated at the
infrared frequency of 28.3 THz [14]. Using a generalized
model which is not dependent on mutual coupling [15], angu-
lar ambiguities of 1D [16] and 2D [17] MIMO arrays can be
mitigated. Moreover, the Field of View (FOV) of unambigu-
ous DoA estimation can be enlarged and an improvement
of the angular separability is feasible [16]. For a monos-
tatic on-chip MIMO array around 150GHz the redundancy
can be reduced and the virtual aperture enlarged [18]. It is
also possible to design BMAAs with more than two antenna
elements [19], [20], [21].
While a lot of benefits were demonstrated in the litera-

ture so far, most of the biomimetic coupling mechanisms
were specifically designed for one measurement scenario
with a fixed biomimetic characteristic. The BCN can only
enhance the phase sensitivity of the array in a certain region
of the DoA, either around the Boresight (BS) direction or
at off-boresight (off-BS) angles [22]. Consequently, most
BMAAs do not show any form of adaptivity depending on
the target parameters. Exceptions of BMAAs with a form
of tunability in the biomimetic coupling are [23] and [24].
In [23], one varactor diode is incorporated into a BMAA
to mitigate the bandwidth limitations of electrically small
antenna arrays. The resulting array can be operated between
580MHz and 700MHz. By integrating PIN diodes into a
BMAA it is possible to switch between two operational
modes [24]: a conventional array mode with better signal-
to-noise ratio (SNR) and a biomimetic mode with enhanced
phase sensitivity.
In this work, the concept of tunable BMAAs is introduced

and multiple realizations with continuously changeable states
are presented. The arrays with center frequency 76.5GHz are
based on the generalized model [15] and the antenna spacing
is half-wavelength. The angular characteristics of a tunable
BMAA can be adapted depending on the target’s DoA and
provide enhanced phase sensitivity for a broad angular range
by controlling two varactor diodes in the BCN. The angle-
dependent power loss associated with BMAAs is also tuned
electronically and, thus, the proposed circuit also allows an
adaptivity depending on the signal’s SNR.
After a brief description of the fundamentals of BMAAs

in Section II, Section III discusses the concept of a
BMAA with tunable characteristic. This includes circuit
requirements and design, and an overview of the design
options that can be achieved. Radar measurements are
conducted for four different realizations, as presented in
Section IV. Finally, the measurement results are discussed in
Section V.

II. FUNDAMENTALS
Conventional antenna arrays experience a phase difference
between its antenna elements of

φin = kd sin θ := 2α (1)

FIGURE 1. The three metrics of BMAAs for two distinct, exemplary BMAA
configurations [24]. The BS BMAA ( ) has its maximum phase sensitivity and
output power loss at θ = 0◦ . The off-BS BMAA ( ) has its maximum effect at
angles θ �= 0◦ , marked with vertical light-blue lines.

where k is the wavenumber, d the antenna spacing, and
θ the angle of incidence of a plane wave. By biomimetically
coupling two antenna elements with a BCN, see the inset of
Fig. 1(a), the array characteristic is altered in both amplitude
and phase. The three metrics to evaluate the behavior of such
a BMAA are:
The Biomimetic Phase Difference φbio: BMAAs show a

locally increased phase sensitivity indicated by a steeper
course of the electrical phase difference for specific angles
θ . Two examples of the biomimetic phase difference
φbio = ∠u2 − ∠u1 [25] between the two output ports in
dependency of the angle of incidence θ are depicted in
Fig. 1(a).
The Angle-Dependent Phase Gain ηθ : The angle-

dependent phase gain [21], [24] expresses the slope of the
biomimetic phase difference normalized to the differentiation
of φin:

ηθ (θ) = dφbio(θ)

dθ

/
dφin(θ)

dθ
. (2)

Directions where ηθ > 1 exhibit an increased phase sensi-
tivity. The argument of its maximum reflects the angle of
incidence where the biomimetic coupling has its maximum
effect, cf. Fig. 1(b).
The Normalized Output Power Loss Lout: Due to the

biomimetic coupling, the output power of the antenna array is
reduced in comparison to an equivalent, conventional array.
The maximum reduction occurs at the angle of incidence
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with the maximum increase in phase sensitivity. The cor-
responding metric is the normalized output power, depicted
for two exemplary BMAAs in Fig. 1(c):

Lout = Pout,BMAA

/
Pout,conv. array. (3)

Boresight (BS) BMAAs have their maximum steepness of
φbio and thus the maximum phase gain ηmax = max(ηθ ) in
the BS direction θ = 0◦. An off-boresight (off-BS) BMAA
has its maximum phase sensitivity at two angles ±θ �= 0◦.
Analogous, the maximum power loss min(Lout) of the BS
BMAA occurs at θ = 0◦, while the two ports of the
off-BS BMAA have their minimum Lout at the off-boresight
angles of maximum phase sensitivity. Their behavior is
non-identical, though symmetric to θ = 0◦.
Generally, the output power of BMAAs is less than the

output power of comparable conventional arrays (Lout < 1).
A stronger increase in phase sensitivity corresponds to a
larger maximum output power loss. While BMAAs have
areas of enhanced phase sensitivity, their phase sensitivity is
lower than the sensitivity of a conventional array for other
angular regions. For BMAAs with maximum phase gain
close to boresight, this is the case for angles approaching
the end-fire direction (ηθ < 1|θ→±90◦), cf. Fig. 1(b).

III. CONCEPT
This section deals with the concept of a tunable BMAA.
Thus, the goal is to construct a BMAA whose opera-
tional point, i.e., the angle of maximum phase sensitivity
θηmax = arg max ηθ , can be tuned electronically. First, the
requirements for the desired task are discussed for a gen-
erally valid circuit representation of the BCN. Thereafter,
the design process and the possible degrees of freedom
in design are discussed for an exemplary circuit repre-
sentation. By analyzing this exemplary circuit, physically
reasonable simulation results are presented. However, the
design methodology and the system configurations can be
applied and defined for any circuit architecture.

A. REQUIREMENTS
In the following, a circuit-based simulation with
S-parameters of the BCN is presented. In contrast to a model-
based approach [22], this is a straight-forward method for
the determination of the requirements of the BCN and the
search of possibly suitable components to fulfill the desired
task.
According to the schematic of a BMAA depicted in

Fig. 2(a), the BCN is modeled as symmetrical two-port with
S-parameters SBCN and ideal connections to the antenna
elements and the RF output ports. The element spacing
is d = λ/2. For the chosen implementation of the antenna
elements, the mutual coupling between the elements, and
consequently the cross-admittance Y12, are assumed to
be negligible, see Section IV. Hence, one antenna ele-
ment consists of an ideal current source with current
i1(ω, θ) = A0e jα or i2(ω, θ) = A0e−jα , respectively, and its

FIGURE 2. Schematic with BCN two-port (a) and definitions of the maximum phase
gain ηmax and the angle of maximum phase gain θηmax (b). ηmax and θηmax for variations
of the phases of SBCN for fixed amplitude values (c), (d). ηmax and θηmax for a variation
of s12,BCN for fixed values of s11,BCN (e).

self-admittance Y11. A0 = 1 is set without loss of general-
ity. In the case of non-negligible mutual coupling, a parallel
voltage-controlled current source should be added to the
circuit representation of every antenna element [15]. The
BMAA characteristic is represented by the maximum phase
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TABLE 1. Exemplary BCNs for the tunability of θηmax with a variation of ηmax versus
with constant ηmax in Fig. 2.

gain ηmax and the angle of maximum phase sensitivity θηmax ,
see Fig. 2(b). To reduce the degrees of freedom of the cir-
cuit analysis, the amplitudes of SBCN are set to fixed values:
firstly, one state of strong transmission and good matching
(|s21,BCN| = −2 dB, |s11,BCN| = −20 dB) and, secondly, one
state where the transmission is reduced and higher reflections
occur (|s21,BCN| = −4 dB, |s11,BCN| = −6 dB). Then, contin-
uous sweeps of the phase values of SBCN are performed. The
sweep data extracted from the circuit simulation is further
processed in a mathematical computing environment. The
results are only depicted for a range of 1.5 < ηmax < 6 (cf.
Figs. 2(c) and 2(d)). This limits the analysis to configu-
rations with a measurable increase in phase sensitivity, but
reasonable power losses. Data points not complying with this
condition are colored white. As the behavior is symmetrical
around ∠s12,BCN = 180◦, only the range of 0◦ . . . 180◦ is
depicted.
In the state of high transmission, see Fig. 2(c), the high-

est values of ηmax are reached for a transmission phase
of ∠s12,BCN = 180◦. The reflection phase ∠s11,BCN has
less impact, due to the small reflection coefficient in this
state, but influences the maximum phase gain that can be
yielded nevertheless. The dependency between the opera-
tional angle θηmax and ∠s12,BCN is of particular interest:
for ∠s12,BCN = 180◦ the maximum phase gain is present
at an angle of θηmax = 0◦. For deviations from this phase
of s12,BCN, the operational point of the BMAA is shifted
to angles away from boresight. Thus, ∠s12,BCN is the key
parameter for the desired task of a tunable BMAA.
In case of higher reflections as in Fig. 2(d), the BMAA

behavior is less predictable, because of the superposition of
the reflected power fractions and the signal path transmit-
ted through the BCN. Less combinations of ∠s12,BCN and
∠s11,BCN yield a BMAA behavior within the range of ηmax
specified above. Still in this case, the angle ∠s12,BCN is the
most effectual quantity to control the point of operation θηmax

of the BMAA.
For fixed transmission and reflection magnitudes of the

BCN, the tunability of θηmax away from the boresight
direction is linked to a change of ηmax. Table 1(a) shows
that a variation of ∠s12,BCN for an exemplary value of
∠s11,BCN = 120◦ in Fig. 2(c) results in the desired increase
of θηmax , but also leads to a decrease of ηmax. Fig. 2(e) depicts

FIGURE 3. Schematic of the tunable BMAA. The BCN, highlighted in blue, is
symmetrical with a DCB capacitor allowing independent biasing of the two varactor
diodes. The symmetrically placed lines l1 and l2 are critical parameters to adjust the
S-parameters of the BCN chain for a desired BMAA characteristic.

a variation of the transmission values for the well-matched
state of |s11,BCN| = −20 dB and the same phase value of
∠s11,BCN = 120◦. A decrease of ηmax is visible for either
a reduction of the transmission phase or a reduction of the
transmission magnitude. The orange line in Fig. 2(e) marks
the required values of s12,BCN to tune θηmax while keeping
ηmax at a constant value of 3. The specific values are listed
in Table 1(b). It is evident, that for a constant strength of the
biomimetic effect, it is necessary to control both phase and
amplitude of s12,BCN simultaneously. For non-negligible val-
ues of s11,BCN, all four parameters have to be set precisely in
order to control θηmax and ηmax concurrently. In reality, such
a high degree of control over the BCN values is not feasible.
The most crucial requirements to ensure a controllable oper-
ation of the tunable BMAA are: low insertion losses of the
overall BCN (and with it all integrated circuit components)
to achieve the phase enhancement effect and little reflec-
tions for a good predictability of the BMAA behavior. To
show the functionality of an adaptable θηmax , it is sufficient
to focus on the capabilities to shift the phase of the BCN
transmission path.

B. CIRCUIT DESIGN
Varactor diodes are regarded most suitable for the realization
of the desired functionality and the tunability of the transmis-
sion phase of the BCN, cf. Section III-A. Other phase shifting
components like microelectromechanical systems (MEMS)
and liquid crystal phase shifters are not widely available,
hard to handle and manufacture, or require high voltages.
Packaged analog and digital phase shifters are not yet avail-
able at the design frequency of 77GHz, are very large in
relation to the operational wavelength or suffer from too
high insertion losses. In contrast, single varactor diodes are
small in size and have comparably low insertion losses.
One possible circuit architecture, used for the subsequent

implementation, is depicted in Fig. 3. Two varactor diodes
are incorporated in the BCN, highlighted in blue, to achieve a
symmetrical circuit and to increase the maximum realizable
shift in phase. The varactor diodes are always biased in
reverse direction and can be controlled independently. The
diodes are DC-isolated from each other with a DC block
(DCB) capacitor. Hence, the polarity of both diodes can
be interchanged. RF chokes (RFCs) allow biasing without
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FIGURE 4. Design process of a tunable BMAA. The limiting factors for the
achievable BMAA behavior are: the circuit architecture, the available phase shifting
components, the implementation of the antenna elements, and the electrical line
lengths �el,l1 or �el,l2.

influencing the RF path. Antennas, RF ports, and the BCN
are connected with each other by T-junctions.
By varying the reverse bias voltage over a varactor

diode, its capacitance is altered, resulting in a change of
its S-parameters in both amplitude and phase. To adjust the
resulting transmission phase of the component chain form-
ing the BCN to a specific biomimetic behavior, additional
fixed line lengths are necessary. In the schematic in Fig. 3
those lines are either located directly between T-junctions
and diodes (lines l1) or in the center around the DCB
(lines l2).
The design process of the tunable BMAAs is shown in

Fig. 4. First, a circuit architecture has to be chosen. Next,
possibly eligible circuit components, here: biasing compo-
nents and a varactor diode as phase shifting component,
have to be selected. If the S-parameters are not provided by
the manufacturer, the components have to characterized for
which they are mounted on a printed circuit board (PCB).
Precise phase information of the components is crucial, so
contacting the circuit with microwave probes is preferred.
The choice of the most suitable varactor diode is based
on the achievable phase shift over the bias voltage range,
minimal insertion loss, and good matching. In case of unsuit-
ability of the chosen components, the characterization step
has to be repeated for different components. Next, the cir-
cuit of Fig. 3 is simulated in a circuit simulator for a chosen
polarity of the varactor diodes and the Y-parameters of the
antenna elements, extracted from full-wave simulations of
a two-element array. Simulation data is acquired for every
angle of incidence, the measured range of the reverse bias
voltage, and a variation of either line length l1 or l2. The
simulation is further analyzed in a mathematical computing
environment as explained in the subsequent Section III-C. If
the desired functionality can be implemented, the array can

TABLE 2. Characteristics of one varactor diode for simulations at 76.5 GHz (MACOM
model MAVR-011020).

be manufactured. Otherwise, adaptions have to be made and
part of the design process has to be reiterated. The proposed
re-entry points are marked with blue circles in Fig. 4 and
are ordered in terms of additional design, characterization,
and simulation time. Ideally, adaptions to the BCN setup
are sufficient. Else, new circuit components have to be cho-
sen and characterized or the circuit architecture has to be
altered.
The design process is generally applicable for all imple-

mentations. Only the necessary design choices for the BCN
setup may vary depending on the chosen component types
and circuit architecture.

C. SYSTEM CONFIGURATIONS
In this section, all simulations relate to the schematic in
Fig. 3, the components introduced in Section IV, and the
tuning range of one varactor diode given in Table 2 in order
to present simulations of physically feasible designs.
At first, the antenna array is simulated in a circuit sim-

ulator. The acquired data is exported to a mathematical
computing environment. The quantities defining the BMAA
behavior – the operational point θηmax , the strength of the
biomimetic effect ηmax, and the minimum of Lout – are
extracted from the simulated data of φbio and Lout for every
line length and reverse bias voltage (Vrb = V1 = V2) ≶ 0V
(depending on the chosen polarity of the varactor diodes).
The obtained figures of merit are shown in Fig. 5 for a varia-
tion of either line 1 or line 2, cf. Section III-B. Figs. 5(a)−(c)
show that the BMAA behavior changes quickly with a vari-
ation of the electrical line length of line 1 in the considered
range �el,l1 = 20◦ . . . 60◦. This fact emphasizes why precise
knowledge of the S-parameters of the single components, in
both amplitude and phase, is of particular importance for
accurate simulation. While the BMAA experiences nearly
no increase in phase sensitivity for �el,l1 = 20◦ and all
reverse bias voltages, this setup yields to a phase gain of up
to ηmax = 4.6 for �el,l1 = 39◦ and Vrb = 10V. The power
losses range from 6.6 dB to 19.6 dB.
Additionally, the equivalent transmission phase of the

BCN ∠s12,BCN is given in dependency of �el,l1 for 0V
and 22V. The influence of the T-junctions is not included
in the simulation of ∠s12,BCN, but the T-junctions were
designed to have little influence on the phase relations
within the BMAA [21]. For 0V, θηmax reaches 0◦ for
�el,l1 < 36◦, because then ∠s12,BCN approaches 180◦. For
22V, ∠s12,BCN ≈ 180◦ for an electrical length �el,l1 ≈ 40◦.
Thus, BS behavior (θηmax = 0◦) is expected for higher values
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FIGURE 5. ηmax, θηmax , and the minimum of Lout for a sweep of the electrical length of line 1 �el,l1 (a)−(c) or line 2 �el,l2 (d)−(f). Four line lengths of line 1 yielding a very different
BMAA behavior over the reverse bias voltage are each marked as individual configuration point.

of �el,l1 for 22V than for 0V, matching with the simulations
of Fig. 2.
Depending on the length of line 1, different BMAA char-

acteristics can be reached for a variation of the bias voltage.
Four configuration points (CPs) of clearly distinct behavior,
representing possibly desirable array implementations, are
marked in Fig. 5(b) and also highlighted in Figs. 5(a), (c).

CP1 configuration point 1

The point of operation θηmax is tunable, while the strength
of the BMAA effect varies barely, meaning that ηmax and
min(Lout) are very constant for a change of the bias voltage.

CP2 configuration point 2

No change of the operational point θηmax is present, but
the strength of the BMAA effect is altered: only ηmax and
min(Lout) vary over the reverse bias voltage Vrb.

CP3 configuration point 3

An operation as BS BMAA and off-BS BMAA is possible
with a maximum range of tunability of the angle of maximum
phase sensitivity θηmax .

CP4 configuration point 4

The operational angle θηmax can be tuned, but the maxi-
mum phase sensitivity always occurs for angles off-boresight
(no BS BMAA is feasible).

Both CP1 and CP3 show the possibility to reach a BS
and an off-BS characteristic of the BMAA by varying the
reverse bias voltage Vrb. In contrast to each other, the max-
imum θηmax is reached for the maximum bias voltage (here:
22V) for CP1, while the maximum θηmax for CP3 is set
for the minimal Vrb, here 0V. For CP3 with an electrical
line length of �el,l1 = 44◦, the phase sensitivity can be
increased for targets in the range of −19◦ < θ < 19◦
with a phase gain of ηmax = 2.9 . . . 3.5 for this circuit
setup. With power losses between 19.6 dB to 13.2 dB, it is
apparent that the signal strength has to be strong enough to
secure a detection of the target for all states of the array (all
values of Vrb). Nevertheless, CP3 might be the most desir-
able configuration in measurement scenarios with a defined
FOV of increased phase sensitivity around the BS direc-
tion. Otherwise, the tunability of the BMAA can also be
provided by a configuration at CP1 (�el,l1 = 29◦) with less
power losses (11.2 dB−10.3 dB), but also a reduced range of
θηmax (−11◦ < θ < 11◦), and a reduced, but approximately
constant, phase enhancement factor ηmax = 2.1.

In Figs. 5(d)−(f) the same figures of merit are shown
for an implementation of the BCN with line 2 instead
of line 1 (cf. Fig. 3). For this setup, ηmax can be as
high as 5.7. The maximum power loss is less than 17 dB.
For this setup, a BS BMAA with variable phase gain,
see CP2 in Fig. 5(b), can not be defined over the whole
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measured and simulated range of the reverse bias voltage
Vrb. Particularly noteworthy for the setup in Figs. 5(d)−(f) is,
that by lowering the bias voltage to Vrb = 0V, the maximum
phase gain ηmax is reduced to almost 1, corresponding to the
phase characteristic of a conventional array. For �el,l2 = 51◦
(ĈP3, corresponding to CP3 in Fig. 5(b)), a variation of
Vrb = 22V → 0V leads to a change of ηmax = 4.8 → 1.1
and θηmax = 0◦ → 19.8◦. So while Fig. 5(e) indicates a tun-
ability of the BMAA operational point, in fact, this setup
corresponds to an array whose characteristic can be tuned
between a BS BMAA with ηmax = 4.8 and a conventional
array without enhanced phase sensitivity. For the state with-
out phase enhancement (here: at Vrb = 0V) the power loss
is only 4 dB.

IV. REALIZATION
One realization of a tunable BMAA is depicted in Fig. 6.
The antenna elements are aperture coupled patch anten-
nas with feed lines on the backside, bone-shaped apertures
on the inner ground layer, and rectangular patches on
the front of the PCB (design presented in [15], [21]).
The PCB stack is built up by two 127 µm thick lay-
ers of Rogers RO3003 and a 3001 bonding film in
between. Full-wave simulations of a two-element array
provide the Y-Parameters: Y11 = 17.48mS + j0.24mS and
Y12 = 2.12mS + j4.41mS [24]. As Re(Y11) exceeds Re(Y12)

by one order of magnitude, we consider it reasonable to
neglect the cross-admittance in the circuit analysis aligning
with the simulations of previous works [21], [24]. The T-
junctions [21], [26] and the intermediate circuit components
form the BCN analog to the schematic in Fig. 3. The DCB
is a 5.6 nF thin-film silicon capacitor from Murata and the
RFCs are realized by two parallel quarter-wave transformed
open-ended stubs [27]. The varactor diode used in all designs
of this work is MAVR-011020 by MACOM. This diode has
low losses, good matching, and a great phase shifting capa-
bility over the range of the bias voltage. The characterization
results at the center frequency of 76.5GHz correspond to the
values of Table 2.

The specific circuit parameters used for the PCB designs
of this work are listed in black in Table 3. Three layouts,
Layouts 1a − 1c, are almost identical and only differ in
the length of line 1. Even though the phase adjustment for
Layouts 1a−1c is realized with line 1, line 2 is non-zero for
these setups, but implemented by a line length equivalent to
an electrical phase shift of 180◦. As line 2 is present twice
in the BCN, these lines sum up to a transmission phase of
360◦ and do barely alter the BMAA behavior set by the
length of line 1. The non-zero length of line 2 is necessary
so that the RFCs have a sufficient spacing to each other.
Additionally, one BMAA setup is fabricated where the phase
adjustment of the BCN is solely realized by line 2 (Layout 2),
corresponding to the simulations of Figs. 5(d)−(f). Again, an
additional length equivalent to 180◦ is added to the desired
line length.

TABLE 3. Realizations of two-element tunable BMAAs.

FIGURE 6. Photograph of a realized tunable two-element BMAA corresponding to
Layout 1a of Table 3.

FIGURE 7. Measurement setup in an anechoic chamber. Array and radar sensor are
connected with a waveguide transition, both being mounted on a rotating stand.

V. MEASUREMENTS
For validation of the circuit concept and its simulations,
chirp-sequence radar measurements [28] with a bandwidth
of 2GHz are conducted in an anechoic chamber, see Fig. 7.
The antenna array is connected to the radar sensor with
waveguide transitions. Due to the choice of aperture cou-
pled antenna elements, the feed network and the BCN are
facing away from the target, a corner reflector placed in the
BS direction of the array. Measurements are acquired for
every bias voltage and turning angle of the rotating stand
on which the radar sensor is mounted. After range-Doppler
processing of the time-data [29], [30], the steering vector
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FIGURE 8. φbio measured for four different reverse bias voltages compared to the corresponding circuit simulation and the conventional phase progression φin for Layout 1a of
Table 3 (8(a)−(d)). The angle of incidence of maximum phase sensitivity (marked with black vertical lines) shifts over the bias voltage. Measured (solid) and simulated (dashed)
normalized output power Lout of the two array ports for the same bias voltages (e)−(h).

of the array-under-test is extracted from the target bin for
every measurement [6].

Fig. 8 shows the measurement results for an array accord-
ing to Layout 1a of Table 3 for four different bias voltages.
The measurements are compared to circuit simulations of the
same layout with real representations of the lines, instead
of ideal lines as for the simulations in Fig. 5. The line
length of line 1 is adapted in the simulation by a shift
of −50 µm ≈ −7◦ compared to the lengths on the PCB
for good matching of simulations and measurements. This
phase shift compensates for a cumulative error in the char-
acterization measurements of the single components with
microwave probes and is comparably small compared to the
expected error for screwed PCB connections. The param-
eters used for the adapted simulations are listed in blue
in Table 3. Additionally, the equivalent electrical length
and the configuration point corresponding the layout best
are given to facilitate a comparison with the simulations
presented in Fig. 5. In Figs. 8(a)−(d) the measured φbio
curves clearly show a BMAA behavior with enhanced phase
sensitivity compared to the theoretical phase progression
of φin = kd sin θ . For Vrb = 0V, the maximum slope of
φbio occurs at angles θ ≈ ±23◦, corresponding to an
off-BS BMAA behavior, while the maximum phase sensi-
tivity approaches the BS direction for 22V. Thus, the angle
of maximum phase sensitivity θηmax (marked with black ver-
tical lines) is shifting with a change of the bias voltage
as expected for this layout corresponding to CP3. For the
corresponding measurements of Lout in Figs. 8(e) − (h),

the incidence angles of maximum power loss arg min (Lout)
match the positions of θηmax and shift analogously over Vrb.
The measured Lout of the two individual ports is very sym-
metric to the BS direction θ = 0◦. Due to increasing return
losses of the varactor diode for Vrb → 0V, Lout does not
approach 0 dB for |θ | → 50◦ anymore in both measure-
ments and simulations. In general, measurements and circuit
simulations agree to a very high degree.
Fig. 9 depicts the BMAA operational point θηmax over Vrb

for the three Layouts 1a−1c, which only differ in the length
of line 1. The measured θηmax values are extracted from a
non-linear fit of the analytical BMAA equations for φbio
and Lout [11], [18] to the measurement results. Fig. 9 shows
that the tuning range of θηmax varies significantly between
the three Layouts 1a−1c, even though the only difference
among the designs is a variation of the electrical line length
of line 1 of �el,l1 = 8◦. The direction of tunability differs
between Layout 1a (maximum θηmax for 0V) and Layout 1c
(maximum θηmax for 22V). For Layout 1b, the angle θηmax

is constant for most reverse bias voltages. The good match
between simulations and measurements for all three layouts
justifies the 50 µm shift applied to all simulations.
Fig. 10 shows the results for the array with Layout 2. The

measurements confirm the simulated behavior correspond-
ing to ĈP3 in Figs. 5(d)−(f): for 22V the array features
the characteristics of a BS BMAA, for 6V φbio shows its
maximum slope at an off-BS angle θ = 14◦, and at 0V
φbio is equivalent to the phase progression of a conventional
array without a biomimetic coupling path. The minimum of
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FIGURE 9. Incident angle of maximum phase sensitivity θηmax over the reverse bias
voltage Vrb for three variations of Layout 1 showing a good match between
simulations and measurements for all variations and different tuning ranges over the
same voltage range.

FIGURE 10. Measured phase progression and Lout for few reverse bias voltages for
the array corresponding to Layout 2 in Table 3. The φbio curve for 0 V is equivalent to
the phase progression of a conventional array.

FIGURE 11. Simulated and measured BMAA figures of merit for Layout 1a and
Layout 2 in dependency of the reverse bias voltage Vrb.

Lout (cf. Fig. 10(b)) at 0V ranges from 0.5 dB to −5 dB.
At 22V, min(Lout) amounts to approx. −17 dB. Thus, the
maximum power losses can be reduced by approximately
12 dB for radar targets with low SNR. Lout still shows an
angular dependency in the mode of no phase enhancement
(Vrb = 0V).

The simulated and measured figures of merit for the lay-
outs presented in Figs. 8 and 10 are depicted in Fig. 11.
This representation, corresponding to Fig. 5, highlights that
despite Layout 1a and Layout 2 share a similar tuning
range of θηmax , Layout 2 exhibits a larger range of ηmax
and min(Lout). In contrast, Layout 1 has a clear increase
in phase sensitivity over the whole tuning range of θηmax

of ηmax = 2.8 . . . 3.8 which comes at the price of maximum
power losses between min(Lout) = −18 dB . . . −15.7 dB.

VI. CONCLUSION
Tunable BMAAs with incorporated varactor diodes allow
for a variety of different characteristica that overcome the
physical law that only the antenna spacing can shape the
phase sensitivity for angle estimation. The diverse designs
can be useful for a multitude of scenarios and can be imple-
mented without an exchange of the circuit components, but
only by a variation of line lengths within the circuit. The
tunability allows to match the BMAA operational range of
enhanced phase sensitivity with the true target DoA for tar-
gets under any DoA around the tunable angular range. A
multi-step operation of the tunable BMAA with biasing states
of distinct angle-dependent power losses secures detection
in at least one state (for weak radar targets). If the target
is strong enough, the evaluation of the target information
can be extended by setting the data of several BMAA states
in relation to each other. Apart from the phase data, it is
also conceivable to use the angle-dependent power loss as
additional information for direction-of-arrival estimation in
the future.
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