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Abstract—Biomimetic antenna arrays inspired by the fly Ormia
ochracea showed a promising improvement of the angle estima-
tion capabilities of radar sensors. So far, there is usually a loss
of output power associated with this improvement decreasing
the detectability of weak radar targets. In this paper, an elec-
tronically switchable two-element biomimetic antenna array is
presented for the first time. This array provides the possibility
to switch between a biomimetic antenna mode with enhanced
phase sensitivity and a conventional antenna mode with better
SNR. Circuit requirements are discussed, the design process is
described, and a realization in the 77-GHz range using PIN diodes
as switching elements is presented. Radar measurements verify
the concept. By switching, the phase sensitivity of the realized
array can be enhanced by a factor of 3 with a relative power
loss of maximum 14 dB.

Index Terms—Biologically-inspired antennas, Biomimetic an-
tenna arrays (BMAAs), Direction-of-arrival (DoA) estimation,
Millimeter wave antenna arrays, Switched circuits.

I. INTRODUCTION

T is a major goal of current radar research to improve

radar sensors in their angular performance. A field where
this is of particular importance are advanced driver assistance
systems and ultimately autonomous driving [1]. Most efforts
take place in the digital domain as the relation between array
aperture size and angular resolution sets physical limitations
[2]. So-called Biomimetic Antenna Arrays (BMAAs) use
coupling networks inspired by the coupled ears of the fly
Ormia ochracea [3] and show an enhanced phase sensitivity
compared to conventional antenna arrays using the same phys-
ical aperture. Consequently, both angle estimation accuracy [4]
and, in the case of biomimetic multi-channel arrays, angular
resolution can be improved [5]. The increased phase sensitivity
is accompanied by a reduction of output power which is the
downside of BMAAs and is desired to be avoided.

BMAAs realized to date can be divided into two groups
and models. Firstly, there are BMAAs in the lower UHF
band and at cm wavelengths whose designs depend on mutual
coupling of the antenna elements [6]-[8]. Secondly, BMAAs
at mm wavelengths where the biomimetic coupling does
not depend on antenna mutual coupling and is realized by
precisely designed transmission line transformers connecting
the antenna elements [9]-[11].
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Masoumi et al. presented a BMAA which strives to achieve
phase enhancement with maximum power extraction [12].
However, this approach is not applicable using the more
general model of [9]. All BMAAs not depending on antenna
mutual coupling showed an inevitable output power loss whose
magnitude depends on the increase of phase sensitivity. In [13]
an iterative array design process is used to integrate a varactor
in a BMAA. Again, the model relying on mutual coupling
is considered and the design goal differs from this work as
they aim to enlarge the operating bandwidth to 580-700 MHz.
Unfortunately, no realization is depicted.

In general, the need of mutual coupling limits the maximum
antenna spacing and potential realizations of the antenna ele-
ments. Thus, it is advantageous to implement the biomimetic
coupling independently of mutual coupling.

This paper presents a switchable BMAA which does not rely
on mutual coupling. This array offers an alternative concerning
the fundamental trade-off between phase sensitivity and signal-
to-noise ratio (SNR). PIN diodes are incorporated in the
Biomimetic Coupling Network (BMC). The resulting array can
switch between a biomimetic mode and a conventional array
mode. Section II covers BMAA fundamentals, Section III
describes the array concept and design, Section IV presents
a realized two-element array at 76.5 GHz, and Section V the
measurement setup and results verifying the concept.

II. BMAA FUNDAMENTALS

The conventional phase difference between two antenna
elements is ¢y, = kdsin € where k = 27/ is the free-space
wavenumber depending on the wavelength . d is the antenna
spacing and 6 is the incidence angle of a point-target in the
far-field of the array, see the circuit inset of Fig. 1(a). When
incorporating a BMC between the two antennas, the signals at
the two output ports (u1, us) differ from the input signals in
amplitude and phase. An example for the biomimetic output
phase difference ¢, = Zuy — Zuy is depicted in Fig. 1(a).
The course of ¢y, is significantly steeper around boresight
(BS) (@ =0°), indicating a much higher phase sensitivity,
expressed by the angle-dependent phase gain (similar to [10])

_ dwio(0) / dein(0)
- de do

16(0) )
19 is 1 for a conventional array for all incidence angles 6.
ne > 1 corresponds to incidence angles with a higher sensi-
tivity compared to a conventional array, see Fig. 1(b). If a
BMAA has its maximum phase gain off-boresight (off-BS),
then 7y has two maxima lying symmetrically around BS
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Fig. 1. Exemplary BMAA characteristics for an array with d = \/2, n = 4,
& =0 (cf. [11]). (@) ¢pio compared to the conventional phase progression
kdsin 6, (b) the corresponding 7y, and (c) Lout (equivalent for both ports).

(off-BS characteristic): max(ns) = 1g(|max|)s |Omax| > 0°.
Three parameters determine the BMAA behavior: the BS
phase gain 7 = 7g(6 = 0°), the off-boresight factor & [14],
and the antenna spacing d. The influence of the BMC on the
amplitude is expressed by the normalized output power [11],
[15]

Pout BMAA

Lout = (2)

Pout,conv. array
The output power of a BMAA is lower than of a conventional
array without BMCs, so Lt < 1 applies, cf. Fig. 1(c).

III. SWITCHABLE ANTENNA CONCEPT

In this section, both concept and design process for a
switchable BMAA are presented. This array has a biomimetic
switching state with enhanced phase sensitivity (BIO ON state)
and a second state with less phase gain but avoiding the output
power loss of the biomimetic coupling (BIO OFF state).

A. Array Behavior

To develop an understanding of what specifications the
BMC has to fulfill for the desired task, we now consider the
circuit representation depicted in the inset of Fig. 2 instead of
the model circuit in Fig. 1(a). The antennas are modeled by an
ideal current source and their self-admittance Y71. The BMC in
between the two antennas is described by a reciprocal two-port
S-parameter matrix Sgyc. The antenna elements were chosen
identical to the antenna elements in [9] and [10]. The antenna
input admittance values of Y7; = 17.48 mS + j0.24mS and
Y12 = 2.12mS + j4.41 mS are extracted from full-wave sim-
ulations. As Re(Y72) is one order of magnitude smaller than
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Fig. 2. np for a variation of Sgmc,21 for d = A/2 and a fixed reflection
coefficient of Sgmc,11 = (—50dB, 0°). Both transmission magnitude (solid
lines) and phase (dashed/dotted lines) influence the phase gain of the BMAA.
All curves are symmetrical to BS.

TABLE I
IDEAL BMC VALUES FOR A SWITCHABLE BMAA WITH MAXIMUM
PHASE GAIN AT BS.

S) S
state BMC,21 BMC,11
|- 40) [ Z0)
BIO ON | high 180° low 0°
BIO OFF | low  arbitrary | high 0°

Re(Y11), we neglect the cross-admittance being consistent
with the admittance values and circuit simulation of [10].

Fig. 2 shows how 1y changes, when the transmis-
sion coefficient Sgmc,21 is varied. Reflections are ne-
glected (lSBMC,11| = —-50 dB) For SBMC,QI = (72 dB7 1800)
a BMAA behavior is clearly visible. When introducing a
higher attenuation while keeping the transmission phase at
180°, the maximum phase gain is reduced. Thus, the phase
gain converges to 1 for all angles and small magnitude values
of Sgmc,21. This corresponds to the conventional array without
biomimetic coupling or the BIO OFF state.

If the maximum phase gain is desired to occur at BS, the
transmission phase of 180° has to be met quite precisely,
as deviations in /Sgmc,21 lead to an off-BS behavior, see
Fig. 2. The reflection coefficient Spmc,11 also has an influence,
if its magnitude is not negligible. Higher reflections lead to
less power passing through the BMC and less phase gain
results. The reflection phase also impacts the biomimetic
characteristic (BIO ON state) even though its deviations from
/Spmc,11 = 0° are less critical compared to the transmission
phase. Especially for the BIO OFF state an open circuit and
thus an unaltered, conventional antenna operation is desired.
This corresponds to a phase of ZSgmc,11 = 0°.

The specifications needed for a switchable BMAA with
maximum phase sensitivity at BS are listed in Table I. Gen-
erally, the output signal at one port is a superposition of the
signal from its antenna, the reflected signals, and the signal
received by the other antenna which passes through the BMC.
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Fig. 3. Schematic of the switchable BMAA. The array is built up symmet-
rically. The two bias paths are separated by a DCB, whereas the RF path is
isolated from the DC path by RFCs. The components influencing the BMC
are highlighted.

B. Array Design Process

First, a suitable circuit architecture has to be chosen. The
circuit considered in this work is shown in Fig. 3. PIN diodes
are used as switching elements. The architecture in Fig. 3 is
symmetrical and the signals at both RF ports are identically
influenced by the BMC. The PIN diodes are connected in serial
mode and are independently biased with the voltages Viias 1
and Vyias,2. The bias paths are separated by a DC block (DCB)
capacitor. The RF signal is blocked from the bias paths by RF
chokes (RFCs). T-junctions connect the antennas, the BMC,
and the output ports. They influence the S-parameters of the
coupling path and are therefore also modeled. At least one
additional component has to be introduced in the coupling path
to adjust the S-parameters of the BMC to the values wanted
for a specific BMAA behavior. The component ensuring the
right overall BMC S-parameters is expressed as Spj, and is
distributed on both sides of the DCB to maintain symmetry.

The array is switched to its conventional mode (BIO
OFF state) when the diodes are biased to be non-conducting.
For high reflection values of the non-conducting diodes ideally
no output power is lost due to the biomimetic coupling. The
output signals are mainly influenced by the reflection phase of
the diodes. When the diodes are conducting, then the antennas
are biomimetically coupled (BIO ON state) and the BMAA
behavior is determined by the BMC component chain.

The workflow to develop such arrays is depicted in Fig. 4.
After deciding on a circuit architecture the individual compo-
nents have to be selected and characterized by measurements.
The measured S-parameters of all components are checked for
their suitability. Particularly relevant is the difference in the
transmission magnitude of the switching component between
on and off state. For a better evaluation, the circuit is built
up in an RF circuit simulation tool using the measured S-
parameters of the components. Next, the transmission values
of Shio,21 have to be determined so that the crucial transmission
coefficient requirements of the BMC are met. While the two-
ports characterized by Sy, can be discrete, an implemen-
tation in form of a distributed transmission line component
was chosen (determined using full-wave simulations). If the
complete, simulated circuit fulfills its task for both switching
states it can be manufactured. If the desired behavior is not
met, adaptions have to be made. So, first the Sy, component,
then the discrete components, and, if necessary, the circuit
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Fig. 4. Flowchart for the switchable BMAA design process.
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Fig. 5. Photography of the realized antenna board including the switchable
two-element BMAA being the receive (RX) array. Only transmit (TX)
antenna 2 is considered.

architecture are analyzed and revised, or replaced in that order.

It is apparent that the design procedure can take multiple
iterations depending on the chosen circuit architecture, circuit
components, and the feasible Sy;, values. In order to obtain a
considerable phase gain in the BIO ON state, components with
low attenuation must be available at the operational frequency
(discrete components) or realizable (distributed components),
respectively.

IV. REALIZATION

The realized antenna array is depicted in Fig. 5. The antenna
board is built up by a stack of two 127um thick Rogers
RO3003 layers fused with a RO3001 bonding film. Aperture
coupled patch antennas as in [9] are used, separating the
radiating elements and the feeding network spatially. The RFC
is realized by two parallel open-ended stubs and a quarter-
wave transformer [16]. The T-junction used in this work
was optimized to have little influence on the phase of the
transmission coefficient of the BMC in [10]. The DCB is
a thin-film silicon capacitor from Murata. The PIN diodes
are model MA4AGFCP910 from Macom. In this work, the
diodes are used in an interchanged way. The measurements
at 76.5 GHz showed that the diodes are less conducting
when forward-biased. This behavior can be attributed to the
package parasitics and circuit setup. Thus, the BIO OFF state
corresponds to forward-biased diodes and the BIO ON state
is set for reverse bias, respectively.
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TABLE 11
BMC VALUES FOR THE REALIZED SWITCHABLE BMAA.
state SBMC’Ql SBMC,ll max(ng) min(Lout)
BIO ON —2.19dB | —7.33dB 4.1 —14.9dB
—199° —103° @0 =0°
BIO OFF | —7.04dB | —5.20dB 1.1 —2.9dB
106° —25° @0 =0°

Fig. 6. Measurement setup in an anechoic chamber and a close-up of the
antenna board mounted on the radar.

The equivalent S-parameters of the components forming the
coupling path met the desired transmission magnitude, so the
two-ports specified by Sy;, do not have to introduce additional
attenuation. The two S;,/2 blocks in Fig. 3 are thus only
needed to adjust the transmission phase and were realized by
transmission lines of 610 um length. The resulting simulated
S-parameters of the realized coupling network (without the T-
junction) are noted in Table II. Also, the resulting simulated
BMAA behavior in form of the maximum phase gain and
minimum L, is listed. Enabling the biomimetic coupling
results in a significant phase gain. The simulated loss of output
power in the BIO OFF state is not larger than 2.9 dB.

V. MEASUREMENTS

To prove the functionality of the proposed antenna circuit
radar measurements were conducted in an anechoic chamber.
A chirp-sequence modulated radar with a carrier frequency
of 76.5GHz and 2 GHz bandwidth [17] was mounted on
a turntable. Radar measurements using a single target were
performed for incidence angles of —60° < 6 < 60°, see Fig. 6.
Conventional range-Doppler processing was performed and the
steering vectors were extracted from the target bin for every
incidence angle [18], [19]. The results are shown for four
different bias points (Viias,1 = Vbias,2): Vbias,g =0V, 1.2V
(forward current Ir ~ 0.7mA ), ~ 1.4V (Ir = 10mA), and
—5V. Furthermore, the same measurements were carried out
for a conventional array which is identical except that the BMC
and biasing structures are not included. Fig. 7 clearly shows
two different phase progression behaviors. When unbiased
or reverse-biased (RB) an increased phase sensitivity around
BS corresponding to a BS phase gain of 7 =4.5 can be
recognized. For forward bias (FB), the array behaves exactly
like the conventional array using the same antenna elements
and spacing. Due to a non-perfect decoupling of the antenna
elements, a minor phase gain of n = 1.5 is present for the
conventional array.

The course of Lo,t shows the desired behavior, see Fig. 8.
For clarity, only one bias point per switching state is depicted.
Similar to the phase gain, the measured L, is insensitive
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Fig. 7. Measured ¢y, for four bias points. For OV and RB the array is

switched to the BIO ON state. The array shows the same phase progression
when forward-biased as when a conventional array without BMC is used.
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Fig. 8. Measured Loyt of the two BMAA ports for 0V and 1.2V FB.
When forward-biased the array does not show the typical angle-dependent
power loss around BS. The theoretical curves for n = 1.5 and n = 4.5 (both
& = 0) are identical for both ports.

to bias variations within one switching state. Switched BIO
ON the measured L., curves match the theoretical curve
very well and the minimum measured Lo, is —17dB. In
the BIO OFF state, an angle-independent L,,; level can be
measured, proving the proper operation of this switching state.
The characteristic output power loss around BS is avoided.
Conceivable reasons for the L, level of about —3 dB in the
BIO OFF state are both non-ideal amplitude and phase of the
reflection coefficient of the diodes, as well as deviations in
the PCB quality between the BMAA antenna board and the
conventional antenna board.

VI. CONCLUSION

In this paper, the concept and design process of a switchable
biomimetic antenna array are presented. This array addresses
the typical trade-off of comparable biomimetic antenna arrays
between a better angular sensitivity and a reduced output
power. Radar measurements of a realization at 76.5 GHz
verified design and simulations very well. The presented
realization can either achieve a phase gain of n = 4.5 with
a maximum power loss of 17 dB or a phase behavior identical
to a conventional array with only around 3 dB power loss for
all incidence angles. The switchable biomimetic array offers an
adaptivity depending on the target parameters. In the future,
target parameters can be determined in a two-step process.
First, the target is detected with better SNR, then the direction
of arrival can be estimated with better accuracy.
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