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Abstract—In a number of applications millimeter-wave
multiple-input multiple-output (MIMO) radars are widely em-
ployed. The use of conformal antenna arrays has been recently
proposed to improve the radar sensor performance. This paper
presents an optimization algorithm for finding the antenna
placement in a non-planar arrangement. The experimental char-
acterization of two prototypes based on radar measurements with
an experimental 3× 8 MIMO radar sensor confirms the results
predicted by the numerical simulations. The direction of arrival
estimation has been performed successfully, and the measured
beampatterns are in very good agreement with the simulated
ones.

I. INTRODUCTION

MIMO radars working at mm-wave frequencies are nowa-
days widely used in many automotive and commercial ap-
plications. In a MIMO radar the use of orthogonal signals
allows the definition of an equivalent virtual array [1] that
fully describes the angular estimation capabilities of the radar
sensor. Moreover, the virtual array shows a larger aperture
compared to the physical array configuration. For this reason a
MIMO radar can improve the angular resolution capabilities of
the sensor without increasing the physical sensor dimensions.

Array synthesis techniques can be applied in principle to
satisfy some given requirements in the virtual array. However,
usually an optimization algorithm is necessary to map the
virtual array configuration onto the actual positions of the
transmitting and receiving elements [2], [3]. An analytical
solution to this problem is typically not available.

The field of view of a planar antenna array can be improved
with the help of a conformal structure [4]. Recently, the idea of
using conformal antenna configurations for mm-wave MIMO
radars has also been proposed [5].

This paper proposes thus an optimization algorithm that is
able to synthesize conformal MIMO radar antenna config-
urations for mm-wave frequency applications. In particular,
the presented algorithm is a generalization of the method
described in [3]. Two prototypes of antenna systems designed
by means of the optimization algorithm have been realized and
tested with an experimental MIMO radar sensor presented for
the first time in [6]. The experimental characterization will be
provided here to demonstrate the correctness of the proposed
approach.
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Figure 1. Sketch of a conformal antenna array with M elements. The dotted
line represents the faceted contour. A plane wave impinges on the array from
the direction ψ.

II. ANTENNA ARRAY DESIGN

A. Signal Model

Fig. 1 presents a simplified sketch of a conformal antenna
configuration. Under the far-field assumption, a plane wave
impinges on the array from the direction ψ. In this work,
only the azimuth plane that contains the angle ψ has been
considered. The first antenna element has been placed in the
origin of the reference system. The total number of physical
antenna elements is M=Mt+Mr, where Mt is the number
of transmitters and Mr the number of receivers. However,
since a MIMO radar is considered in this work, the number
of elements that can be used for the angle estimation is given
by the number of virtual antennas MtMr.

Using a notation similar to [7], it is possible to define
the transmitting and receving array steering vector for the
direction ψ as follows:

a(ψ) =




e jβ0(xt,1 sinψ+yt,1 cosψ)
...

e jβ0(xt,Mt sinψ+yt,Mt cosψ)


 , (1)

b(ψ) =




e jβ0(xr,1 sinψ+yr,1 cosψ)
...

e jβ0

(
xr,Mr sinψ+yr,Mr

cosψ
)


 , (2)

where β0 = 2π
λ0

is the phase constant and λ0 the free-space
wavelength. The coordinates of the transmitting and receiving
array elements are described by xt,k and xr,l respectively, with



k=1, . . . ,Mt and l=1, . . . ,Mr. The y-coordinates of the array
elements can be defined analogously.

Finally, as in [7] the virtual array steering vector y(ψ) is
given by

y(ψ) = a(ψ)⊗ b(ψ) , (3)

where ⊗ is the Kronecker product.
Since the antenna elements in Fig. 1 are positioned on the

xy-plane, the virtual array consists of a two-dimensional ar-
rangement, too. The position of the virtual elements are simply
calculated as xt,k+xr,l and yt,k+yr,l, with k=1, . . . ,Mt and
l=1, . . . ,Mr.

As it can be observed in Fig. 1, the conformal shape has
been obtained by planar sections with different orientations
connected together. The piecewise planarity of this config-
uration retains the planarity of each antenna element. It is
implicitly assumed that the single radiators cannot be placed
at the joint between two facets.

For the sake of completeness it is convenient to recall the
definition of the ambiguity function χ(ψi, ψj) calculated from
the virtual array steering vector, namely

χ(ψi, ψj) =

∣∣yH(ψi) · y(ψj)
∣∣

‖ y(ψi) ‖‖ y(ψj) ‖
. (4)

The symbol (·)H represents the conjugate transpose (Hermi-
tian) vector and ‖ · ‖ the L2-norm. The ambiguity function
describes the angle estimation capabilities of an arbitrary an-
tenna array. An introduction to the ambiguity function can be
found in [8]. The equation (4) is a normalized autocorrelation
of the steering vector calculated for the directions ψi and ψj .
The maximum, i.e., 1, should be reached in an ideal case
only if ψi=ψj , otherwise the angular estimation cannot be
performed without experiencing an ambiguity. It would mean
indeed that the signal received from the direction ψi cannot
be distinguished to the one coming from ψj .

In the steering vectors definition given in (1) and (2),
isotropic radiators have been assumed. To take into account
the antenna radiation pattern, the steering vector can simply
be multiplied by the complex radiation pattern C(ψ) of the
respective antenna [9].

B. Optimization Algorithm

The optimization algorithm presented in [3] has been further
generalized and developed to the purpose of designing a
conformal MIMO antenna array.

First of all, a predefined contour for the conformal array
must be provided as input of the algorithm. Optimizing the
antenna positions and the contour shape at the same time is
not possible.

The classical skeleton of a genetic algorithm has been
employed in this work. As in [3], the genes describe the
antenna positions and the chromosomes the complete antenna
arrays. However, in this case the genes represent the x-
coordinate of the radiating element. Since the contour shape
is known, the y-coordinate can be derived easily.

There are no particular assumptions on the transmitter and
receiver positions, that can be hence freely placed along the
given contour.

It is important to include the radiation pattern of the antenna
elements in the optimization process. As radiating element a
series-fed microstrip array focused on the elevation plane has
been assumed. The radiation pattern has been obtained with
full-wave electromagnetic simulations and was then included
in the genetic algorithm. The coupling between adjacent
antennas has been neglected. For a non-planar antenna con-
figuration, the radiation pattern of the single radiator follows
the conformal shape. Indeed, the main beam must be aligned
with the normal of the contour in order to take into account
correctly the potential shadowing caused by the ground plane
of the microstrip array. The differences in the antenna orien-
tations along the contour can thus lead to different patterns
of the virtual elements, obtained as a multiplication of the
transmitting and receiving radiation patterns.

As in [3], [7] the cost function of the genetic algorithm,
namely the fitness function, exploits the properties of the
ambiguity function defined in (4).

The fitness function aims to maximize the ambiguity-free
area for a given threshold like in [3]. In this way it is possible
to extend the angular range where it is in principle possible
to carry out the angular estimation without exceeding the
threshold. However, a second iteration to rank the best chro-
mosomes has been introduced here. In this second step, the
ambiguity-free area and the field of view of the radar sensor
(for some given system parameters) have been compared. The
optimization algorithm rewards the chromosomes, namely the
antenna configurations, which generate a field of view not
larger than the ambiguity-free region. A joint analysis of the
field of view and of the angular ambiguities of the array is
required to assure that no ambiguities can be mapped into the
field of view of the sensor.

With the proposed optimization algorithm two different
sparse array configurations have been designed, and they
are depicted in Figs. 2a and 3a, respectively. Both of them
have been obtained for a maximum acceptable value of the
ambiguity function of 0.6, and both have 3 transmitters and
8 receivers. The array of Fig. 3a shows a slightly larger
aperture compared to that of Fig. 2a.

The plots of the ambiguity functions associated to the array
configurations are depicted in Figs. 2b and 3b. The maximum
value of the ambiguity function has been achieved only along
the main diagonal, hence no ambiguities can be observed in
both plots. The ambiguity-free area, namely the angular range
where the autocorrelation reaches values below the threshold
of 0.6, is confined within [−58◦,+58◦] for the configuration
of Fig. 2a and within [−63◦,+63◦] for the configuration of
Fig. 3a.

III. EXPERIMENTAL CHARACTERIZATION

A. Measurement System

Two prototypes based on the optimized configurations
presented in Figs. 2a and 3a have been developed. As an
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(a) Optimal configuration (not to scale).
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(b) Ambiguity function.

Figure 2. First antenna configuration for a conformal MIMO radar with 3
transmitters and 8 receivers and the associated plot of the AF. The dashed line
in the picture (a) represents the contour of the printed circuit board (PCB).

example Fig. 4 shows a picture of the prototype relative to the
configuration of Fig. 2a. As it can be noticed, the PCB with
the transmitting and receiving antenna arrays and the feeding
network has been glued to a 3D-printed support structure.
The latter provides not only the necessary mechanical stability
but also the required curvature for the conformal sensor. The
substrate used for the PCB fabrication is RO3003 from Rogers
Corporation [10] with a thickness of 0.127 mm.

The experimental 77-GHz MIMO radar sensor [6] with
Mt=3 and Mr=8 has been equipped with the conformal
antenna arrays. As can be seen in Fig. 4, a microstrip-to-
waveguide transition has been used to connect the antenna
arrays to the radar front-end. The center frequency of the
radar is 76.5 GHz, and the bandwidth has been set to 2 GHz.
The waveform orthogonality required for the definition of the
equivalent MIMO virtual array has been achieved with a time-
domain multiplexing scheme (TDM).

B. Measurement Results

The measurements have been carried out in an anechoic
chamber to characterize the angle estimation capabilities of the
antenna systems. In particular, the estimation of the direction
of arrival (DoA) has been done with a deterministic maximum
likelihood (DML) approach [11], which is quite easy to use
for a single target and single snapshot scenario as in this case.
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(a) Optimal configuration (not to scale).
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(b) Ambiguity function.

Figure 3. Second antenna configuration for a conformal MIMO radar with
3 transmitters and 8 receivers and the associated plot of the AF. The dashed
line in the picture (a) represents the contour of the PCB.
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Figure 4. Prototype of the optimized 3×8 MIMO antenna configuration
presented in Fig. 2a.

First of all, both arrays must be calibrated. Indeed, the
fundamental idea of the DML is the comparison of the actual
measurement with a reference calibration matrix.

For the calibration a corner reflector with 9.4 dBsm has been
placed in front of the radar sensor at a distance of 3.1 m. The
radar has been positioned on a turntable that allows a sweep on
the azimuth plane between [−90◦,+90◦]. The measurements
have been collected with a step size of 0.5◦.

Then, the calibration matrix must be created starting from
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(a) Array of Fig. 2a.
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(b) Array of Fig. 3a.

Figure 5. Ambiguity function obtained using the measured steering vectors.

the raw radar data. In particular, for the direction ψi the
steering vector y(ψi) should be generated. After a two-
dimensional fast Fourier transform (FFT), the range bin of
interest where the target is present can be identified with
a maximum amplitude search. The corresponding complex
values for each virtual channel can be then extracted to
generate the steering vector. By considering all the possible
angular directions ψi with i=1, . . . , N , a set of N steering
vectors is necessary to generate the steering matrix Y . The
value N is the number of measuring points on the azimuth
plane. The dimensions of this steering matrix, namely the
calibration matrix, is MtMr×N , where MtMr is the number
of virtual channels. For the current experimental radar sensor
MtMr is equal to 24.

With the steering vectors obtained during the calibration of
the arrays it is possible to plot the ambiguity function. The
ambiguity function of the two fabricated array configurations
can be seen in Fig. 5. Both plots are in good agreement with
the ideal simulation results of the Figs. 2b and 3b.

A similar procedure can be repeated to generate the steering
vector associated to the actual measurement, although in this
case a CFAR algorithm [6] has been employed to identify
the correct range bin of the target. By calculating the cross-
correlation between the measured steering vector and the
calibration matrix it is finally possible to obtain the estimated
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(a) Array of Fig. 2a, target at ψi=0◦.
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(b) Array of Fig. 3a, target at ψi=0◦.
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(c) Array of Fig. 2a, target at ψi=20◦.

Figure 6. Comparison of the simulated and measured beampatterns obtained
after the DoA estimation for different target positions.

DoA. Indeed, the angular position at which the correlation
reaches the maximum represents the estimated DoA. More-
over, the output of the cross-correlation gives a vector with
dimension N , which represent the measured virtual array
beampattern.

Fig. 6 shows the comparison between the measured and
simulated beampatterns for both fabricated prototypes and dif-
ferent DoAs. As it can be noticed, a good agreement between
the curves has been achieved within −70◦ and +70◦. Outside
this range the reduction in the SNR makes the measured



beampattern noisy, and the comparison with the simulation
results degrades. For negative angular directions far away from
boresight, i.e. 0◦, the reduction in the SNR is even more
significant due to the presence of the waveguide transition.
Indeed, by looking at Fig. 4 it can be seen that the presence of
the aluminum block can affect the measurement results while
scanning on the azimuth plane. It may cause shadowing that
reduces the amplitude of the received signal. Similar noisy
patterns can be observed in the plots of the ambiguity function
in Fig. 5, too.

IV. CONCLUSION

This paper presented a design method based on the use of
a genetic algorithm for the development of conformal antenna
arrays at mm-wave frequencies for MIMO radar applications.

Radar measurement have been performed with a 3×8
MIMO radar sensor equipped with two different fabricated
array prototypes. In particular, after the array calibration, a
DoA estimation has been performed successfully in a single
target and single snapshot scenario. The measurement results
are in good agreement with the simulation data and confirm
thus the correctness of the design procedure.
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