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Abstract—The recently developed 4D-Imaging mmWave
MIMO radars have significant advantages over conventional
radar sensors because they offer a large virtual array in both az-
imuth and elevation. However, the physical placement of transmit
and receive antennas to achieve the desired virtual array, while
considering cost and efficiency is not intuitive. In this paper,
we propose an optimization framework for optimally placing
the transmit and receive array physical elements. The proposed
framework obtains a sequence of optimal placements based on
the coordinate descent by defining a desired virtual array and
number of transmit and receive antenna elements as the objective.
The objective function is then monotonically minimized in each
iteration of the proposed algorithm, converging to a solution that
guarantees the desired number of transmit and receive antenna
elements, while the obtained virtual array is as close to the desired
virtual array as possible. The simulation results are validated by
simulating the virtual array of multiple commercially available
4D-Imaging radar products.

Index Terms—4D-Imaging Radar, MIMO radar, Virtual Array,
mmWave antenna configuration, Automotive radars.

I. INTRODUCTION

4D-Imaging millimeter-Wave (mmWave) radars are next-
generation radar systems that demonstrate new ways for
Highly Automated Driving (HAD) and Advanced Driver As-
sistance Systems (ADAS) to improve automotive safety. The
state-of-the-art automotive radars use Multiple-Input Multiple-
Output (MIMO) radar technology [1] as an attractive alter-
native to the full antenna array. For 4D-Imaging radars, a
large number of antenna elements, such as a planar array with
576 elements, are required, resulting in a significant cost for
a radar sensor if the antenna elements are built physically.
Alternatively, the physical elements can be efficiently created
virtually, if sparse configuration be used on one side of the
transmit (Tx) or receive (Rx) chain.

Recently, several works on the antenna array design and
placement for 4D-Imaging MIMO radars has been carried
out [2]-[6]. A novel 2D planar antenna array design was
introduced in [2] that enables the three dimensional object
detection in 4D radar imaging application by creating a wide
Field of View (FoV) in azimuth direction. In [3], imaging
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performance in a 3D-Imaging radar improved by using antenna
array sparsity which is achieved by a two step synthesis
procedure. The number of elements is reduced while improv-
ing angular resolution. Furthermore, by adjusting the antenna
positions, the lowest possible side-lobe level is achieved. The
Vayyar Walabot-60GHz radar [4], which has a dense planar
virtual MIMO array with a half-wavelength antenna spacing by
default, is used to confirm the model. In [5], a system has been
proposed with 36 Tx and 48 Rx channels, resulting in 1728
virtual channels, working in 79 GHz frequency. This antenna
array is realized with 12 x 6 Monolithic Microwave Integrated
Circuits (MMIC)s, providing a high resolution in both azimuth
and range. In addition to the studies cited above, [7]-[11]
consider various approaches for determining optimal antenna
placement, and then use computational approaches to solve
the obtained problems. In [12] in a similar work, considering
the lack of the analytically solved inverse mapping from the
virtual array to the real transmitter-receiver configuration, the
authors proposed a genetic algorithm to search the optimal
antenna placement based on the ambiguity function and the
antenna beampattern. The majority of these studies have
focused on the problem of beampattern matching design with
a Uniform Linear Array (ULA) setup, and antenna selection is
accomplished by selecting N from M antennas and iteratively
determining the best antenna position vector via optimization
techniques.

To the best of our knowledge, the problem of obtaining
transmit and receive antenna positions for a desired virtual
array elements configuration is not analytically solved yet.
Pursuing this objective, in this paper, (a) we formulate the
problem of designing a MIMO virtual array with two objective
functions. The first one aims at minimizing the Mean-Squared-
Error (MSE) between the designed virtual array and a given
one, while antenna elements are assumed to be placed in a
grid-point planar configuration. To design the virtual array
with a specified number of Tx/Rx array elements, the second
objective function strives to minimize the difference between
the number of designed and desired array elements; (b) We
propose an iterative method based on the Coordinate Descent
(CD) algorithm for solving the formulated optimization prob-
lem employing scaling factors between the two objectives.



Output of each iteration is used as an input for the next itera-
tion; (c) The simulation results show the proposed method with
a monotonically decreasing cost function which leads to the
optimum binary Tx/Rx position matrices at the convergence.

The rest of this paper is organized as follows!. In Section
II, the problem formulation and the related optimization is dis-
cussed. Then, we introduce the proposed method for designing
antenna array configuration and obtaining the desired virtual
array based on CD algorithm in Section III. Simulation and
numerical results are discussed in Section IV. Finally, Section
V provides conclusion to the paper.

II. PROBLEM FORMULATION

We consider the problem of designing the configuration
of Tx and Rx array antenna elements, in order to achieve
a desired MIMO virtual array. Let P, € {0,1}M:xNt and
P, € {0,1}M-*Nr be defined as the Tx and Rx array antenna
elements positions, respectively. Here, we assume a Uniform
Rectangular Array (URA), i. e., a 2D planar configuration, for
Tx and Rx antenna elements with M; and N; (M, and N,.)
as the dimensions of Tx (Rx) array elements position matrix,
in the coordinate plane with equal grid spacing d = \/2,
where ¢; = € {0,1} and r;; € {0,1} denote the position of
the (z,7)-th Tx and (7, j)-th Rx array element, respectively,
and A is the wavelength of the transmitted signal. ¢; ; =1 (or
r; 7 = 1) indicates that a Tx (or Rx) antenna element is placed
on the (i,7)-th (or (7, )-th) grid point location of the URA;
otherwise b5 = 0 (or r; 53 = 0). The MIMO virtual array (V)
is constructed by convolving the locations of the real Tx and
Rx as V = P, % P,. [13]. Due to overlap between antennas in
virtual array elements, thus V € g+ (MetNe—1)x (Mr4Nr—1),

In order to design the MIMO virtual array and achieving
the required number of Tx/Rx array elements simultaneously,
we define the following bi-objective optimization problem:
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array and « is a scaling parameter that should be optimized.
The objective function f; is defined as a Frobenius norm of
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the distance between a desired virtual array and the designed
one. The objective fo is the distance between the number of
designed and desired array elements. Both objective functions
are normalized. 7 € [0, 1] is a scaling factor and Ly and Lp
are the required number of Tx and Rx elements, respectively.
With this form, we can achieve a desired virtual array with
the specified number of Tx and Rx antenna array elements.
The current optimization problem is multi-objective and non-
convex. To tackle this challenge, we employ the CD frame-
work to obtain a local solution for it.

III. PROPOSED METHOD

The optimization problem in (1), will be solved out over
two different stages: 1) w.r.t. o for fixed Py and P,, which
has a closed-form solution for the related quadratic convex
optimization, with a minimizer below:

_ vee(Vg)Tvec(Py + P,)
|[vec(Py * P,)||?

and 2) w.r.t. P; and P, for a fixed a: P; and P, are binary
matrices, so the problem with respect to these matrices is
a discrete binary optimization problem. First, let us assume
n = 1. To solve the problem, a Coordinate Descent (CD)
approach is proposed, in which the multivariable problem is
solved by changing the main problem into a sequence of
single variable problems [6], [14]. Here, single variables are
the positions of Tx and the Rx array elements. In each single
variable optimization problem, for any entry of P, and P,
(t;; and 175 € {0,1}), the minimizer to the problem will
be kept in each iteration, while all the other elements are
considered to be fixed. Then, the matrices P} and P? will
be updated, subsequently. Here, P! (or P?) is the updated
Tx (or Rx) antenna array position matrix in the ¢-th iteration
of the algorithm. This process will continue iteratively until
the difference between two consecutive normalized objective
functions is less than a pre-defined threshold.

Secondly, the above mentioned procedure will be repeated
over a sequence of different values of scaling parameter 1 €
[0, 1]. In the first step, where 1 = 1, a desired virtual array will
be designed without considering the limitation on the number
of Tx and Rx elements. Then, the output of the algorithm
for n = 1 is considered as an input to the second iterative
algorithm for another value of 7, e.g. n = 0.8. In this case,
the second normalized objective function f, attempts to reduce
the number of Tx/Rx elements, while f; maintains the desired
virtual array. When 1 — 0, the algorithm can achieve the
predefined number of Tx/Rx elements such that they guarantee
the desired virtual array. The proposed algorithm, TALA, is
summarized in Algorithm 1.

Note that to efficiently implement the convolution in it-
erations of CD method, we use the distributive property of

“4)

convolution, that is x1[.,.] * (z2[.,.] + z3[.,.]) = z1[.,.] *
xal.,.]+x1[., ] *x3].,.] and the Dirichlet function convolution
property, xz[n,m] * dn —k,m —1] = x[n — k,m —1]. In

CD procedure, we calculate the convolution for every single
variable, say each entry (i, 7) of the Tx and Rx array antennas,



Algorithm 1 TALA: MIMO Virtual Array Design Algorithm
for mmWave 4D-Imaging Radar Sensors.

1: Inputs: Initialize random array elements positions (P?
and Pg), a = 1, predefined threshold value ¢, a series
of 7 values € [0, 1], the number of required Tx and Rx
array elements L, and Ly, and input V.

2: Outputs: P} and P} (Solutions of (1)).
3 g1

4: Compute f and f9 from (2) and (3);

5. Compute 5(0) = 1(7)f9 + (1 — (7)) £3:
6: while j < length(n) do

7: for ; =0,1,2,... do

8: i1+ 1

9: Update o' using (4);

10: Update P! and P! using CD;

e Compute (i) = ()i + (1 - n(i))/i
12: Break for loop if s(i — 1) — s(i) < ¢;
13: end for

14 Py = P! and P* = Pi.

15: j+—5+1

16: end while
17: Outputs: P} and P}.

for the two possible solutions in the binary set {0,1}. To
include this binary element change, we define Aj; as a matrix
of size P, with only a nonzero element in (7, j)-th position
such that Az;(i,j) = 1. In this manner, we can write the new
virtual array while updating (7, j)-th entry, V% based on the

previous updated virtual array, V%.fl as:
-1 - -1 -1
V% ZPg * (Pg ! + Ag}) = V% + (Pg * Ag;)

5
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where £ is for two scenarios of placing and not placing
an antenna element in the position (i,7). The matrix Z;; €
RMetNe=1)x (M +No=1) s g matrix of zero elements with
only a non zero sub-matrix P4~! beginning from the (3, j)-
th positions of the matrix Z;;. In this way, we can reduce
the complexity of the large matrices convolution with only a
simple summation operator and enhance the run time of the
algorithm, significantly. Here, the equations are written for the
case where CD method is applied to update Rx array position
matrix. For the Tx one, we can rewrite the equations, similarly.

IV. NUMERICAL EXAMPLES

In this section, we provide numerical examples in order
to assess the performance of the proposed algorithm. To that
end, we first consider a virtual array of some Commercial
Off-The-Shelf (COTS) as the desired virtual array, and then
set the number of Tx/Rx antennas equal to the ones already
considered for the COTS. In this case, we anticipate mimicking
the virtual array of the COTS, but not necessarily with iden-
tical Tx/Rx physical configurations. This gives chip designers
additional insight on the placement of Tx/Rx antenna elements
while still satisfying the same virtual array. Furthermore, given
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Fig. 1: Antenna Array Positions. Image taken from [15]

different initializations for PY and P in Algorithm 1, a new
configuration for Tx/Rx antenna elements can be obtained, ex-
panding the design possibilities for chip designers in practical
applications.

In addition, we can show how to construct an arbitrary

virtual array, which may or may not be feasible given the
number of physical Tx/Rx antenna elements. It would be
possible to demonstrate that using the proposed framework,
the design procedure can be close to the desired virtual array
configuration while satisfying the number of Tx/Rx antenna
elements.
Example 1: In the first example, we consider TI imaging radar
(from Texas Instruments), with Ly = 12 Tx and Lr = 16
Rx channels. The Tx/Rx antenna array positions are based on
AWR2243 cascade 4D-Imaging radar (see Fig. 1) [15]. In our
problem, we consider the virtual array of this configuration as
the desired one (Vq), with M; = 64 and N; = 12, and also
M, = 64 and N, = 1 separated grid points in a coordinate
plane with a half-wavelength inter-grid interval, i.e. d = A\/2
that can be applied to place antennas. Using a decreasing
scheme for n values as described for Algorithm 1, we examine
the convergence behaviour of the proposed method in Fig. 2a.
We set € = 1075 in all of our simulations. It can be seen that,
the normalized objective function of the optimization problem
in (1) has a monotonically decreasing cost function value.
This is due to the nature of CD method, which guarantees
a decrement in the objective values. The desired and the
designed MIMO virtual array are also depicted in Fig. 2b.
The obtained locations of the Tx/Rx antenna elements on a
grid-point 2D planar array, which lead to the designed virtual
array, are shown in Fig. 2¢c, which corresponds to the antenna
array positions in [15] and confirms the proposed algorithm.
Example 2: The used radar system platform, as a second case
study, has been described in [2]. Here, a MIMO array with
L7 =4 and L = 16 has been used. We applied this setting
to our proposed design method with M; = 16, N; = 48,
M, = 16, and N, = 32. The objective function is depicted in
Fig. 2d. Fig. 2e demonstrates the desired and designed related
MIMO virtual array. The obtained Tx/Rx array configuration
is also depicted in Fig. 2f that confirms the design described
in [2].

Example 3: In this example, a 79 GHz high-resolution 4D-
Imaging MIMO radar with 1728 virtual channels proposed
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Fig. 2: Upper row (the desired virtual array from [15]): (a) Convergence curve of the proposed algorithm for different n values.
(b) Dense configuration of designed and desired virtual array (VA). (c) Obtained Tx/Rx antenna positions. Bottom row (the
desired virtual array from [2]): (d)-(f) the same as the upper row.

TABLE I: The number of transmitter and receiver obtained in each step of the proposed algorithm for different values of 7.

: [15] @] 2] [16] 3] [17] [18]
Scaling Factor |\ — = 7 T Tn 1 Lr | Ln [ Lr [ Lr [ LIr [ La | Lz [ Lx | Lz | L&
n=1 40 23 24 24 28 17 25 52 20 20 86 19 36 190
n=20.9 24 18 - - 4 16 25 45 - - 24 18 36 48
n=0.8 13 16 - - - - 24 24 - - 23 16 - -
=106 216 - | - -1 -1 -1 -1-1-1-1-71-71-

in [5] is considered as the other case study. The proposed
radar system is composed of 12 transceiver MMICs, each one
contains 3 Tx and 4 Rx channels. The antennas are placed in
a 2 mm grid points in azimuth (a slightly larger than \/2)
and 2.5 mm in elevation. To enable transmit beamforming,
each of the 6 transmit antennas is grouped as a 2 x 3 URA
configuration. The convergence of the proposed algorithm is
shown in Fig. 3a. Also, The dense representation of the virtual
array of this configuration is shown in Fig. 3b, with Ly = 36
Tx and Lr = 48 Rx antenna elements, which is obtained by
setting My = 95, M, = 20, Ny =99, N, = 25. The resulting
2D array configuration is also depicted in Fig. 3c.

In Table 1, we compare the obtained virtual array of
different case studies when their virtual array was used as the
desired one. As shown in the table, the proposed algorithm is
able to mimic the desired virtual array in all of the examples.
The table also shows how many Tx/ Rx array elements each
example obtained at various steps of the algorithm.

Finally in Fig. 4, we show that the algorithm is able to
mimic an arbitrary virtual array, which is a circular array in

this example. We consider our design with Ly =23 and L =
16, and set M; = N; =23 and N, = N,. = 5.

V. CONCLUSION

In this paper, the problem of designing a desired virtual ar-
ray and the Tx/Rx antenna positions to approximate the virtual
array with a particular number of array elements was studied.
In order to tackle the problem, we proposed a sequence of
iterative algorithms based on CD method. Numerical examples
were provided demonstrating the excellent performance of
the proposed method for obtaining arbitrary configurations of
different virtual arrays.
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