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Abstract

This paper proposes a convex optimization model for the
multiple-input multiple-output (MIMO) array synthesis.
We generate a block shaped reference pattern that occupies
the entire imaging area of interest in order to involve the
effect of each pixel into the optimization model. Through
introducing coefficients with respect to the array elements,
we can transform the array synthesis into minimization of
the coefficients. Numerical results demonstrate the efficacy
of the proposed method.

1 Introduction

The state-of-the-art two dimensional (2-D) antenna array-
based systems can acheive real time high-resolution
imaging, however, with high system cost although
employing multiple-input multiple-output (MIMO) arrays
to reduce the number of antenna elements [1–4]. To reap the
benefits of sparseness, the number of antennas of MIMO
can be further reduced by using the sparse array synthesis
(SAS) method, without causing high-level grating lobes and
sidelobes.

Significant efforts have been made in MIMO SAS for
near-field imaging. In [5, 6], the sparse MIMO arrays
were designed to have the specific topologies, such as the
curvilinear and spiral arrays. The heuristic algorithms,
such as the simulated annealing (SA) algorithm [7] and the
swarm optimization (PSO) method [8], were also employed
for the array synthesis. The work in [9, 10] employed
the multi-objective covariance matrix evolution strategy
(CMA-ES) algorithm to optimally design a MIMO array
topology for through-the-wall radar imaging and ground-
penetrating imaging.

In this paper, we propose a convex optimization method for
SAS. We first introduce a sampling matrix into the data
model for the purpose of selecting antennas. In so doing,
the SAS problem is transformed into reconstruction of the
sampling matrix, which then can be relaxed into solving a
convex optimization. In order to improve the robustness
of SAS, we set the reference pattern as the imaging result
of the continuous scattering targets filling over the whole
imaging region of interest.

Figure 1. MIMO sparse planar array for wideband near-
field imaging, where the reference pattern is set to cover all
the imaging area at a fixed distance.

In addition, the proposed SAS method has the flexibility of
being implemented in optimization of the transmit subarray
and the receive subarray separately.

2 Formulation

We first consider a wideband MIMO sparse array as shown
in Figure 1, with NT transmit antennas being fixed (on
its four corners in the demo topology), and the receive
antennas being arbitrarily positioned. The N receive
elements are sampled from the 2-D dense array. Under the
Born approximation, the scattered field from the target with
Q scatterers can be expressed as,

s(k,rrr′′′T,rrr
′′′
R)=

Q

∑
q=1

σq
e−jk(|rrr′′′T−rrrq|+|rrr′′′R−rrrq|)

16π2
∣∣rrr′′′T − rrrq

∣∣ · ∣∣rrr′′′R − rrrq
∣∣ , (1)

where k = 2π f
c denotes the wavenumber, and rrr′′′T and rrr′′′R

represent the positions of transmit and receive elements,
respectively. rrrq stands for the position of the qth scatterer
with the scattering coefficient of σq. Equation (1) can be
expressed by a series of vectors with respect to k and rrr′′′T as
follows,

sss(k,rrr′′′T) = AAARk AAATk σσσ , (2)
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(4)

σσσ = [σ1,σ2, . . . ,σQ]
T . (5)

To obtain an optimization model for the synthesis of the
antenna array, we introduce here a coefficient for each
receive antenna, which constructs a sampling matrix ΨΨΨ.
Then, the echo model can be expressed by,

sss′′′(k,rrr′′′T) = ΨΨΨsss(k,rrr′′′T), (6)

where ΨΨΨ is a diagonal matrix with the diagonal elements
varing from w1 to wN representing the coefficient with
respect to each receive channel.

Using the delay-and-sum method [11], the intermediate
imaging result with respect to k and rrr′′′T can be expressed
as,

ggg(k,rrr′′′T) = ΦΦΦTk ΦΦΦRk sss′′′(k,rrr′′′T), (7)
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and rrr′′′′′′m represents the position of the mth imaging pixel with
m ∈ {1,2, · · · ,M}.

Through coherent summation of the results in (7) with
respect to all the possible k and rrr′′′T, we obtain the final
imaging result, such as,

ggg= BBBwww, (10)

where
BBB= ∑

k
∑
rrr′′′T

ΦΦΦTk ΦΦΦRk SSSk, (11)

and SSSk is a diagonal matrix with the diagonal
elements being s

(
k,rrr′′′T,rrr

′′′
R1

)
to s

(
k,rrr′′′T,rrr

′′′
RN

)
, and

www= [w1,w2, . . . ,wN ]
T .

As such, the SAS for the wideband near-field imaging
problem can then be expressed as:

www= arg
(

min
www

∥www∥0

)
s.t. ∥gggref −BBBwww∥2

2 ≤ ε, (12)

where www is the nonzero entry of excitation values, gggref
denotes the reference pattern, and ε is the tolerance to
narrow the gap between the imaging result and the desired
reference pattern. The reference pattern in this work
is arranged as the continuous point targets covering the
interested imaging region.

Usually, the above minimization will be relaxed into an
l1-norm based minimization [12, 14]. Here, we utilize
the iterative weighted l1-norm minimization approach [14],
which can be expressed as,

www(i)= arg
(

min
www

∥CCC(i)www(i)∥1

)
s.t. ∥gggref −BBBwww(i)∥2

2 ≤ ε

i = 1,2, . . . , Iiter,

(13)

where www(i) is the element weight vector in the ith iteration,
Iiter denotes the number of iterations, and CCC(i) is a diagonal
matrix with CCC(1) = III being an identity matrix. For i > 1,
we have the diagonal elements of CCC(i) varing from 1

w(i−1)
1 +µ

to 1
w(i−1)

N +µ
, where µ is a constant greater than 0, which is

utilized to avoid the singularity issue in CCC(i) when www(i) has
a very small value. In this paper, we set µ as 0.1 in all the
SAS processes.

Here, we employ the MATLAB-based CVX toolbox [15]
to solve (13). Then, the desired receive array layout with
the corresponding sparse weights is obtained. If both
the positions of transmit and receive antennas need to be
synthesized, we can fix the transmit positions and optimize
the receive positions, or vice versa.

3 Numerical Results

In this section, we compare the imaging results of the arrays
generated by the proposed method and those of the arrays
synthesized by the state-of-the-art methods.

Here we have synthesized the sparse array with more than
100 receivers, as shown in Figure 2(a). The curvilinear
array [5], the spiral array [6], and the equally spaced
sparse MIMO array are provided for comparison, whose
topologies are illustrated in Figures 2(b) to (d), respectively.
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Figure 2. MIMO array topologies: (a) the synthesized
sparse array, (b) the curvilinear array, (c) the spiral array,
and (d) the equally spaced sparse array.

The performances of the aforementioned 2-D MIMO arrays
are evaluated via the point spread functions for scatterers
repectively located at the center and edge positions of the
imaging scene, as shown in Figure 3. To further show
the details, the cross-range projections are demonstrated in
Figure 4, with the dynamic range of 60 dB. The curvilinear
and spiral arrays exhibit similar focusing performances, in
which we can observe strong sidelobes (about -10 dB) near
the main beam in both cases. The higher sidelobes may
have been caused by the circular apertures of the receive
arrays. In regard to the results obtained by the optimized
sparse array in this paper, in both the center and edge
cases, the peak sidelobe levels are both only equal to -14.1
dB, which is much lower than those of the curvilinear and
spiral arrays, but slightly larger than the sidelobe levels
of the equally spaced sparse array (approximately -14.8
dB). However, in the edge case, the equally spaced sparse
array exhibits much higher grating lobes (approximately -
10 dB), whereas the optimized array in this work shows
suppressed grating lobes smaller than -16 dB. The results
indicate the efficacy of the proposed SAS method for near-
field millimeter-wave imaging.

4 Conclusion

This paper proposed a convex optimization method for
wideband MIMO array design for near-field imaging.
An l1-norm based optimization model was constructed,
associated with a new design of the reference pattern.
We compared the performance of the synthesized MIMO
arrays with the state-of-the-art and commonly used sparse

topologies. The numerical imaging results show that the
synthesized sparse MIMO arrays in this work outperform
the other arrays with regard to flexibility, sidelobe levels,
and grating lobe suppression.
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Figure 3. 2-D imaging results of the scatterer at the center position (a–d), and at the edge position (e–h). The titles on the top
indicate different topologies corresponding to the images column by column.
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Figure 4. 1-D cross-range profiles of the scatterer at (a) the
center position, and (b) the edge position.
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