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Abstract—Microwave/millimeter-wave imaging is widely de-
sired in various applications, including remote sensing, integrated
sensing and communications, security, and biomedical imaging.
Sparse MIMO arrays, while cost-effective, often face aliasing
artifacts due to spectral distortion in non-uniform sampling.
This paper introduces an innovative optimization criterion for
non-uniform planar MIMO arrays in the wavenumber domain,
aiming at aliasing-free wideband near-field 3D imaging. We
propose the wavenumber-range spectrum (WS) of the normal
plane wave as a tool to evaluate spectral distortion in near-field
non-uniform sampling. This approach utilizes the non-uniform-
fast-Fourier-transform-based MIMO range migration algorithm
with a modified non-uniform sampling function. Simulations
show that the array, with maximum peak sidelobe ratio (PSLR) in
the WS, consistently maintains low PSF sidelobe levels for central
and edge targets, and thus achieves aliasing-free imaging.

I. INTRODUCTION

Microwave/Millimeter-wave imaging is integral to diverse
applications including remote sensing, concealed weapon
detection, target identification, nondestructive testing, scat-
tering diagnosis, vibration analysis, biomedical imaging,
and through-the-wall radar imaging. Planar multiple-input
multiple-output (MIMO) arrays with wideband signals, using
fewer antenna elements than monostatic arrays, offer a cost-
effective approach for high-resolution 3D imaging [1].

Sparse MIMO arrays further reduce costs but risk significant
aliasing artifacts, depending on the geometry of antennas.
Various techniques have been developed to mitigate these
artifacts and improve image quality, though they may distort
the target image, increase computational/system costs, or lack
generalizability [2]. One approach involves designing non-
uniform arrays optimized for a low sidelobe level (SLL) in the
point spread function (PSF). However, the PSF-based method
is unreliable, and struggles to maintain low-SLL for off-center
targets due to the space-shift-variant property of the PSF,
presenting challenges in designing non-uniform arrays that
effectively suppress aliasing across the entire region of interest.

Recently, [3] introduces a convex optimization model for
MIMO array design using compressed sensing to make the
combined 2D PSF of sparse arrays closely match that of full
arrays. But this method faces computational challenges in 3D
imaging due to the complexity of 3D PSF. To address the
PSF challenge, [2], building on the k-space analysis in [4],
applies minor random displacements to the element positions

of sparse periodic arrays. This creates a non-uniform array
that prevents coherent accumulation of aliasing components.
However, these studies primarily focus on k-space analysis of
aliasing in sparse periodic (uniform) arrays, and do not develop
a method for evaluating aliasing in non-uniform arrays.

In this paper, the WS of the normal plane wave is
introduced as a novel optimization criterion for aliasing-
free non-uniform planar MIMO array design. This spectrum
is obtained by implementing the non-uniform-fast-Fourier-
transform-based MIMO range migration algorithm (NUFFT-
based MIMO-RMA) on a modified sampling function, and its
PSLR can serve as a indicator for evaluating the degree of
aliasing.

II. WAVENUMBER-RANGE SPECTRUM
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Fig. 1. A planar MIMO array model for wideband near-field 3D imaging.

According to [1], [5], the object’s image can be recon-
structed via the MIMO-RMA:

ô(x, y, z) = − 1

2π3

∫∫∫
kytkyr
P (k)

S (k, kxt , kzt , kxr , kzr )

· ej(kxx+kyy+kzz)dkxdkydkz, (1)

where k = 2πf
c is the wavenumber, and P (k) is the Fourier

spectrum of the wideband signal. kxt , kzt , kxr , kzr are the
Fourier counterparts of element positions xt, zt, xr, zr in
the wavenumber domain. kyt =

√
k2 − k2xt

− k2zt , kyr =√
k2 − k2xr

− k2zr , kx = kxt
+ kxr

, ky = kyt + kyr
and kz = kzt + kzr . The NUFFT-based MIMO-RMA [5]
can be summarized as follows. 1. To obtain the 5D spec-
trum S (k, kxt , kzt , kxr , kzr ) from the radar measurements
s (t, xt, zt, xr, zr), a 1D FFT with respect to t and two 2D



spatial NUFFTs over the transmitting and receiving arrays
are performed. kytkyrP (k) acts as a low-pass filter and eliminates
the influence of the transmitted signal’s spectrum. 2. Then, a
data mapping from 5D grid S(k, kxt

, kzt , kxr
, kzr ) to 3D grid

S(kx, ky, kz) is implemented to facilitate the application of
the inverse Fourier transform. 3. Finally, a 1D NUIFFT along
the ky dimension followed by a 2D IFFT along kx and kz is
performed to finish the image reconstruction.

Since the MIMO-RMA [1] is derived based on the contin-
uous Fourier transform (FT), the results of the FFT for dense
uniform arrays well approximate those of the FT. However,
for non-uniform arrays, the results of the NUFFT significantly
differ from those of the FT (depending on the array geometry),
which is the fundamental cause of imaging aliasing in non-
uniform arrays. The aliasing primarily depends on the degree
of distortion in the spectrum S(kx, kz, ky), and is also affected
by the NUIFFT along the ky dimension.

The spectrum of the sampling function is a recognized
metric for evaluating the degree of spectral distortion in non-
uniform sampling [6]. The 4D sampling function for non-
uniform planar MIMO arrays can be formulated as

smp4(xt, zt, xr, zr) =

M∑
m=1

N∑
n=1

δ(xt − xt,m, zt − zt,m,

xr − xr,n, zr − zr,n), (2)

where δ() is the unit impulse signal with δ(0, 0, 0, 0) = 1
and δ() = 0 elsewhere. The physical significance of (2) is
that each channel of the MIMO array receives a signal with a
value of 1, indicating that the signals across all channels are in
phase with each other. This characteristic is a typical property
of a normal plane wave. To simulate the phase variation of a
normal plane wave with distance, especially for modeling the
echo from a target at a distance of ya, (2) is modified as

smp5(k, xt, zt, xr, zr) = e−j2kya · smp4(xt, zt, xr, zr) (3)

Unlike the far-field case [7], under near-field conditions,
there is not a direct Fourier Transform relationship between
the array element positions and the imaging results. There-
fore, we develop a new spectrum of the modified sampling
function to evaluate the near-field imaging performance of
non-uniform arrays. This specific spectrum is computed via
the steps in the NUFFT-based MIMO-RMA that involve
non-uniform sampling: 1. Perform two 2D spatial NUFFTs
on (3) over transmitting and receiving arrays to obtain
SMP5(k, kxt

, kzt , kxr
, kzr ). For small-scale imaging, the am-

plitude factors kytkyr are negligible. 2. Map data from the 5D
grid to a 3D grid, yielding SMP3(kx, ky, kz). 3. Execute a 1D
NUIFFT along ky to obtain the wavenumber-range spectrum
WS(kx, kz, y) of the normal plane wave.

Fig. 2 presents two cross-sections of the WS amplitude
pattern of a dense uniform planar MIMO array with 2601
transmitters and 2601 receivers. The pattern closely resembles
the shape of a 3D sinc function, with a unique main lobe
existing at (kx = 0, kz = 0, y = ya). Therefore, to approach
the performance of the uniform array, the PSLR of WS for

non-uniform arrays is expected to be maximized. With simula-
tion parameters identical to those in [3], the optimized 4T16R
array element positions via sequential quadratic programming
[7] and the 3D PSFs for a center target and edge target are
shown in Fig. 3. The cross range SLL is -21.1dB for the center
target and -24.4dB for the edge, which is lower than the results
given in [3]. The range SLL for 3D imaging is about -14dB,
which could potentially be reduced further through advanced
optimization techniques developed in the future.
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Fig. 2. The element positions of the uniform 2601T2601R array and the WS
amplitude cross-sections with ya = 0.5m. The array aperture is 0.5m×0.5m,
and the element spacing is 0.01m for signals in the 3-9 GHz frequency range.
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Fig. 3. The element positions of the optimized non-uniform 4T16R array and
the 3D PSFs for a center target at (0,0.5,0) and edge target at (0.5,0.5,0.5).

III. CONCLUSIONS

The simulations indicate that the optimized non-uniform
array consistently maintains low SLL in the PSF for central
and edge targets, and hence the PSLR of WS is a reliable
metric for quantifying the extent of aliasing.
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