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Abstract 

In the field of security screening imaging, millimeter-wave technology offers high imaging resolution 
and low radiation energy. However, it faces challenges such as difficulty in imaging non-cooperative 
moving targets, as well as bulky equipment and high costs. This paper proposes a high-resolution 
imaging method based on MIMO millimeter-wave radar. Firstly, the array model and slant range 
model are established, and a two-dimensional resolution scheme in range and height is constructed 
using a one-dimensional MIMO linear array and wideband signals. Then, the algorithm flow for 
MIMO millimeter-wave radar imaging is designed, and a range-domain super-resolution algorithm 
is introduced. This paper compensates for the phase coupling introduced by the transmitting array 
and target motion, and successfully achieves two-dimensional imaging of non-cooperative targets 
based on the back-projection principle. Subsequently, the influence of array errors on the imaging 
results is analyzed. This method compensates for the phase coupling introduced by the transmit array 
and target motion, and provides theoretical analysis of array arrangement errors. E Finally, the 
experimental results of the MIMO radar are analyzed. The final measured processing results show 
that the system can clearly reveal metal objects through cloth occlusion, and super-resolution 
processing yields sharper contours in the imaging of metal plates. Simulation analysis of imaging 
with array errors indicates that among the azimuth–elevation–range array position errors, the range 
array position error has a relatively significant impact. 

Keywords: MIMO millimeter-wave imaging radar; array errors; super-resolution; BP imaging; 
concealed object detection 
 

1. Introduction 

In the face of the current complex public security environment worldwide, particularly in high-
density pedestrian areas such as aviation hubs and rail transit stations, traditional security screening 
methods are confronted with significant challenges. Therefore, an imaging technology capable of 
efficiently screening concealed items carried on the human body, with non-invasive, non-stop, and 
covert characteristics, has become an urgent demand in the security field [1–4]. Although X-ray 
technology possesses imaging capability, X-ray-based detection methods are unsuitable for detecting 
concealed items on the human body due to excessive ionizing radiation, and they also raise privacy 
concerns. X-ray methods are primarily used for luggage screening [5–7]. Consequently, millimeter-
wave and terahertz imaging technologies, owing to their high resolution, non-ionizing radiation, and 
ability to penetrate clothing, have been applied in imaging detection [8–10]. 

In millimeter-wave near-field imaging, achieving sufficient signal-to-noise ratio within a limited 
observation time imposes extremely high requirements on the spatial scanning speed. Traditional 
mechanical scanning systems, constrained by physical inertia, suffer from low data refresh rates, are 
prone to imaging blur for dynamic targets, and thus fail to meet real-time imaging requirements 
[8,11,12]. In contrast, electronic scanning technology, with its microsecond-level beam switching 
speed, has become the ideal choice for achieving rapid echo accumulation. The two-dimensional 
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multiple-input multiple-output (MIMO) millimeter-wave radar developed by Rohde & Schwarz (e.g., 
the QPS series) eliminates mechanical moving components. It innovatively employs a planar sparse 
array combined with time-division multiplexing (TDM) orthogonal waveform technology, 
successfully addressing the issues of imaging speed and resolution, and achieving high-precision 
three-dimensional real-time imaging. The three-dimensional security screening imaging results are 
shown in Figure 1 [13]. However, due to the large number of channels required by the two-
dimensional array configuration, the equipment cost is high. Furthermore, completing full-aperture 
TDM transmission requires a long cycle, which extends the effective accumulation time of the system. 
Additionally, in practical hardware systems, position errors of the array antenna elements are 
unavoidable. If these non-ideal factors are not properly analyzed and calibrated, they will lead to 
defocusing of imaging results and elevated sidelobe levels, thereby severely constraining the high-
resolution imaging performance of the system [14–16]. Moreover, limited by the physical aperture 
size, the resolution of conventional algorithms is inherently constrained by the Rayleigh limit. It is 
difficult to break through the physical resolution bottleneck merely by increasing algorithm 
complexity, and this is often accompanied by high sidelobe levels, which are unfavorable for fine 
imaging of densely concealed objects. 

 

Figure 1. Three-dimensional security screening system image. 

To address the limitations of existing imaging technologies, this paper proposes a high-
resolution imaging method for non-cooperative target MIMO millimeter-wave radar. In the system 
architecture, an accurate array-target near-field slant range model is established. By leveraging 
wideband millimeter-wave signals and the virtual aperture synthesis technique of a MIMO linear 
array, the number of physical array elements is significantly reduced while achieving high-precision 
projection imaging in the range-elevation two-dimensional plane. Meanwhile, considering non-ideal 
factors in practical systems, an array error model is established, and the impact of array errors on 
imaging quality is analyzed. In the signal processing part, Doppler-domain compensation and Back-
Projection (BP) algorithms are employed to achieve target focusing [17–20]. To further overcome the 
resolution limitation imposed by the physical aperture of the array, a super-resolution processing 
algorithm is introduced [21,22]. In the experimental part, tests are conducted on a metal plate 
wrapped in a fabric bag and on a moving scenario where a human body carries the concealed object. 
These tests confirm the radar system's ability to detect metal objects through fabric obstruction and 
the improvement in imaging performance by super-resolution processing. Finally, simulation 
experiments are performed to analyze the impact of array errors on imaging. 
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2. MIMO Radar Array and Imaging Geometry Model 

2.1. Array Model 

The structure of the transmit-receive linear array in this paper is shown in Figure 2. To describe 
the spatial positions of the array elements, a Cartesian coordinate system is established as follows: 
the antenna linear array is located in the XOZ plane, where the X-axis is defined as the azimuth 
direction, the Z-axis is defined as the elevation direction, and the Y-axis perpendicular to the array 
plane is defined as the range direction. The receiving elements are centrally arranged in the middle 
of the array, while the transmitting elements are divided into two groups symmetrically placed on 
both sides of the receiving array along the Z-axis. The transmit and receive arrays are not aligned in 
the X-direction [23]. Based on the above coordinate system, the mathematical models of the transmit 
and receive arrays can be expressed as ሺ𝑥௧ ,𝑦௧ , 𝑧௧ሻ and ሺ𝑥௥ ,𝑦௥ , 𝑧௥ሻ, with the spacing between the 
transmit and receive arrays denoted as 𝑑௧௥. The number of transmit array elements is set as 𝑁௧௫ and 𝑁௧௭, with spacings 𝑑௧௫ and 𝑑௧௭ in the X and Z directions, respectively. The number of receive array 
elements is 𝑁௥௫ and 𝑁௥௭, with spacings 𝑑௥௫ and 𝑑௥௭ in the X and Z directions, respectively. In this 
paper, the array arrangement satisfies the following relationships: 

( ), 0,
t t
x z

( ), 0,
r r
x z

( ), ,
x y z

x v t y v t z v t+ + +

 
Figure 2. XOZ coordinate system array distribution model. 

⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧𝑥௧ = −𝑑௧௥2𝑦௧ = 0𝑧௧ = ቈ− ሺ𝑁௥௭ − 1ሻ𝑑௥௭2 + ൬−𝑁௧௭2 :−1൰ 𝑑௧௭, ሺ𝑁௥௭ − 1ሻ𝑑௥௭2 + ൬0:𝑁௧௭2 − 1൰ 𝑑௧௭቉𝑥௥ = 𝑑௧௥/2𝑦௥ = 0𝑧௥ = ቈ− ሺ𝑁௥௭ − 1ሻ2 : ሺ𝑁௥௭ − 1ሻ2 ቉ 𝑑௥௭

 (1)

The spacing between the transmitter and receiver satisfies 𝑑௥௭ = 𝑁௧௭𝑑௧௭/2. Accordingly, Eq. (1) 
can be further expressed as: 
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⎩⎪⎪
⎪⎨
⎪⎪⎪
⎧𝑥𝑡 = −𝑑𝑡𝑟2𝑧𝑡 = ቈ− ሺ𝑁𝑟𝑧 − 1ሻ𝑁𝑡𝑧4 + ൬−𝑁𝑡𝑧2 :−1൰ , ሺ𝑁𝑟𝑧 − 1ሻ𝑁𝑡𝑧4 + ൬0:𝑁𝑡𝑧2 − 1൰቉ 𝑑𝑡𝑧𝑥𝑟 = 𝑑𝑡𝑟2
𝑧𝑟 = ൤− ሺ𝑁𝑟𝑧 − 1ሻ2 : ሺ𝑁𝑟𝑧 − 1ሻ2 ൨ 𝑁𝑡𝑧𝑑𝑡𝑧2

 (2)

Then, the following constraints are satisfied: ቈ− ሺ𝑁௥௭ + 1ሻ𝑁௧௭4 ቉ 𝑑௧௭ ≤ 𝑧௧ ≤ ቈሺ𝑁௥௭ + 1ሻ𝑁௧௭4 − 1቉ 𝑑௧௭− ሺ𝑁௥௭ − 1ሻ𝑁௧௭𝑑௧௭4 ≤ 𝑧௥ ≤ ሺ𝑁௥௭ − 1ሻ𝑁௧௭𝑑௧௭4൬−𝑁௥௭𝑁௧௭2 ൰ 𝑑௧௭ ≤ 𝑧௧ + 𝑧௥ ≤ ൬𝑁௥௭𝑁௧௭2 − 1൰ 𝑑௧௭− ሺ𝑁௥௭𝑁௧௭ + 𝑁௧௭ሻ2𝑑௧௭ ≤ 𝑧௧ − 𝑧௥ ≤ ሺ2𝑁௥௭𝑁௧௭ + 2𝑁௧௭ − 1ሻ4𝑑௧௭
(3)

The Z-direction size of the receive sub-array 𝐷௭ and the Z-direction size of the transmit sub-
array 𝐷௭ can be expressed as: 𝐷௥௭ = 𝑁௥௭𝑁௧௭𝑑௧௭2 ,𝐷௧௭ = 𝑁௧௭𝑑௧௭2  (4)

then the following conditions are satisfied: −𝐷௥௭ + 𝐷௧௭2 ≤ 𝑧௧ ≤ ሾ𝐷௥௭ + 𝐷௧௭ − 2𝑑௧௭ሿ2−𝐷௥௭ − 𝐷௧௭2 ≤ 𝑧௧ ≤ 𝐷௥௭ − 𝐷௧௭2−𝐷௥௭ ≤ 𝑧௥ + 𝑧௧ ≤ 𝐷௥௭ − 𝑑௧௭𝑧௧ଶ + 𝑧௥ଶ ≤ 𝐷௥௭ଶ + 𝐷௧௭ଶ2−ሺ𝐷௥௭ + 𝐷௧௭ሻ ≤ 𝑧௧ − 𝑧௥ ≤ 𝐷௥௭ + 𝐷௧௭ − 14𝑑௧௭
(5)

2.2. Slant Range Model 

Based on the array model in Section 2.1, the radar received signal slant range model is 
established. The MIMO radar has a total of 𝑀 transmitting elements that transmit sequentially in 
TDM mode, and 𝑁 receiving elements receive signals simultaneously. The signal duration for each 
transmit element is 𝑇௥, and a coherent processing interval contains 𝐼 complete transmission periods. 
Therefore, the total coherent integration time of the system can be expressed as 𝑇௜ = 𝐼𝑀𝑇௥ . The 
continuous time 𝑡 can be expressed as the sum of three terms: the fast time 𝑡௥ , the time for one 
transmission period 𝑡௠, and the slow time 𝑡௜: 𝑡 = 𝑡௥ + 𝑡௠ + 𝑡௜ = 𝑡௥ + 𝑚𝑇௥ + 𝑖𝑀𝑇௥ (6)

where 𝑚 (𝑚 =  0, 1, . . . ,𝑀 − 1)  denotes the 𝑚 -th transmit element, and 𝑖 (𝑖 =  0, 1, 2, . . . , 𝐼 − 1) 
denotes the 𝑖-th transmission period. 

The target coordinates are (𝑥,𝑦, 𝑧) and the velocity can be expressed as ൫𝑣௫, 𝑣௬, 𝑣௭൯. Then the 
slant range can be expressed as: 
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𝑅 = 12 ⎣⎢⎢
⎡ට(𝑥 + 𝑣௫𝑡 − 𝑥௧)ଶ + ൫𝑦 + 𝑣௬𝑡 − 𝑦௧൯ଶ + (𝑧 + 𝑣௭𝑡 − 𝑧௧)ଶ+ට(𝑥 + 𝑣௫𝑡 − 𝑥௥)ଶ + ൫𝑦 + 𝑣௬𝑡 − 𝑦௥൯ଶ + (𝑧 + 𝑣௭𝑡 − 𝑧௥)ଶ⎦⎥⎥

⎤ ≈ 𝑅௧௥ + 𝑣𝑡 (7)

𝑅௧௥ = 12 ቂඥ(𝑥 − 𝑥௧)ଶ + (𝑦 − 𝑦௧)ଶ + (𝑧 − 𝑧௧)ଶ + ඥ(𝑥 − 𝑥௥)ଶ + (𝑦 − 𝑦௥)ଶ + (𝑧 − 𝑧௥)ଶቃ𝑣 = 12 ቈ(𝑥 − 𝑥௧)𝑣௫ + (𝑦 − 𝑦௧)𝑣௬ + (𝑧 − 𝑧௧)𝑣௭ඥ(𝑥 − 𝑥௧)ଶ + (𝑦 − 𝑦௧)ଶ + (𝑧 − 𝑧௧)ଶ + (𝑥 − 𝑥௥)𝑣௫ + (𝑦 − 𝑦௥)𝑣௬ + (𝑧 − 𝑧௥)𝑣௭ඥ(𝑥 − 𝑥௥)ଶ + (𝑦 − 𝑦௥)ଶ + (𝑧 − 𝑧௥)ଶ ቉ (8)

where 𝑅௧௥  and 𝑣  denote the initial slant range and the equivalent velocity of the target, 
respectively. Under this condition, the echo signal delay caused by target motion is expressed as: 𝜏(𝑡௥ , 𝑡௜ ,𝑚,𝑛) ≈ 2𝑐 𝑅 = 2𝑐 ሾ𝑅௧௥ + 𝑣(𝑡௥ + 𝑡௠ + 𝑡௜)ሿ (9)

The slant range 𝑅௧௥between the target and the transmit-receive array can be further expressed as 𝑅௧௥ ≈ 𝑅଴ − 12 ൣsin𝜃௫(𝑥௧ + 𝑥௥) + sin𝜃௬(𝑦௧ + 𝑦௥) + sin𝜃௭(𝑧௧ + 𝑧௥)൧
+ 14𝑅଴ ቎cosଶ𝜃௫(𝑥௧ଶ + 𝑥௥ଶ) + cosଶ𝜃௬(𝑦௧ଶ + 𝑦௥ଶ) + cosଶ𝜃௭(𝑧௧ଶ + 𝑧௥ଶ)−2sin𝜃௫sin𝜃௭(𝑥௧𝑧௧ + 𝑥௥𝑧௥)−2sin𝜃௬sin𝜃௭(𝑦௧𝑧௧ + 𝑦௥𝑧௥) − 2sin𝜃௫sin𝜃௬(𝑥௧𝑦௧ + 𝑥௥𝑦௥) ቏
+ 14𝑅଴ଶ

⎩⎪⎪
⎨⎪
⎪⎧sin𝜃௫ cosଶ 𝜃௫(𝑥௧ଷ + 𝑥௥ଷ) + sin𝜃௬ cosଶ 𝜃௬(𝑦௧ଷ + 𝑦௥ଷ)+ sin𝜃௭ cosଶ 𝜃௭(𝑧௧ଷ + 𝑧௥ଷ)+(1 − 3 sinଶ 𝜃௭)ൣsin𝜃௫(𝑥௧𝑧௧ଶ + 𝑥௥𝑧௥ଶ) + sin𝜃௬(𝑦௧𝑧௧ଶ + 𝑦௥𝑧௥ଶ)൧+(1 − 3 sinଶ 𝜃௫)ൣsin𝜃௬(𝑥௧ଶ𝑦௧ + 𝑥௥ଶ𝑦௥) + sin𝜃௭(𝑥௧ଶ𝑧௧ଶ + 𝑥௥ଶ𝑧௥)൧+൫1 − 3 sinଶ 𝜃௬൯ሾsin𝜃௫(𝑥௧𝑦௧ଶ + 𝑥௥𝑦௥ଶ) + sin𝜃௭(𝑦௧ଶ𝑧௧ଶ + 𝑦௥ଶ𝑧௥)ሿ−6 sin𝜃௫ sin𝜃௬ sin𝜃௭(𝑥௧𝑦௧𝑧௧ + 𝑥௥𝑦௥𝑧௥) ⎭⎪⎪

⎬⎪
⎪⎫ (10)

Taking the geometric center of the antenna array as the observation point, 𝑅଴ = ඥ𝑥ଶ + 𝑦ଶ + 𝑧ଶis 
defined as the slant range to the target, and 𝜃௫, 𝜃௬, and 𝜃௭are angles describing the spatial direction 
of the target, which can be expressed as 𝑠𝑖𝑛 𝜃௫ = ௫ோబ, 𝑠𝑖𝑛 𝜃௬ = ௬ோబ, 𝑠𝑖𝑛 𝜃௭ = ௭ோబ. 
2.3. Imaging Geometry Model and MIMO Radar Parameter Design 

The system performs imaging in the YZ plane, using the signal bandwidth and array aperture 
to achieve range (Y) and elevation (Z) resolution, respectively. As shown in Figure 3, to obtain range-
elevation imaging, the system employs squint imaging. The radar line of sight has a fixed squint angle 
with the target in the XY plane. By setting the squint observation angle, the target width feature is 
geometrically projected onto the range dimension. In principle, this is similar to the synthetic aperture 
radar (SAR) technique that projects the three-dimensional ground surface onto a two-dimensional 
plane. 

The MIMO millimeter-wave radar has a height of 1.2 m and a center frequency of 95 GHz. The 
system employs a 10 GHz bandwidth signal, ensuring a range resolution of 0.02 m under a range 
broadening factor of 1.2. The equivalent aperture size in the elevation direction must be no less than 
1.26 m, to ensure an elevation resolution of 0.015 m under an elevation broadening factor of 1.2. To 
optimize sidelobe performance, an 8Tx/16Rx MIMO architecture is adopted, with a Tx spacing of 1.1 
cm and an Rx spacing of 4.4 cm. Through virtual aperture synthesis, 128 equivalent elements are 
obtained, with a total equivalent physical aperture of 1.4 m [4]. The imaging distance from the radar 
to the target is 5 m, and the imaging area size is 0.5 m. 
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Figure 3. Imaging geometric relationship. 

3. Signal Processing Algorithm 

The MIMO millimeter-wave radar imaging algorithm flow is shown in Figure 4, with specific 
implementation detailed in Ref. [4]. In the MIMO millimeter-wave radar imaging algorithm flow, 
range-domain FFT is performed to achieve range focusing. However, the resolution of FFT is 
physically limited. If the spacing between two targets is smaller than the range resolution, a broad 
peak will form in the FFT spectrum, and the radar cannot distinguish the two targets. Therefore, 
when the signal bandwidth is limited, super-resolution methods are needed to improve the range 
resolution. This paper adopts the Iterative Adaptive Approach (IAA). IAA is an adaptive iterative 
algorithm based on weighted least squares, which performs spectral estimation using weighted least 
squares as the cost function. It constructs the signal covariance matrix from the spectral estimation 
results of the previous iteration, and uses its inverse as the weighting matrix in the weighted least 
squares solution. IAA does not require prior knowledge of the number of signal sources. It can 
achieve super-resolution effectively with only a few or even a single snapshot. In the imaging flow 
described above, the range FFT is replaced by IAA super-resolution. The range-domain data for all 
receive channels and all accumulated pulses in the three-dimensional range-accumulation-receive 
channel data are processed with IAA. The range-domain data is defined as 𝒙 ∈ ℂேೞ×ଵ, where 𝑁௦ is 
the number of range points. The range scanning steering matrix is defined as: 𝑨(𝑅) =[𝒂(𝑅ଵ),𝒂(𝑅ଶ),⋯ ,𝒂(𝑅௟),⋯ ,𝒂(𝑅௅)], 𝑙 = 1,⋯ , 𝐿 ， 𝒂(𝑅௟) = ൣ1, 𝑒௝ଶగ௄ೝଶோ೗/(௖௙ೞ),⋯ , 𝑒௝ଶగ௄ೝ(ேೞିଵ)ଶோ೗/(௖௙ೞ)൧் , 
where L is the total number of scanning grid points and 𝑓௦ is the sampling rate. 𝐾௥ is the chirp rate. 

Doppler-domain FFTData sorting Range pulse compression

Transmit-velocity 
coupling phase 
compensation

BP imaging for different 
velocity bins

Amplitude superposition of 
imaging results from 

different velocity bins

AD data 
acquisition

Imaging result

 

Figure 4. MIMO millimeter-wave radar imaging algorithm flow. 

The algorithm procedure is as follows: 
Initialization: Calculate the initial complex amplitude for the l-th scanning range according to: 
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𝛼௟(଴) = 𝒂ౄ(ோ೗)𝒙𝒂ౄ(ோ೗)𝒂(ோ೗) to obtain L initial power vector elements 𝒑(଴) =ቂห𝛼ଵ(଴)หଶ, ห𝛼ଶ(଴)หଶ,⋯ , ห𝛼௟(଴)หଶ,⋯ , ห𝛼௅(଴)หଶቃ୘. 
Iteration: Compute the covariance matrix for the 𝑞 -th (𝑞 ≤  𝑄 , where 𝑄  is the maximum 

number of iterations) iteration 𝑹௤ = 𝑨(𝑅)𝑑𝑖𝑎𝑔൫𝒑(௤ିଵ)൯𝑨ୌ(𝑅).Compute the complex amplitude for the 𝑙 -th scanning range 𝛼௟(௤) = 𝒂ౄ(ோ೗)(𝑹೜)షభ𝒙𝒂ౄ(ோ೗)(𝑹೜)షభ𝒂(ோ೗) , to obtain the initial power vector 𝒑(௤) =൤ቚ𝛼ଵ(௤)ቚଶ , ቚ𝛼ଶ(௤)ቚଶ ,⋯ , ቚ𝛼௟(௤)ቚଶ ,⋯ , ቚ𝛼௅(௤)ቚଶ൨୘ . Iterate until the power vector converges or the maximum 

number of iterations is reached. The complex amplitude values for all scanning ranges from the last 
iteration are obtained. Subsequently, Doppler-domain FFT and other imaging processes are 
performed. 

4. Array Error Analysis 

In this paper, the ideal array arrangement satisfies Eq. (1), but in practice, deviations from Eq. 
(1) exist due to errors. For Eq. (10), under ideal conditions where 𝑦௧଴ = 𝑦௥଴ = 0, 𝑥௧଴ + 𝑥௥଴ = 0, the 
expression can be simplified as: 𝑅௧௥బ ≈ 𝑅଴ − 12 ൣsin𝜃௭൫𝑧௧଴ + 𝑧௥బ൯൧+ 14𝑅଴ ൣcosଶ𝜃௫൫𝑥௧଴ଶ + 𝑥௥బଶ ൯ + cosଶ𝜃௭൫𝑧௧଴ଶ + 𝑧௥బଶ ൯ − 2sin𝜃௫sin𝜃௭൫𝑥௧଴𝑧௧଴ + 𝑥௥బ𝑧௥బ൯൧+ 14𝑅଴ଶ ቊsin𝜃௫cosଶ𝜃௫൫𝑥௧଴ଷ + 𝑥௥బଷ ൯ + sin𝜃௭cosଶ𝜃௭൫𝑧௧଴ଷ + 𝑧௥బଷ ൯+(1 − 3sinଶ𝜃௫)sin𝜃௫൫𝑥௧଴ଶ 𝑧௧଴ + 𝑥௥బଶ 𝑧௥బ൯ + (1 − 3sinଶ𝜃௭)sin𝜃௭൫𝑥௧଴ଶ 𝑧௧଴ + 𝑥௥బଶ 𝑧௥బ൯ቋ

(11)

The signal after MTD and phase compensation is: 𝑠(𝑓௥ ,𝑓௜ ,𝑚,𝑛) = exp ൬−j 4𝜋𝑓௢c 𝑅௧௥൰ sinc[(𝑇௥ − 𝜏௜௠)(𝑓௥ − 𝐾௥𝜏௜௠ + 𝑓ௗ)](𝑇௥− 𝜏௜௠)sinc[𝑇௜(𝑓௜ − 𝑓ௗ)]𝑇௜ (12)

After range focusing, the target energy is concentrated within the sinc signal envelope. 

4.1. Ideal Array Slant Range History 

If the array is ideal, the apparent range of the target is: 𝑅௦଴(𝑚,𝑛) = 𝑅௧௥଴ − 𝑓ௗ𝑐2𝐾௥ ≈ 𝑅௧௥଴ (13)

The distance from the grid point to the array elements is calculated based on the grid position and 
the ideal transmit-receive positions, which can be expressed as: 

𝑅௚(𝑚,𝑛) = 12⎩⎨
⎧ට𝑥 ௧଴ ଶ (𝑚) + 𝑦 ௚௬ ଶ + ൣ𝑧 ௚௭ − 𝑧 ௧଴(𝑚)൧ଶ+ට𝑥 ௥଴ ଶ (𝑛) + 𝑦 ௚௬ ଶ + ൣ𝑧 ௚௭ − 𝑧 ௥଴(𝑛)൧ଶ⎭⎬

⎫
ఏ ೒೥ୀ଴= 𝑅௚଴ − 12 𝑠𝑖𝑛𝜃 ௚௭(𝑧 ௧଴ + 𝑧 ௥଴)+ 14𝑅௚଴ ൣ𝑐𝑜𝑠ଶ𝜃 ௚௭(𝑧 ௧଴ ଶ + 𝑧 ௥଴ ଶ ) + (𝑥 ௧଴ ଶ + 𝑥 ௥଴ ଶ )൧+ 14𝑅௚଴ଶ ൣ𝑠𝑖𝑛𝜃 ௚௭𝑐𝑜𝑠ଶ𝜃 ௚௭(𝑧 ௧଴ ଷ + 𝑧 ௥଴ ଷ ) + 𝑠𝑖𝑛𝜃 ௚௭(𝑥 ௧଴ ଶ 𝑧 ௧଴ + 𝑥 ௥଴ ଶ 𝑧 ௥଴)൧

(14)

It is always possible to find a point on the grid satisfying 𝑅௚଴ = 𝑅଴ and 𝜃௚௭ = 𝜃௭. If the echo is also 
from an ideal array, then 𝑅௦(𝑚,𝑛) ≈ 𝑅௚(𝑚,𝑛), and the error between them can be expressed as: 
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∆𝑅଴ = 𝑅௚(𝑚,𝑛) − 𝑅௦బ(𝑚,𝑛)= 14𝑅଴ [sinଶ𝜃௫(𝑥௧଴ଶ + 𝑥௥଴ଶ ) + 2sin𝜃௫sin𝜃௭(𝑥௧଴𝑧௧଴ + 𝑥௥଴𝑧௥଴)]
− 14𝑅଴ଶ ቎ sin𝜃௫cosଶ𝜃௭(𝑥௧଴ଷ + 𝑥௥଴ଷ )+(1 − 3sinଶ𝜃௭)sin𝜃௫(𝑥௧଴𝑧௧଴ଶ + 𝑥௥଴𝑧௥଴ଶ )−3sinଶ𝜃௫sin𝜃௭(𝑥௧଴ଶ 𝑧௧଴ + 𝑥௥଴ଶ 𝑧௥଴) ቏ (15)

4.2. Error Array Slant Range History Error 

If the array positions contain errors, the apparent range corresponding to the target is: 𝑅௦(𝑚,𝑛) = 𝑅௧௥ − 𝑓ௗ𝑐2𝐾௥ ≈ 𝑅௧௥ (16)

where 𝑅௧௥ is given in Eq. (10). If the array errors are expressed as: 

൝𝑥௧ = 𝑥௧଴ + Δ𝑥௧𝑦௧ = Δ𝑦௧𝑧௧ = 𝑧௧଴ + Δ𝑧௧     ൝𝑥௥ = 𝑥௥଴ + Δ𝑥௥𝑦௥ = Δ𝑦௥𝑧௥ = 𝑧௥଴ + Δ𝑧௥𝑥௧ + 𝑥௥ = Δ𝑥௧ + Δ𝑥௥  (17)

then the error between 𝑅௦(𝑚,𝑛) and 𝑅௦(𝑚,𝑛) can be expressed as: ∆𝑅 = 𝑅௚(𝑚,𝑛) − 𝑅௦(𝑚,𝑛)≈ ∆𝑅଴ + 12 ൤sin𝜃௭(∆𝑧௧ + ∆𝑧௥) + sin𝜃௫(∆𝑥௧ + ∆𝑥௥)+sin𝜃௬(∆𝑦௧ + ∆𝑦௥) ൨
+ 14𝑅଴ ⎣⎢⎢⎢

⎡−cosଶ𝜃௫(2𝑥௧଴∆𝑥௧ + 2𝑥௥଴∆𝑥௥)+2sin𝜃௬sin𝜃௭(∆𝑦௧଴𝑧௧ + ∆𝑦௥𝑧௥଴)−cosଶ𝜃௭(2𝑧௧଴∆𝑧௧ + 2𝑧௥଴∆𝑧௥)+2sin𝜃௫sin𝜃௬(𝑥௧଴∆𝑦௧ + 𝑥௥଴∆𝑦௥଴)⎦⎥⎥⎥
⎤

+ 14𝑅଴ଶ ⎩⎪⎨
⎪⎧−sin𝜃௭cosଶ𝜃௭(3𝑧௧଴ଶ ∆𝑧௧ + 3𝑧௥଴ଶ ∆𝑧௥)−sin𝜃௭(2𝑥௧଴𝑧௧଴∆𝑥௧ + 2𝑥௥଴𝑧௥଴∆𝑥௥ + 𝑥௧଴ଶ ∆𝑧௧ + 𝑥௥଴ଶ ∆𝑧௥)−(1 − 3sinଶ𝜃௫)ൣsin𝜃௬(𝑥௧଴ଶ ∆𝑦௧ + 𝑥௥଴ଶ ∆𝑦௥)൧+6sin𝜃௫sin𝜃௬sin𝜃௭(𝑥௧଴∆𝑦௧𝑧௧଴ + 𝑥௥଴∆𝑦௥𝑧௥଴) ⎭⎪⎬

⎪⎫
(18)

The additional error caused by the array position difference can be decomposed into three 
components can be expressed as: ∆𝑅 = ∆𝑅௫ + ∆𝑅௬ + ∆𝑅௭∆𝑅ೝ = 12 sin𝜃௫(∆𝑥௧ + ∆𝑥௥) − 12𝑅଴ cosଶ𝜃௫(𝑥௧଴∆𝑥௧ + 𝑥௥଴∆𝑥௥)− 12𝑅଴ଶ sin𝜃௭(𝑥௧଴𝑧௧଴∆𝑥௧ + 𝑥௥଴𝑧௥଴∆𝑥௥)

∆𝑅೤ = 12 sin𝜃௬(∆𝑦௧ + ∆𝑦௥) + 12𝑅଴ ቈ sin𝜃௬sin𝜃௭(∆𝑦௧଴𝑧௧଴ + ∆𝑦௥𝑧௥଴)+sin𝜃௫sin𝜃௬(𝑥௧଴∆𝑦௧଴ + 𝑥௥଴∆𝑦௥଴)቉+ 14𝑅଴ଶ {−(1 − 3sinଶ𝜃௫)ൣsin𝜃௬(𝑥௧଴ଶ ∆𝑦௧ + 𝑥௥଴ଶ ∆𝑦௥)൧+6sin𝜃௫sin𝜃௬sin𝜃௭(𝑥௧଴∆𝑦௧𝑧௧଴ + 𝑥௥଴∆𝑦௥𝑧௥଴)}∆𝑅೥ = 12 sin𝜃೥൫∆𝑧೟ + ∆𝑧ೝ൯ − 12𝑅బ cosଶ𝜃೥൫𝑧೟బ∆𝑧೟ + 𝑧ೝబ∆𝑧ೝ൯+ 14𝑅బଶ ቊ−sin𝜃೥cosଶ𝜃೥൫3𝑧೟బଶ ∆𝑧೟ + 3𝑧ೝబଶ ∆𝑧ೝ൯−sin𝜃೥൫𝑥೟బଶ ∆𝑧೟ + 𝑥ೝబଶ ∆𝑧ೝ൯ ቋ

(19)

In this paper, 𝑅଴ = 5, 𝑥௧଴, 𝑥௥଴ ≤ 0.05, 𝑧௧଴, 𝑧௥଴ ≤ 0.36, 𝜃𝑥, 𝜃𝑦 ≤ 30°, and 𝜃𝑧 ≈ 90°. Therefore, the 
above errors can be approximated as: 
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Δ𝑅 = Δ𝑅௫ + ∆𝑅௬ + Δ𝑅௭Δ𝑅௫ = 12 sin𝜃௫(Δ𝑥௧ + Δ𝑥௥)Δ𝑅୷ = 12 sin𝜃௬(Δ𝑦௧ + Δ𝑦௥)Δ𝑅୸ = 12 sin𝜃௭(Δ𝑧௧ + Δ𝑧௥)
 (20)

Among these, the Y-direction error has the largest impact. The resulting phase error is: 𝜙 = 4𝜋𝜆 sin𝜃௬Δ𝑦 (21)

If the error takes the form of a quadratic phase error, the requirement that the phase error ≤ 𝜋/4 
leads to the position error requirement: Δ𝑦 ≤ 𝜆16sin𝜃௬ ≈ 𝜆16 (22)

In this paper, the wavelength is approximately 0.0032 m = 3.2 mm, and the position accuracy 
requirement is 0.02 mm. If the error takes the form of a random error with standard deviation 𝜎௬, the 
resulting Integrated Side-Lobe Ratio (ISLR) increment is: Δ𝐼𝑆𝐿𝑅 = ൬4𝜋𝜆 sin𝜃௬൰ଶ 𝜎௬ଶ ≈ ൬4𝜋𝜆 𝜎௬൰ଶ (23)

Therefore, if the ideal ISLR = -23.6 dB and the error-induced ISLR increment ≤ 0.5 dB, the requirement 
is 𝜎௬ ≤ 0.01 mm. 

5. MIMO Radar Imaging Experimental Results and Analysis 

5.1. Metal Plate Imaging Analysis 

Based on the above analysis, Figure 5(a) shows the actual radar prototype. The radar prototype 
is used for penetration imaging experiments. The metal plate shown in Figure 5(b) is the imaging 
target, and the metal plate is placed inside the non-woven fabric bag shown in Figure 5(c). 

   
(a) (b) (c) 

Figure 5. MIMO radar; imaging target;and obstruction. (a) MIMO radar prototype; (b) Metal plate; (c) Non-
woven fabric bag. 

The imaging results are shown in Figure 6. Figure 6(a) and Figure 6(b) present the conventional 
processing image and the range super-resolution processed image, respectively. From Figure 6(a), it 
can be observed that, except for the strong scattering characteristics exhibited by the bag opening 
zipper, the obstruction effect of the fabric bag is minimal. The outline of the internal metal plate is 
visible. The imaging algorithm accurately restored the spatial geometric position of the metal plate. 
From the range super-resolution processed imaging result in Figure 6(b), compared with Figure 6(a), 
the metal plate image has clearer edge contours. The left and right contours of the imaging result are 
sharper lines, and the edges are not blurred. 
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Figure 6. Metal plate imaging inside non-woven fabric. (a) Conventional processing image of the metal plate in 
the non-woven fabric bag; (b) Range super-resolution processed image of the metal plate in the non-woven fabric 
bag. 

5.2. Array Error Imaging Simulation Analysis 

Based on the array error theoretical analysis, imaging simulations are performed. The target 
parameters are: range 5 m, azimuth -0.3 m, elevation -0.3 m. 

5.2.1. Elevation Error 

The imaging results for different spacings are shown in Figure 7. 

ideal

 

Figure 7. Elevation imaging results. 

When errors exist in the elevation direction of the transmit elements, the imaging results and 
parameter summary are shown in Figure 7 and Table 1, respectively. The larger the elevation array 
position error, the greater the increments in the elevation ISLR and PSLR, and the imaging results 
show slight degradation compared to the ideal array imaging. 

Table 1. Parameter summary. 

Parameter Value 
Tx elevation spacing (mm) 0 0.1 0.5 1 

Signal amplitude (dB) 0 0 -0.030 -0.090 
Range resolution (m) 1.6 1.6 1.6 1.6 

Elevation resolution (m) 1.43 1.43 1.43 1.43 
Elevation PSLR (dB) -27.64 -27.43 -26.43 -25.02 
Elevation ISLR (dB) -23.63 -23.53 -21.11 -17.32 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 March 2026 doi:10.20944/preprints202603.2203.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.2203.v1
http://creativecommons.org/licenses/by/4.0/


 11 of 14 

 

Elevation grating lobe (dB) -36.94 -37.63 -34.39 -29.46 

5.2.2. Azimuth Error 

When errors exist in the azimuth direction of the transmit elements, the imaging results and 
parameter summary are shown in Figure 8 and Table 2, respectively. The larger the azimuth array 
position error, the greater the increments in the ISLR and PSLR of the elevation imaging results, and 
the imaging results show slight degradation compared to the ideal array imaging. The impact on 
range imaging results is negligible. 

ideal

 

ideal

 
(a) (b) 

Figure 8. Imaging results. (a) Range imaging results; (b) Elevation imaging results. 

Table 2. Parameter summary. 

Parameter Value 
Tx azimuth spacing (mm) 0 0.1 0.5 1 

Signal amplitude (dB) 0 0 -0.02 -0.08 
Range resolution (m) 1.6 1.6 1.6 1.6 

Elevation resolution (m) 1.43 1.43 1.44 1.43 
Elevation PSLR (dB) -27.64 -27.43 -26.48 -24.27 
Elevation ISLR (dB) -23.63 -23.46 -21.07 -17.5 

Elevation grating lobe  (dB) -36.94 -36.76 -35.58 -33.63 

5.2.3. Range Error 

When errors exist in the range direction of the transmit elements, the imaging results and 
parameter summary are shown in Figure 9 and Table 3, respectively. The larger the range-direction 
array position error, the greater the increments in the ISLR and PSLR of the elevation imaging results. 
The elevation imaging results show significant degradation compared to the ideal array imaging. The 
impact on range imaging results is negligible. 

ideal

 

ideal

 
(a) (b) 

Figure 9. Imaging results. (a) Range imaging results; (b) Elevation imaging results. 
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Table 3. Parameter summary. 

Parameter Value 
Tx range spacing (mm) 0 0.01 0.05 0.1 0.5 1 
Signal amplitude (dB) 0 0 -0.05 -0.21 -4.86 -12.82 
Range resolution (m) 1.6 1.6 1.6 1.6 1.6 1.6 

Elevation resolution (m) 1.43 1.43 1.43 1.43 1.54 1.56 
Elevation PSLR (dB) -27.64 -27.33 -25.86 -20.73 -6.58 -0.35 
Elevation ISLR (dB) -23.63 -23.25 -18.91 -14.27 0.22 9.16 

Elevation grating lobe (dB) -36.94 -36.59 -34.13 -28.93 -12.28 -1.95 

5.2.4. Summary 

Based on the above analysis, among the azimuth, elevation, and range array positions, the range-
direction array position error has the most significant impact. It primarily affects the elevation 
imaging quality, including signal amplitude, peak sidelobe, integrated sidelobe, and main lobe 
width. If the constraints require negligible resolution broadening and PSLR and ISLR degradation ≤ 
0.5 dB, the position accuracy must be 0.01 mm. 

6. Conclusion 

This paper proposes a high-resolution MIMO millimeter-wave radar imaging method for non-
cooperative targets and completes experimental validation. By utilizing the large bandwidth of 
millimeter waves and the elevation MIMO linear array, two-dimensional range-elevation imaging of 
targets is achieved, effectively addressing the existing problems of traditional mechanical scanning 
and electronic scanning technologies. To address the issue of low target imaging resolution, range 
super-resolution technology is introduced to break through the physical bandwidth limitation on 
range resolution. The theoretical impact of array errors on imaging results is analyzed. Experiments 
demonstrate that the radar system possesses excellent penetration detection capability. It can meet 
the requirements for rapid, non-contact security screening while reducing hardware costs, providing 
an effective solution for next-generation public safety screening technology. Through simulation 
analysis, this paper verifies the impact of array position errors on imaging, including signal 
amplitude, peak sidelobe, integrated sidelobe, and main lobe width, providing a theoretical basis for 
calibration of practical systems. 
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