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Abstract: A scanning radar based on terahertz metamaterial phased array (IMPA) is a novel
system for forward-looking imaging. In this paper, a waveform optimization method based
on random hopping frequency (RHF) and amplitude modulation is proposed to improve
the performance of TMPA scanning imaging radars. The RHF signal waveform is employed
to reduce the sidelobes of the range ambiguity function for improving the measurement
accuracy in range, while the amplitude modulation is applied to optimize the convolution
matrix composed of samples of the antenna pattern, thereby enhancing the azimuth super-
resolution. Interestingly, amplitude modulation for waveform design is based on the
criterion of minimizing the residual between the real echo and the reconstructed echo with
the limited transmission power, without any assumptions about the statistical distribution
of target scattering. The effectiveness of the proposed waveform optimization method
for enhancing the performance of a TMPA scanning imaging radar is verified through
simulations and experiments.

Keywords: amplitude modulation; random hopping frequency (RHF); scanning imaging
radar; terahertz metamaterial phased array (TMPA); waveform optimization

1. Introduction

The terahertz (THz) wave lies between the microwave and infrared frequency ranges,
with a frequency range of 0.1 THz to 10 THz [1]. A radar system that works in THz bands
has many unique properties [2—4]. It has a higher resolution compared with microwave
radars [5,6] and stronger penetrability relative to LIDAR systems [7,8]. Therefore, THz
radar imaging technology has gained significant attention within the research community.
Particularly, THz radar forward-looking imaging technology has been widely explored
by researchers due to its immense potential in various applications, including precision
guidance, terrain mapping, autonomous landing, and automatic driving [9-12]. Although
bistatic SAR and forward-looking array SAR are capable of forward-looking imaging, they
face challenges related to synchronization and limited platform space, respectively [13-16].
Furthermore, a real-aperture scanning radar can also achieve forward-looking imaging,
but it is accompanied by high system complexity and power consumption [17-19]. Conse-
quently, there is an urgent requirement for advanced antenna arrays and radar systems that
possess both cost-effectiveness and energy efficiency, thereby promoting the progression of
THz radar forward-looking imaging technology.
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In recent years, artificial composites fabricated from subwavelength patterned struc-
tures, referred to as metamaterials, have garnered substantial research interest due to
their cost-effectiveness, low power consumption, simplicity, and ability to manipulate
electromagnetic waves [20-24]. One such metamaterial is the 1-bit phase-modulation pro-
grammable metamaterial, where each unit independently introduces a 1-bit phase delay
(0° or 180°) to the incident THz wave, similar to a 1-bit phased-array antenna. Due to its
outstanding performance, the THz metamaterial phased array (TMPA) antenna is emerging
as a highly promising alternative to traditional real-aperture scanning imaging radar anten-
nas. Consequently, research on scanning imaging radars based on TMPA is increasingly
being pursued [25-29]. Despite high-distance resolution being achieved through linear
frequency-modulation signals and pulse compression, the ambiguity function exhibits
a standard sinusoidal shape, with a main lobe-to-sidelobe ratio of approximately 13 dB,
which presents challenges for engineering applications. Moreover, as far as we know, there
are no studies on azimuth super-resolution imaging by scanning radars based on a TMPA
antenna. Given that the azimuth echo is generated by the convolution of the antenna
radiation pattern and the target scattering coefficient, super-resolution in azimuth can
be obtained via deconvolution methods [30-32]. However, deconvolution is an ill-posed
problem, and current super-resolution algorithms struggle with inverse problems when
dealing with a fixed measurement matrix.

In order to further improve the performance of TMPA scanning imaging radars,
this paper presents a waveform optimization method that employs random hopping
frequency (RHF) and amplitude modulation. By leveraging RHF signals, the proposed
approach reduces the intercept probability and enhances anti-interference capabilities of
the radar system while simultaneously reducing the sampling rate. Additionally, the
optimization of the frequency set of the RHF signals effectively suppresses the sidelobes of
the range ambiguity function, enhancing the range resolution capability. Building upon
this foundation, the amplitude of the RHF signal is modulated to optimize the convolution
matrix derived from the antenna pattern and to improve the azimuth super-resolution.
Simulation and experimental results demonstrate that the performance of a TMPA scanning
imaging radar can be effectively enhanced through the waveform optimization method
combined with RHF and amplitude modulation. The main contributions of this article are
as follows:

(1) The super-resolution imaging capability of a scanning radar is studied by using an
electronically controlled TMPA antenna for the first time.

(2) The proposed waveform optimization method enhances both the range and the
azimuth resolution by employing RHF and amplitude modulation simultaneously,
thereby improving the imaging performance of the scanning radar.

(3) In contrast to conventional waveform optimization techniques, the proposed method
utilizes the minimization of residuals between real and reconstructed echoes as its
criterion, eliminating the need to assume that the target scattering characteristics
follow a Gaussian distribution, which leads to a wider applicability.

The remainder of this article is organized as follows: In Section 2, the system ar-
chitecture of the TMPA scanning imaging radar is presented. In Section 3, a waveform
optimization method based on RHF and amplitude modulation is derived to improve the
performance of the TMPA scanning imaging radar. In Section 4, the effectiveness of the pro-
posed waveform optimization method is verified using both simulation and experimental
data. Section 5 presents a concise conclusion.
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2. System Architecture of the TMPA Scanning Imaging Radar

According to the theory of the planar reflectarray, the far-field radiation pattern of a
TMPA antenna under spherical incident waves can be expressed as [33,34]

u v . )
F(g, q)) — Z Z e](k(xu sin 6 cos ¢+ sin6 cos p—Ry,p ) +u,0) 1)

u=1v=1

where 6 and ¢ are the elevation angle and azimuth angle, respectively. x;, and y, represent
the location of the unit cell in both x and y directions, and k is the wavenumber. R, ,denotes
the distance between the feeding source and each element. @, , is the compensation phase
of the unit cell located at the u-th row and v-th column, which is given by

Pup = k(Ryp — sinf(x, cos ¢ + v, sin @)) )

Considering the compensation phase quantified with one bit, @, is selected from
among 0 and 7. It can be seen from Equation (1) that beam scanning can be realized by
phase compensation of the TMPA antenna.

The scanning imaging system based on the TMPA antenna is illustrated in Figure 1,
and it mainly consists of the controlling and processing terminal, field programmable gate
array (FPGA), and the signal generation and acquisition module. The THz wave generated
by the signal generation and acquisition module is first transmitted to the TMPA antenna.
The FPGA then controls the encoding state of the TMPA antenna, modulating the wavefront
of the terahertz waves to achieve beam steering. The deflected beam is applied to scan the
whole imaging scene, and the reflected wave can be collected by the receiving antenna. The
target in the imaging area is reconstructed from the echo signal using the controlling and
processing terminal. It should be pointed out that in the same range bin, the imaging scene
in azimuth is sampled into L angles 3,,, wherem =1, ..., L.

Imaging scene

Beam scanning
TMPA antenna ,

Transmitter /ﬂ‘ Receiver

Ja.

(£

1\

_ Signal generation and
Field acquisition module
programmable S
gate array Controlling and
processing terminal

Figure 1. Schematic of the scanning imaging model based on the TMPA antenna.
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3. Waveform Optimization Method

To suppress the range ambiguity and to enhance the performance of anti-jamming, the
RHF signal composed of N monotone frequency pulses is transmitted for each scanning
angle. Supposing that the monotone frequency is randomly distributed within a given
bandwidth B that is divided into M parts, the frequency interval Af is equal to B/M.
Therefore, the signal emitted by the transmitter can be described as [35]

s(t) = 2 I'eCt(lL_TnR)ejzﬂ(fcﬂLCnAf)(tnT,)' 3
P

where T and T, are the pulse repetition period and the pulsewidth, respectively. f. denotes
the carrier frequency. t is fast time, which is related to the range information. ¢, is the
frequency hopping coefficient and is a randomly selected integer between 0 and M that
satisfies max{c,} = M and min{c,} = 0. rect(x) is a rectangular function defined by

1,0<x<1
rect(x) = { 0, others @)

For convenience, given a point target whose range and azimuth with respect to the
metamaterial antenna is R and B, respectively, the echo can be written as

sr(t) = oh(0 — Bm)s(t — 7). ®)

where o is the scattering coefficient of the target and T = 2R /c is the echo delay, in which ¢
is the speed of light. h(6 — B;;) represents the antenna pattern. The echo signal is processed
by the matching filter, and the result (that is, the ambiguity function) can be described as

x(t) = [TZs(t)sy * (H)dt

N-1 — .
=ah(0—pu) 'S £ rect(tTZE)eﬂ“(chnAf)(tnTr)

.N_lrect ﬂ e R2m(fetenAf) (t=T—mTy) g4
m=0 Tp

6
= oh(0 — Bm) 6)
. j—ozo Nil Nz—l 27 fetenAf) (t=nTy) p=i27(fet-ensf) (E—T—mTy)

n=0 m=0

—nT, t — 7 —mT,
'rect(t " r)1‘ect<7’-mr>dt
TP TP

Let p = m — n; when p is equal to 0, the ambiguity function represents the autocor-
relation function (i.e., the center range ambiguity function) for each pulse, which can be
simplified as follows:
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Equation (7) suggests that the range ambiguity function is only related to the time
delay T and the frequency set of the RHF signal when the scanning angle is fixed, while
the transmission sequence of the pulse frequency has no influence on that. Once the
frequency set of the RHF signal is selected, the range ambiguity function is also unique. As
a result, the sidelobes of the range ambiguity function can be suppressed by optimizing the
frequency combination using the Differential Evolution (DE) algorithm, thereby obtaining
the high-range resolution. The specific optimization process is illustrated in Algorithm 1.

Algorithm 1. Algorithm of waveform optimization for enhancing the range resolution.

Step 1: Initialize the frequency set;

Step 2: Calculate the range ambiguity function according to Equation (7);

Step 3: Calculate the value of the objective function (the lowest sidelobe);

Step 4: Determine whether the terminational condition is met;

Step 5: If the conditions are not satisfied, update the frequency set via crossover,
mutation, and so on;

Repeat step 2 to step 5 until the termination condition is met;

Output: The frequency set.

From Equation (5), it can be seen that the azimuth echo in one range unit is a con-
volution of the antenna radiation pattern and the target scattering coefficient and can be
expressed in the form of matrix multiplication

y = Hx+n. (8)

where vy = [y1, ¥2, ..., yM]T denotes the echo signal with length M, x = [0y, 02, ..., or]”
is the scattering coefficient at the grid point of the imaging scene, and n = [ny, ny, ...,
]t represents the noise, which follows a Gaussian distribution. Matrix H represents the
measurements of the antenna pattern with size M x L and is written as

[h(61—B1)  h(61—PB2) ... h(61—Pr)
h(6y —B1) h(02—PB2) ... h(6—PBL)

|1(Om — B1)  h(Om — B2) h(0m — BL) MxL
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where M represents the number of azimuth scans conducted in the imaging scene, and L
denotes the number of sampling points in the antenna pattern.

The azimuth super-resolution can be achieved by accurately recovering x using al-
gorithms for solving the inverse problem, which break through the limitations of the real
aperture. In order to further improve the azimuth resolution and enhance the performance
of the imaging system, the amplitude of the transmitted signal in each scanning direction is
modulated to optimize the convolution matrix H. This procedure is equivalent to multi-
plying a diagonal matrix on the left side of the convolution matrix H; thus, Equation (8) is
rewritten as [36]

y1 =aHx+n (10)

where « represents a diagonal matrix whose diagonal elements are comprised of the
amplitude of the RHF signal. A more accurate value of x can be obtained by changing
the diagonal elements of matrix « under some constraints such that the amplitude of the
transmitted signal is of finite value, i.e., the waveform optimization for enhancing the
azimuth super-resolution.

According to the solution principle of the inverse problem, the precision of recovering
x from y; can be greatly improved by minimizing residuals. Therefore, the waveform
optimization problem can be transformed into the minimization problem of the residual,
and the objective function can be expressed as

argmin{||aHx, — y1||2 + g(x¢) }

s.t. tr(aa®) < P an

"1

where the superscript and tr(-) represent the conjugate and trace of the matrix, re-
spectively. x. denotes the target scattering coefficient restructured by the super-resolution
imaging algorithm at each iteration. In other words, the target scattering coefficient x.
is recovered when given a diagonal matrix a. g(x¢) is the prior information of the target,
which can shorten the time needed to find the optimal waveform. If g(x.) is not available in
advance, it can be removed. p is a fixed power value, which limits the transmitted power
of the imaging system.

The above-mentioned objective function cannot be solved directly. Alternatively, the
DE algorithm can also be employed to find the optimal diagonal matrix. This is because the
DE algorithm is simple to implement, and it has the ability to find global optimal solutions
rapidly when dealing with complex problems [37,38]. The detailed procedure for solving
the optimization problem in Equation (11) is shown in Algorithm 2.

Algorithm 2. Algorithm of waveform optimization for enhancing the azimuth
resolution.

Step 1: Initialize a diagonal matrix «;

Step 2: Update the matrix x. by solving Equation (10) with the CS algorithm;

Step 3: Calculate the value of the objective function according to (11);

Step 4: Determine whether the termination condition is met;

Step 5: If the conditions are not satisfied, update « via crossover, mutation and so on;
Repeat step 2 to step 5 until the termination condition is met;

Output: The optimal matrix ox.
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In summary, the optimal combination of the frequency set and amplitude of the
transmitted signal can be found by solving the corresponding objective function with the
DE algorithm; thus, the optimal waveform can be obtained. This optimal waveform can be
mathematically expressed as

R t—nTe\ on(fotendf)(t—nTy)
s(t) = A(0) ) rect(T)eJ cten r (12)
n=0 p

where A(f) represents the amplitude of the transmitted signal, which changes with the
scanning angle 6.

4. Simulations and Experimental Results

In this section, we describe the simulations and experiments performed to evaluate
the effectiveness of the aforementioned waveform design methods. The performance of
the imaging system was also compared under the waveform optimization and primary
waveform conditions.

4.1. Simulation Results of Waveform Optimization

To verify that the performance of scanning imaging based on the TMPA antenna is
improved using the proposed waveform optimization methods, we first carried out a
simulation. The main parameters of the imaging system in this simulation are illustrated in
Table 1. The simulated normalized pattern of the TMPA antenna with 32 x 32 elements at
340 GHz is shown in Figure 2a. It can be observed that the TMPA antenna has the ability to
steer the THz beam, and when the beam scanning increases from 35° to 55° with step of
5°, the half-power (i.e., 3 dB) beamwidth is slightly increased. The 3 dB beamwidth of the
TMPA antenna at the beam scanning angle of 45° is 4.5°, as shown in Figure 2b. Importantly,
the beam steering angle of 45° was selected as the center of the azimuth imaging scene
because it corresponds to the center of the scanning area.

Table 1. Simulated parameters.

Parameters Value
Element number 32 x 32
Scanning area 35~55°
Scanning step 0.5°
Center frequency 330 GHz
Bandwidth 140 GHz
Frequency interval 0.175 GHz
Amplitude modulation range 0.4~2

The original scene contained three point targets, as depicted in Figure 3a. It can be
observed that there are two points at (44.6°, 0.448 m) and (45.4°, 0.448 m), and the remaining
point is positioned at (45.4°, 0.453 m). Note that the widths of the targets in azimuth are 0.8°,
which is significantly less than the 3 dB beamwidth of the TMPA antenna. To demonstrate
the performance enhancement of the imaging system through waveform optimization, the
range profile under the stepped frequency waveform was initially reconstructed by inverse
discrete Fourier transform (IDFT). The simulation results are shown in Figure 3b. Intuitively,
the point targets at adjacent distances can be accurately distinguished. However, there are
high sidelobes between the peaks. This is due to the fact that the range ambiguity function
of the stepped frequency signal exhibits a standard sinc(x) shape, which contributes to the
high sidelobe level, as shown in Figure 3c.
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Figure 2. The simulated normalized antenna pattern at 340 GHz for (a) different scanning directions

and (b) a 45° scanning angle.
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Figure 3. (a) The original scene. (b) The range profile results and (c) range ambiguity function of the
imaging system with the stepped frequency waveform.

In order to suppress the range ambiguity and to reduce the sampling frequency, while
ensuring optimal waveform performance under the condition that the number of frequency
points in the stepping frequency matched that of the RHF. Only 161 frequency points
are randomly extracted from 801 frequency sampling points during the waveform op-
timization. It should be emphasized that the waveform optimization method employs
the Differential Evolution algorithm. The initial frequency set comprises 161 frequency
points, the population size is set to 50, and the number of iterations is 200. During each
iteration, individual selection is guided by a fitness function aimed at minimizing the
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sidelobes of the range ambiguity function. The range profile is calculated by IDFT based
on zero filling, and the detailed solution process is as follows: First, 161 random sampling
frequency points are sorted by location from smallest to largest. Then, the matrix Z is
initialized as a zero matrix with a size of 801 x 1. The echo signal at the 161 frequency
points is placed in their corresponding positions within matrix Z. Finally, matrix Z is
subjected to IDFT. Figure 4a shows the range ambiguity function under the optimized
waveform, which is calculated by Equation (7). It is evident that the sidelobe level is sup-
pressed due to the optimization of the random frequency set achieved by the DE algorithm
compared with the range ambiguity function under the stepped frequency waveform in
Figure 3c. As a result, the range profile performance of the RHF signal is improved com-
pared with the imaging system that utilizes a stepped frequency waveform, as depicted in

Figure 4b.
0 1
5 0.9+ /
-10 0.8 0.448
a 15 | 0.7
- @
=) 25 g 0.6
E 20 £ o5}
=3 Eo4
| 0.3
s 0.2}
p 0.1}
-55 .
@ 1 0 . 0.4 0.41 0.42 0.43 0.44 0.45 0.46 0.47 0.48 0.49 0.5
_ R
Time delay (s) (10710 al;;ge (m)
(a) (b)

Figure 4. (a) The range ambiguity function and (b) range profile results of the imaging system with
an RHF waveform.

After achieving high-range resolution, the super-resolution in the azimuth was stud-
ied. According to Section 3, the optimal waveform in azimuth can be obtained by solving
Equation (11), thereby enhancing the imaging performance. Here, in order to better illus-
trate the enhancement of imaging performance through waveform optimization, different
super-resolution imaging algorithms were applied to reconstruct the targets in differ-
ent azimuths within the range bin before waveform optimization. Figure 5 presents the
reconstruction results of the Iterative Hard Thresholding (IHT), Alternating Direction
Method of Multipliers (ADMM), Truncated Singular Value Decomposition (TSVD), and
hybrid L;-L, regularization algorithms when the target distance is 0.448 m. It is evident
that none of these methods are able to distinguish point targets separated by 0.8° in the
azimuth direction.

Next, taking the IHT algorithm as an example, the reconstruction results after wave-
form optimization are presented, as shown in Figure 6. Fortunately, when the optimized
waveform is used, the target can be accurately reconstructed, indicating that the proposed
waveform design method can effectively improve the resolution in azimuth. And the
super-resolution factor, which is equal to 5.625, is obtained by dividing the 3 dB beamwidth
of 4.5° by the azimuth resolution angle of 0.8°.
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Figure 5. The target reconstruction results of different algorithms. (a) IHT algorithm. (b) ADMM
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Figure 6. Results of the super-resolution method with waveform optimization.

The IHT algorithm was further applied to reconstruct the target with different azimuth

at a distance of 0.453 m. As observed in Figure 7a, there was only one point target located

at 45.4°. By merging the range and azimuth super-resolution results together, a two-

dimensional (2-D) super-resolved image could be obtained, as shown in Figure 7b. It can

be observed that the imaging scene is accurately reconstructed, indicating that the super-

resolution capability of the imaging system can be enhanced through the combination of

random hopping frequency and amplitude modulation for waveform optimization.
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Figure 7. Imaging results with waveform optimization. (a) Reconstruction of azimuth within the
range unit containing 0.453 m. (b) 2-D image formed from the angle and range data.

4.2. Experimental Results of Waveform Optimization

In this section, an experiment was conducted to further verify the effectiveness of
the proposed waveform optimization method. The experimental THz scanning imaging
system is composed of the vector network analyzer, an S-parameter test module, the TMPA
antenna designed in [29], an off-axis parabolic mirror, field-programmable gate-array wave-
control components, a rotating platform, and an imaging resolution board, as depicted in
Figure 8a. The THz wave emitted by the feed source is collimated by the parabolic mirror
off-axis to the TMPA antenna, which is controlled by a field-programmable gate array.
The incident THz wave is modulated by the TMPA antenna to realize beam scanning of
the region of interest on the resolution board, and the reflected waves are collected by a
detector. The system parameters of the experiment are basically consistent with that of the
simulation, and the measured beam scanning performances at 340.5 GHz are presented in
Figure 8b. It can be seen that the 3 dB beamwidth of the measured normalized patterns
is larger than that of the simulation normalized patterns, and the 3 dB beamwidth at a
scanning angle of 45° is 6.5°. This discrepancy may be attributed to an inaccurate phase
resulting from sample processing and imprecise angle measurements due to the rotating
platform [23].

jarabolic mirror! 1"

10cm ‘h

Normalized Pattern (dB)

[—39° —45°

49°|

=35+

’ 35 37 39 41 43 45 47 49 51 53 55
Theta (deg)

(b)

Figure 8. (a) Photograph of the experimental TMPA antenna-based imaging system. (b) The measured
normalized patterns at 340.5 GHz.

Figure 9a presents the target to be resolved in the range direction, which consists
of two metal plates separated by a distance of 8 mm. By directly applying IDFT to the
echo signals of the target at 801 frequency points arranged in sequence, a one-dimensional
range image under a stepped frequency waveform can be obtained, and the result is shown
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in Figure 9b. It can be seen that the two point targets can be distinguished byh distance
and have a relative distance of 8.4 mm. However, there are high sidelobes near the peaks,
which may cause the two targets to be indistinguishable when the distance between them is
further reduced. Figure 9c shows the range ambiguity function after applying the optimized
waveform, whose sidelobe is effectively suppressed. Therefore, a one-dimensional range
image with higher performance is obtained, as shown in Figure 9d. The sidelobe of the
obtained one-dimensional range image is significantly reduced compared with that from
using the stepped frequency waveform. This proves that waveform optimization can
achieve higher range resolution and requires fewer sampling frequency points.

0.9 " 0.3343 [ 0.3427

0.2+
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0
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(©) (d)

Figure 9. (a) The target to be resolved in range. (b) The experimental range profile results with the
stepped frequency waveform. (c) The range ambiguity function and (d) range profile results of the
imaging system with an RHF waveform.

Subsequently, experiments were conducted to verify the enhancement in the azimuth
super-resolution imaging performance through waveform optimization. Figure 10 presents
the target that was imaged, which consists of two vertical metal bars surrounded by
absorbing materials. The angular deviations of the inner edge and outer edge of these two
metal bars with respect to the center of the TMPA antenna were 1.6° and 4.83°, respectively.
Since the azimuth imaging resolution unit of the system was set to 0.5°, the theoretical angle
difference of the point target obtained from the inversion was expected to be 2°,2.5°, 3°,
3.5°,4°, or 4.5°. The IHT algorithm was utilized to reconstruct the images with and without
waveform optimization, and the results are shown in Figure 11. Figure 11a indicates that the
target was successfully reconstructed with super-resolution under the stepped-frequency
waveform, and the super-resolution multiple was 2.167. However, there was a significant
intensity difference at the two angles of 44° and 47°, indicating inaccurate retrieval of the
target scattering information. On the other hand, with waveform optimization, not only



Remote Sens. 2025, 17, 1595 13 of 18

was azimuth super-resolution of the two metal strips achieved but the target scattering
intensity information was accurately reconstructed, as shown in Figure 11b.

Figure 10. The resolution board with widely spaced metal strips for imaging.
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Figure 11. The experimental results of azimuth super-resolution in the scanning imaging system
(a) without and (b) with waveform optimization.

To evaluate the super-resolution capability of the imaging system for the target, a
more detailed target is presented in Figure 12. The inner edges and outer edges of the two
metal strips form angles of 1.07° and 3.22°, respectively, with respect to the center of the
TMPA antenna. Consequently, the reconstructed target has an angular difference of 1.5°,
2.0°,2.5°, or 3.0° in the azimuth. Figure 13a,b present the results of target reconstruction by
the IHT algorithm with and without waveform optimization, respectively. Clearly, both of
them successfully achieve azimuth-angle resolution of the two metal bars, with a resolution
angle of 1.5°. The super-resolution factor is equal to 4.333. However, the difference lies
in the fact that the target intensity reconstructed after the waveform optimization is more
accurate, indicating a significant enhancement in imaging performance.
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Figure 12. The resolution board with narrowly spaced metal bars for imaging.
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Figure 13. The experimental results of azimuth super-resolution in the scanning imaging system
(a) without and (b) with waveform optimization.

Figure 14 presents an additional experimental scenario to further illustrate the enhance-
ment in TMPA scanning radar performance achieved through the proposed waveform
optimization algorithm. As shown in Figure 14a, the radar system consists of a central con-
trol and signal processing terminal, a TMPA antenna, a THz RF frontend, and a receiving
antenna. Three corner reflectors are placed as targets, with one positioned at 7 m and the
other two at 7.35 m. These two reflectors are spaced 9 cm apart in the azimuthal direction,
as depicted in Figure 14b.

THz RF front-end

= e oS0 €SO ¢
oo o oo e e o 54 =

Figure 14. Experimental setup. (a) Radar systems. (b) Target scenario.
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Table 2 presents the radar system parameters based on the TMPA antenna. After
performing pulse compression on the radar echoes, super-resolution imaging in the az-
imuthal direction is conducted for two range cells containing targets. Figure 15a shows
the reconstructed result for the first range bin before waveform optimization, where only a
single point target is observed. When the IHT algorithm is applied to reconstruct the target
in the second range bin, the two point targets cannot be distinguished, as illustrated in
Figure 15b. However, through the proposed waveform optimization method, two point tar-
gets separated by 9 cm can be accurately reconstructed, as shown in Figure 15c. This further
validates the effectiveness of the proposed waveform optimization approach. Figure 15d
displays the two-dimensional imaging result after waveform optimization, where it is
evident that the imaging result aligns with the target scenario.

Table 2. Radar system parameters.

Parameters Value
Element number 48 x 48
Scanning area —5~2°
Scanning step 0.2°
Center frequency 216 GHz
Bandwidth 900 MHz
Signal timewidth 20 us
1 IHT Algorithrp 1 IHT Algorithm
0.9+ 1 0.9+
0.8+ : 0.8+
0.7f : 0.7+
206! . < 06"
= 2
205 ] 205
j 04" ] E 04+
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0.2t : 0.2+
0.1F 1 0.1+
0 : 0 :
2 15 -1 05 0 05 1 15 2 2 15 -1 05 0 05 1 15 2
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(a) (b)
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Figure 15. (a) Imaging result of the first range cell before waveform optimization. (b) Imaging result
of the second range cell before waveform optimization. (c) Imaging result of the second range cell
after waveform optimization. (d) Two-dimensional imaging result after waveform optimization.
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5. Conclusions

In this paper, a waveform design method based on RHF and amplitude modulation is
proposed for enhancing the performance of a TMPA scanning imaging system. The optimal
frequency set within a certain bandwidth is obtained by optimizing the range ambiguity
function of the RHF signal through the DE algorithm, thereby achieving a high-resolution
range profile. On this basis, the waveform of the TMPA scanning imaging system is further
optimized by using amplitude modulation to minimize the residual between the real echo
and the reconstructed echo so as to improve the azimuth super-resolution performance. By
incorporating RHF and amplitude modulation, the imaging performance of the system can
be enhanced effectively, and two-dimensional super-resolution images are obtained. The
simulation and experimental results show that compared to the stepped-frequency wave-
form, the optimized waveform generated by the proposed method effectively suppresses
range ambiguity in the range, achieving higher resolution and better imaging quality in
the azimuth.
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