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ABSTRACT 

 

The phase characteristics of vortex electromagnetic waves of-

fer significant potential for forward-looking radar imaging. 

Previous vortex electromagnetic wave imaging systems often 

used narrowband linear frequency modulation (LFM) signals 

to obtain range information. However, to achieve a higher 

range resolution, it is necessary to increase the signal band-

width. A commonly used method for generating vortex elec-

tromagnetic waves is utilizing a uniform circular array (UCA), 

where each array element requires a phase shifter to apply 

phase shifts, producing vortex electromagnetic waves of dif-

ferent modes. Due to the dispersion effect, for wideband sig-

nals, the phases generated by different antenna elements at 

various instantaneous frequencies do not conform to the spe-

cific phase pattern required for a particular vortex electro-

magnetic wave mode. This discrepancy causes the traditional 

imaging model to be unable to accurately describe the imag-

ing process of wideband vortex electromagnetic waves. To 

address this issue, this paper first derives the electromagnetic 

antenna pattern of wideband vortex electromagnetic waves 

and, based on this model, establishes a forward-imaging echo 

model. Finally, the proposed forward-imaging model for 

wideband vortex electromagnetic wave radar is validated us-

ing the least squares method. 

Index Terms— Orbital angular momentum (OAM), for-

ward-looking imaging, dispersion effect 

 

1. INTRODUCTION 

 

Forward-looking radar imaging has significant application 

value in autonomous aircraft landing, terrain avoidance, and 

missile guidance [1]-[4]. In recent years, vortex electromag-

netic waves carrying orbital angular momentum (OAM) have 

attracted widespread attention in forward-looking radar im-

aging due to their phase characteristics, which provide new 

degrees of freedom for signal processing [5]-[9]. There has 

been considerable research on vortex electromagnetic wave 

forward-looking radar imaging. For example, Qu et al. pro-

posed an imaging algorithm based on low-rank and sparse 

joint constraints, and completed simulation experiments with 

a bandwidth of 200 MHZ, eliminating the influence of Bessel 

functions [10]. Wang et al. introduced a target 3D focusing 

imaging method based on back-projection (BP) and spectral 

estimation, verifying the effectiveness of their method with a 

bandwidth of 600 MHz [11]. Zhang et al. proposed an itera-

tive adaptive super-resolution vortex radar imaging algorithm, 

which was validated with a bandwidth of 100 MHz [12]. 

Most of the existing studies on vortex electromagnetic wave 

radar imaging have been conducted under narrow bandwidth 

conditions, which limits the improvement of range resolution 

in 2D imaging. 

Previous studies have mostly used uniform circular array 

(UCA) and phased array (PA) technology to generate vortex 

electromagnetic waves [13]-[15]. In these systems, each array 

element is equipped with a phase shifter to introduce incre-

mental phase differences between adjacent channels. Under 

narrowband conditions, dispersion effect has little impact on 

vortex electromagnetic wave imaging. To improve range res-

olution, when wideband signals are used to generate vortex 

electromagnetic waves, we similarly aim to ensure that the 

wideband signal experiences the same phase delay through 

the phase shifters in order to maintain the ideal wavefront 

structure of the vortex electromagnetic waves. However, 

practical phase shifters cannot achieve this [17]. For wide-

band signals, significant dispersion effect lead to antenna pat-

tern distorted such as main lobe broadening, side lobe eleva-

tion, and even lobe splitting, which cause a dramatic degra-

dation in imaging quality. 

In this paper, we first derive the electromagnetic field 

model of a UCA under the dispersion effect of phase modu-

lation using wideband linear frequency modulation (LFM) 

signals and analyze the antenna pattern characteristics of vor-

tex electromagnetic waves under dispersion effect. Subse-

quently, a theoretical wideband forward-imaging echo model 

is established under the influence of dispersion effect. Fi-

nally, the validity of the proposed imaging model is verified 
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using the least squares method. 

 
Fig. 1. Antenna array configuration. 

 

2. WIDEBAND VORTEX ELECTROMAGNETIC 

WAVE ANTENNA PATTERN 

 

Vortex electromagnetic waves can be generated through var-

ious combinations of excitation sources, and in this paper, a 

UCA is used. Fig. 1 shows the configuration of the UCA, 

where 𝑁 transmitting antennas are evenly distributed along a 

circle with radius 𝑎. The phase difference between adjacent 

elements is 𝜑𝑛 = 2𝜋𝑙(𝑛 − 1)/𝑁 , 𝑛 = 1,2, … , 𝑁 , where 𝑙 
represents the OAM mode number. The receiving antenna is 

placed at the center of the circle. Assuming that the elements 

of the UCA are dipole antennas, under a single-frequency 

condition, the electric field intensity 𝐸(𝑟) at any points in 

space can be expressed as [7] 

 

𝐸(𝑟) = −𝑗
𝜇0𝜔𝑑

4𝜋
∑

𝑒−𝑖𝑘|𝑟−𝑟𝑛
′ |

|𝑟 − 𝑟𝑛
′|

𝑒𝑖𝑙𝜑𝑛

𝑁

𝑛=1

 (1) 

where 𝑗 is the current density of the dipole antenna, and 𝑑 is 

the length of the electric dipole. 𝜇0 is the permeability of free 

space, and 𝜔 and 𝑘 are the angular frequency and wave num-

ber of the monochromatic signal, respectively, where 𝑘 =
2𝜋

𝜆
, 

with 𝜆 being the wavelength. The wavelength is related to the 

frequency by 𝜆 =
𝑐

𝑓𝑐
, where 𝑐 is the speed of light and 𝑓𝑐  is 

the signal frequency. 

Using the infinitesimal dipole approximation, the magni-

tude |𝑟 − 𝑟𝑛
′| is approximated as 𝑟, and the phase approxima-

tion is given by |𝑟 − 𝑟𝑛
′| ≈ 𝑟 − 𝑎sin𝜃cos⁡(𝜑 − 𝜑𝑛) . Thus, 

the above expression can be written as 

 
𝐸(𝑟) = ⁡−𝑗

𝜇0𝜔

4𝜋

𝑒𝑖𝑘𝑟

𝑟
⁡⁡∑ 𝑒𝑖(𝑘𝑎sin𝜃 cos(𝜑−𝜑𝑛)+𝑙𝜑𝑛)

𝑁

𝑛=1

 (2) 

As 𝑁 approaches infinity, according to the definition of the 
Bessel function, (2) can be written as

 
𝐸(𝑟) = ⁡−𝑗

𝜇0𝜔

4𝜋

𝑒𝑖𝑘𝑟

𝑟
⁡⁡𝐽𝑙(𝑘𝑎𝑠𝑖𝑛𝜃)𝑒𝑖𝑙𝜑 

(3) 

where 𝐽𝑙(𝑥) represents the 𝑙-th order first kind Bessel func-

tion. 

The above derivation shows the electric field expression of 

vortex electromagnetic waves generated by phase modulation 

of a monochromatic signal. However, for vortex electromag-

netic waves imaging, high-range resolution information relies 

on transmitting wideband signals. The phase shifters con-

nected with UCA elements used to generate vortex 

electromagnetic waves are not ideal, and the phase shifts ap-

plied to different frequency components are not completely 

consistent, thus introducing significant dispersion effect. 

In order to obtain an ideal wideband vortex electromag-

netic wave or a vortex electromagnetic wave with high mode 

purity, the phase shift of each frequency point of the signal 

should satisfy 

 
𝜑𝑛 =⁡

2𝜋(𝑛 − 1)

𝑁
= 2𝜋𝑓Δ𝑡(𝑓) (4) 

where Δ𝑡(𝑓) is the delay introduced by phase shifter on a sig-

nal with frequency 𝑓. 

Phase shifting a signal is equivalent to delaying it accord-

ing to the signal's frequency. Therefore, when phase-shifting 

other frequency points based on the delay for the center fre-

quency, the phase shift 𝜑𝑛
′  is not equal to 𝜑𝑛. 𝜑𝑛

′  is expressed 

as 

 𝜑𝑛
′ = 2𝜋𝑓Δ𝑡(𝑓𝑐) (5) 

where 𝑓 is any frequency of the generated LFM signal, and 𝑓 

can be expressed as 

 𝑓 = 𝑓𝑐 + 𝐾𝑟𝑡 (6) 

where 𝐾𝑟  is the chirp rate, and 𝑡  represents the fast time. 

Therefore, 𝜑𝑛
′  can also be expressed as 

 𝜑𝑛
′ = 2𝜋(𝑓𝑐 + 𝐾𝑟𝑡)Δ𝑡(𝑓𝑐) (7) 

Based on the above phase and electric field derivation pro-

cess, substituting (7) into (2), the antenna pattern of wideband 

vortex electromagnetic waves in free space can be expressed 

as, and 𝐸′(𝑟) can be expressed as 

 𝐸′(𝑟)

= ⁡−𝑗
𝜇0𝜔

4𝜋

𝑒𝑖𝑘(𝑓)𝑟

𝑟
∫ 𝑒𝑖(𝑘(𝑓)𝑎sin𝜃 cos(𝜑−𝜑𝑛)+𝑙𝜑𝑛

′ )𝑑𝑛 
(8) 

where 𝑘(𝑓) is a function of the wave number. 

Due to the inconsistency in the signal frequencies, result-

ing in inconsistent phase modulation of the signal, it is nec-

essary to perform a transformation on it 

 
𝜑𝑛

′ =
𝑓

𝑓𝑐
𝜑𝑛 (9) 

Then, the mode 𝑙 is transformed as follows 

 
𝑙(𝑓) =

𝑓

𝑓𝑐
𝑙 (10) 

As can be seen from the above expression, the dispersion 

effect also affects the generated vortex electromagnetic wave 

modes. 

Substituting the above expression into (9), we obtain 

 
𝐸′(𝑟) = −𝑗

𝜇0𝜔

4𝜋

𝑒𝑖𝑘(𝑓)𝑟

𝑟
 

∫ 𝑒𝑖𝑘(𝑓)𝑎sin𝜃 cos(𝜑−𝜑𝑛)𝑒𝑖𝑙(𝑓)𝜑𝑛⁡𝑑𝑛

= −𝑗
𝜇0𝜔

4𝜋

𝑒𝑖𝑘(𝑓)𝑟

𝑟
𝐽𝑙(𝑓)[𝑘(𝑓)𝑎 sin 𝜃]𝑒𝑗𝑙(𝑓)𝜑 

(11) 

 

For the convenience of establishing the subsequent imag-

ing model, based on the time-frequency relationship of the 

LFM signal, 𝐸′(𝑟) can be written as 

 
𝐸′(𝑟) = −𝑗

𝜇0𝜔

4𝜋

𝑒𝑖𝑘(𝑡)𝑟

𝑟
𝐽𝑙(𝑡)[𝑘(𝑡)𝑎sin𝜃]𝑒𝑗𝑙(𝑡)𝜑 (12) 

Based on the derived antenna pattern results, it is evident 
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that when wideband LFM signals are modulated using a 

UCA, the generated pattern results in free space exhibits fre-

quency-dependent characteristics due to dispersion effect. 

When utilizing wideband LFM signals to generate vortex 

electromagnetic waves, it becomes necessary to establish a 

new imaging model to mitigate the effect of dispersion. The 

process of developing this model is detailed in Section 3. 

 

3. ECHO MODEL AND IMAGING METHOD 

 

In the previous section, we derived the dispersion effect of 

vortex electromagnetic waves based on phase-modulated 

LFM signals. From Section 2, it can be inferred that disper-

sion effect leads to distortion of the antenna radiation pattern, 

which in turn causes the super-resolution imaging model to 

fail. In this section, we establish an imaging model for vortex 

electromagnetic waves under dispersion effect in wideband 

conditions and solve the model using the least squares 

method. 

The imaging area is divided into 𝑞 rows and 𝑚 columns, 

with the total number of pixels equal to 𝑞 ⋅ 𝑚, where 𝑞 is the 

number of sampling points in the range direction and 𝑚 is the 

number of sampling points in the azimuth direction. A wide-

band LFM signal with phase modulation is transmitted using 

the UCA shown in Fig. 1, and single-antenna reception is 

used. Ignoring the constant term in (12), when the vortex 

electromagnetic waves illuminate the target 𝑃(𝑟𝑝, 𝜃𝑝, 𝜑𝑝), the 

echo signal received by the antenna can be expressed as 

 𝑆𝑟(𝑙, 𝑡) = 𝜎𝑝𝐽𝑙(𝑡)[𝑘(𝑡)𝑎𝑠𝑖𝑛𝜃𝑝]𝑒
𝑗𝑙(𝑡)𝜑𝑝 

e𝑖2𝜋𝑓𝑐(𝑡−
2𝑟𝑝
𝑐

)𝑒
𝑖𝜋𝐾𝑟(𝑡−

2𝑟𝑝
𝑐 )⁡2⁡

 
(13) 

Where 𝜎𝑝 is the backscatter coefficient at the target 𝑃. 

To achieve high-range resolution, pulse compression must 

be performed on the echo. Therefore, the echo after down 

conversion and pulse compression can be expressed as 

 𝑆𝑟𝑐(𝑙, 𝑡) = 𝐽𝑙(𝑡)[𝑘(𝑡)𝑎𝑠𝑖𝑛𝜃𝑖]𝑒
𝑖𝑙(𝑡)𝜑𝑝 

sinc [Bw (t −
2rp

𝑐
)] 𝑒−𝑗4𝜋𝑓𝑐

𝑟𝑝
𝜆

⁡
 

(14) 

Discretizing (14), the imaging area is illuminated by se-

quentially transmitting vortex electromagnetic waves with 

different OAM modes in a pulse-by-pulse manner, and the 

OAM modes spaced by 1, the above expression can be writ-

ten as 

 𝑆𝑟𝑐 = 𝐻𝜎 + 𝑛 (15) 

where 𝑛 represents the additive noise, 𝐻 is the observation 

matrix of the generated vortex electromagnetic wave in free 

space, and 𝜎 is the backscattering coefficient of the equiva-

lent scattering center of the discretized grid in the imaging 

area. 𝐻 and 𝜎 can be expressed as 

 

𝐻 =

[
 
 
 
 
ℎ𝑙1(𝑡1, 𝜑1) ℎ1(𝑡1, 𝜑2) ⋯ ℎ1(𝑡𝑇𝑝

, 𝜑𝑚)

ℎ𝑙2(𝑡1, 𝜑1) ℎ2(𝑡1, 𝜑2) ⋯ ℎ2(𝑡𝑇𝑝
, 𝜑𝑚)

⋮ ⋮ ⋱ ⋮
ℎ𝑙𝐾(𝑡1, 𝜑1) ℎ𝐿(𝑡1, 𝜑2) ⋯ ℎ𝐿(𝑡𝑇𝑃

, 𝜑𝑚)]
 
 
 
 

 (16) 

 𝜎 = [𝜎11 ⋯ 𝜎1𝑚 𝜎21 ⋯ ⋯ 𝜎𝑞𝑚]𝑇 (17) 

(a) (b) 

(c) (d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

 
(i) 

Fig.2. (a) and (c) are the near-field amplitude diagrams with instantaneous 

frequencies of 32 GHz and 40 GHz and mode -1, respectively. (e) is the near-

field amplitude diagram with instantaneous frequency of 45 GHz and mode 

2. (b) and (d) are the near-field phase diagrams with instantaneous frequen-

cies of 32 GHz and 40 GHz and mode -1, respectively. (f) is the near-field 

phase diagram with instantaneous frequency of 45 GHz and mode 2. (g), (h) 

and (i) are the OAM spectra calculated from the main lobe of (a), (c) and (e). 

where ℎ𝑙𝐾(𝑡𝑛, 𝜑𝑚)  represents the electric field excitation 

formed at azimuth angle 𝜑𝑚 by the LFM signal at fast time 

𝑡𝑛, 𝑙𝐾  indicates the 𝐾-th mode of emission, and 𝜎𝑞𝑚 repre-

sents the backscattering coefficient of the target in the 𝑞-th 

range cell and 𝑚-th azimuth cell, where [⋅]𝑇  represents the 

transpose of the matrix. 

 ℎ𝑙(𝑡𝑛)(𝑡𝓃, 𝜑𝑚) = 𝐽𝑙(𝑡𝓃)[𝑘(𝑡𝓃)𝑎𝑠𝑖𝑛𝜃]𝑒𝑖𝑙(𝑡𝓃)𝜑𝑚 (18) 

From (15), we can know, the imaging problem becomes a 
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Authorized licensed use limited to: Tsinghua University. Downloaded on November 27,2025 at 02:36:25 UTC from IEEE Xplore.  Restrictions apply. 



problem of solving linear equation. Given the observation 

matrix 𝐻  and the range-direction pulse-compressed matrix 

𝑆𝑟𝑐, the backscattering coefficient 𝜎 can be obtained by solv-

ing the following least-squares problem 

 𝜎 = argmin
𝜎

||𝑆𝑟𝑐 − 𝐻𝜎||
2

2
 (19) 

Since each imaging observation utilizes different OAM 

modes, which are mutually orthogonal, this ensures that the 

observation matrix 𝐻 is full-rank. Consequently, it becomes 

feasible to independently extract information from different 

pixels, thereby enabling super-resolution imaging. 

Differentiating (19) with respect to 𝜎 , and if 𝐻𝑇𝐻  is 

nonsingular, then the unique solution for 𝜎 can be obtained 

as follows [13] 

 𝜎 = [𝐻𝑇𝐻]−1𝐻𝑇𝑆 (20) 

By using the above equation, the focused 2D image can be 

obtained. 

 

4. SIMULATION AND RESULTS 

 

In this section, to analyze the impact of dispersion effect on 

the forward-looking radar imaging of vortex electromagnetic 

waves using wideband signals, we first simulated the antenna 

radiation patterns of vortex electromagnetic waves under dif-

ferent bandwidths. Fig. 3 shows the simulation results. 

From Fig. 2(a) and (c), it can be observed that when the 

center frequency is 36 GHz and the instantaneous frequency 

of the LFM signal is 32 GHz and 40 GHz, the intensity pat-

terns are distorted. From the phase patterns in Fig. 2(b) and 

(d), it can be seen that the phase still maintains a good linear 

relationship with the azimuth angle. However, by analyzing 

Fig. 2(g) and (h), it is found that due to the presence of dis-

persion effect, the generated vortex electromagnetic wave 

modes become impure. When the instantaneous frequency is 

45 GHz, a noticeable effect is observed. The intensity pattern 

undergoes severe distortion, and within the main lobe, the 

phase pattern loses its linear variation characteristics. Fig. 2(i) 

shows a significant mode impurity phenomenon, all of which 

seriously affect the original imaging result. 

Next, we set up a scenario with one point target, 

𝑃1(550𝑚, 0.25𝜋, 0°) in the imaging scene and verify the pro-

posed imaging model using the least squares method. The 

specific simulation parameters are shown in Table I. 
TABLE I 

SIMULATION PARAMETERS 

Parameters Value Unit 

Carry Frequency 𝑓𝑐 36 GHz 

Bandwidth 𝐵𝑤 10  GHz 

Mode Range 𝑙 -10:10  

Pulse width 𝑇𝑝 10 μs 

Array radius 𝑎 2 𝜆 

Fig. 3 shows the result obtained by solving the traditional 

imaging model using the least-squares method under the in-

fluence of dispersion effect [13]. From the result, we can see 

that normal focusing cannot be achieved due to the dispersion 

effect.  

 
Fig. 3. The traditional model uses the least squares method to image the re-

sults. 

Fig 4 (a) shows the focusing result obtained by FFT in the 

mode domain. It can be found that in the case of wideband 

signals, the existence of dispersion effect leads to increased 

side lobes and decreased resolution. Fig 4 (b) verifies this re-

sult. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.4. Imaging results. (a) FFT focusing results under the proposed model. 

(b) Azimuthal slice of (a). (c) Least squares method focusing results under 

the proposed model. (d) Azimuthal slice of (c). 

By using the least squares method results obtained in Sec-

tion 3, the imaging model proposed in this paper is solved to 

obtain the focusing result shown in Fig. 4 (c). It can be seen 

that the model proposed in this paper can still achieve good 

focusing under the influence of the dispersion effect of wide-

band signals. By comparing Fig. 4 (d) with Fig. 4 (b), we can 

easily see that under the imaging model of this paper, the az-

imuth resolution is not affected by the dispersion effect. 
 

5. CONCLUSION 

 

In this paper, a field model for generating vortex electromag-

netic waves using phase-modulated LFM signals under wide-

band conditions is established. Based on this model, a new 

model for forward-looking radar imaging is constructed. Fi-

nally, the effectiveness of the proposed imaging model is val-

idated through a least-squares method simulation experiment. 
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