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Frequency-Dependent Vortex Electromagnetic
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Abstract—Vortex electromagnetic (EM) wave radars provide a
promising solution to forward-looking imaging with high azimuth
resolution, while the previous systems require multiple radar pulses
or complex hardware to transmit vortex EM waves carrying dif-
ferent orbital angular momentum (OAM) modes. To address this
problem, a frequency-dependent vortex EM wave imaging method
is proposed in this paper, in which frequency-dependent OAM
modes carried by a single radar pulse are generated by a simple
structure consisting of time delay units and a uniform circular
array (UCA). In the receiver, an image construction method is pro-
posed to address the frequency and OAM mode coupling, enabling
fast imaging from a single radar pulse echo. A theoretical model is
established, and numerical simulation is conducted to investigate
the properties of frequency-dependent vortex EM waves and verify
their feasibility for 2-D forward-looking imaging. The proposed
method provides important technical support for efficient vortex
EM wave imaging radars.

Index Terms—Orbital angular momentum (OAM), radar
imaging, vortex electromagnetic (EM) wave.

I. INTRODUCTION

RADAR imaging is crucial for applications such as space
target monitoring, remote sensing mapping, and ocean

observation, etc. [1], [2]. Recently, vortex electromagnetic (EM)
waves carrying orbital angular momentums (OAM) have gained
significant interest because of their vortex-shaped phase front,
offering a new degree of freedom in radar detection and imaging
[3], [4], [5], [6]. This allows vortex EM wave radar to overcome
the azimuth resolution limit in traditional forward-looking radars
by exploiting the dual relation between OAM mode and azimuth
angle [7], [8], [9], [10], [11], [12], [13], [14], [15], [16]. Hitherto,
a lot of work has been conducted on the vortex EM wave radar,
including imaging models and algorithms [17], [18], [19], [20],
[21], [22], [23], as well as OAM beam steering methods [24],
[25], [26].

Previously, most of the vortex EM wave radars employed
a uniform circular array (UCA) and phased array technique
to generate vortex EM waves. In these systems, each array
channel has a phase shifter to introduce incremental phase shifts
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Fig. 1. Schematic diagram of the frequency-dependent vortex EM wave radar.

between adjacent channels. To generate different OAM modes,
time-division multiplexing (TDM) technique is usually adopted
to alter the phase shifts of the UCA at different radar pulses
[5]. Consequently, in order to get a complete image frame,
multiple radar pulses should be transmitted to encompass a broad
OAM spectrum. This time-consuming process lowers the radar
imaging speed and makes it difficult for imaging fast-moving
targets. A possible solution is using multiring arrays to simul-
taneously generate vortex EM waves carrying different OAM
modes, but this significantly increases the system complexity
and cost, requiring specialized array designs [27], [28], [29].

In this letter, we propose a frequency-dependent vortex EM
wave imaging method that significantly enhances the efficiency
of vortex EM wave radars. The system generates vortex EM
waves with frequency-dependent OAM modes by a simple struc-
ture consisting of a set of time delay units and an UCA, enabling
the transmission of multiple OAM modes within a single radar
pulse. At the receiver, an image construction method is proposed
to address the frequency and OAM mode coupling, allowing for
fast imaging from a single radar pulse echo. A theoretical model
of the proposed frequency-dependent vortex EM wave imaging
is established. Numerical analyses are conducted to investi-
gate the EM field characteristics of the frequency-dependent
OAM beams, and target imaging is also simulated to verify
the feasibility of forward-looking imaging with the proposed
frequency-dependent vortex EM wave radar.

II. PRINCIPLE

A. Frequency-Dependent Vortex EM Wave Radar

Fig. 1 shows the schematic diagram of the frequency-
dependent vortex EM wave radar in which N transmit antennas
compose an UCA and a single receive antenna (Rx) located at the
center of the UCA is used to collect the echoes. In the transmitter,
a broadband stepped-frequency (SF) signal is generated by an
electrical signal generator. This SF signal contains M sub-pulses
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within one pulse, and it is expressed as

St(m, t) = rect (t/Tpm) exp [j2πfmt] (1)

where m = 0, 1, …, M-1. The term rect(t/Tpm) represents
a rectangular window with Tpm as the sub-pulse duration. In
addition, fm = f0+mΔf is the frequency of the mth sub-pulse
where f0 is the initial frequency and Δf is the frequency step.
This SF signal is divided into two branches by a 1 × 2 power
divider. The upper branch is further divided into N channels
using another 1×N power divider. Subsequently, N independent
time delay units are used to introduce step-like time delays to
the signals in different channels. Specifically, the time delay of
the nth channel is t0 + nΔt, where t0 is the reference time delay
and Δt is a fixed time delay step between adjacent channels.
Here, the maximum delay difference (N−1)Δt is controlled to be
less than the sub-pulse duration Tpm, which ensures the signals
transmitted by all the array elements have the same instantaneous
frequency. In this case, the signal in the nth channel is given by

Stn(m, t) = rect [(t+ t0 + nΔt) /Tpm]

× e[j2πfm(t+t0+nΔt)] n = 0, 1, · · · , N−1. (2)

In the 3-D coordinate system with the center of the UCA as
the origin, the azimuth angle of the nth antenna is φn = 2πn/N.
When multichannel signals with a time delay step of Δt are
transmitted by the UCA, the normalized electric field for the
mth sub-pulse at position P(r, θ, φ) in the far field is

E (m) =

N−1∑
n=0

ej2πfm(t+t0+nΔt−|r−rn|/c)

|r− rn| (3)

in which r = r · r̂, c is the propagation speed of the EM wave
in the atmosphere and rn denotes the position vector between
position P and the nth antenna, with r̂ being the unit direction
vector of r. Based on the infinitesimal dipole approximation
[6], the amplitude and phase of |r-rn| can be approximated as r
and r-asinθcos(φ-φn), respectively, where a is the radius of the
UCA. With these assumptions, the electric field in (3) can be
approximately expressed as

E (m) =
1

r

N−1∑
n=0

ej2πfm[t+t0+nΔt−(r−a sin θ cos(φ−φn))/c]

=
ej2πfm(t+t0−r/c)

r

N−1∑
n=0

ej2πfma sin θ cos(φ−φn)/cejnΔψ(fm)

(4)

where

Δψ(fm) = 2πfmΔt. (5)

Then, let

l(fm) =
Δψ(fm)

2π/N
=

2πfmΔt

2π/N
= NfmΔt. (6)

Equation (4) is rewritten as

E (m)=
ej2πfm(t+t0−r/c)

r

N−1∑
n=0

ej[2πfma sin θ cos(φ−φn)+l(fm)φn]

≈ Nj−l(fm)

r
ej2πfm(t+t0−r/c)ejl(fm)φJl(fm) (2πfma sin θ)

(7)

in which Jl(fm)(.) is the l(fm)th-order Bessel function of the
first kind. Derived from the phase term of ejl(fm)φ, the emitted
signal is a vortex EM wave carrying OAM and l(fm) is the

OAM mode number. From (6), it is evident that the OAM mode
of the generated vortex EM wave is jointly determined by the
frequency fm and the time delay step Δt. Since the time delay
step Δt is fixed, the OAM mode carried by the vortex EM wave
varies as the instantaneous frequency changes, i.e., the generated
vortex EM wave is frequency-dependent.

In most cases, vortex EM wave radar uses integer OAM modes
for image construction. To ensure that the generated vortex EM
waves carry continuous integer OAM modes in the proposed
system, the SF signal generator must be designed based on the
following criteria:

l(f0) = Nf0Δt ∈ Z, l(Δf) = NΔfΔt = 1 (8)
where Z denotes the set of integers. Satisfying (8) requires

f0 ∈ Z

NΔt
,Δf =

1

NΔt
. (9)

On the other hand, the UCA possesses finite element number,
which discretely samples the spatial phase around the circum-
ference [30]. According to the Nyquist sampling theorem, the
achievable integer OAM mode is constrained by the number of
antenna elements, N, in the UCA, i.e.,
l ={{

l1, l2, . . . , lN
∣∣−N−1

2 ≤ ln ≤ N−1
2 , ln ∈ Z

}
, if N is odd{

l1, l2, . . . , lN
∣∣−N

2 ≤ ln≤ N
2 −1 , ln ∈ Z

}
, if N is even

(10)
where l1 and lN represent the minimum and maximum OAM
modes, respectively. Supposing the SF signal has a sufficiently
large frequency sweeping range, the OAM mode of the generated
vortex EM wave undergoes rapid periodic variations as the
frequency is swept. Assuming that the OAM mode varies with a
frequency period ofηf, the following equation should be satisfied

|l(fm + ηf )− l(fm)| = |N (fm + ηf )Δt−N (fm)Δt|
= NηfΔt = N. (11)

Thus,

ηf =
1

Δt
. (12)

B. Frequency-Dependent Vortex EM Wave Imaging

For conventional vortex EM radars, the targets are typically
illuminated by multiple radar pulses carrying different OAM
modes [5]. This indicates the image construction is done after
transmitting and receiving multiple radar pulses. In contrast,
the proposed frequency-dependent vortex EM radar transmits
multiple OAM modes within a single radar pulse, enabling more
efficient image construction from a single pulse echo. Assuming
the target is composed of D scattering points. The scattering
coefficient of the dth (d = 1, 2,···, D) scattering point is βd, and
its location is (rd, θd, φd). The echoes captured by the receive
antenna can be expressed as

Sr (m) = Nj−l(fm)
D∑
d=1

βm
rdrd′

Jl(fm) (2πfma sin θd)

× ej2πfm(t+t0−rd−rd ′)/cejl(fm)φd (13)
where rd′ is the distance between the dth scattering point and the
receive antenna. To relax the hardware requirements, frequency
down-conversion technique is employed to process the radar
echoes [31], [32]. As shown in Fig. 1, the echoes are mixed
with a reference SF signal from the lower branch of the 1 ×
2 power divider, followed by digitization using an analog-to-
digital converter (ADC). As shown in (13), the echo sample is
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Fig. 2. Flowchart of the proposed image construction method.

a 1-D data with coupled information between frequency and
OAM mode. This coupling makes it impossible for traditional
imaging algorithms [10], [20], [21], [22], [23] to obtain the target
profiles. To address this problem, an image construction method
is proposed for the frequency-dependent vortex EM wave radar,
as illustrated in Fig. 2.

In Fig. 2, a single pulse-echo contains M samples, each cor-
responding to a frequency-stepped sub-pulse, with OAM modes
cyclically varying from l1 to lN. To decouple the 2-D information
in frequency and OAM mode domains, data rearrangement is
performed in such a way that the samples corresponding to
the same OAM mode are selected to form a row vector and
the obtained N row vectors are combined to construct a 2-D
data matrix. In this matrix, columns represent the frequency
dimension, and rows represent the OAM mode dimension. If the
number of UCA antennas (N) is even, data for the OAM mode
l = −N/2 should be discarded, as the phase of its EM wave no
longer varies linearly with the azimuth angle. The rearranged
2-D data matrix can be regarded as the echo data acquired
by a traditional vortex EM radar from different OAM mode
pulses with a frequency step of ηf. Various imaging approaches,
such as the fast Fourier transformation (FFT), power spectrum
estimation, and compressive sensing can be applied to construct
the image [20], [21], [22], [23]. In this letter, for the sake of
verification and analysis, the conventional 2-D FFT method is
employed in the frequency and OAM mode domains for the final
image construction. Based on the FFT property [10], it is known
that the range resolution ρr and the azimuth resolution ρθ for the
frequency-dependent vortex EM wave radar satisfy

ρr =
c

2 · �M/N� ·NΔf
, ρθ =

2π

lnum
(14)

where lnum is the number of effective OAM modes. Besides, the
maximum unambiguous detection range Rmax of radar can be
derived based on the principle of SF radar detection [31] as

Rmax =
c

2ηf
=
c ·Δt
2

. (15)

For the proposed frequency-dependent vortex EM wave radar
including the image construction method, its prominent advan-
tage is that vortex EM waves with different OAM modes are
transmitted within a single radar pulse, enabling fast imaging
with a simple system structure. Besides, according to (14) and
(15), the performance metrics of the radar, such as resolution
and unambiguous detection range, can be flexibly designed by
adjusting the parameters of broadband SF signal, time delay
units, and UCA to meet various application requirements. In
practical applications, considering the large propagation losses
and bandwidth limitation of electrical delay lines, low-loss

TABLE I
PARAMETER DESIGN OF FREQUENCY-DEPENDENT VORTEX EM WAVE RADAR

Fig. 3. Phase distributions for 16 sub-pulses at different frequencies.

analog optical links can be applied in the system to provide
large time delays [33], [34], [35].

III. SIMULATIONS

In this section, simulations are conducted to validate the effec-
tiveness of the proposed frequency-dependent vortex EM wave
generation and image construction method. The key parameters
utilized in these simulations are listed in Table I.

First, the EM field characteristics of the frequency-dependent
OAM beams are investigated. According to (10), (12), and the
parameters in Table I, the OAM modes periodically vary from
−8 to 7 as the frequency sweeps, with a frequency period of
3.2 MHz. Given that the initial frequency f0, frequency step Δf,
and time delay step Δt satisfy the criteria in (8) and (9), the gen-
erated vortex EM waves carry continuous integer OAM modes
with a spacing of 1. For analysis, we selected 16 sub-pulses of
the first OAM mode variation period to check their radiation
characteristics. The EM field is observed along a cross-section
parallel to the xoz-plane at a distance of 2 m. The observation
window is 2 m wide in both x- and z-directions. Fig. 3 illustrates
the phase distributions for sub-pulses at different frequencies,
confirming that the proposed structure successfully generates
vortex EM waves with multiple integer OAM modes within a
single pulse. To further analyze the frequency-dependent vor-
tex EM wave characteristics, the OAM spectrum is calculated
via mode decomposition by performing Fourier transformation
on the observed azimuth phase [36]. Fig. 4 shows the OAM
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Fig. 4. OAM spectrum in a 100 MHz range (from 9 GHz to 9.01 GHz).

Fig. 5. (a) Single-point target image obtained by frequency-dependent vortex
EM wave radar. (b) Image obtained by traditional vortex EM radar. (c) Range
profile and (d) azimuth profile of the target in (a).

spectrum within a 100 MHz frequency range (9 GHz to
9.01 GHz). It should be noted that, for vortex EM wave gen-
eration with a 16-element UCA, the OAM mode with l = 8 is
actually the same with the OAM mode with l = −8. Thus, the
OAM modes in Fig. 4 exhibit periodic variation from l = −8 to
l = 7 with a total number of 16. It is also known from Fig. 4 that
the frequency period as the OAM mode changes from l = −8
to l = 7 is 3.2 MHz. Thus, the OAM modes variation properties
are consistent with theoretical analysis.

Then, numerical simulations are conducted to validate the
effectiveness of 2-D imaging by the frequency-dependent vortex
EM wave radar. According to (15), the parameters lead to a
maximum unambiguous detection range of 46.84 m. An ideal
point target located at (20 m, 0.175, 0) is first imaged. The
target is illuminated with the generated frequency-dependent
vortex EM waves carrying 16 OAM modes within a single radar
pulse. In the receiver, the radar echoes are down-converted and
digitalized to obtain one sample per sub-pulse. For a single
radar pulse echo, there are 10 000 samples in total, which are
rearranged into 16 sets corresponding to different OAM modes.
Since the OAM mode with l = −8 lacks a vortex-shaped phase
front, its data is discarded, leaving 15 effective OAM modes.
The remaining data is rearranged into a 15 (OAM mode) ×
625 (frequency) matrix, and 2-D FFT is applied to obtain the
range-azimuth image. Fig. 5(a) shows that the target is ac-
curately constructed at (r = 20 m, φ = 0). For comparison,
traditional vortex EM radar imaging is also simulated, in which
15 radar pulses carrying different OAM modes ranging from
−7 to 7 are sequentially transmitted to illuminate the target and

Fig. 6. (a) Constructed images of the E-shaped complex target using the FFT
method. (b) Imaging result when applying Kaiser window.

received by the receiver. Each pulse starts at 9 GHz, having a
frequency step of 3.2 MHz and a total bandwidth of 2 GHz.
The image constructed using 2-D FFT method is shown in
Fig. 5(b). By comparing the images in Fig. 5(a) and (b), it is
found that the proposed frequency-dependent vortex EM radar
achieves imaging quality and signal-to-noise ratio comparable
to the traditional vortex EM radar, while the transmission and
reception of multiple OAM modes are greatly simplified. To
analyze the imaging resolution using the proposed vortex EM
radar imaging method, Fig. 5(c) and (d) presents the range and
azimuth profiles of the target in the Fig. 5(a). The full widths at
half maximum of the range and azimuth profiles are measured
to be 7.71 cm and 0.145π, respectively, closely matching the
theoretical values of 7.49 cm and 0.134π from (14). However,
the FFT-based image exhibits obvious sidelobes, particularly in
the frequency-dependent vortex EM radar. This is caused by the
frequency difference of Δf between adjacent data in the same
column of the rearranged 2-D data matrix. To address this issue,
a windowing technique can be applied to the 2-D data matrix
along the OAM mode dimension before performing FFT [11].

Next, the imaging of a complex E-shaped target is demon-
strated. The target consists of 13 points located at (19.7 m,
−0.8), (19.8 m, −0.8), (19.9 m, −0.8), (20 m, −0.8), (20.1 m,
−0.8), (20.2 m, −0.8), (20.3 m, −0.8), (19.7 m, 0), (20 m, 0),
(20.3 m, 0), (19.7 m, 0.8), (20 m, 0.8), and (20.3 m, 0.8) in the
range-azimuth plane, and their elevations being 0.175. Fig. 6(a)
shows the image constructed by 2-D FFT without windowing.
While the E-shaped profile is visible, sidelobes significantly
affect the image quality. To mitigate this, Kaiser windowing is
used along the OAM mode dimension with the result shown in
Fig. 6(b). Since the sidelobes are effectively suppressed, the 13
points are much better focused in the high-contrast image shown
in Fig. 6(b), which allows the features of the E-shaped target to be
clearly recognized. Therefore, the frequency-dependent vortex
EM wave imaging is competent for imaging of complex targets
and it can be applied in real applications.

IV. CONCLUSION

In conclusion, we have proposed and demonstrated a
frequency-dependent vortex EM wave imaging method that
improves the efficiency of traditional vortex EM wave radars.
This method uses a simple system structure to transmit different
OAM modes within a single radar pulse and constructs images
from a single radar pulse echo. Through theoretical analysis and
simulations, characteristics of the frequency-dependent vortex
EM waves are investigated and the feasibility of the 2-D imaging
capability is verified. This method can promote the development
of vortex EM wave imaging techniques and improve its practical
application ability.
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