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Improving Orbital Angular Momentum Mode
Utilization With Mode Switching Periodically
in Radar Forward-Looking Imaging

Yixin Wei"”, Gaofeng Shu

Abstract—The infinity and orthogonality of the orbital angular
momentum (OAM) of vortex electromagnetic waves (VEMWs)
provide a new degree of freedom for the modulation of informa-
tion. The VEMW generated by the uniform circular array (UCA)
exhibits the characteristics of the Bessel function in terms of am-
plitude, and there is a null amplitude region in the beam center.
This characteristic is particularly obvious when the array radius
is small. In practical applications, it is usually necessary to switch
OAM mode to ensure the richness of the received information. This
leads to a sudden drop in radiation energy when switching OAM
modes, and the OAM mode cannot be fully utilized. To address this
issue, this letter proposes an OAM mode switching method based
on the characteristics of the intersection of the adjacent-order
Bessel functions for radar forward-looking imaging. Meanwhile,
this letter introduces OAM mode repetition frequency (OMRF)
to indicate the “speed” of switching OAM mode. Finally, through
the application in the field of forward-looking radar imaging, it
is proved that the method proposed in this letter can effectively
improve the OAM mode utilization rate and anti-noise ability.

Index Terms—Uniform circular array (UCA), Bessel functions,
orbital angular momentum (OAM) mode switching method, radar
imaging.

I. INTRODUCTION

RBITAL angular momentum (OAM) provides a new de-
O gree of freedom for information transmission [1]. Elec-
tromagnetic waves carrying OAM are vortex electromagnetic
waves (VEMWs), which have a spiral phase structure and its
wavefronts rotate along the beam axis in space [1], [2]. The
infinity and orthogonality of the OAM of VEMWs make them
have great potential in many fields [3].

So far, many methods have been developed to generate
VEMWs, including spiral phase plates [4], discrete dielectric
lenses [5], three-dimensional spiral antennas [6], and meta-
surfaces [7]. However, these methods are usually limited to a
single OAM mode for a given structure. In order to employ
multiple different modes of the OAM beams, uniform circular
array (UCA) is mostly used to generate VEMWs [8].
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The VEMW generated by UCA is modulated by the Bessel
function in terms of amplitude [9]. The center of the non-zero-
order Bessel function is null, which is inevitable, and as the
radius of the UCA decreases or the OAM mode increases, the
null spreads [10]. In the application field of VEMWs, a large
OAM mode is often used, which will cause the radiation energy
to be greatly weakened when the OAM mode is switched in a
given direction.

To address this problem, existing applications are mostly
based on a larger array radius [11], [12], [13]. This can reduce the
impact of energy drops when switching OAM modes, but a larger
radius means greater system complexity and increased cost, and
this solution still cannot solve the problem that the OAM mode
energy cannot be fully utilized when switching OAM modes.

In the field of radar imaging, researchers have proposed many
methods to deal with the energy drop problem when switching
OAM modes. The core idea of these methods is to adjust the
main lobes of different OAM modes to align them with the region
of interest (ROI). For example, in [11], Qu et al. proposed an
imaging method based on uniform concentric circular arrays.
Yuan et al. proposed a method to use phased array beam steering
technology to align the main lobe of each OAM mode with the
ROI [14]. However, these methods cannot be applied to platform
motion scenarios.

To address the energy drop challenge when switching OAM
modes, this letter analyzes the intersection of adjacent-order
Bessel functions through numerical simulation. On this basis,
this letter introduces a concept of OAM mode repetition fre-
quency (OMRF) and proposes an OAM mode switching method.
Finally, the proposed method is applied to radar forward-looking
imaging. The simulation results verified that the proposed
method can effectively improve energy utilization and signal-
to-noise (SNR) of the images.

The rest of this letter is organized as follows. In Section II, the
properties of the intersections of adjacent-order Bessel functions
are analyzed through numerical simulation. In Section III, an
OAM mode switching method is proposed and applied to radar
forward-looking imaging. The superiority of this OAM mode
switching method is verified through simulation results. The last
section is the conclusion.

II. ADJACENT-ORDER BESSEL FUNCTIONS PROPERTIES

A. The Amplitude Pattern Generated by UCA

Using UCA to generate VEMWs [2], NV identical electric
dipoles are evenly spaced along a circular ring with a radius of a.
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To generate VEMWs with an OAM mode of order [, the dipoles
are excited with the same amplitude and incrementing phase
on =2ml(n—1)/N,n=1,2,...,N, where n represents the
index of the array element [2]. To simplify analysis, an OAM
beam generated by the combination of scalar monochromatic
fields with frequency w in free space can be expressed as

F(l,r,w):/ G(r,r',w)s(r')dr’ (D
v

where G(r, 1, w) = e 7*¥F=1 /(47|r — r'|) is the Green func-
tion, k = w/c is the wave number, s(r’) represents the discrete
sampling of the phase-weighted array element [2]

N-1

s(r') = Z e In§(r —1') )

n=0

where §(r — r’) represents the discrete sampling of the array
element according to position.

Therefore, when the number of array elements NV is large
enough, the analytical expression of the generated VEMW can
be expressed as [2]

U(l,0, ) ~ Njle 7 J(kasin 6) (3)

where J;(-) represents the Bessel function of the first kind of
[-th order.

To ignore the frequency effect, the radius a is replaced by the
electrical size radius @ = a/A, and therefore ka = 27a. From
the properties of Bessel function [15], the amplitude of the [ order
Bessel function is smaller than that of the [ — 1 order function
before the first non-zero intersection of the [-thand [ — 1-th order
Bessel functions. Therefore, the following relationship can be
obtained

Ji—1(2awsin§) > J;(2arm sin 9)
subjectto |6] < |61, 4)

where 0,1 ; represents the first non-zero intersection point of
the adjacent-order Bessel function.

During the relative motion between the antenna and the target,
the elevation angle changes, which causes most of the mode
energy to be wasted when switching between different OAM
modes to illuminate the target.

B. Property of the Adjacent-Order Bessel Functions

The Bessel function has the following expansion as z — oo
with [ fixed.

Jl(l') ~

2 o [x _ (2”1)”] 5)

T 4

where x = 27asin 6.
Let J;(2) = Jj41(x), and we obtained

G _ [, ]

1 1 (6)

(o)) |:LE —

we can find that

[ 1
x<2+2+n>7r (7)

where n is any positive integer.
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Fig. 1. Intersection points of adjacent-order Bessel functions.

From (7), it can be seen that as x — oo, the intersection of
adjacent-order of the Bessel function satisfies a linearly varying
relation with respect to order /, and the following relationship
can be obtained

®)

. <l+1—|—2n>
0 = arcsin [ ——

4a

For different electrical size radii @, the value of the adjacent
order Bessel function first non-zero intersection point will also
change. To investigate the properties of these intersection points,
we get the following equation

Ba(l) = argmin |J;(2arsin @) — J;_1(2awsind)| (9)
0

where 35 (1) denotes the 6 value of the first non-zero intersection
point between .J; and J;_1. According to (9) and (8), we can get
z _l+1+2n
ﬂa(l) - 0[ ~ 4a
Fig. 1 shows the intersection values for different a. It can be
observed that with a fixed @, the intersection point 3, () of
the adjacent-order Bessel function changes linearly, which helps
to provide a new way of OAM mode switching for improving
energy utilization. The difference between the value computed
through (9) and the value computed through (7) is very small,
and as x — oo, the linear property of the intersection is still used
when z is general, but a correction term needs to be included

Y

(10)

x:g(l—l—l—i—?n)—i—e(l,n)

where €(l, n) is a small correction related to [ and n.
To better design the OAM mode switching method, it is
necessary to calculate the value of the intersection interval

0a(l) = AGall) = fall) ~ full — 1) = -

From (12), the first non-zero intersection interval between the
adjacent order Bessel functions of different electric radii @ is
inversely proportional to the electric radii @, that is

12)

Qa, (l) _ @

OZ[IQ (Z) 61
Furthermore, we obtained a conclusion similar to that of (13)
through numerical simulation

(13)

mean(ag, (1)) a2
mean(ag, (1)) @y 14
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where mean(-) denotes average function. The validity of (14)
has eliminated the influence of frequency. Therefore, when a set
of intersection interval values under a particular @; are known,
the average value of the intersection interval values under the
other a5 can easily be estimated.

III. OAM SWITCHING METHOD DESIGN AND RESULTS

A. OAM Switching Method Design

In the conventional VEMW radar forward-looking imaging
model, the radar platform, equipped with a UCA, moves along
the line of sight direction with a velocity v, forming a motion
trajectory with a length denoted as L. The distance between
the origin O and the imaging center is defined as R, which
satisfies L < Rg. The azimuth echo from the imaging region
can be expressed as follows [16]

S(1,t) = 0o JF (kasin O(t))e’?\#o (15)

where o represents the scattering coefficient of the target, 6(¢)
is the instantaneous elevation angle, ¢q is the initial azimuth
angle.

In the forward-imaging coordinate system, the instantaneous
elevation angle can be expressed as [16]

vt

O(t) ~ o + (16)

RO sin 90
where Ry is the initial slant range, 6 is the initial elevation angle.

For the convenience of expression, K, is introduced to repre-
sent the change rate of the elevation angle

\
Ro sin 90

Among the radar parameters, the duration of a single pulse is
very short, and thousands or even more can be emitted in one
second. As can be seen from (17), K, is small, and 6 does
not change much within a few pulses. The black dotted line in
Fig. 2 represents the first non-zero intersection of the adjacent
order Bessel function. Combined with Fig. 2, it can be seen that
if pulse-by-pulse method are used to transmit different OAM
modes, when the elevation angle changes slowly, the radar beam
energy in the ROI direction will drop sharply.; if a fixed OAM
mode is used, the elevation angle between the radar and the
target will slowly increase over time, which will cause the beam
to shift and the echo energy in the ROI area will be weakened.
Therefore, itis very necessary to design a reasonable OAM mode
switching method to improve the SNR of the echo. According
to the properties of the Bessel function intersection introduced
in Section II-B, this section designs a method for OAM mode
switching over time. The switching moment is approximately
close to the energy of the [-order OAM beam being equal to
the energy of the (I 4+ 1)-order OAM beam. According to the
properties of the Bessel function intersection and the law of the
elevation angle change between the radar and the target, the
designed mode switching method is as follows

1(£) = Lini + it (18)

where [(t) is the function that switches OAM mode over slow
time, l;,; represents the initial transmitted OAM mode, and f;
represents the OAM mode switching rate.

K, a7
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Fig.2. The mode switching function designed according to different electrical
size radii. (a)a = 2. (b)a = 3. (¢)a = 4. (d)a = 5.

According to the initial position of the ROI and the radar
system parameters, it is easy to calculate f;

fi = K, /mean(ag (1)) (19)

Fig. 2 shows the results obtained by designing the OAM mode
switching method for different electrical size radii a. As can
be seen from the Fig. 2, the OAM mode switching moment is
close to or coincident with the intersection of the adjacent OAM
modes of the VEMW, and by comparing the sub-graphs in Fig. 2,
it can be seen that as the @ increases, the OAM mode switching
moment proposed in this letter becomes more accurate, but in
the case of a small @, the switching error is less than 5%, which
is acceptable. This design can effectively improve the energy
utilization of each mode and increase the echo intensity of the
ROI during the observation time.

To better understand this OAM mode switching method, we
introduce a concept named OAM mode repetition frequency
(OMRF), which represents the number of OAM modes trans-
mitted per second. Since the variations in the elevation angle
between the antenna and the target induced by OAM mode
switching are significantly greater than those resulting from
adjacent pulse intervals, the OMREF is considerably lower than
the pulse repetition frequency (PRF). Therefore, multiple pulses

are transmitted during the duration of a single OAM mode.
OMRF = f{; (20)

In the actual imaging scenario, the azimuth echo containing
noise can be expressed as

M
Sp(t) = Z Umle(t)(ka sin 0(t))e’2¥m 4 n(t) (21
m=0
where m=1,2,3,...,M represents the number of scatter

points, n(t) is Gaussian white noise with variance 2. Since
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TABLE I
ENERGY ACCUMULATION OF DIFFERENT OAM MODE SWITCHING METHODS
UNDER THE CONDITIONS OF V = 60M/S, PULSE DURATION TIME=10 uS, AND
OBSERVATION TIME=1S

The proposed method ~ Method A [16]  Method B [18]

a=2 1963.12 1415.22 1026.42
a=3 2035.22 1573.62 1118.32
a=4 2246.12 1721.52 1341.62
a=5 2194.32 1896.42 1423.12

the OAM mode of the VEMW satisfies the Fourier duality rela-
tionship with the azimuth angle, the azimuth angle information
can be obtained by performing a fast Fourier transform (FFT)
on the OAM mode domain of the obtained echo. According to
the properties of FFT, the power of the echo without noise and
noise after FFT is

L/(v/PRF) I(t)  ,4+OMRT
Es= Y. |9°()|= Z/ JE (kasin6(t))dt
t=0 Lini V1
(22)
nity = 07 (23)

where OMRT = 1/OMREF is the OAM mode duration time.
Therefore, the SNR can be expressed as

SNR = 10 - log (gsr(t)_g"(t)> — 10 - logy, (ﬁs(t))
fn(t) En(t) (24

Since the designed OAM mode switching method can ensure
that the ROI is in the maximum energy area of the current OAM
mode at every moment, the power of the useful signal of the
echo will be greatly improved, and the SNR of the ROI will also
be improved [17]. This design greatly improves the anti-noise
ability of the radar system and offers great potential in a low
SNR environment.

B. Results

To make a simple comparison of energy utilization, the energy
accumulated per unit time by the proposed method is compared
with that of other methods under the same observation time and
the same pulse duration.

From the data in Table I, it can be calculated that the method
proposed in this letter improves energy by an average factor of
1.6595 compared to the time-sharing multi-mode transmitted
method [18] and by an average factor of 3.0375 compared to
the pulse-by-pulse switching mode transmitted method [16].
According to (24), it can be known that in theory [19], the
proposed method can achieve the same effect when the SNR is
4.825 dB lower than the pulse-by-pulse switching mode method.

The improvement of energy is conducive to improving the
imaging effect under low SNR, and can more accurately detect
targets in low SNR imaging results.

Let the linear frequency modulation signal bandwidth trans-
mitted by the radar is 50 MHz, the carrier frequency is 9.6 GHz,
the pulse width is 10 ps, the antenna radius is 2, and the
OAM mode used is [1,10]. The range information is obtained
by using pulse compression on the range echo, and the azimuth
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Fig. 3. (a) and (b) are the single-point target imaging results of the proposed
method and the pulse-by-pulse OAM mode switching method at —10 dB,
respectively. (c) and (d) are the multi-point target imaging results of the proposed
method and the pulse-by-pulse OAM mode switching method at —20 dB,
respectively.

information is obtained by using FFT on the OAM mode domain.
The resolution in the range direction depends on the signal
bandwidth, and the azimuth resolution é,, depends on the number
of effective OAM modes, i.e., §q 27 /lef fective-

Fig. 3(a) and (b) are the imaging results when —10 dB Gaus-
sian white noise is added. It can be seen that the intensity of the
target center reconstructed by the proposed method is higher
than that by changing the transmitted mode pulse by pulse,
which shows that the proposed method effectively improves the
anti-noise performance of the radar system, and by comparing
Fig.3(a) and (b), it can be clearly seen that the azimuth resolution
is improved. This is because the proposed method fully utilizes
more OAM modes and increases the number of effective modes.
At the same time, an experiment with a multi-point target SNR
of —20 dB was set up. The results are shown in Fig. 3(c) and (d).
It can be seen that the proposed method can distinguish the three
targets well, while the comparison method has aliasing due to
its low azimuth resolution. This result shows that the proposed
method can still maintain good performance when the SNR is
reduced.

IV. CONCLUSION

In conclusion, an approximate property of the adjacent-order
Bessel functions is investigated. Subsequently, to ensure the
maximum energy of the ROI, an OAM mode switching method
is designed for making the most use of the energy of the OAM
beams. Finally, by applying it to VEMW radar forward-imaging,
the azimuth resolution and anti-noise ability are effectively
improved. The method proposed in this letter provides a new way
for OAM mode switching and has great application prospects.
In the future, outdoor experiments will be carried out to further
verify the proposed method.
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