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A super-resolution imaging technique based on the vortex electromagnetic (EM) wave, which car-

ries orbital angular momentum (OAM), is reported in this paper. The proof-of-concept experiment

for the EM vortex imaging is conducted. An imaging processing method based on the real-world

OAM radar data is proposed to obtain the target profile. Experimental results validate the effective-

ness of the proposed imaging method and demonstrate that the vortex EM wave can be exploited to

image targets with high-resolution beyond the limit of the array aperture. This breakthrough on the

Rayleigh limit paves the way for innovative techniques in radar imaging and remote sensing.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4981253]

With additional rotational degrees of freedom generated

by orbital angular momentum (OAM), OAM beams have

shown practical applications in wireless communications1–3

and radar detection realms.4 For wireless communications,

the OAM might be exploited to enhance the channel capacity

and reduce the crosstalk.1,5 In radar applications,6,7 the

OAM beams can be used to boost the target detection and

imaging performance. Generally, when the conventional

electromagnetic (EM) wave carries OAM, it would lead to a

helical phase front, which is called “vortex electromagnetic

wave.”4

In the past three years, enormous efforts have been

made to achieve high imaging resolution using the vortex

EM wave. In 2013, Hu et al.8 first proposed the idea that the

vortex EM wave, i.e., electromagnetic vortex imaging, can

be applied to image a target, which acts as a reference for the

design of a new mechanism radar and the development of

target recognition technology. Subsequently, Liu et al.4

established theoretical imaging models based on the

multiple-in-multiple-out mode and the multiple-in-single-out

mode, respectively. Furthermore, concentric-ring arrays were

designed and modelled to generate OAM beams for electro-

magnetic vortex imaging.7,9,10 A system was proposed to

generate vortex electromagnetic waves in high quality at the

X-frequency band,11 which further enhances the develop-

ment of novel information-rich radar paradigm.

As aforementioned, the imaging methods, results, and

conclusions on the OAM-based radar imaging are all based

on the theoretical results and numerical simulations and lack

experimental verification. In the open literature, only the

Gaussian white noise is considered in the simulation, and the

effects of the real-world background noise on the radar per-

formance are not taken into account, which could lead to

false targets in the imaging result.7,9,10 Therefore, the exist-

ing imaging approaches would not be effective when dealing

with the real-world echo reflected by targets.

In this letter, we expand the OAM-generating system in

Ref. 11 to an OAM-based imaging system and carry out the

proof-of-concept experiments to demonstrate the super-

resolution imaging ability of the vortex EM waves. An imag-

ing model is established according to the realistic experimen-

tal setup of our OAM-based imaging system. Furthermore,

an effective imaging processing method is proposed to image

the targets based on the real-world data. Finally, imaging

results are obtained and imaging performance is analyzed.

Compared with traditional imaging methods, the OAM-

based radar imaging technique is exploiting the approximate

dual relationship between the OAM mode number (also

named “topological charge”) and the azimuthal angle to

obtain the cross-range profile the target.4,8 Based on the gen-

eration theory of OAM beams using a uniform circular array

(UCA),4,7 the emitted signal sðr; lÞ for a detection point

Pðr; h; /Þ in the far-field can be given by

S r; lð Þ ¼
XN

n¼1

e�ikjr�qnjeil/n

jr � qnj
� e�ikr

r

XN

n¼1

ei k�qnþl/nð Þ

� e�ikr

r
Nileil/Jl ka sin hð Þ; (1)

where k is the wave vector, qn is the position of the antenna

element, /n ¼ 2pðn� 1Þ=N, and n ¼ 1; 2;…;N is the mod-

ulation phase for each antenna element. a denotes the array

radius and Jlðka sin hÞ is the lth order Bessel function of the

first kind.

According to the principle of the EM vortex imaging, an

experiment is conducted in this letter based on our previous

work.11 The imaging scenario and the radar observation

coordinate are illustrated in Fig. 1. In the experiments, an

array radar system is exploited to generate OAM beams to

illuminate the area where the targets may exist, shown in

Figs. 1(a) and 2(a). The OAM-based radar system is mainly

composed of a transmitting/receiving system, an antenna

array, a beam control network, and a computer for data stor-

age and signal processing.11 As shown in Fig. 1(a), the horn

antenna is used to receive the target echoes. The corner
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reflectors are placed in the imaging scenario to be imaged,

shown in Fig. 2(b). The key parameters of the experimental

setup are listed in Table I. Without loss of generality, the

center of the array and the center of imaging area are

aligned, and the two planes are approximately parallel.

According to the imaging observation coordinate shown in

Fig. 1(b), the target position can be denoted by Pðr; h; /Þ.
Based on the experimental setup, the received echo

Srðr; lÞ reflected by M scattering points can be expressed as

Sr r; lð Þ ¼ Neilp=2
XM

m¼1

rm
e�i2krm

r2
m

eil/m Jl ka sin hmð Þ þ Sbackground;

(2)

where rm and ðrm; hm;/mÞ denote the radar cross section

(RCS) and the position of the mth scattering point, respec-

tively. The background noise Sbackground can be given by

Sbackground ¼ Neilp=2
XD

d¼1

rd
e�i2krd

r2
d

eil/d Jl ka sin hdð Þ þ Snoise;

(3)

which contains two parts, namely, the measurement noise

Snoise and the echo from the object that is outside the region

of interest (ROI), such as the electric wire and cable and

scanning frame system in the anechoic chamber. D indicates

the number of scatterers outside the ROI and the rd and

ðrd; hd;/dÞ are the RCS and position of the dth scatterer. If

the background noise is not cancelled, the true target image

might be interfered by the noise and false targets occur.

In the experiment, the corner reflectors are used as the

targets to be detected. According to the theory of the electro-

magnetic vortex imaging,4 the FFT and power spectrum den-

sity (PSD) estimation methods can be applied to process the

echo reflected by the corner reflectors. However, the target

profiles cannot be achieved using the imaging approaches in

Refs. 4, 7, and 9 directly, due to the background noise and

the phase confusion in the experiments and occurring in the

real-world data. Therefore, an effective imaging processing

method is proposed in Fig. 3, which mainly contains the fol-

lowing steps:

(1) Background noise cancellation

Srðr; lÞ ¼ Srðr; lÞ � S0ðr; lÞ; (4)

where S0ðr; lÞ indicates the echo from the background

when there exist no targets, which might contain false

targets.

(2) Phase compensation

Srðr; lÞ ¼ Srðr; lÞ � exp ðiUÞ; (5)

FIG. 1. Experimental setup for target imaging. (a) The imaging scenario in

an anechoic chamber and (b) sketch map of the imaging observation

coordinate.

FIG. 2. Photograph of circular array and targets. (a) Circular array for

OAM-generating and (b) example of target placement for imaging. FIG. 3. The flow chart of the proposed imaging process for experimental data.

TABLE I. Key parameter setup in the experiments.

Parameter Value

Frequency f 9.8–10 GHz

Array radius a 0.15 m

Number of antennas N 16

Topological charge l [�7, 7]

164102-2 Liu et al. Appl. Phys. Lett. 110, 164102 (2017)



where U ¼ p when Jlðka sin hmÞ < 0; else U ¼ 0. For

the Bessel function Jlðka sin hmÞ, l is dependent on the

emitted OAM beams, a denotes the array radius, and k ¼
2pf0=c is the wave number (f0 is the center frequency of

the signal and c is the light speed in the vacuum). hm can

usually be set as the main-lobe direction of the radiation

pattern,10 which is decided by the OAM mode number l
and the array radius a.

(3) Interpolation and filtering

The interpolation on the topological charge domain is

performed first and then a Taylor Window is added to

suppress the side lobes.

(4) FFT or PSD estimation

The fast Fourier transform and the power spectrum den-

sity estimation are conducted on the echo to obtain the

image of the targets.

For FFT or Periodogram methods,4 the signal reconstruc-

tion performance is independent of the number of signals, so

it can be seen that the target complexity has only little influ-

ence on the imaging performance, which will be illustrated by

experimental results. According to the imaging model and the

signal processing method introduced above, the imaging

results of the real-world experimental data are presented and

analyzed. First, two corner reflectors are placed at two posi-

tions with different ranges and different azimuthal angles, i.e.,

P1ð7 m; 11�; pÞ and P2ð8 m; 11�; 0:8pÞ. According to the

existing imaging methods in open literatures,4,7 the results are

shown in Figs. 4(a) and 4(b). In contrast, the imaging results

using the proposed methods in this letter are shown in Figs.

4(c) and 4(d). It can be seen from Figs. 4(c) and 4(d) that two

targets occur at the positions ð6:92 m; 11�; 1:02pÞ and

ð7:95 m; 11�; 0:76pÞ, respectively, which demonstrates the

effectiveness of the proposed imaging method. Moreover,

compared with the image obtained by the FFT method, the

imaging results based on the Periodogram method has much

lower side lobes.

To further validate the proposed imaging processing

method, four corner reflectors are also imaged and the results

are shown in Fig. 5. The coordinates of the four reflectors are

set as P1ð7 m; 11�; 0:9pÞ, P2ð7 m; 11�; 1:1pÞ, P3ð8 m; 11�;
0:8pÞ, and P4ð8 m; 11�; pÞ. As expected, four points occur at

the positions ð7 m; 11�; 0:89pÞ, ð7 m; 11�; 1:08pÞ, ð7:95 m;
11�; 0:77pÞ, and ð7:95 m; 11�; 0:98pÞ.

To illustrate the super-resolution imaging ability of the

vortex EM wave, more imaging experiments are performed,

and the comparisons of imaging results of the traditional

array imaging (real aperture imaging) and the EM vortex

FIG. 4. Electromagnetic vortex imaging results of two reflectors. (a) The

existing method in open literatures (FFT), (b) the existing method in open

literatures (Periodogram), (c) the proposed method (FFT), and (d) the pro-

posed method (Periodogram).

FIG. 5. Electromagnetic vortex imaging results of four reflectors. (a) The

existing method in open literatures (FFT), (b) the existing method in open

literatures (Periodogram), (c) the proposed method (FFT), and (d) the pro-

posed method (Periodogram).

FIG. 6. Comparisons of imaging results between the traditional array imag-

ing and the electromagnetic vortex imaging. (a) Traditional array imaging of

two reflectors, (b) electromagnetic vortex imaging of two reflectors, (c) tra-

ditional array imaging of three reflectors, and (d) electromagnetic vortex

imaging of three reflectors.
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imaging are shown in Fig. 6. The corresponding azimuthal

profiles are depicted in Fig. 7.

In Figs. 6(a) and 6(b), two reflectors are placed at the

positions P1ð7 m; 10�; pÞ and P2ð7 m; 10�; 1:1pÞ. The results

demonstrate that the cross-range resolution of the traditional

array imaging is 0.8 m, whereas the resolution of the EM

vortex imaging is 0.39 m. As shown in Figs. 7(a) and 7(b),

two reflectors can be distinguished when the targets are illu-

minated by the vortex EM wave. Furthermore, three reflec-

tors are also imaged and the results are shown in Figs. 6(c)

and 6(d). The positions of the three reflectors are set as

P1ð8 m; 9�; 0:8pÞ, P2ð8 m; 9�; pÞ, and P3ð8 m; 9�; 1:1pÞ. It is

clear from the results that the three targets cannot be recog-

nized when using the traditional array imaging technique,

while the imaging resolution can be improved using the vor-

tex EM wave, displayed in Figs. 7(c) and 7(d). Based on Eq.

(2) and the imaging results, the cross-range resolution qa for

the electromagnetic vortex imaging takes the form

qa ¼ R sin h0 � p=Dl; (6)

where Dl is the range of OAM modes exploited in the imag-

ing. R and h0 denote the distance from the target to the radar

and the elevation angle of the target, respectively. Due to

the fact that the resolutions of the range profile for both tra-

ditional array imaging and electromagnetic vortex imaging

are decided by the signal bandwidth,7 the imaging resolu-

tion in the range domain is 0.75 m (c=2B, where c denotes

the light speed in the vacuum and B signifies the signal

bandwidth).

FIG. 7. Azimuthal profiles of the targets. (a) Traditional array imaging of

two reflectors, (b) electromagnetic vortex imaging of two reflectors, (c) tra-

ditional array imaging of three reflectors, and (d) electromagnetic vortex

imaging of three reflectors.

FIG. 8. Photograph of imaging scenario of the circular metal plate.

FIG. 9. Imaging results of circular

metal plate. (a) 2-D profile using tradi-

tional array imaging, (b) 2-D profile

using electromagnetic vortex imaging,

(c) azimuthal profile using traditional

array imaging, and (d) azimuthal pro-

file using electromagnetic vortex

imaging.
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To further validate the high-resolution imaging ability

of the proposed method, an imaging experiment of the circu-

lar metal plate is conducted. As shown in Fig. 8, the OAM-

based radar transmits OAM beams to illuminate the circular

plate. In the experiment, the distance between the circular

plate and the transmitting array is 2.1 m, and the radius of

the metal plate is 0.25 m. According to the imaging observa-

tion coordinate shown in Fig. 1(b), we can find that the dis-

tance r from each point on the circular plate to the

coordinate origin is almost the same. Hence, the obtained tar-

get profile is a ring in the polar coordinate r � o� /, shown

in Fig. 9. The results indicate that a ring profile occurs at the

distance r � 2:12 m. Compared with traditional array imag-

ing, the electromagnetic vortex imaging can achieve higher

resolution in the azimuthal profile.

In summary, a proof-of-concept experiment has been

conducted to validate the super-resolution imaging ability of

vortex electromagnetic waves. The imaging model was

derived and an imaging processing method was proposed,

which has taken into account the effects of the background

noise and phase confusion in the experiment. Experimental

results demonstrated the effectiveness of the proposed imag-

ing method and showed that the OAM-based imaging tech-

nique can improve the cross-range resolution 2 times than

that of the traditional array imaging.

In future, it calls for more work on the OAM-based

imaging system design and the theoretical and experimental

demonstration of the upper bound of the imaging resolution

improvement.
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