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Abstract: The vortex electromagnetic (EM) wave with orbital angular momentum (OAM) brings a
new degree of freedom for synthetic aperture radar (SAR) imaging, although to date, its application
to multi-input multi-output (MIMO) SAR has not yet been widely reported. In this paper,
an orbital angular momentum (OAM)-based MIMO-SAR system is proposed. The rotational Doppler
Effect (RDE) of vortex EM waves offers a novel scheme for an OAM-based MIMO-SAR system.
By transmitting the rotational vortex EM waves, echoes of different OAM modes can be discriminated
by a bandpass filter in the range-Doppler domain. The performance of the proposed scheme is
independent of the time-variant channel responses, and the wider beam width of the vortex EM waves
delivers, for the same antenna aperture size, better performance in terms of swath width and azimuth
resolution, in contrast to the plane EM waves. Moreover, the spatial diversity of vortex EM waves
shows great potential to enhance the MIMO-SAR system applications, which involve high-resolution
wide-swath remote sensing, 3-D imaging, and radar-communication integration. The proposed
scheme is verified by proof-of-concept experiments. This work presents a new application of vortex
EM waves, which facilitates the development of new-generation and forthcoming SAR systems.

Keywords: vortex electromagnetic (EM) waves; orbital angular momentum (OAM); multi-input—
multi-output synthetic aperture radar (MIMO-SAR); Rotational Doppler Effect (RDE)

1. Introduction

As anovel radar system, the multi-input multi-output (MIMO) synthetic aperture radar (SAR)
system, which combines the advantages of both MIMO and SAR technologies, has come to the forefront
in recent years [1]. In MIMO-SAR systems, the equivalent observation channels can be greatly increased
by using multiple transmitters and receivers [2]. The first investigation of MIMO-SAR emerged in 2006,
which showed the advantages of MIMO-SAR systems ranging from high-resolution wide-swath remote
sensing to multi-baseline interferometry, due to the increased equivalent observation channels [3].
Besides, MIMO-SAR can be exploited to improve the range resolution with efficient cross-track
constellation configurations [4]. Moreover, MIMO-SAR can also be used in fully polarimetric SAR
imaging to map a wider image swath without performance degradation [5]. To fully exploit the
MIMO-SAR advantages mentioned above, it is necessary to separate within the receiver the scattered
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radar echoes from the multiple transmit signals, which is therefore a fundamental challenge for
the implementation of MIMO-SAR systems [6]. Considering the ambiguity function introduced
by Woodward [7], the energy of the imperfect orthogonal waveforms is spread but not removed
in the time—frequency plane. For the distributed target with numerous closely spaced scatterers,
the ambiguous energy from each scatterer will be accumulated, and thus the background noise level
in both range and azimuth directions will be increased. Consequently, the imperfect orthogonal
waveforms will deteriorate the MIMO SAR image quality dramatically [8]. Orthogonal waveforms
designed in merely one dimension cannot avoid the ambiguous energy effectively. From the viewpoint
of multidimensional modulation, orbital angular momentum (OAM) carried by vortex electromagnetic
(EM) waves is introduced for MIMO-SAR implementations in this paper.

Independent of frequency and polarization, OAM has been widely studied in many realms;
for example, the improvement of the spectrum efficiency in wireless communication [9], stealth target
detection [10], and the super-resolution of radar imaging [11]. Recently, studies have shown that
vortex EM waves of different OAM modes can be utilized in SAR imaging with great performance,
and OAM presents a brand new degree of freedom (DOF) in SAR [12]. As a unique merit of vortex EM
waves, the Rotational Doppler Effect (RDE) is associated with a frequency shift that is proportional
to the product of the relative rotational angular frequency and the OAM mode [13]. The RDE can
be used, not only to detect the spinning object [14], but also to distinguish each signal of various
OAM modes [15,16]. The RDE of vortex EM waves brings a novel scheme for MIMO-SAR systems.
By transmitting the rotational OAM beams, the transmitted signals of different OAM modes are fixed
into specific center frequencies in the azimuth. Therefore, the echo signals of different OAM modes
can be separated without ambiguities in the range-Doppler domain using bandpass filtering. Since the
orthogonal separation is realized by filtering rather than decoding, the performance of the proposed
scheme can avoid the impacts of the time-variant channel responses [7]. Besides, compared with
plane EM waves, vortex EM waves have a wider beam width, which brings better performance in
terms of swath width and azimuth resolution under the same antenna aperture size [12]. Based on the
added DOF, the OAM-based scheme may greatly enhance the performance of MIMO-SAR applications,
including high-resolution wide-swath remote sensing, 3-D imaging [17], stealth target detection [10],
and radar-communication integration [18].

To our knowledge, there exist no public papers concerning the OAM-based MIMO-SAR system.
In this article, a novel scheme for MIMO radar systems using the rotational OAM is proposed. Different
OAM signals are mapped into different frequency shifts at the receiving end, and thus the orthogonal
and spiral properties of OAM beams can be utilized in MIMO-SAR systems. The rest of this paper
is organized as follows. In Section 2, the OAM-based MIMO-SAR system model is established.
In Section 3, a novel OAM-based MIMO-SAR scheme using RDE is proposed, together with the
processing progress. In Section 4, proof-of-concept experiments are presented to verify the scheme.
In Section 5, a discussion is given. Finally, in Section 6, a conclusion of this work is provided.

2. An OAM-Based MIMO-SAR System Model

The geometry of OAM-based MIMO-SAR system under a platform coordinate is depicted in
Figure 1. The system, which is working in stripmap mode, moves in the X-direction with velocity
v. Assuming that there is an ideal point target P(x,y, z) in the detection area, for simplicity, a 2 x 2
MIMO-SAR system with two uniform circular array (UCA) antennas mounted in the along-track
direction is discussed in this paper. The UCA antennas, as shown in the lower right corner of Figure 1,
is used to transmit vortex EM waves of different OAM modes [19]. In the UCA antenna, the N array
elements are located equidistantly around the circle, and each element is fed by a different phase,
ie, ¢n =2min/N (n =1,2...N), where | is the OAM mode number, and 7 is the element number.
A single antenna (the red dot) set at the array center is used to receive the echoes.
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Figure 1. Geometry of the orbital angular momentum (OAM)-based multi-input multi-output
(MIMO)-SAR system.

Figure 2 presents the distribution of the azimuth phase centers of the OAM-based MIMO-SAR
system. The vertical axis denotes different azimuth times, and the horizontal axis denotes different
equivalent phase centers. At every azimuth time, each receiving antenna can receive echoes from both
Tx1 and Tx2. The red dot denotes the equivalent phase center of Tx1/Rx1 or Tx2/Rx1, while the blue
triangle denotes the equivalent phase center of Tx1/Rx2 or Tx2/Rx2. There exist three equivalent
observation channels at every azimuth time. In the case of SAR imaging, a wider image swath width
can be obtained, due to a reduction of the pulse repetition frequency (PRF) by a factor of three compared
to a single-channel system. Besides, the additional phase centers yield extra and longer baselines for
the ground moving target indication (GMTI) and along-track interferometry (ATI) applications [2].
Moreover, in contrast to plane EM waves, vortex EM waves possess a wider beam width in both range
and azimuth directions. Consequently, the OAM-based MIMO-SAR system can simultaneously realize
the high azimuth resolution and the wide swath width with better performance.

L
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S ; : : : :
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Figure 2. Distribution of the equivalent phase centers in the OAM-based MIMO-SAR system.

Assume that the OAM mode is pure, and that each element of the UCA antenna transmits the
Linear Frequency Modulation (LFM) signal. The center of the 2 x 2 array is located at the origin when
the azimuth time t,, = 0, and the target azimuth position is x — (p — 1.5)L, with respect to the pth
(p =1, 2) UCA antenna. According to Ref. [12], the signal transmitted from the pth Tx antenna can be
expressed as:
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sp(tm t,1p) ~ Nexp{ilpn/Z}]lp [kasin 0y (tm)]waltm — x/v+ (p — 1.5)La/0)w; [t — 1p(tm) /]

‘ . , 1
exp{ ity [t = 1y () /]2 } exp{i2rfe £ 1y (t) /€] expilyp (b)) .
where t is the range time variable; t,, is the azimuth time variable; w;(t) is the range envelope; wq (t)
is the azimuth envelope; v is the platform speed; L, is the aperture size of each UCA antenna; K; is the
LEM ratio; f. is the central frequency of the signal; c is the speed of light; [, is the mode number of
OAM beams transmitted by the pth UCA antenna; ¢, (t,,) is the target azimuth angle history, which can

be expressed as:
L ycosP —zsinf ]
¢p(tn) = tan {x — vty — (p—1.5)L, }’ @

where B is the antenna look-down angle; J;[ka sin 6(t,,)] denotes the /th order Bessel function of the
first kind; k is the wave number; a is the radius of the UCA antenna; 6,(t,) is the target polar angle
history, which can be expressed as:

X — 0ty — (p— 1.5)Ly)* + (ycos p — zsin B)?
6ty — sint | Y00~ (151" + (ycos - zsinp) o
\/y2 +224 (x — vty — (p—15)L,)*
where r; () is the target range history, which can be expressed as:
o) = /(X = 0t — (p— 15)La)> + 42 + 22 )

The target azimuth position with respect to the pth (p = 1, 2) Tx antenna and the gth (g = 1, 2) Rx
antenna is x — (p +¢q — 3)L,/2, and the received signal s, ; can be expressed as:

Spq(tm t,1p) = Nexp{ilymt/2} ], [kasinOp(tm)]waltm —x/v + (p+q — 3)La/20]wy [t — 27pq(tm) /c]

exp{inKr [t — er,q(tm)/c}z} exp{i27fc [t — 2rpq(tm)/c] } exp{ilp@p(tm)} ©)

where the target azimuth position is x — (g — 1.5) L, with respect to the gth Rx antenna, and () is
the round trip target range history, which can be expressed as:

Ppq(tm) = \/(x — 0ty — (p—15)L) > + 12 + 22 + \/(x — 0ty — (§—15)L,)*> + 2+ 22, (6)

For a certain receiving antenna, the superimposed echo signals radiated by both Tx1 and Tx2 can
be received. Under this circumstance, the orthogonal properties of OAM cannot be utilized, so that it
is hard to distinguish each echo signal of the different OAM modes.

3. A Novel RDE-Based Scheme

To solve the problem mentioned above, a novel RDE-based scheme used for the MIMO-SAR
system is proposed in this section.

The rotational Doppler Effect (RDE) occurs when relative rotation between a vortex EM wave
source and an observer exists [20]. For the linear polarized vortex EM waves of the OAM mode |,
the rotational Doppler frequency shift Af is:

IQ
Af = Py (7)

where Q) is the relative rotation speed between the source and the observer.
If the phase of each element in UCA antenna varies azimuthally, i.e., the nth element is fed by
¢n—1 = 2ml(n — 1)/ N after one period of 7, the rotational OAM beams can be generated, and the
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equivalent rotation frequency is 1/ N7 r/s. When the UCA antennas in Figure 1 transmit the rotational
OAM beams, Equation (5) can be rewritten as:

Spq(tm t,1p) ~ Nexp{ilymt/2} ], [kasinOp(tm)]waltm —x/v + (p +q — 3)La/20]wy [t — 27p,q(tm) /c]

exp {imK, [t — 21y (t) /]2y exp{i2n . [t — 2ryq (1) /€] Y exp ity [Qpt + (1))} ®
where (), is the rotation speed of the pth OAM beams.
The signal received by the gth (7 = 1, 2) antenna is:
Sq(tm,t) = s1"(tm, t) exp{ilh Ot} + 52" (tm, t) exp{il, ot } )
where:
s1'(tm, t) = Nexp{ily7/2} ], [kasin 01 (t)]wa[tm — x/0 + (q — 2)La/ 20)wy [t — 211 4 (tm) / ]
exp{inK, [t —2r14(tm) /c]z} exp{i27tf [t — 2r1,4(tm)/c] } exp{ili@1(tm)}, (19)
and:
s/ (tm, t) = N exp{ilo7t/2} ]}, [ka sin 02 (ty)|waltm — x/v + (9 — 1) Lo/ 20]w; [t — 2r24(tm) / €] an

exp{inK, [t —2r24(tm)/c] 2} exp{i27tf [t — 2rp4(tm)/c] } exp{ilaga(tm)}-
After azimuth Fourier transforming, Equation (9) in the range-Doppler domain can be expressed by:

Sy(fart) = W (fa = ot )suf) W (o= 22 ) salfurt) (12)

27 27

where f, is the azimuth frequency.

It can be seen from Equation (12) that, due to the RDE, the echo signals related to the different
OAM modes locate at different azimuth frequencies. Assume that ) is 0 rad/s and 15}, /27T is PRE/2;
Equation (12) can be rewritten as:

Sq(fart) = WIS )+ W(fi = T3 ) Salfurd). 13

To better understand this process, Figure 3 shows the Doppler spectrum of the received signal.
The red line denotes the spectrum of S;, which locates at f, = 0, while the blue line denotes the
spectrum of Sy, which locates at f, = PRF/2. Each spectrum has the same Doppler bandwidth Af,.
In the case of aliasing in the Doppler domain, PRF should satisfy:

PRF > 2Af, (14)

Doppler spectrum of s,

Doppler spectrum of s,

AR
i

A

; | Azimuth
-PRF/2 0 PRE/2 Frequency

Figure 3. Doppler frequency spectrum of the received signal.
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As shown in Figure 4, for a given receiver, the OAM-based MIMO-SAR data can be processed by
the following steps:

(1) Range compression of the raw data;

(2) Azimuth Fourier transform of the data;

(3) Separating the data of different OAM modes in the range-Doppler domain by bandpass filtering;

(4) Imaging processing to obtain the image. The 2-D SAR image can be obtained by the classic SAR
imaging algorithm, e.g., the Range-Doppler algorithm or the wK algorithm [12].

Compared with the conventional orthogonal waveform schemes, the data processing procedure
of our proposed scheme was simpler, which could avoid some complicated demodulation steps.

In our scheme, the rotational Doppler shift was implemented by the virtual rotation movement of
the antenna, which enabled the frequency division multiplexing technique in the Doppler domain.
The translational Doppler shift was still implemented by the movement of the SAR platform, which was
used for virtual synthetic aperture in the azimuth.

Due to the orthogonality of the vortex EM waves, the intra-modal interference could be suppressed
in our proposed OAM-based MIMO-SAR system, and it became applicable for one single system
to simultaneously perform high-resolution SAR imaging and wireless communication in the same
frequency band. For example, in our scheme, one OAM mode could be used for high-resolution SAR
imaging, and because of the added equivalent phase centers and wider beam width, the swath width
could be twice that of the SISO mode without range ambiguity. Meanwhile, the other OAM mode could
be utilized for wireless communication with better performance [21]. Moreover, because our scheme
was implemented by bandpass filtering in the Doppler domain rather than decoding, the performance
of our scheme could escape from the impacts of the time-variant channel responses [7].

Raw Data

Range
Compression

Azimuth Fourier
Transform

Doppler Bandpass
Filtering

Imaging
Processing

Figure 4. Processing flowchart of the OAM-based MIMO-SAR data.
4. Results

In this section, we present some experiments to verify our proposed scheme at the proof-of-concept
level. RDE experiments, referred to as single-in—single-out (SISO) and multiple-in-single-out (MISO)
were carried out. The prototype of the transmitting antenna platform, which can transmit the rotational
OAM beams, is shown in Figure 5. The OAM beams were generated by putting a spiral phase plate
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(SPP) ahead of a horn antenna with 20 dB gain [22]. In our experiments, two SPPs were used, i.e., mode
+1 and mode —1. Before the experiments, the radiation pattern of the transmitting antenna was
measured to make sure that they could generate vortex EM waves of correct OAM modes. The electrical
machinery was used to rotate the SPP mechanically, and the rotational speed could be adjusted by
the controller. Without changing the polarization, the rotational OAM beams could be generated by
the platform.

Figure 5. Prototypes of the transmitting antenna platform.

4.1. SISO Mode

The schematic configuration of the SISO mode is shown in Figure 6a, and the experimental
scenario is displayed in Figure 6b. In the SISO mode, the rotational OAM beams were generated by the
transmitting antenna platform connected to the signal generator. At the receiving end, another horn
antenna with 20 dB gain was used to receive the backscattered signal from the target, and a spectrum
analyzer was used to observe the frequency spectrum. The polarizations of both Tx and Rx were
the same. The target distance was 3 m, which satisfied the far-field condition. The signal generator
generated a continuous wave (CW) signal at 14.5 GHz.

The rotational Doppler frequency shifts of different OAM echoes versus the rotation speed are
shown in Figure 7. For conventional plane EM waves (I = 0), there existed no frequency shift, whether
the incident wave rotated or not. For vortex EM waves, the frequency shifts of the two OAM modes,
ie,l=+1and | = —1, were different. The frequency shift also increased with the rotation speed.
The experimental results showed that with the rotational vortex EM waves, a different OAM mode
brought a different frequency shift at the receiving end, which made it possible to distinguish different
OAM modes in the frequency domain.
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Figure 6. (a) Schematic configuration of the single-in-single-out (SISO) mode; (b) experimental scenario
of the SISO mode.
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Figure 7. The rotational Doppler frequency shifts of different OAM echoes versus the rotation speed.
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4.2. MISO Mode

To further verify the effectiveness of our scheme, an experiment on the MISO mode was conducted.
As shown in Figure 8, most of the configurations were the same as those in the SISO mode, except for
the transmitting end. The signal from the signal generator was divided into two signals by the power
divider. One connected to Tx1 transmitted the rotational vortex EM waves of mode +1, and the other
one connected to Tx2 transmitted vortex EM waves of mode —1. The horn antenna in the middle was
still used to receive the superimposed signals from the target. The center frequency of the transmitting
CW signal was 14.5 GHz.

Signal
Generator ~_ Rotational Wavel

Target

Spectrum
Analyzer

Figure 8. (a) Schematic configuration of the MISO mode; (b) experimental scenario of the MISO mode.

The spectrums of the received signals are shown in Figure 9. The red line denotes the spectrum
when the rotation speed is 5 r/s in an anti-clockwise direction. Markerl, which denotes the echo of
stationary mode —1, was located at 14.5 GHz (0 Hz in Figure 9), while Marker2 was shifted —5 Hz from
Markerl, which denoted the echo of rotational mode +1. When the rotation direction was changed to a
clockwise direction, a +5 Hz frequency shift was obtained between Markerl and Marker3, as shown
in Figure 9 (the blue line). In contrast, the different frequency shifts among the two cases indicated
that the rotational Doppler shift was determined by not only the rotation speed, but also the rotation
direction, which was consistent with the theory. Consequently, the echoes of different OAM modes
could be easily separated by the bandpass filter in the frequency domain.



Sensors 2018, 18, 3511 10 of 12

- - --51/s

-80 - +5r1/s

—— —
— W

__-100 -

amplitude (dBm
S
1

-140 -

-160

frequency (Hz)

Figure 9. The frequency spectrums of the received signals for the rotation speed is —5 r/s (dash red),
and the rotation speed is +5 r/s (solid blue).

5. Discussion

Based on RDE, a novel scheme of the OAM-based MIMO-SAR system is proposed in this paper.
In Section 2, a simplified 2 x 2 model is established, which is a MIMO-SAR with two transmit and
two receive channels that together provide three virtual phase centers. More antennas can be used
to increase the number of observation channels, which could further enhance the performance of the
OAM-based MIMO-SAR system.

The proposed scheme is verified at a proof-of-concept level, through the RDE experiments referred
to SISO and MISO modes. In the experiments, the rotational OAM beam was implemented by rotating
the SPP mechanically, and thus the rotation speed cannot be very high, which limits the rotational
Doppler frequency shift. The virtually rotational UCA antenna scheme introduced in Section 3 is a
more suitable way to generate the desired rotational OAM beams.

Note that in Figure 9, apart from two main lobes, other harmonic frequency components also exist,
which indicates that the transmitted OAM beam from SPP is not of pure OAM mode. The main OAM
mode accounted for the highest proportion, while other OAM modes give some minor contributions,
which can also be filtered in the frequency domain.

6. Conclusions

In this article, a novel scheme of OAM-based MIMO-SAR systems using the rotational
Doppler Effect is proposed for the first time. Based on the proposed scheme, the mathematical
model is established, and the corresponding signal processing algorithm is presented. Moreover,
proof-of-concept experiments are carried out in an anechoic chamber to verify the scheme.

Much attention has been paid towards OAM-based wireless communication. The OAM-based
MIMO system can bring a vast reduction in receiver complexity without a capacity penalty [21].
A new configuration of OAM-based MIMO communication system has been proposed, which has
a better performance, in terms of capacity gain and bit-error-rate, than the conventional MIMO
communication system [23]. The proposed OAM-based MIMO-SAR system, which simultaneously
transmits mutually orthogonal vortex EM waves in the same frequency band, can acquire adequate
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degrees of freedom (DOF) to realize advanced radar-communication integration, which combines
high-resolution wide-swath remote sensing, and wireless communication with better performance.

This work is regarded as a first step in this direction. Our future work contains OAM antenna
design to generate high quality OAM beams and a practical implementation of the OAM-based
MIMO-5AR system.
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