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TFTS: time-frequency transfer system
PDAC: photonic digital-to-analog converter
ADC: analog-to-digital converter

DSP: digital signal processing

/ Data Fusion | [~ «©
Processing Sl
+cp! D/C
css | : .
1
/A OTFSN @
l0MHz! 1 PPS]  F
(R |
k IS ©
- T/F

Bl1 2345 A 2 OO0 T A 5 ik B R e

Fig. 1 Overall framework of the distributed coherent-aperture microwave photonic imaging radar
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Fig. 3 Results of waveform orthogonality™ . (a)Auto-correlation of y, and cross-correlation of y, and v, ; (b) detail near the main

lobe in Fig. 3(a); (c¢) auto-correlation of y, and cross-correlation of y, and y,; (d) detail near the main lobe in Fig. 3(c)

2.3 RFHHIFEWET R

FRI 5 990 58 415 1 I8 O e o R B R A
506 TR R 4 CADC) B3R A O 717 18 L 4%
W G B 0 P 4 R A R B O 1 R R M, AR
JeF ADC HAERAFENTT =P Ot T ADC Xt 5848
TS R HEAT R AR S R AL AR A B AR R 2 T
ADC R ¥, JF 76 805 80 ik 47 4k B2 15 2 F AR fE
B XTSRS Lk Oy 0 i Ak A
AR M LS B S AR . 7RO T E L O
G vl 3 oK B A 5 A AL R BB R )
W7 Oh 22 A A AE 5 I 0 o Ak B AT A5 3 4 i [ 9
EI -SRI OB R VRS AN A=A DI Ak
SR e B 4 R S R T 4 R R R
I S R e O DU AR AR R AL G T B i
DR ) R E 1 T kA R L AR A AR
WA MR 8 2270 L OO T 25 A Rk i 3
4 [0 30 5 A i 7R 38 15 5 22 4075 B 22 4 45 5 P fE
S BAREEE . 5 SR R TE A A T AL AR
AR A B REL TR s ADC SRR /D T

b O 2 B T O Y
e FoRHR M 32 BRI AE B H bR SR 7 5 b T
LR B A E R Z AR S B AR AT IR
DEE AETE 2 N BURAR . i PR i A (R R BF 5 A 5
PR T — Bl T 1/Q FI A Rkt 1 K BT
S8 %77 ST B R A () A2 1 [ 3 HOA 25 40 7 AR Y
GG ARE R IR R L BB AR R E B 5T
FAAIPE T — S T O ] R 2 T OL R B
3t AL ) 22 WA AT 3

T ' AR TR 3K T O H R 48 A AR R — b
BrelE L ks B, &k B /Y B pr A 2 1k 220l Ak
LeMEIB B R A — i AR AR L T AR
B, M TEAE SRR 45 5, 5 Han
AR R T A B 2R O 2 T 4 Y AR K i
PRz I R, F AT S ) D T 445 g R G 3 Bl e
PP A 1 R A 4 B R WCRT S ) i AT R R

F.(fD) :er(t)S: (t)exp(—j2nf't)dt oc

ol2n(f — k)], (2)

1517003-3



R B4R IR

#£ 48 %5 £ 15 H/2021 £ 8 B/ E# ¢

XS, () WERES .S, (O ARG S . 5
B AR, ¢ Jy Bl ZE R, 8 (o) SN Dirac R %L, B v
PRE R N R GHE S TR BCR . S, (o) 1 e #%
FEWE T 82 WO AT 5 1 B 080T, L U A% AR R o W 2
cota=—2xk,

Mg LEMW 8 5 5% 21 20 B, 5 o B0 i 1%
F,(fORhimt, XM REIBEBESES
BN ERGES. M S (O/EZA H b R,
B BT 38E 78 > PA e e 5 e A G Al 1] 3 %) B A3 T B
LA TR I AE B A B A3 35 T8 i e 38 v B8, AH B )
B XY EE S A 0 B AR T, AT A U

SEAT VR A7 (DPMZMD) K 4L B, | D6 IE BY . 24 00
S,](t) |¢1

(@)

Optical carrier

A

(b) 5o

FAT RS A S TAE SRR E ¢ =n/4, ¢, =
7/2.$5 =0 BF . & 4 BT 7R () 4540 76 BEOE 1 AT 58 4
il TE0 38 6] A B AR 2R 1 L HOZ AL §8S TAE S S 5N
SZ LR VR VR I S B R, B Sl S FE S PR
O T AR B Y AR L X = AT
PR S AT HERA AR M. BRI T S Ak Y
i A ) D AT A — R

UEPESC R AN 5 R . SEE R A 8~12 GHz
) LEMW , Xf XU H #5 #F 47 00, 55 B s % 4%
(DSO) RAEHE .

LGB 3 T DPMZM |y 2 4475 =25 %
B 6 Cad B 7 19 X H bR 247 2RI, MZM 1Al

FT: Fourier transform

PD: photodetector

[;S 0 5.0 5.0 pp I?SO 0,5, 5.0
- ﬂé / ¢ oé /
R //'7 - /

T~ i v |

Ghost target source
due to IMD2

P 4 o o B A WA T S

Sk KRB, ()t

b //41'] S Jh
" RE P A%

Ghost target source
generated at PD

Real target / e
generated at PD

~

3 RO WA S B A S5 ) 5 () S AR Bk D

Fig. 4 Schematic diagram and principle of the proposed optical FrFD receiver front-end. (a) Schematic diagram of

the optical FrFD receiver front-end; (b) principle of ghost target elimination
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Fig. 9 Fiber-optic time synchronization network based on TFDT. (a) Scheme diagram; (b) principle of TFDT
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Abstract

Significance

As targets become increasingly complicated, image detection with high sensitivity, high resolution,

and high precision has become essential. However, owing to their high cost and large size, monostatic radars fail to

meet the abovementioned requirements. To overcome this problem, we propose a distributed coherent-aperture-
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imaging radar (DCAIR). DCAIR is a novel radar system that uses multiple spatially dispersed small-aperture unit
radars for cooperative detection and imaging. By employing the signal-level coherent fusion of the unit radars, the
DCAIR obtains target images with high signal-to-noise ratios (SNRs). Thus, it is an important means to deal with
long-range, low radar cross sections (RCS), or small threats. Additionally, DCAIR has many advantages such as
flexibility, high survivability, low cost, and strong maintainability, making DCAIR an important development in the
direction of imaging radars. Further improving the detecting resolution requires DCAIR to generate and process high-
frequency broadband signals. However, traditional DCAIR realized using purely electronic technologies suffers
severely from the “electronic bottlenecks” , making it difficult to generate and process high-frequency broadband-
radar signals directly. Moreover, conventional time and frequency synchronization technologies fail to strike a
balance among the transmission distance, stability performance, and synchronization precision. Microwave photonics
has been considered a promising solution to these bottlenecks. Because of the broad bandwidth, flat response, low
loss transmission, and multidimensional multiplexing of photonics devices, microwave photonic technologies have
merits in high-frequency broadband signal generation, transmission, and processing. Combined with microwave
photonic technologies, DCAIR exhibits better performance in terms of range resolution, velocity resolution, angular
resolution, and SNR gain. With the funding of major programs of the National Natural Science Foundation of China,
many achievements have been made. This paper highlights the achievements of DCAIR based on microwave photonic
technologies proposed by researchers at Tsinghua University.

Progress In this paper, the international developing status of the three key modules is briefly reviewed, including
generation of a dynamic reconfigurable waveform, optical fractional Fourier domain receiver front-end, and high-
precision fiber-optic time-frequency synchronization network (OTFSN), and the the achievements funded by the
major program of the National Natural Science Foundation of China are highlighted. From these achievements, the
first experimental X-band distributed coherent broadband imaging radar system using microwave photonics was built
and the staged experimental results were obtained. To generate multichannel orthogonal waveforms and achieve
dynamic switching to coherent waveforms, a generation method for dynamic reconfigurable radar waveform using
photonics-based broadband is proposed. We use the phase-coded linear frequency modulated waveform (PCLFMW) as
the orthogonal waveform and the linear frequency modulated waveform (LFMW) as the coherent waveform. Here,
two PCLEMWSs in X-band with a bandwidth of 3.5 GHz are generated and the orthogonality between the waveforms
reaches about 29 dB (Fig.3). The proposed scheme achieves arbitrary generation and dynamic reconfiguration of the
waveform. Furthermore, an optical FrFD receiver front-end is proposed to eliminate ghost targets produced by
multiple echoes that are overlapped in both the time and frequency domains. The received broadband LFMW echo
signals are projected on the optimal fractional Fourier domain formed using the photonic rotation of the time-
frequency plane. By controlling the fractional Fourier transform spectrum, the proposed receiver front-end cancels
ghost targets in multitarget circumstances. Experimental results show that the proposed receiver front-end can adapt
to multiple noncooperative target environments and is immune to ghost targets under optimal working conditions
(Fig.6). An all-optical stable quadruple frequency dissemination scheme using photonic microwave phase conjugation
is presented over a fiber-optic loop link. The relative frequency stability of 10 ' at 1000-s averaging time can be
obtained at every remote site located at a 20-km fiber loop link (Fig.8). Moreover, a fiber-optic two-way time
transfer method based on the time-frequency domain transforms (TFDT) is proposed. The TFDT directly obtains the
two-way transmission delay by chirp frequency mixing and time-frequency analysis. With the proposed method, the
time offset fluctuation and TDEV can reach 5.6 and 0.36 ps at 10000 s, respectively (Fig.10). Further, using the
stable frequency transfer technology, a three-node time-frequency synchronization network over a 20-km fiber loop
link is presented. At 1000-s averaging time, frequency stability levels reach 10 '° and time deviations reach 0.5 and
0.8 ps for two sites, respectively (Fig.12). Two X-band two-unit microwave photonic DCAIRs based on the static
and dynamic OTFSN are demonstrated. From the static OTFSN, the SNR gain ratio relative to the coherence-on-
transmit mode is ~5.98 dB and that for the full coherence mode is ~8.6 dB. The range and cross-range resolution
of 3.4 cm and 4.3 cm, respectively, are achieved in the experiment for rotating-target imaging (Fig.14). From the
dynamic OTFSN, the fully coherent SNR ratio gain can be increased by 8.1 and 7.9 dB, respectively, for the two-
unit radars (Fig.16). Thus, weak targets can be imaged and probed using the mutually coherent operation, while
they are undetectable using the single radar.

Conclusions and Prospect This paper introduces the achievements of high-frequency broadband DCAIRs using
microwave photonics technologies proposed by researchers of Tsinghua University. Combined with microwave
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photonic technologies, DCAIR realizes high-resolution and high-precision imaging. The abovementioned
achievements will promote the development of DCAIR. The microwave photonics-based DCAIR has a wide application
potential in both civil and military fields.

Key words microwave photonics; distributed coherent aperture; radar; fiber-optic time-frequency synchronization
network; fractional Fourier transform
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