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Abstract: With the gradual opening of airspace, the effective monitoring of low slow small (LSS) targets represented
by small unmanned aerial vehicles (UAVs) is important to maintain security. Detecting these targets using conventional

low-resolution radars is challenging due to their low altitude, slow speed, and small radar cross section (RCS), particu-

Wk H I 2024-01-09; &M H . 2024-03-16

SHEAEIES : HEE  tianxuanxuan2023@163.com *Corresponding Author: TIAN Xuanxuan, tianxuanxuan2023@163.com
SEGIHE : )ARAR SRS R ERIT I A 4 (2023A1515011272)

Foundation Item: GuangDong Basic and Applied Basic Research Foundation (2023A1515011272)



% 5 1]

FHASE A% T A /NEITE ALY OFDM-MIMO 85 35 {5 5 i HFIAL 3 7 vk

879

larly in complex and changeable electromagnetic environments. To improve radar interception performance and image
resolution, we propose a signal design and processing approach for multiple input multiple output (MIMO) radar that
employs stepped orthogonal frequency division multiplexing (OFDM) to detect small UAVs. First, the proposed wave-
form is designed by combining OFDM signals of small bandwidth with a nonlinear stepping scheme, denoted as stepped
OFDM, which enables the transmission of consecutive low-bandwidth OFDM symbols on different carrier frequencies,
thereby covering a much larger radio frequency (RF) bandwidth in a measurement frame. This also enables the high
range resolution at a lower sampling rate compared to an equivalent wideband OFDM. In addition, the multiplexing of
transmit (TX) antennas for the MIMO can be performed using stepped OFDM signals, which enables multiple TX an-
tennas to operate simultaneously by assigning orthogonal subcarrier sets to each antenna, increasing the degrees of free-
doms (DOFs) on both transmitters and receivers, eventually leading to a virtual array at receivers that significantly in-
crease the antenna aperture size. Consequently, the stepped OFDM MIMO radar improves the azimuth resolution and
low intercept performance. Then, the echoes of each channel are separated by utilizing the orthogonality between the
transmit signals in the receiver. Additionally, a radar signal processing method to the stepped OFDM MIMO radar is pro-
posed to improve the image resolution, where the modified discrete Fourier transform (DFT) and decoding processing
is used to correct the phase errors introduced by the nonlinear stepping scheme, leading to separate range-velocity im-
ages for each virtual channel. In addition, the azimuth estimation exploiting the extended virtual array of the stepped
OFDM MIMO radar is achieved by performing Fourier beamforming. Consequently, three dimensional (3D) high-
resolution images of targets can be generated. Finally, the effectiveness of the proposed method is validated via simula-
tions performed at a carrier frequency of 77 GHz. Notably, compared to the existing methods, the proposed method can
achieve higher resolution in range, velocity, and azimuth dimensions in a low signal-to-noise ratio (SNR) regime and
without increasing the more computational complexity of signal processing. However, high resolution is achieved at the
expense of a reduced maximum unambiguous velocity. In addition, the effect of the number of steps on radar perfor-
mance is examined. Results indicate that when the measuring time and the total RF bandwidth are the same, the maxi-
mum unambiguous velocity is decreased by the number of steps, and the achievable azimuth resolution is improved by
the number of steps. Thus, this study can provide theoretical guidance for the signal design of stepped OFDM MIMO ra-
dars in practical application scenarios.

Key words: multiple input multiple output radar; orthogonal frequency division multiplexing; small UAVs; three-

dimensional high-resolution imaging; nonlinear stepping scheme
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small UAV detection

MIMO 7 35 3 151 4 3 OFDM 15 5% H AR 46 I 5 B
s a8 s vt DTS2 B0 6T /N0 TG AL %) 552 ) A
IR

B X G 1 TR (R /N TG A ALK I 3 35, A SC
Jr i it i) MIMO 5 38 55 p A~ BF oC & it 2 i OFDM
155 O B A 45 W a0 R 2 BT o 1A S R K L 4
OFDM {5 543 i B3, Hovp, 1% M~ OFDM
TR BTSN T80,

;A

B

K2 #3EOFDM {5 5 e & K
Fig.2 Time-frequency structure of stepped OFDM signals

] 2 FIr /s A5 5 B A9 G R [ ] 0 5 p A B
JCR ST OFDM (55 Xy



% 5 1]

B 4. T /N IEANLE OFDM-MIMO 55 ik (5 S5 i R 37 381

x, (1)

B-1M-1N-1
n

> A, (rm.byexp| 2n( f,,+nAf )]

b=0m=0n=0

(1)

t—mT,,, —bMT,, )
rect

Tym

K, 4,(n, m, b)JESE p DFEICHES b m A+
TS5 n AT EIRE S EE R, T,,= T+ T,%
R—A5EH OFDM 75 Ji3 , Horp , 7= 1/Af WAL
OFDM 175 J& 48], Af by 5~ 2t 6] By , T, 2 118 45 iy 28
B JE B, rect (¢/T,,) A B AR TR % pREL, 20 <1 <
TN 1,8 00 f, R 5 p A BT SR m A
T B2

L8] f,  EARL MR A L —4Vf

Bl ¢, , £, SAEIE LA, kR

Sup=fote,[m]B, (2)
K, £ MIMO TR 35 R IG5 B,= NAf A T1F
S AT T, WA B Y S AT 95 R B = MINAS
e, Lm NS p AN HETCINEE m TSRS, H
fic[mlelo, 1, -, M-1}.

ARG i A PR T [ ] MIMO K28 /93800 , 74
&R ST IE AW . Bilan, A2 OFDM-MIMO ik
B NN=2,M=4,B=2,P=4,¢~[3,1,0,2],
c=[2,0,3,1],¢~[1,3,2,0],¢,=[0,2,1,3]. 1t4h,
R T R e S AR S YT AR SO I B T B PR
RAKFHRE M, B P< M,

BT UL By b, R /N H BRI A5 gt
OFDM-MIMO #: g fk T4 OFDM-MIMO. 4,
754 OFDM 25 G AR i 7 6, (& M oT & S
SHEIFA, GEEIRTE S = P x QBT FEILI4 %) .
FEFE W AR 1E A M 53 85 4% R B B T i I A5
AT 2 55 £ B A W RIS AR AR B o Hivk 2B ik
OFDM 555 LA /NJEA 21 56 A R S ity 9, 244K
SRR AN 1Y = R s R T R R A R
)B4 A PR A
22 BUIES

55 p N IT R SR E OFDM 15 %5, 4855 Bk
S AEEC 55 g A BE TR B S 5 p S BEJT Y
FO AT T AR 2R g A BESTHEEN R B 5 p A4S
P4 T 1 77 [ 98 T 2w
Ve, O=p exp(jgoq,p)xp(t— z(rc_w))exp( —j2nfm_pt)

(3)
Kh, e, ,=27m(g + p)dsind/A 7= 55 (p + q) D HEH

W TCARXS S5 B TR AL SE R L p A6 73 51137 H AR
(U 2R BOREGR A r Ay 2300 o E BRAH T 35 T8 1

o5

\

o) i B R AN B, ¢ e . (D ARAN(3)
i

v, O=pexp(jo,,)

1

A, (n,m, b)exp ( j2nnAft)

p

>

B-1M-1N—
m=0n=0

=0
exp[ —jzn%(fm,ﬁmf r}exp[jznzcw(ﬁ,ﬁmf)}

(4)

FEWHLLL = N/T X I A5 5 AT R b . IR

o AR A T A Al T AN S Y BT, DR L R

TRGERHR, ERBEMENEIHRATE, X (4) 18
ROE AT LR

. . N . in
YV, @.m,b)=p exp(JgoW) ZAP (n,m, b)exp(]ZnN)
n=0

exp[—jancr( fmyp+nAf)} x

W(ﬁ,ﬁmf)}

i e[0,N—1], m e[0,M—1], b €[0,B 1] (5)
3 BRESLEAZE

3.1 EEGMIT
58, 8 TR EA TR A URAE S, % E(5)
Voo Uiy my D)RT ifEDFT, i[ 13
Y,,(n.m.b)=pexp(ip,,)A,(nm,b)

exp[ —j27t2;(fm,p+”Af)}

exp[j2n

2vT(m+bM)(

exp [jZn fm,p+nAf)}
nel0,N-1], me[0,M—1], be[0,B-1] (6)
SRJG R 1 I A S i 368 5 17 5L A 52 e 6 A 7
PEARRR, AT1%

Y m. b
D, (nmpy= LoD

A, (n,m,b) -

pexp(jcoq.p)exp[ _jznzcr(fmﬁmf)}

exp[ﬂnm(nqc_'-bM)(f,,w—i—nAf)} (7)

st 2 b 37 kX X (7) D, (n, m, b)

KT bVEDFT, 3R HArH R, kN
V,,mmk)=

= kb
>D,,(nm, b)exp(—j2nB) ke[0,B-1] (8)
h=0

BA (7)) R (8) IS, il /£ AN 264



29

882 5 5

4t B %40 %

exp[jzn2VT(”Z+bM)(fm,p+nAf)}
exp(—j2nk§) =1 (9)
B, 753 B bR B RoT R 5|
. 2v(m+CZM)BT(fW+nAf) N 2v(m+cI;M)BTfO

(10)

12 (10) 3 2 £ >MNAf, = (10) AT LLAE

i, BAR R TR G BEE L RS m AR R AR

1k, k& 1, XF 25 ¥E OFDM {55 5 47 1 J& 4 DFT

A AR T OR 2 AR L WA, S BOe TR

A7 TEBA 0% 3 FE A, 2 1 R AT B A5 R0 A BE AR
PR, DR THRRME D U R AR M LR 2

Aqﬁm:exp[ﬂn ZV?T(fm’p—l-nAf)} ~

2vmT

exp(jZn . fo) (11)
SN B 2 DFT AL B, A A SORE %o FE A7 AR (37 122
ZKIE .

SCHK[ 1842 H T —Fp 3k F25 i OFDM 155 1)
AR IR 22 E 7 2, [ RE IS AR SCHIAE S A
T xR (7) D, (n, m, b) KT bAEUHE DFT,

V,,mm k)=
S'p, nm, b)exp[—jZn W} k e[0,B—1]
(12)
%/I
exp[jZnM(chrbM)(fm.p+nAf)}
exp[—j2nk(m]\j[_;mj| -1 (13)
i, 7531 B AR FRoT R 5]
. ZVAfBT(fWJrnAf) N mchTfO (14)

X (10) 1 (14) AT 15, i DFT A IE 1 2 ik
J7 S8 7 HE (AR 158 22, DA T A5 280 R 1 7 ol R A
2 (14) A4, H bR B 3 30 0 5 R TC AR 3k
53N
C
= 4f,MBT

C
=+
Vmax ~4 ﬁ) MT

AV (15)

(16)

i =X (15) f =X (16) T LLA W, M b 1L 4
OFDM, # it OFDM 1 3 Ji 73 B F AN AE | SR e R
TCARA R DN T MAE .

3.2 BEBEGMAIT
23 Mtk DFT Ab B , 5 (12) 728 K

V,,(nmk)=p exp(jgoq_p)
exp[—jznir(ﬁ,_ﬁnAf)}a(k—ko) (17)

2, () KL 5 pREL ko F AR B BT R T

1E(17) BB TT B 81 f,, AR I 2tk
B, S EOR AR T 2 E] AR AL R AR . T
i f,, , PEARLMERA, T RN HEA T A A b PR

K3 45t 1745 p A FETT AL E OFDM {5 5 i fift %
JE B, gl AL i e, o S T FRTHES
W 5155 IR T4 5 A Eom L e
WA ¢, 55 IE BRI B SCHR , Bl e, Lm J0] R 25
p NFETTHYES m ST A5 BB f, + mNAS,

Fra~——~———————- | i |
1/ . | V' | |
| | | | |
| I | I | | |
| | | |
| | | |
|
| | ‘ | |
| 3 | | ' |
| | | : |
| | | | |
| | | |
| | | | |
| 1] | (
| | | >|

e o
K3 Bitmtte,=[2,0,3, 1 R 5k &
c,,=[1,3,0,2]

Fig. 3 Steps vector ¢, =[2,0,3,1] and inverse steps vector
¢,,=[1,3,0,2]

T UL g ab i, 281D H e, Lm
e, lm], 7%
V., mmk)=p exp(jgoq,p)

exp[—jancr(ﬁpL(mN+n)Af)}5(k—ko) (18)

RO, ELp=mN+n,H6V,, (y, k)=
V,,(mN+n, k)o XV, (5, k) &T nfEE TR
3% 4546 (Inverse DFT, IDFT) , /53] HAREE 214, %

MN-1 . Mi’]
R, (uk)= ; V,H,(r],k)exp( JanN) u [0, MN - 1]

(19)
MRl A5 HARIE S B e R 5]l



% 5 1]

B 4. T /N IEANLE OFDM-MIMO 55 ik (5 S5 i R 37 383

. 2rMNAf
C

(20)

33 fAEGMEIT

MIMO 2 Wi BT A& ST B9 1E 28 1, 7T LIAs
F| S=PxQ [T 1Y K 480 [ 5], 1 481 19 37 ¥ O [B] B Sk
N/2 . ) R RO A ) 42 AL T Tl R A

B($)= [1, exp(jznjsine),

exp(j2n(S— l)jsine)] eC's (21)

T A R L o Xt 1o, 3 (19) Ay i+ 422 00 HE
5, A%
G k)= Ry (k). R, , (k). Ry, (k)] (22)
X, ELs=qg+p, AG(u, k) =G,
(u, k) =R, ,(u, k),0<qg<Q0-1,0<p<P-1., Mfk
A IR T L LA b FEAR R B R b 3, 15 3]

S-1
I(u,k, 0)= zcs(u,k)exp(jznsfsine) (23)
5=0

1E0(23) , %F s/ DFT Al 3R B H bR £ 514,
AT SEER HAREE S R A RSl

4 EERSHH

15 B 1E A ST 4R 4 ¥E OFDM-MIMO 75 35 1)
AR Ve, IF 515 55 = 4k DFT J7 ¥ #E 17 PR fE 1t
AN SR E R R, Hod R B e B
], H25 A K8, Fe s ok 5 R A B 4 43l
TS 1 ) 5 , £ S AR Ay e T A M 7 A
4.1 TEBELLE

G, B AT TR A R R IR 4R R

55 0

-10
50

20
45

-30
40 40

—20 -10 10 20

A% /m
g /dB

0
JHEFE/(m/s)
(a) B B R

(a) Range-velocity image

x1 HESH
Tab.1 Simulation parameters
EELRAC k¢ 8
THPE 256
E7 256
b2 e v e e 8
IR HA/GHz 23.7
FLHFHE TE/MHz 38.4
AR OFDM 55 FFL2 1] /s 6.67
R E AN TS 1.67
R TCBMIE B /m 1000
5 25 % /m 0.49
I R ITCHRH JE /(m/s) +59.34
TRE SR (m/s) 0.46

fe. DFE HEREOR 3, B ik AR m BE B KU R 45 m,
45 m, 50 m; 72 ) B AR O -10 mys, 10 m/s, 10 m/s;
RCS43+514 1 m?, 0.5 m?,0.1 m*; 335 M1 53 51 4 20°,
30°,30°; M L3 0 0 dB. r 4 07 1 AL 4t = 4k
DFT J5 3% F =AU 5 B9 A% 45 - an i 4 fniE s
Fi7R o

X ECE 4 Fn & S T A BT 4 ik RE S oy B =
A HAR, FLEE S 4E s Mems /N, Bk, iy
BT LIS T e B AR pRE RS AR RO R
LA HAR 8, HEA R &SR, R
1M, G5 =4 DFT ik Jeik o #E A oY H bR 7ERE 25
Y L= S5, B S S 2 5 RCS O 0.1 m* 1Y
55 Hn. XUCIRE mos ik B TARL ML &
1 E bRz sl = Az A RS , DA T A 75 38 AR Y

55

B /m
g J%/dB

45

40
0 20 40 60

FEC°)
(b) FEE - R

(b) Range-azimuth image

4 FHRDTE A BARI USRS
Fig. 4 Imaging results of the three targets using the proposed method



29

884 5]

Jo

b

540 45

0

#E2/m

JHE/(m/s)
(a) BB -3 G

(a) Range-velocity image

BB /m

0

% /dB

0 20 40 60
FAEN°)
(b) FEES-FA PG

(b) Range-azimuth image

Fl5 =4 DFT J5ik =4~ BARI SR S5 A
Fig. 5 Imaging results of the three targets using the three-dimensional DFT method

OYPEER T TR O ¥k 3k T ootk DFT g A Ak B E
7 T HIOLR ZERE , AT AT AR A5 43 9 R 1) i
BRI S

T A A T R R B b S AR 04 (S5 L
(Peak Side Lobe Ratio, PSLR) [f {5 Mt Lt 9 48 1k 1%
O, 5 SCER(18 153 STk 19 133 L —=4E DFT 3.
LT (FSSE0E S UL BT E 80 3T
1000 R SR R8O ELEE &l 6 s . TLLE
X At = AP TR A e F AR %
A B K PSLR, H Bl % SNR (18 i 14 K . 78
SNR=-8 dB i}, A Fb SCRik[ 19515, i PSLR #2741
294.7 dB, X R I B RS SRR G e L 251

—s— TSk

60 T\ ——cirpisya:
—>—CHR[19]5732:
- ©- - = YiDFT
m 40t ]
b=}
< . .
1 P P
w2
[-%
20}
------- $=——==——f === 8===—====3
%% -12 -8 -4 0

SNR/dB
ES Y N i< 27 NN U8 S B T R A A
Fig. 6 PSLR of the range profile for different SNRs using

different algorithms

B o3 B PRIE B A% . X R i T OCER (18 1A R
Pt DFT b3, SCHk [ 19 157Kk F bR E DFT 1At
Qb L5 =2k DFT R JHARE DFT ALBR , ARV A 56 4

MR BEAN H bz 8l A AR L0 8% o D7 L
SERBIE T P RSk B A R E A AT S

BEAh e EIRME S SHERT XA RTT
BRHM BT TS, T AR5, Bt
1000 YR AR RIINER 2 i s . n DL AR SO
FEHA BRI T, SR, BT 55305 A Tk
2 DFT M A0 3] RIS i o R i TRl 31342
FRIEFFBAT W3, ELREE B G Lis
STERERY SO T, 2B AR 2 BRI R

xr2 EBITEESH

Tab.2 Runtime analysis

Ak AT ] /s
JEFX=R7S 14.02
SCHR[1815 % 13.89
SCHRL191533% 13.42
=4 DFT 13.30

42 HRETFEIXE I

TE LR S50 e A e (R AE BB LT, 43
M KB Bk M RE IS R . 8 o, AR K R 3
HHE VLIRS R ORI . 1R PR R R A
FHRAT e o TR RO Tk I 2
FFA BEAR B3

HArZ801% H r=45 m,v=10 m/s F16=30°, [
LK T A BhRA RS S R 7 Fis . mE7(a)
AL AN R 2B KT I B AR 8 5 B A [, 4
B I 1 i P 5 v £ Sl 1 71K o £ R SRR
SyrFER M . B 7 (o) PR, M=16 X} 10 1) FA BE 1%



CORE BT AR T/ NETE ALY OFDM-MIMO k{5 5 BRI AL By i 885
0 — r
HE - - M=8
-10 b L - - M=16
y 8
g 20} ] - 3
= 30 ! 1 =
! A ]
_ 1 =
-40 |, : L X
A Bty g s oa
;:\l u\l‘l l\ h a lln‘l‘:lu“l\m 1
—50 bt Arhl lll‘l‘ YT R R TI A Y

40 42 44 46 48 50
FRES/m
(a) BEES 1R
(a) Range profile

20 25 30 35 40
)

(b) AIEHZ
(b) Azimuth profile

K7 AFEEAR T A HARA R4S

Fig. 7 Imaging results of a single target using different steps

HF v I AR A . SR TR KAH
BT HRR,

MRS (16) AT A B R AL KB H , SRR K
TOAR T . 24 M=16 B, e K ICHEE Ry v, =
£29.67 m/s. UNELIE 7 Hh H bR E K 2 v=40 m/s,
HSAG L R E 8 s . A LAE I FERE 2 4 L
o, H H bR A TR, AT -19.06 mis.
ROEH T V>V, I T T BEASOR [r)

55
50

£

B 45

=
40
35

W‘aaf#/dB

-20 -15
JHE/(m/s)

8 A HER =45 m,v=40 m/s I -3 G
Fig. 8 Range-velocity image of a single target with /=45 m
and v =40 m/s

T LIBT3 OFDM-MIMO 535, 7E
SR AT S I S (RN AS I O B K B M,
RAE AR, PR S RS, A B HER T
KICHER A LA, AR/ B AR HERE 4
N RTINS AN T BEAR R () TR . X R 8
IR ) R ASTRY ) R0, 200 R V=8 SRS 2 1 B0 0 R

Fﬁ%%%é‘%ﬁttﬁﬁﬁ?ﬁﬁﬁ
SR .

(R I, AR 8 S B iy
143 OFDM-MIMO ik (55

5 Zhig

T TR I8 AR AR M R AN TS AHLH
B B BAR 50 9 R A SC 3 T 3T 46 i OFDM 1)
MIMO F LG 5 & T MAL B 3% . %05 5l id 45
A7 OFDM SR 45 3 )7 &8 , ¥ 18 % S s 1E 58
W FNA AR ST 98, [6] B B T 75 2k p IR AR 3R 1
B8 R o HERORNIE B8 4y B . SR AL Foleidt DFT
FIERS A A By 1 A% I AR LR PR 2 A H bz
A AR IR 25, A7 R b 52 B A FLAR A AR 1
1 ELA5 S R0 AH LA B0k AR SO 7 1A g
PETHIRAE W LL 25 T AR A8 0 HER , HI%A B
BIIME SRR R A . AN, FE PR S A A T
AN B AR AR (I 0, 3 25 K, S R AR
FEHR I 240 PR R TH A B A R A i
FKICHOA TR . BRI, Q{438 R s R TE A 3ok
# 1 OFDM-MIMO & ik ARt — W58 1) 5 7] .

5% Sk

[1] KANG Honggu, JOUNG J, KIM J, et al. Protect your
sky: a survey of counter unmanned aerial vehicle sys-
tems[ J]. IEEE Access, 2020, 8: 168671-168710.

[2] WELLIG P, SPEIRS P, SCHUEPBACH C, et al. Ra-
dar systems and challenges for C-UAV [C]//2018 19th
International Radar Symposium (IRS). Bonn, Germany.
IEEE, 2018: 1-8.

(3] BN, BRIESE, BEafe, 55 RS 5IEANLH bRk
PRI U F AR R 5 B[], ik~ 4, 2020, 9
(5): 803-827.



886

B

Ab

# %40 %

[4]

[10]

[12]

CHEN Xiaolong, CHEN Weishi, RAO Yunhua, et al.
Progress and prospects of radar target detection and rec-
ognition technology for flying birds and unmanned
aerial vehicles[J . Journal of Radars, 2020, 9(5): 803-
827. (in Chinese)

A, MR, mAA . A MIMO T IA WS -
ERWIR I SES M) FiapEHER,
2023, 21(1): 1-15, 23.

HUANG Lei, LIU Aifei, GAO Caicai. A review of or-
thogonal waveform design and signal processing in colo-
cated MIMO radar [J]. Radar Science and Technology,
2023, 21(1): 1-15, 23. (in Chinese)

TAFE, BEA, KK, 4. OFDM ik (F S A L
Bt 5 A B 7 ik [T A5 5 Ab B, 2022, 38(11) :
2299-2307.

WANG Shuyu, MA Zhijie, ZHANG Tianxian, et al.
Joint optimization method of OFDM radar signal design
and processing[J]. Journal of Signal Processing, 2022,
38(11): 2299-2307. (in Chinese)

YANG Fawei, XU Feng, FIORANELLIF, et al. Practi-
cal investigation of a MIMO radar system capabilities
for small drones detection [J]. IET Radar, Sonar &
Navigation, 2021, 15(7): 760-774.

KLARE J, BIALLAWONS O, CERUTTI-MAORI D.
UAV detection with MIMO radar [ C]//2017 18th Inter-
national Radar Symposium (IRS). Prague, Czech Re-
public. IEEE, 2017: 1-8.

WANG Cheng, LI Zheng, ZHANG Xiaofei. FDA-MIMO
for joint angle and range estimation: unfolded coprime
framework and parameter estimation algorithm [J]. IET
Radar, Sonar & Navigation, 2020, 14(6): 917-926.
RIVK A, BRI . 3T OFDM-LFM {55 (1) MIMO 75 ik
WAE ARG S IR (1], T 510F B2k,
2019, 41(4): 801-808.

LIU Bingfan, CHEN Baixiao. Integration of MIMO ra-
dar and communication with OFDM-LFM signals [ J].
Journal of Electronics & Information Technology, 2019,
41(4): 801-808. (in Chinese)

NUSS B, SIT L, FENNEL M, et al. MIMO OFDM ra-
dar system for drone detection [C]//2017 18th Interna-
tional Radar Symposium (IRS). Prague, Czech Repub-
lic. IEEE, 2017: 1-9.

KNILL C, ROOS F, SCHWEIZER B, et al. Random
multiplexing for an MIMO-OFDM radar with com-
pressed sensing-based reconstruction [ J]. IEEE Microwave
and Wireless Components Letters, 2019, 29(4) : 300-302.
JiZE, BIES, R, % . OFDM-MIMO & ik fik %
FARERIMPERER T[T ]. AL BB 224, 2016, 31(5):
988-995.

ZHOU Hao, HU Guoping, SHI Junpeng, et al. Low al-

[13]

[14]

titude target detection performance for OFDM-MIMO
radar [J]. Chinese Journal of Radio Science, 2016, 31
(5): 988-995. (in Chinese)

KNILL C, EMBACHER F, SCHWEIZER B, et al. Coded
OFDM waveforms for MIMO radars[J]. IEEE Transac-
tions on Vehicular Technology, 2021, 70(9) : 8769-8780.
SCHINDLER D, SCHWEIZER B, KNILL C, et al.
MIMO-OFDM radar using a linear frequency modulated
carrier to reduce sampling requirements[ J |. IEEE Trans-
actions on Microwave Theory and Techniques, 2018,
66(7): 3511-3520.

[15] NUSS B, GIROTO DE OLIVEIRA L, ZWICK T. Fre-

[16]

[17]

(18]

[19]

quency comb MIMO OFDM radar demonstrator with high
unambiguous velocity [J]. International Journal of Mi-
crowave and Wireless Technologies, 2023, 15(6): 957-965.
NUSS B, DE OLIVEIRA L G, ZWICK T. Frequency
comb MIMO OFDM radar with nonequidistant subcar-
rier interleaving [J]. IEEE Microwave and Wireless
Components Letters, 2020, 30(12): 1209-1212.
PFEFFER C, FEGER R, STELZER A. A stepped-
carrier 77-GHz OFDM MIMO radar system with 4 GHz
bandwidth [ C]//2015 European Radar Conference (Eu-
RAD). Paris, France. IEEE, 2015: 97-100.
SCHWEIZER B, KNILL C, SCHINDLER D, et al.
Stepped-carrier OFDM-radar processing scheme to re-
trieve high-resolution range-velocity profile at low sam-
pling rate[J]. IEEE Transactions on Microwave Theory
and Techniques, 2018, 66(3): 1610-1618.
LELLOUCH G, MISHRA A K, INGGS M. Stepped
OFDM radar technique to resolve range and Doppler si-
multaneously [J]. IEEE Transactions on Aecrospace and
Electronic Systems, 2015, 51(2): 937-950.

EZE &I

P

= B, 1985 4F- 4=, 1 b 24 J&
No Bili ZERFFIAE SR 22 BE RO, A1, 3232
WFFE 7 1)k iR U R T8¢ AR/ B bR
IR

E-mail: 595579266@qq.com

HERE 2, 1987 44, Il 4R 3 %
No TR Be PEIT , 1, R EWF5E
07 1) R 7 kA — Ak TG A ML R 2H ™
&

E-mail: tianxuanxuan2023@163.com

(TTAEdE . XEdH)



