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Waveforms Design
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Abstract: Because Doppler resilience is limited in the existing joint design of Integrated Sensing And
Communication (ISAC) waveforms, a new Doppler resilient ISAC waveform design is proposed based on a joint
design. First, with the pulse train ambiguity function, a construction of the Doppler resilient pulse train is
deduced, which is equivalent to designing a waveform with a very low integral sidelobe level in a correlation
zone. Accordingly, to construct the Doppler resilient ISAC pulse train, an optimization problem is proposed
that takes minimizing the weighted integral sidelobe level of the ISAC waveform as the objective function and
takes the energy of the transmitted waveform, the peak-to-average power ratio, and the phase difference
between the transmitted ISAC waveform and the communication data modulated waveform as constraints.
Because the optimization problem is nonconvex, an iterative optimization algorithm based on the Majorization-
Minimization (MM) framework is proposed to solve it. Nu-merical simulation experiments show that compared
with the traditional ISAC waveform design method, the ISAC waveform proposed in this paper has higher
Doppler resilience and a lower symbol error rate, and the detection performance of the ISAC system for moving
targets is considerably improved without loss of communication quality.
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KNS T EEAE VR AL R R S R
& EAITH T AR R B 23] o A [R] e 4
Ui BEAE & BRI RE, W 58 AN N 254k
B EINYE . R, TS REAR, Fik5
AE R RE BEAG  yE ROR A B, E R S
Tl AR T R T ZR: (1) Fik il E g
347 (Radar Communication Coexistence, RCC);
(2)i# & — 141k (Integrated Sensing And Commu-
nication, ISAC).
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TR — AL PIE . (2) AR &N W — AL BOE
(3)FE TR AW I — 1R AL «
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H(Orthogonal Frequency Division Multiplexing,
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BRI T IAMHIRE Sy IR SCHR BT A — AL B R
BIfe LR ARG T RE, (R IIMFIERFE
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(2) $eh 1A TR /M (Majorization-Min-
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PR AR AR 1) R Al 1) 8, AR ST T MMAEZE,
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A — F B ] B (R Ak pR BRI 46 F AR ek 3, JF
ZiaMAZE . PAPRSEZIRIR sl M 75
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Mtk FETHET R, AXGEENH T Friedr
L5 GTTE NIRRT 5 % (Symbol Error Rate,
SER). MM LSO R 2k fE . £ RKW], P
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W, T 7 REAMEER TR .
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A (Coherent Processing Interval, CPI) N &5 N4~
—RA K, BRI KK BN L X T A
ik, R — A BOY B R R A

Ty = [Tn1,Tno,Tn ]t € CE,

n=01,N-11=01-L-1 (1)
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F2 tHAH R R Y DU 8 — RO

21 BisBK

A0 B % R A I, O R 5
5 1% R B IX 60 A 57 LA TR OB 2 27,

oy R
AR — T

(BB A IR A LR IE D AS, A58 Ek Ik H
PRI, DR A 1A R T 28 n N PRT RN B
x,, (KA ) B AR S R ELC, (k)
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Her, 0=2onfTRZEPHH, B Hradl? 7,
TRk E 5 JE ] (Pulse Repetition Time, PRT).
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—EL RS
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Fig. 1 ISAC model
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IR 43 55 9 HL P (Weighted Integrated Side-
lobe Level, WISL)SZHl, HH,

L-1
WISL = )~ wi|Cn () (9)

k=1
Heb, w, MBE, Kkl =1,2,, 72 — 18, w, =1;
k| > ZBF, w, = 0. FAF, WISLH] LAFAL RE050

L—1
flan) =Y wilznUga, | (10)
k=1
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Uk(nu,mu){oz Zu_zwék (11)
EREPTIR, TR R B PO Bt
I T DL A6 O AN B SR A /AR 5% IX P2 g
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2.2 BIEEXK

TGRS, EENERERER. &

I AE P HERAVE S — A B 2 8] ) 5% AR BT U
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TEHEnNPRTH, — BT e, 50, H1E
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Forb, A5 0 B Aot 3 A S VR Y, T DR R
hi 58 Ak 1F 2 HAE — AN CPI IR A AR,
Wy, = (W1, Wn2, Wy, )T A2 M AT 5 1) & Haw, ~
CN(0,0%Ix), Blw, MRMIIE N0 T7 2 o B
T A
s R H S 7 2 M-PSK (M-Phase-
Shift Keying), 815304 8 6l 3 2 10 S 8L &R N
en = lentsen2,enrl FHH, e, (HIAHALAT LN
arg(en, ) = ZMW, QMN 22 e QM‘K -M (13)
MARTET20 R84, Wa—EEG5HE—
NF G, NI R AL ZE L
larg(zn,1) —arg(en)| <el=0,1,--,L—1 (14)

Horp, arg() REHMIANL, e/ 407 % B EH H
e<w/M. BT, MHESEER Te,
(AR AL Z2 )R AT REAS /DN, AT SEBILIE A5 A5 B I E 7
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B B — DT Ty, B AT DA SRR 5 DL — 8
(ISER/GEI T 75 FIM-PSK#F 5. & XSERA
Nerr
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HA, N it MRG58, M TFREAFM
TLERM, ZEERARRN
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{Yna/h: |arg(yna/h) — arg(end)l > 77,

n=0,1,-N-1,1=0,1,-L—1} (16)
ZE LRTIR, JBAE TR R RT 5 R A ] DU N
N ZEA R, MM ZERUN, RS R,
2.3 —INMEEFEERURAMAL O R ER

R4 B R X B A GEAE TR b, it A
KBS I RE R B — R T, R A s/ME
WISLIALHEN], 57 40 R e Ak A Al

SER =
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HA—EML Ly 20, CUNEELA R, U
RIBMESER; C2NEERELA R CIAEKL
o HT2.10. 227 RIE LK AHRCI, T
AR LR C3 I H R

E— AT R S o B, wEIE R
PAPRIT K, T Iy O 28 PR H1R 5 805 B
RESEIZE. Fik, A% ES ANPAPRZIHR
XTI AR DR A TRR ], ITPAPRIIRE N2

_ =all%
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z”wn”%
/E‘:E}j’ ||:Bn||oo:max{|acn’l| : lZO, 17 "'»L_]-}’ ”an2:
I 1/2
(X;ﬂmuﬂ . FUCPAPRIGAHAT LSy
PAPR(z,) <« (19)

Hdv, oF/"PAPRHI LR, a>1. S&WHEHIRE
ELAIRC2, PAPRAREM TIN5 HIHHK
YE LA, Ap

‘fﬂn,l| < ay (20)

Ho, ap=va. HE, H v, &, P&
B, MEEBRKRAFSEEERS. S5 EEREER,
75 e BB R N 2 S 4N . Rk, 7R
25 9E |20 | T Frag, BRI

|xn,l| > oy, (21)
He, 0<ap <1, Bk, ATRAMERBKLAHRCS:
oy, < |$n7l| < ay (22)

EExt Bk AL P, B (17), HARHEREE
SLARCIE, HBH AN ARELARSEKL R
AL 1 P, :

L1
P, : min ZwﬂmgUkwnP
k=1
st. C2:|zu|3=1L
C3:ar < |xn| < ay,l=0,1,--,L -1
(23)

s LR, il RMR(1T), WTOIRERL
A 2 AR BRI s I SR g (23),
L B 2 A B E IR . B R,
B B ARME T R AR AL W8Py A0 P T
3 EFMMB—AUER I

Mg (17) T LU B, ARAL @l Py — N e,
AR, MDA B HoR . Rk, A4 —
Fh AT MM AAEZE 1 592 DUSR AR AR AL 1) L P o

MM S Lz O AR SR — R 21 16 5 R 5

u@mﬁvéﬁﬁ%%Eﬁ@ﬁmm%ﬁﬁi%
5 e 57 B R M0 4B 31 SR AR Ak I B R,
HRFEIEAC VR K. 4T B B B 158 U i A2 200,

u (m",mgp) > f(a) (24)
u (mﬁf%mgﬁ) =f (:cgf)) (25)

P e nT 15 B R A S
P (689 <o (59,0 <o (50 080) 5 ()
(26)

Hp, acgfﬂ) € arg ming,, u(wn,wg)) . EHWHR

B f ()T FN0X —S L, JRRE “ A AL

I WS X — e B . MMBEE sk .
FR4E SCHR([30], H bR EREL f (2, ) 7E 5 IR AR

ol I B AR B

u (2, 2) = - 2Re (2llal)) + 2L L+ \)

L1
=3 w|cm)|? (27)
k=1
>~ EFI ’
al) = —Rz!) + (A\;L + )z (28)
L—1
R= Z wkC,(f)(—k)Uk (29)
k=1-1L
L—1
J = Z wivee (Uy) vec(Uk)H (30)
k=1-L

AN 73 0l 2 7S T B3 KA AR 4B AT R e K A AR B
) g, B
AJ :mkin{wk(L—k) ck=1,2,,L—1} (31)
1
ho= 5 (s ) )
H, pplSeNItER, w=Fe, F/E2L x 2LES
B L (Discrete Fourier Transform, DFT)HiFE, H

T
= |:0’w17a§l)’ ) wL—ng)_la O’WL—N“QL, "'7(4117‘9)1} .
T A, Aol =00 (k) . WTH
1
Rzt = EF‘E:LDiag(FC)EJ:ng) (33)

Hh, Diag(Fe)ZsLAF e Xt M Jo g % i B

3(33)FR B R r] ph Pt FLH AR 4 (Fast Fourier
Transform, FFT) /R B i 1A #: (Inverse
Fast Fourier Transform, IFFT)sZ3, 1Mil(28)+
alVBE Ra®, Fital) AT, BT
IR,
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HE

% 1 £FFFT/IFFTHRE a0
Tab. 1 Compute agl) based on FFT/IFFT?

LA 2, {wdt Tty T

fx = ffe([z) 01, .]7)

. = ifft(| fx|?)

wr—1,0,wp_1, -, wi]T
p = fft(c)

. tmp = ifft (1 0 (fe))

7. R 5:5) = tmp,.p,

2
3
4. c=rol0,wi,
5
6

8. Ay = mkax{wk(L—k) tk=1,2, -, L—1}

9. Xy = =
=g (1<Z<L#2 + gax H2i— 1)

10. a{ = ~Ra® + (\;L + Ay)z®
1L it o
WHER(27), BMu (2 )R IHHR,
Petb 1) @ Py 1) B AR R AT F AL A
rrmlin —2Re {wgag)} (34)

X (34)F M ?mm @y — a2 F, PyEai) it
FROR A A T L 6 g
Py :n;in |2z, — aP]|
s.ty.l Cl: |arg(xn,) — arg(en,)] < e,
C2: ||z, |3 =L

C3: ap < ‘xn,l| < aU7l = 0717"'7L* 1
(35)
NET RGP, HEAFZEIBELRCL, WA

Py :minH n
1 1o

2
st. C2:|zu|3=1L
C3:ap <|rp <ay,l=0,1,-,L—1

(36)

WGP, W EBEA P, O R
l’(t+1) _ ej arg(a:y)l) (37)
Hr, arg( )?%Ta E’J*ﬁﬂo —, FHIERK

é’3%03 z, t“ E’ﬁ%k\ SRS

ar, Olan| < ag
t“)‘ =Say,  Olang] > ay (38)
Slan,l, Olan,| € (ar,av)

b, o] i kPO AR2) 45 B AR fR fE

BAR

C2: |l |3 = L, FAEM THRfL(6) =0, Hrh
L—1
fr(0)=—-L+ Z max {min {af;, 6*|an >}, o7 }
1=0

(39)

&2 ZHEKRS
Tab. 2 Bisection method for &
1. Witk WEMRIXNA (6L, 0u). WEHIL = 0LAK
U 7/“(\66(5[/’6[])

min{|a, ;| # 0,1 =1,2,,L}
2. While |6y — &1, > eps - |0y

Sy =

3. 5= (5. +60)/2

4. If sign(fL(6)) = sign(fL(dv))
5 oy =90

6. or

7 o, =0

8.  End if

9

. End while, #ith: §

%2, eps = 2.22x10 1%, #F5E#a >0, N
sign (a) = 1; Wa <0, W sign (a) = —1; % a=0,
NI sign (a) = 0.

45 3(37)53(38), FIRILALHE P | HfE A

apeslan) Slan| < ar
Slan,| > av (40)
8lan @28 @ D | §la, | € (ar, ay)
AR, IRAFEAR I E, 4zl =T,

BTk, gk E Py, . P,
WA Py % | — DML ZLRCL. T KA
P GBI AN ZZRCL, B
Py RRIATER . NP HIA AL 2R, €
SCITF BRI )

Iz =
£

t+1 S
0 = apematons,

) |arg(i‘n7z) - arg(en,m <€

‘igjl)‘ el (@rsleni)te) arg(zy,) —arg(en,) >¢€

A(Mg(e"vl)*e), arg(Zn,1) — argen,;) < —€

(41)

He, ’(tH)E'PJlEI’Jﬁ# MM, AP B fESRE 2
ML R b, BEIP, BR80T = (@),

ZE EPTR, R R T MM — Ak % 1
THENE RS ER3 . AN LRI, P R
@\ TV SRR R AE AN, Ak R PR A
H I IEA AL AR, US43 I BOE B Y &R
KT EA—RE, EIERERES, Nit—P
e e R CSIOHE FE, AT LR FH SCHR([30] 52 i) B T
P51k (Squared Tterative Method, SQUAREM)
RIS 77 %

4 BEERS57R

A5 M P A0 045 R 0 R B H Al A
AT BT J7 R B R . BT T A A A
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Tab. 3 MM-based algorithm for ISAC waveform design

CEIN: o€, Wy, ens L)&mﬁfn =en
fort =0,1,2, AT

W al?) (3 140U T)

i @D R (40))

i 2l = 1@l ) (i (41))
end for (4RSI

dgi 2l

I

h~CN(0,1). 55 KEL =512, kBN = 64,
HE1E Te, K H IEZ A 54 (Quadrature Phase
Shift Keying, QPSK) #7730, BRI F £n/4-
QPSKiFHI 7K. A TETIRENR, & XRGH%
Wi iy {5 M b (Signal-to-Noise Ratio, SNR) N
SNR = P|h|?/o?, i, p=1AKRBBILHIF1Y
hE. & XL HnDPRT WA S BIY HIE A 55 I s
(Peak Sidelobe Level, PSL)E"35y

PSL = 201g (|C, (k)| /L 42
e, g(ICn(k)I/L) (42)

PR K, ARSCE e AT MM — 44k
W RATYERE AT, EE M FIEMUSE. PSL
MSERGEVERE. Bl)5, XTASCHEHMEET MMM —
ALY 5 4% 48 1) 35 T LEM B — R4k % 4T P
AELLE, FEMNSER. H AR DL AR pR H0X
3AN 5 T B UE AT 3 7 P Re L
4.1 MHEESHT

AT Xt B Skt AT S E T, TS A
Mg i — AL T FIPSLAISER M4 Rt

4.1.1 Y 5 #
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