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Figure 1 (Color online) Graphical illustration of the achievable region of communication and sensing performance

85) AR BB SR AR RE 2 — O SRR, T AR AU ARSI, DA T B T 4eft s
(141 Google 1) Soli ‘d i 101y 716 [ e B0 5 ML A Pk, H IR BOAR MR AR T 345 I — 4K (integrated
sensing and communications, ISAC) fJEAE, RINIEAS FURFN DY REE AL R — D R GH, MERAFERITC
LR TR LLBR BRI I e, IG5 (E . IRE T RS S HIMERE DL 12 HOR DT, JoAmAE MU R
5t 1) 7 [ V5 A A0 135 SRR R — AR A O RT3 T 1) B e OB R e, AT B AR LA A5 TE e s A
FHSE RFUBE R R AR, 3-SR /NG, FEREF S5 K AME 5 b T T K T 40—

HAE I — R AT 2] 7 AR TN SR 1 i B SR, ARSI FE AR HEAL AR Ik inZs. w5t
NI EAE ISAC Y IE vt 8~281 L SORAB AL BT [29~34) | SEEGIGHIE 35~400 S8 By it (41420 ZE 2 AN ] HL
9. RS T TR 2 (IEEE) #3727 802.11bf T/EH, 75 Wi-Fi 7 F1 5| NEAI T FE 1431,
FEAREEKAETERI (3GPP) AR R19 Fiar 1 o¢ Tl 5 A — A i 5o I 5 44, (5 bR
FICEE (ITU) F 2023 4F 6 H 52 T CIMT MR 2030 S AR R J& HIHELLRLE /R B bR 15 ) 48] i
ool S R A — R A 6G BN KIURLg se . —. I, 3850 3 AR K A5 IR — A A R A
MIMO. AN AT EMFFERI (reconfigurable intelligent surface, RIS) 531 KRG 25 A 117717 L
87 A RIRE, S T @A AR RGBT R, A AR T R E S 2 SRR
HREE T R PE ARG & 16~491, SN, 815 N — Ak AT A DR B I SCBRE BE 1) R A A o, FLrh iR
DR R R T 2 3 £ AR R T (1 2 R AT 2 [ R 50T S — 47 LR (4R B 0] SE B ISAC &R G Be ik Al
iR B R EE N TR FIEM. AT, AR LAERAT 7X@ R R 0, b iz
F4) 43 A SEE S BIE FUEAE AU AN T R GE T REIA B 10(5 BB IR & SCEAE AR 1 1 RE 2 &, I %
TEAE X, AEIX —AESE T, IS T IA M R DXL SRR, BVR] B AT I8 R R 4 R AR
AN 1 s UL G, AT WA I S A 6 BT ZE IR RE A R - A R T EAE T
RE, W2 L b e B Ve e, 5t B U2 S o BRAR AR L, IC I B LR 13 14 R AN e I B e P g T
[FIIY A, AFAEIEEIE RS . LR RGERU R Z AT C Pos, /o TR A B 28], i xf
BIE BORAGHL WIgs M S5 5 BT, AT LA 5 B Herh — 1, 12 m i B B0 H S2Fr e oK
HE.

ASOR I AE AN — A A5 B R ARBR J7 T A AT B 7T AR AT ARG 45 B 8 Fhon) Ji
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Table 1 Comparison of existing theories on the performance boundaries of sensing and communications

Theory Representative formula Scenario Characteristics
_ . General but abstract;
Capacity-distortion C(D) = Zp(xn)ef I(X;Y]S), Generic ISAC
th A less value of
eor n o an scenarios
y s.t. E{d(S™,8™)} < D ® practical guidance
M. _
Rsc = (17 230 ) log |0, 2H.R5C HY |+ 0(1), High-SNR Reveal the two-fold
MMSE-based o2 parameter tradeoff of ST & DRT
s —1,5CS
performance ?Tr{‘p 1(Rx )} < ecs estimation but sensing & communication
boundary theory o2 scenarios (S&C) performance metrics
< s Tr{& " (R$S)} :
e min{ K, rank(ﬁ%s)} X (Gaussian) are separated
Parameter esti-  Unified S&C performance
Equivalent sensing mation (admits metric; but lack of a
rate-based performance E{d(n.n)} > D[E{I,(Rx)}] > D[I,(Rx)] closed-form for  clear relationship between
boundary theory linear Gaussian sensing rate and
models) expected distortion
B Binary symmetric channels: R<I(Ye; X), L Error exponent E only
Target detection- . —s s arge-T target
Sare E< —mingeo 1) Exlog Y Pi(Ya|X)' T Py(Ya|X)"; O A8 defined for T — oo;
oriented performance Ysey _ - detection
Vector Gaussian channels: R<log|[I+H.Rx H_ |, . cannot reflect DRT
boundary theory Z c scenarios X .
E<4 'Tr{H.Rx H?} in Gaussian channels

PEREST I 0 M 5 20 . AST T Se 28 AR B W 70 i H ] R A5 JER O — PR R GEBE AT, 5T SR A
DE RIS R - R IR, SR T2 I R J T 49 77 5 22 R R 5 IR 0K R o 7 ¥ F e
RETL SRR, DA T [n) H Aper U R ik RE I A PRI FEBLIEA b, X 5G NR Migs M EAT 1 i
BEILF M. e, AR H T — S R A R AR PO B, A B BB A e k. NS
Tyl B LR IR eI S AR BT T, 3R 1 BN B AR AL Sl VG B AT 1R A

2 BRI RGERRE

AR FELDR FAT WA A (downlink device-free sensing), JL/MM ALK 2 Fis. X T
HFAEERETE (N 2(a), (b), (d)), BAEFBEAHEEE 5 —BRIER 0k

Y=HX+Z, Y= Hs(n)X + Z;, (1)

Hr X e CMXT iR ISAC RIHMES, T NG SRR E] (B0 Hpr i gl BU), M R e
ZINI R SHE S U, X RT3 R REHEE. Y, € CNoM FoRBEHRIE S, No ARAE
ZINE T YEE, S RLT FEE L IR EEE. Y, € CNXM GG, Ny N Z
BN BG4S, H, NIBEEIE, H, NEEEE, BFRH bR RIRRE P2 BRENE 18 & B0 H br
ZH oy (BEES . . AES) MRS, B H, = Hy(n). BA ARG 24, AT DU EE 00
A G E AT RGN AT DS AR R KRS K, TS5 g B0 T 2128 — Ik, TR
T RGEUTERG T W 2058 KA (T HFHCON AT 8] B31). Z, R Z, 43 5 38 45 R s gk
A OJEE BN ESME R E T (Caussian) [, RIER (1), B 2 F1355 (a) A (b) X HET
TWRAEE Hy AR, s (b) M (d) BXHET ISAC F5 X XF (b) HHERAHZELR 3 C
a, X (d) RIS UR R, 355 (c) 5 (a) ZIAFESEPRN R X EREEXHET (a) FHE
B PIEGET S, T (o) WHEZHPEE R M ERIWMAKE, W% (a) SR Axf pfEiE,
Wt (c) MR F T #{51E (broadcast channel) 04, —FIAEEE R K. WA G BRI T/EFXTEA]
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Figure 2 (Color online) Typical application scenarios of ISAC systems. Sensing targets can be communication receivers
themselves in all scenarios. (a) Monostatic sensing; (b) bistatic sensing, known waveform; (c) monostatic sensing, multiuser
communication (broadcast channel); (d) bistatic sensing, unknown waveform

e B A M. BRI, $HX5 353 (a) B0 BT S VR A5 AT 35 AL To 2 SR AN (5 5 130y
T RIPEREIT R IR R, MIXTIA R (o) HI20 M EE R IR 55 IR | 4845 T 1) o D0 L SRS AT {52
mi. BT BT TARIE R AR (1) AR ERSVRE S, DMETHES L. & 248 I, HEAEE
AR RN — Ak, FRAR )RR E A R DA B AR R e R P4 B — AR <R AL R E
iB (physically degraded broadcast channel)” [IRFFRIZ AL CRINT HREER B XK, 2 H AW
AMEFEHS, bt —F iR, IEREA R IR B 1A 2 BEERRNGE T e R
Yy M Yo, WR X — Y1 — Yo BN E/RTTR (Markov) 5%, Bl

p(Y1, Y2|X) = p(V1|X)p(Y2| X), (2)

YRR P AN FE P 0k 2 R TE 9 BB AL IR ) (508, Je P 1 s TP 2. LA IZ P ISAC 1
RERRBRBIF T 2 e T iz 5t 195261,

ATEL SR — mif2, ISAC RGBSR TFEBAMBEAATAR. d17T ISAC RYETH LA
HIEEEE, ISAC 55 — RN TR ABEIE S, flansiir A, g HEiEE S LM
W E R, BIWKZ RS HER T, saB Oy EYLY 217 4 A s aifE 5. Rk, ISAC RS
NS ot bR T ECREAUE 5 HEAT . 4 RN VR BE 0 3 T 14T 5 5% eI A R R AR BRI TR . 3R
ATRAE G SCEIHE — BN BRI o0 I — s At — 25 Ui 9.
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Figure 3 (Color online) State-dependent memoryless channel model of an ISAC system

3 RE - KkHHER

i T (E 5 RGN H AR Ti“’“ﬂzf FEbRANE], 3 BOPEREZ AL AEAN P8 S 4 . Gk —
AL BE AR PR PR HAZ O H AR IE & 2 X — I REAT o, AR T VA2 0 38 A AR 1k BE F 8 P
REIX B LM R AT (Pareto) HiIVA.

B A B I BE A AT RTIT I A & — R (capacity-distortion, C-D) 7 BT 45 1% 5k 72

ZAF B4 B R K B RIS L (rate-distortion theory) P81 B & Mi$E H ). 7F C-D ﬂ:;’é—l:, B H
Broxf BT —MBEIERSFFH sn. 85 T REM HIRZ MM Yy h i JF IR E W, &1
ARG HFRN R Y RATHEERES S R R JBIG M T ISAC W8 B SCHR [57) % &
T 3 BB s AR TCICIZ 518 (state-dependent memoryless channel, SDMC) A&/ 1544
RS I CRME RS S, M X e R g R RN, N I8 AE AP (R D R IL ) 3
5, BIE 2(d).

B At CLRMETE RS 57, SIS AT AT S, Bl X = X™(W, ™) +& S™ Al W )
PRAL AR, BT X —RN—AMEEN R, BN n (5 ARG A TR AR JHE WK
TR, B W e {1,2,...,2"%}, A EER IS iZyE, Sl vy B

p(Y") = HP(Yz‘XmSZ)’ (3)
=1

H Yy, X; RSy AP Y TG X R Sm g i ANER. BluRRgE v 433
PERGEE L W (v™), FEHSLEEIRA AT Sn. PR s i al R 4

277.R

P.(n, R) ZnRZ]P’{ Y”—z\W;«éz} (4)

YEE AN EER d(S™, S™) (HH AR B eR B AR BB, BN R BN
D :]E{d(s",sm)}. (5)

MK n BT RS, BHE

E {d(S”,S‘”)} <D, P.(n,R)— (6)
FOL, MIFR (R, D) & — Mk iig 3 — RE. R EERSCHE, e — PR E D IE R T
5t (D) RN FfEiEA &, I HTH N ES H:

coy= 3 I1(x:Y]9), s.t.]E{d(S",S")}gD, (7)
p(Xn)eF
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Figure 4 (Color online) Delayed feedback SDMC model of an ISAC system

Hrp F 2T A0 p(X™) BIRATIR, ZIE 1R S a2, e WSk 24 R P T R 2
W, AP

1 & 9

R L E{Xr <P ®)
A AR R D, BImTE S (7) BRI BN A R - KREIAS C(D).

Kobayashi %5 %69 4 C-D BISHELLY R 2| T Wil 4 Fros s, HohBaionm L aEEREs s JF

P IR AT PR RS o AR — MERS Ot Z SRAbTh S, AR T — NI ISAC 5%,
R [EISE O6F BT ZERS S 45t Z2) A4l HARSEL XERLTB 2(a) 1 (b). (SRS S 657 X 0l v,
SRR Z FURAE T S MIBEA /A 5 A %Il 1 iz R i % AR 4 2 ISR &, AT o0l

Psxyzs($:%,y,2,8) = pS(S)pX(w)pYZ\xs(y,Z|$,8)pg‘XZ(§|x,z). (9)
XX AR, AR L (7) SRR ALA R — R SCHR [59] W T @ s N R BT R
flih B A B /NP R

§*(£C,Z) = argmianS\XZ(sLTvZ)d(svs/)7 (10)
s'eS ses

HAJEI i pex z(s|z, z) TTRRA

pS(S)pZ|SX(Z|57 )
ses Ps(8)pzsx(2]5, )

PS|XZ(5\%Z) = > (11)

EAERRZ, X (10) #R PR T EZ —DNERF S E. XREX T ER 5 SDMC BRI
5, BRSO ReE BB T R, AT B — B ] AR SR ORI AT BC S A v, I, iR
WAHHE 2R E 5ERAMEEAR CEEIT (1)), B Z AFAE G TR E 1 7 (61,

X BN FBHH (single-input single-output, SISO) 15, SCHk [59] #& i A F A Blahut-Arimoto
B, N E - RELFTEUE T E IS A2 R (Rayleigh) V& IS @ (s 18 a4, i
AT RN N

Y, = 5;X; + N;, (12)

Hrp X, AEERASE T« DTUE, WERAR LY B{X,[?} < Pr, T S; A1 N; BN
TG ATT Z SRR R, & Pr = 10 I, DI REANBAMARE R, EIRERKARE -
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Figure 5 (Color online) Capacity-distortion boundary in the SISO case with quadratic distortion metric
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Figure 6 (Color online) Delayed feedback state-dependent memoryless broadcast channel model of an ISAC system

FrA 20 AR s ARz, 195 X, BAT s A . 0 55— MR s AR X J7 1R 22 f /NI 0 T8 {5 T R
T RNACFTAS I TAE 5, PEARRS 5% B T4 1) BPSK (binary phase shift keying) ], MIX AN+
ATLLE Y, JEAE VERE S CEI 1) ISAC RS- BAT BRI BE AL (1537204 78 — B R 20 R A B oK), 1
AN RE AR ISAC 17 BA — 2 net (BPSK F 5 MR EEE). X—WRERE T IRER
AR A IR AR B T S IR IZ AT, VR, 4.2 /NS

Ahmadipour & (5556 3 —3P4% C-D BUSHELLHE " F] 1)~ # ISAC 15I&, TR T B 2(c), AL
BAIGE 6 Fros. B 6w, & Mhs 1 IEX R TIEER P 1, &6 T 2 MEXNTHP 2, 1 W
WARER T FRfEE B A FLH R, AR A A F P . SR BLRAL R 4k ISAC {538, Kb 1
s T A A 2, B

X = (851,Y1) = (52, Y2) (13)

2063



AE—AE: B4R RS — R AL (5 B B R PR

PR /R TR, SCHR [56] 5, AR SR ECIXIEEN L N BIZIRI (Ro, Ry, Ra, D1, Do) 1Lyt

R1 < I(X;Y1|U,Sl), (143,)
Ry + R> SI(U;YQ‘SQ), (14b)
Dy >E {dk (Sk,Sk(X, Z))} L k=1,2, (14c)

R, Forh U 22—l BhAS R, SR AR R0 BN g i Sk 192 BV AT ik 31X — XA 5. X380,
FETACALAETE T, IEWS A5t Z; 1 FFANBEFIRGETHYIBLR AL 3 ISAC fHIE P @ E 2, R aed b
BAMEIEARAS Sy A Sy, X F— )4k ISAC 1538, SCHR [56] gyl 72/ & - RAE KRN
FERIAN G

4 ETHRREEEMNBRMEEIAFIER

RE - REFRHRR T B AR R R BRI ARELL. SR, BT HE NS, @ e
133 B A g i SR mE T U, A LB SEBR RGBT AR T, STk, A TR 11
Bk pEEr TMEE - REWFHE, HhmAARERREERYTTIRE (mean squared error,
MSE), HJ

a(s,8) = |s - S|°, p=E{d(s.9)} =E{|ls - 5|} (15)

AT X = X(W,8), WA Y #7304t RIE— 52, eI e Se A A T &
Smvise = E{S|Y'} (16)
RENEIX B I MSE, RN F/N YT IR%ZE (MMSE) it .
4.1 EHIERE - ¥MIHIREXAR
MMSE 515 818 f 8 2 18 A B R ZIREC R, Xk R AR IR THE W 2484/ De Bruijn 18

A 69

o 1
1S +ViZ) = JJ(S +i2), (17)

H s RE—BEAARTENENIAR, 2 25 S ML RERMEESHIEE, h() ZHM5HE,
J(-) W2 Fisher 15 B 104, —fR 3, Fisher /5 8 5 LG THI 7 Z A W F 543 - B (Cramér-Rao
bound, CRB) K #:
A 1
Var(S) 2 TS’)
PP (17) P TR AR, 2 (18) TSSO, 2 S RFENIACE R, CRB AT &y I
- CRB (Bayesian CRB, BCRB) 651 Elf [l A&

(18)

- 1

Herb g, K& S BSRIR A R TTER. 7EREEERE b, Guo &5 [66~72) 1xd iR i) ok i s g T 2R AR Y
Y = VsmHX + Z (20)
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e T AR - /MY RE (LMMSE) K&
0

Osnr
Hrp X BRREES, 2 B X3} = 1; H NHEWUERNEIE; Z N FRER, KA uR MG,
IRNELE m B A0, B E{|Z||2} = 1. 20 (20) ) snr RIRE 5 75K 0 i {5 M LG (signal-noice
rate, SNR). MMSE(snr) &% T HX [ MMSE, Bf!

I(X:Y) = %MMSE(snr), (21)

MMSE(snr) = E {HHX ~HX(Y, Snr)||2} : (22)

H X (Y, sor) &% X [ MMSE f&iit. FIF_Eif TMMSE 55 %, Guo % 66] HE—PAE ] T A TR
W2 T, @A RS ES X #15 Eik MMSE f kb, 5—J51, SaoAn iR EHE S feigik 5
e, ARG B, $5 2, mlE Sk B A Rl (s v GE I [R50 55 22 1 BT RE.

4.2 CRB-ERZEHR

REFPREER - WhHiRERZEWLZ E T EEEEMNENES X TR ZEZ BIRTE
KRR, X7 IA WA R E T X (20) X — AR R e, HRFAET i f e T A
De Bruijn fHAURMEY R HAME . XSHEGEERE - W IRERRZRKRTEE N EA L, MAGE
FH 17 58 A5 AR [a] B MERE T R &

s R HE ) S B 2 AL E T De Bruijn SRS T RS X MAE H, F4E o, FIA ST R
BRI IR 5. BRIECAAN, MMSE A S WAME T 4047 A9k 545 B A MMSE XA RE
fetsi—x k. —m s, BEE B TG H:

Y|X
I(X;Y) —E{log Ei(p(lﬂ;()}' (23)
AR 25 52 (B) p(Y'|X) 445€), BAEE2 p(X) Bz k. R, AT PUEE & p(X) SR ERE R,
TR BIF N EAE M RE. M2 R, MMSE 5 p(X) Z IS RIHAEFE. M MMSE f)—BRiE

MMSE(n) = Ey x {|E{nY, X} - n|*} (24)

ATBLE I, AR E{n]Y, X} 5 p(X) BSBR. B Y 55 n SR RS, £
P E{n|Y, X} JFHM & RIS R, Btk BRAERS MMSE #EF R4,

AT R R TS T RE R — R MMSE ML, LS p(X) 1% RS
VB g W7 R AR R A U CRB, B F R R

MMSE(n) > ExTr {J;lfx}, (25)
Hor N
Jux =By { (5o morm) (5 mpvm) } (26)

FONZEL n B DI Fisher {5 EHiFF (Bayesian Fisher information matrix, BFIM). ¥ & 2|3 (25) #,
Kt g WIEAT X IR WP SR, TR PSSR IR T o B, #Ef it p(X). £

2065



LTIF
=
bl
i

S RS — AL 15 B R AR

‘max

Enin € CRB

7 (FMEM%E) CRB-EERE RS

Figure 7 (Color online) Graphical illustration of the CRB-rate region

HEZEN, Xiong & 3731 Z 58 1 30 (1) 45 A0 N AT W& ISAC B, Hoh (Sl 2 ffl it S 4
n HIBREL. A 25 FEIE S AURFITERE, AR 4 K BORB A0 FJER Bt p(X):

t. 1<
Jmax I(Yii X), st EXTr{Jn|X} €, (27)

HAt ExTr{J, } <e N BCRB ZIH, F LT p(X) MFHABHLR. 52 URSHE 5 IR 7 2
FEFEANGE LT P T AR
Rx =T'XX", Rx=E{T'XX"}. (28)

R LA TE X, BFIM AJ RN

Joix = %@(RX) = % (Z F,RYF! + iGjRXG]H) + Jp, (29)
s s \i=1 Jj=1

H F, 1 G; S52HERT LG (Jacobi) #ifE B = “T(H) 3B, Jp ok B BRI TTER, 1 A 7y
AL &1(Rx) = YL F.RYF! Ml &5(Rx) = Y12 G;Rx G ] Kraus Fk, FLH A 3L
N, VEWSTHR (73] RS, T2 BCRB Al 5 i

e = ZEx {Te[#(7x)]} (30)

FEREE 30) B, Tr [@71(Rx)] N Rx HIMERE. M Jensen A5, A

ERFEGHALITE ) %M Rx = Ex (Rx ), BUE S IIFEAT T 28—t A0 E. AR5 3R,
MIZ— 26T DA I — R R ST B T — BEHLITE.

MG (27) A1 (30) ATLAARE] CRB-#EF X3, HAARME 7 Fros. B, Pse AR 7E R R
FITERELIAUT, S K ACIE S T AR (5K Pog s R TR SORIBAE AR LA AT, S A0 BT RE 1 5K
. SCHR [73] FPAEH, I3 Pos w5 A8 AT s (s 5, BIANTR 1045 5 454

Xog = U.AZD, (32)
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Hrp D iR 51i WARSL ] 73 A5 bR e i o0 A, Ue i He B4 3 R EALK, T A &2 —
TEAR SRS 4 Y (R x F R R, BRI (TR Ry

Runax = log ’I o 2H RS HY|, (33)

Hrb RS & Xog ST 7 256, — kL, Pes AMATE CRB JFEHAERXNR, HEW T L
T

2

2 —1/pCS
T — min{ K, rank(ﬁ%s)}Tr {45 (Rx )} , (34)

Hh RSP 2 Xog MIREAR T 250, lRMWE Wishart 7345 4. 24 T — oo I, X (34) F AL BEIAM)
TR AL, #E 2, 3 (34) 4 CRB B L FARAIREFEE AR E T WIS E T o.
F— 7T, BB Psc mHIRBS 2T (semi-unitary) 15 5 4514

g

2 _ 2
%Tr {di_l(R%S)} < €cs = UTSEXTT {SP_I(R%S)} <

Xsc = \/TUSAS%Q7 (35)
Hrb Q & —ABENLEEHFE, AN Stiefel I JE:
SMscXT = {QIQ 6 (CMSCXT7QQH = IMSC} (36)

RS A () Haar W (7)) JREEIS R, Msc = rank(H.Rx HIY) B0V A8 e LR 16 & 3 44
PEREE; A, &P I1EE Hermitian FFE, T U, B0 R E M CRB LAk 1A

min Tr{® '(Rx)}, st. Rx =0, Rx = R, Tt{Rx} < PrM (37)

o B KRR AR R E ) 2 Rk, R R B (37) NP IEE K (semidefinite programming, SDP) [f] @,
LA R R M — B AR AR (ARG IZER AN RSS), B RSE = RSE WL, B Psc miAbiIfS 5
Xso MIREA T 7 2255 T gt U )7 22, Ui WAREAC T J7 ZE 00 M R 1 v 1P ). SO v 45 e L PRy 0 T ok
(EE IV

Rsc = (1 - J\g;c) log |0 2H.RSE HE| + 0(1), (38)
Ali& CRB My )
N “I(R
€min = 22 Tr{@ (RX)}. (39)

X EIRIEF] Pse 1 Pog RIS HBEAT HLEL, AT DURILAE CRB-EEEFX —HIRHELE N, lF S
JRATZ TR Ve RE AT Lot B — FIOWE TR, BRI

(1) A% — FEHLITE (deterministic-random tradeoff, DRT). E %t I, NI&THE(FHE R, F
FARRIHE SR BRI, LA S 25 8 T 225 fe AR e, W5 2R SN BN E IS, LA
PREGPERERSE. XL (33) A1 (38), I WN T Bl RN YERE, 5 5 M Mg il 7 afE B B2
Wk, HEUEAN Msc/2T. F—J7m, XX (34) #1 (39), WA FH H Ak B E@E ERe, KO i
SE RIS T R AN B B R, SRR min{ K, rank(R$P) ). (HASER AR, SRS
] T 5 Mge ZHFEI RIS, € — BT HARGA TR E. ZRFOVIME X 21815 s i & s
T, fE T/Msc — oo I, H AT Z [AIERATIL IEAZ 761, MTH 745 5 A 1945 S #ia S5 30 5 —J7 ), 4
T/Msc B T/ min{K,rank(R$®)} REEE, BUE T — oo, iE — BEHLIT R K IHALFED.

1) XMERAETE - BEHLYT RO 138 (558 5 5 SRR R 2 (B (O Bk 2R, Y K/ ARBL T SR Ta] 9 Al T
YR FI S HL X, BB AR R &, Mt — 250t
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Figure 8 Sensing-optimal and the communication-optimal transmit constellations, respectively (M = 1, T = 1).
(a) Sensing-optimal: constant modulus constellation; (b) communication-optimal: Gaussian distribution

ik — UL — BENLHT RAESERR ISAC RAEHHE XL, BE—NFRER: M =1 H T =1
BRI, R EE TR — MR, AWHCTE o0 AIRBIRANREITERE, T R, = |«> AMEME, TN
59 T ERAE R, M 2k B R KR E R, KHME 5 AL A 75 2@ T m A, Fh
TR A B R 8 o, AT L, BRI AR HIE 5 2k 2% TR LI — H R, AT #5415 2 RE
55, SULRI, 55 BB S o RSB #A EE R AN RE. T o R = 7 3 A
FURFNRE S AR RSB AV R AR5, P L EA I E RS 5
(2) FZIEIIFR (subspace tradeoff, ST). XI X (32) Ml (35), 7] LAE HB ISR A K HHE 51
PR U X 5F, MlERUASHE S HFIE RS U 5. Bk, STk (73] 906 U, 1 U, #9515
18] 73 BRI 723 [ MRS 722 0], XA JATHIR "2 2 ISAC RGtHIEci H AR AR sk
A RN RE T ) — =, TR SEE T A B SRR SATI, T DA AR 2 TR N T 1) T 2
M EAE S ThE. SR (73] HhikdR i, IR ER BT Gt P T ZE O R SE L, RISREAN R 2
SRR EAEpE
max (1-— a)Tr{dS_l(ﬁX)} —alog |I + UC_QHCEXHCH}
fix B B L (40)
st. Tr{Rx} = PrM, Rx =0, Rx = R,

Hrb o e [0,1] RIFFERIERITENSE

T A AT B S R P AR AR 1 A ] R A SR L DR R MR, @ E A
SRS HARI, U M U K51 AR, B AR 725 89 &, A Re 4 2 e e i - B
WU RGE. 518 53— Wi, 453845 742 (B AR 722 [ AR LIRSS, B 58 4 m AR5 722 8] o
KA S, ARG T3 (B R SR P95 5. IXR ML ANEAERE — BEHLITE, AT DUE ik EE
3\ (40) IGETHI T 22 BRI R SEDLE I REST X S HE IR Y

I DL E R A A T 1 O BB E - BENLIT RS 1 R R AR SR s K L R A
g, BRI R, RIS, BEFREN N HE (CE b)), THEAIEE D 73]

H, = o-a(9)v"(0), (41)
Horh o NI ENERL, 0 FoRFrb TR BARTT AL, a(0) F1 v (0) 73 BRSO A5t RERE IO RE 571
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S MK (steering vector). HIZ (41) AITFE L 6 1 DU Fisher {5 2 W1F:

2TE{||? —
Jox = i'Q | }Tr{MRX}+J§’, (42)

Hepr g7 B o ATk, M = E{M*(0)}, M (9) = [la(0)[*v(0)v™ () + [la(0)|*0(0)0"(0), a(9) =
da(0)/00, v(0) = ov(0)/06. FEAMIH, WS T AR R B8], TR -T- 2% 18] ) 2 H /R B
IR E w TR, 2R REEVEERE M R R ORHE )&, AT 72 9, R 4t
75 7E O 10 g (731

max Tr{MRx} + ' Rxh., st. Tt{Rx}=PrM, Rx >0, Rx = RY, (43)
Ht X e [0, +00) RIWH TR ENERISE. &ZBHT - BT EREm, R 43) 7
—A CRB-TR XK AME: — IS, TovEH— e 5 0 A R A 202 145 5 i s R o b T
(Tr{MRx})™") MIEifE S riiEkae (8T log(1+hERxh,)), BRAEHE — BN EASEER ]
WG (Bl T — oo K.
1E (43) BIEERE b, OADERAS 51 Btk A, F DO E - BENLET 3. Bk, B TrEAR
BIFE Msc = 1, MEHATIA TS T K12 T (5 5 0085 B HER RN 1/27. H—TJ71H, R

— PrMrHMr &
T {MRx} = ————— ; nal?, (44)
Horb v RGO 28R KEFE &, ng, = 1,..., T AR 0 22 508 [ 6 FR 5 i 320 A BE
DU, Bk, Tr (MR} IEHCT o7 E ROy BB B, AT B BT 5 A
T
(T —1)Tr{MRx}

E|(Te {MRx}) | = (45)
RIS S R A Ry 1 AR R G 5 M S5 Z AT 70 AR, STk — RE
VR R RE T

AR LR 10 AT 2t A5 o CRB-TE R X IR & N AR, anEl 9 B, i 5% &Rk —1 #9L
PRIREE1E, BRI MR IIME S 300, FrifEZEA 5° 1) von Mises 734, HAA HSHH| T3 2 .
K 2RS4 p & XN
 hETdh,
el Amax (M)
Forp Ao (1) FORIRORFFHIETE. PTLAE H p BB S Wi {5 FHUR R 122 [B) 2 [A) R EL S AR L, p ORI — 2%
SRR M. KOs SR R A E T 0, = 40°, IR (43) WA TS EATE, 1931 & AT
W 9(a) Frox. P — s i SO FE RS S AR Z (W4T 70 I B AR T A I 5, AR 3R 23
I A N2 BARAE Pse M Pos BLIEHHT 2 HEAERTS N AL, B8, Jeiliid geit- by 2 o 9 54
V)3T 2L PR 7 I 48R, RIRR 22 B 7 I 4 VR A EU BE 45 2 SE 7 385 AR FN VR RE. S35, TR 9(a) Hof
PN SR A S ST - s A S TR B B — BEALAT T3 RIS S8R I8
HBE, 170 e 0 5 1 AR R L. TR RS AR LT B A 6., PIAS AN HIE T S AR A 98 L p, 1
I EIAN TN — i A 9(b) s, IRl Y, B T2 (AR S R p BIBEIN, A
Gt Z [ TR BB 4 ), X R 18 [ RSS2 p BB KE 0.99 I, B - oA

p : (46)
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Figure 9 (Color online) Inner and outer bounds of CRB-rate regions of the single-target angle estimation problem.

(a) Communication receiver at bearing angle § = 40°, p = 0.72; (b) outer bound and the semi-unitary-Gaussian inner
bound varying with p

*2 HESHK

Table 2 Simulation parameters

Parameter Value
Number of transmit antennas 10
Number of sensing receive antennas 10
Transmit antenna spacing Half wavelength
Sensing receive antenna spacing Half wavelength
Maximum sensing receive SNR 20 dB per antenna
Maximum communication receive SNR 33 dB per antenna

FAF R AT, 1 AW T — BEHLITE AN OSSR, SO 2 AT R e A Ok, BRI e AT
HEAHE - BT ERE.

b - BENLHTEORN CRB AR AR K. 7E RS (BT 45, AT IIE SRR - 3L
JLIt (Ziv-Zakai bound, ZZB) W& —F R FLEER. AW RE 4 (W #5 jr) &

y(t) = st — 1)+ n(t),

Horbry(t) R RUWAE T, s(t) FoREEHES, n(t) NIFEE N Ny IEBESHTABS, 7 = d/c
NG SAIEHRISAE, ¢ JIEHRIEL, d PR, A R ZZB 41T

SNR

E{(d— d)*} > GonnlB(z)] == /Om 2Q ( - é(@)) da,

HAEBEEL SNR ESON SNR = g [7 [s*(t)]dt, Qa) = o= [~ e du, emay AECRI T
R(x) A& M —10 5 HE SR 5, B

R(z) = R(z/c)/R(0), R(r) = / T (= st
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% LR, T DLED GonnlR(e)] AT I fb B R(x) B0 B0, TR T 228 it
FEAERISE — AL,

5 ETRANFUYERNBRIEELFEL

TR E R BN AR LA <BARE R AR, TR e B 28— B8t
K1 ltn, EORAE CRB-IEREE AR, W REHT L O WOV E — BENLYT 2R 723 (813 2 A Ay
AR FFASRE R IS T AR B &, AR RONE T . 73— ﬁﬁ IFITERER R FE
R AR, T AE P RE A ATE AR, X AR 2 W 3 (] T E I B BRI —— W
“1m HYERLIRZE AT DA 1 Mbps HOIEEHEZE" A HES N+ R

5.1 fHITERE

R BRI EITEN FIRGREE, A BEIEE 7752 S 1R RN RE A RO B
)R8 AE. Chiriyath 55 77 2R HBIR IR A, 2 T “fliihs 3 pomEas, HoE SON

MPRI MPRI

Rew =7 D 10m) = 1 3 (%) ~ K f)], (47)

Hordr Mpgy NEGNFREENTR]) T NSk E R A (pulse repetition interval, PRI) £, MWl Y, =
B on MM E 9(Y:) BIRMASETARE, 7R h(Y:) f h(Y|n) KRN

WY:) =3 L log [27te (02,0 + 02st) ], P(Yalm) = log(2ﬂeaest) (48)
Hrp o2 AZE n MRKTT%E, ol NRIUMETHERTTZ.
T THT PABSE S A T 1) R R 45 150 B A TR B SEBR N . 2B R BRI T AR
y(t) = av/ Pra(t — 1) + 2(1), (49)

Hrb P RSB SR, o AEERL, © NAETHIE, 2(0) NEATTE o WEBME A RS
MRIEAZAER, A3 B SEAG T CRB W0 F 77
2

g
. {(T -7 } - BTpriPr’

50
8m2a? B2, . (50)

S Tor KA PRIBIFFEE ), B WRITEIY 2(¢) BT ST, Bons SHIITRASE, 1T
4 4
2 PIX()Pdf
Brm% - 51
Jo 1X (PRS- (51)
Hof X (f) R a(t) HFURFR, BB B (Fourier) A5Ht. 5 HEFIE 2515 ME LR PR 8 1 AT A
CRB, 4410 (47), (48) A1 (50), AI752] [77]

Mpri1 Mpr1 2 2
Tro 87r rOCBrmSBTP
Rest = Z log <1 + p ) = Z log (1 + Tp = T) . (52)

m=1 st

RAE (52), BIATER —&H (5 EHER) MHgEE SR MRS, 45 A TEREIH R 1T
AT, H T IS 5 B B 2 TN 2 — M5 S A i FE 0T, b3 73 ] AR 5 S g™ & 20 R A .
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5.2 BHEFEER

5.1 NP B TR AR oE L (47) AR TG EAS B BAAMER A L, L (47) 5iEE
T 1
Rcomm = T g(lg?)( I(ch’ X) (53)

TR, (H 3 R OGRS 32X (53) BRI AR AR AR e (5 71 SR ITESR S (ISR T p(X)
BRWEARE I1(Ye; X)), W e {538 g it e 21 B8 w0, 5 i A @ T T max I(Ye; X)), 1ENC &
A AT PR A S s . AR TR o, AT OIS Bl W R AL E L SRS R, RN LR
TG 2 WA B e R 30R, HARBATTREAA IR 2 LU AT e di A e, 53—, i H AR
AR AL — AN BT EE R BR S 30, 2N (47) A KT p(X) BIER Ak, AT I67%: H 4t
5E BROR AR RE .

M BBV T LA Y, B BB EER 1(Ysn) WEERE X, A RS THE R B 183
fith. Bell (78] f) 5L AR MRS R0 R 1 e 17 8RN ELA5 S IR L. SCHR [78] 4R i, WS H n HI5E5:
FEAE N NSRRI 200 A, I ARRGERI Yy, BEHS 10 0 SR B K INEL Noaxe 9

Nuna = Lexp{I(Ysim)} - (54)

3 (54) 1RGN ELAZ BAVEEN RGN 2 HER ) 2 AL T ERR. SR, o m] A 5 K] 4 HE R R Al
HERAEAER, B

1(Ys;m) ~ log Nimax,
Hrp i ERZERH R (54) FHBUEEERAE. Guerc 55 7 iz ] FIA AR, £ %3 B AR B2~ (moving target
indication, MTI) Bikfg i T W FH) “FiLfEEAE S

Cr =log N, (55)

e N J9fE H AR RCS MR R B8R 45 € I, MITT 3k i oK m] 70 9 o8, i 24

~_ B f2m\ [ ferr
N~ /e oNRom (M)(Afn)’ %)
St SNy NS, A0 I Aoy 5951767 8 JERI S 4 8) (Doppler) B HER, fore N

fikat A AT, Guerci 55 ) Frifft) «HisE AR MOy Sega il T MTL & & &
=3

H o

3 (54) A (55) B VRGN EAG BN ) Z I I 5C &, (B IFEASRER A IR0 A5 ok B
XFSH n WIRARGEE. Dy, SCR [78] #E—2B 5l N 7R KREE R, & SURRIIE B AR R AR

R(D) = ggg I(Ys;m), (57)

b 6 = E{d(n, 7} AHIERIL. ST (78] LR, BT BARKRERH R(D) & D -
B 108, BRI RO D, WAESLZI R F (B NER B R 1(Yan) 2 D 1 ¥ 5 4
VR, X025 AR e AR B, T 75 B0 P (05 B 2 S T IR AN S0 45 8. % MSE S b i
FF 0 2% BLPRE B, Blum 25 (500 30h e T35 L 7 S o e J OB, %5 R o T AR

Y=HX+2Z, (58)
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HARMTHSHE H, IRNEBEEE TSN, Z NG TRTEN o MEEMEAMS. S
MR [SO] IERH 1, fEDIR AW Te{ X X} 2 F, 5 X BA /KGN, N[FER gt & B 5 R 1(Y; H| X)
B KA, FFE MSE B3 i /ME. BRI E, il X A F 45

1
+ +1\ 2
IoXT =U | dia _o _ 2w 59
= gllp s (D 7 (59)
A11 AMM

Horb o Oy BRERE, p NIEAOKALEL, U TS vec(H) (W7 Z 5 RFIE A &, B

Evec(H) = UAUHv (60)

M, - A SERAFIEEARE A B MAoc. LR B, 2k m sy (58) 1M &, A5 A7 1L
AR (59) 1 X, R EAZ B R —Fh S MSE &850 B 1t se i &
B flivh Ak, B ARk 2 — R E AT S . De Maio 55 B Z &7 MIMO A4
BRFR oA ) L, B An T i)
Ho: Y =0-X+Z =272,
U, Y = HX + Z,

UEAE X PRI ASFERE, A MIMO B AS B, H FRy AR NAERE, (5 HAREAER (R %
FERBE Hy JROL) BT ECR IR L. 24 HARAAFAERS, 2R Ho BOL, RSB A SR A Z.
SCHR [81) 48, B MASRERE X I SR R 1y PRIBGNEE B 1Y H), S50 T skt
JIHEZ Py B9 Chernoff T4+ 931 1X 0], i A6 N FLAR S AT AR mfili vH RS B2, 3 wT LS T
TR

BR B TS A U B 180 ELAS B AT/ Ry — MG P e . Bk, 1 n A5 B AR ST 40
R R E R, HAALE St 5 MSE A — & (AR, HARBAIZ ) R E R
RAEE BB 4.2 /N ITARK CRB —#f, HIBEEE L MAF/ERE — BT EM? Lin 5 52 X
PEFETT T VAT . ZCE BB (1) i — B, R b, BRI TEAE BN L = 1(Yen|X).
FEMEEERY b, SCHR [82] IERT T

(61)

Iy(Ra) = [(Yyin| X = A) (62)
BREAI I % Ra = T AAY NG, TRATE A5 B 1, B Jensen A% 5 AT
I(Yein|X) = Ex {I,(Rx)} < I (Ex {Rx}). (63)

ERPEES AL AN Rx = E(Rx). M1 4.2 /NTTRITHE AT A BT E - BT, A
B, A 2R R R KL
D(R) = In(gliI;gRE{d(nvﬁ)} (64)
SCATHER, X FAERE IR ESER d(n, 9), #AA 0T AR R E T
E{d(n,9)} > D [E{I,(Rx)}] > D[I,(Rx)], (65)

H Rx = E{Rx} & X Mgitihr%, B (65) H58 2 M5 8E4 Rx = Rx, 4 Rx
BEATRAC TS5 . IX3RE, X T — MR B, A R ARAEAE M R S BRI E — BT 2.
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\ Joint source-channel coding perspective !
| |
| |
: Channel (Ergodic) Channel Decoded !
Source i ; . !
| input channel output message |
g g g g g g iy F]
Xp(X)
n~p, (1) > H) > Y, 7
Fr====""-="" Tt oTTTTTTT T T T TTTT ]
1 Target Sensing ISAC Sensing Estimate of |
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| paramaters "
! ]
: Conventional sensing perspective !
------------------------------------------------- 4
- i
[ 4 — = AN 4’

X
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10 (MEEFE) TEBRANIESERBKEEREERDER

Figure 10 (Color online) Non-cooperative joint source-channel coding interpretation of wireless sensing

3 (65) kg & R ZIN B, ERRA, TLIBFIAT Ay — R 10 FrasmdE&E 2k
EEEEEGRS: AR S g AT RIS R Y H(n), JHlEd— “EFiE X KA
SIS, RN HILAS B Y, JF A 250 n A, ZREBRE R(D) 2 1 ik 3]
BRHE D, HArmURAFEEBHLT F ARG EE BAOEE 1(Yasn X) 1A R(D) W R, —Ef
JE b TR R, B0 N2 EAIRAR. RPN ERR S EIEE RS S - (5
Gy g B 8 rh R S i AT A AR, RIAEE TS g USEIE nf = (..., me) BRI B — A
H! = (Hy,:,...,Hy,). SRMAERAUES S, BARIHA X gmidae /). 856, & RaesTrg g
FREIY (letter-wise coding) 52, EINEEEAS m (SCIBR B —/MESE 7B Hy(n). MU, & H
PrEL B TE SE IR AL BIZ - B Y, T2 R AR AT H(n) X — 2 i gmbs 7 2. an el 7 L3k 5 5 Y
G i 77 TCE T SRAF SR A (0 fpe AR IB 2, AT Sk I A R 4 Il R (B if 32 B i 3K — 29 AT
T, AT DUE S PRAG KA B S T B T VAR SRAS — MBI R 1 B 5, 2T A B B R R R T A
BRLZ b, X T RRFIE S5 XAl 518" HEAT WCTHA )R, i e (05 T B R SUR A &,
WA AT AT FTH ] 2L

6 HE[=BFRENAE R REn F IR

ESCEATRTR IR S AR R B AR A R R &, W 2 2 ST R S A R
VPR 2. 2% R 38 H Apkar P 7E B 38 AN b I AR Do, #553 TAT (B4~861 3 H ke 0 1 i 5 368 155 3 % )
4T R IT TIRABTF. Joudeh A1 Willems 84 & 7 P — sl e i B fd ik ge 4 2, JE
B HTR B TR AR AE AR

Yoi=Xi®Zey, Ysi=95-Xi® Zss, (66)

H @ #5202 g (BIREk); Nhr o R« AR EEN PR R, o REBETRE, s
MREBERT RYGL; Zey ~ Bern(p) M Zg; ~ Bern(q) NAHELILHY L AZA] (Bernoulli) 0-1 S3 A,
TE % R AE R A3 F v 1 S B B8 SRS IR A0 A0, S € {0, 1) ARG THI B FRIRAS, %R T HARETE /AN AE
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IS, XA e ARG TEA R ] T 2 R0 e 1 LR B B SERRIZ ) . 5 — R gAY i e g
PR R
Yoi=Xi+Zci, Ysu=08 Xi+ Zss, (67)

B Zei ~N(0,02) F1 Zg i ~ N(0,02) BRI F A R TR, AR R IE M B SEBLES 9
BT [R 73A . 8 SR R TR A 3 AN S A A TN A R B 509

An = max. P{W(YS) # W}, e = max P{S(Y]",W)# S}, (68)

Se{0,1}

M — BRI I E N (R, E) BITTE X, RIFEE—AS (278, n) BRI, i 2

1
lim A\, =0, lim ——loge, =FE, (69)
n

n—oo n— oo

AR - ARRIR R IR A 2 (69) 1 (R, E) I

EARERERE, LR X (69) 1, THEAEHRIEH B FRHERE ALK n — oo BIMKER, 11
FERR (66) A1 (67) 1, FEBENK N n 04, HERIRE S IRARZM. H5 2, R IEE B 21
TERRAC R T TH] (T — oo) HURRER T B0 —F HARKE I PEREE & SRELSHflivh @, 42 CRB-#E =
DCARAEZR R, 5 AR (67) SRULHAE — BENLIT AL, R R IT R e th TS (a4 ik
JE. MR (67) AR, WL AL 722 (04 2, O 18 45 AR RE . 24 /2 RENS [FI I
BB AR, SCHR [84] TR T ESIRRIGIE T EIR B, IR e AR o R - RRIR RO A
R F (W 11(b) Fiaw), HEMEERIREOT RN A SRR, 5HEAAFERE, BEEE T —
FIAREIE I, X e B TER Y (66) U, MRIRAAAEHE R MEHR TG A T &, g — R
REIX AT 11(a) Pros. XEZSRRONERE (66) 1, HA X, = 1 XN RS 4 %A
PEREA TTR, 1 X, = 0 MZLE X, MM T REREL K X, = 1. 81, RS AG 4 1 655, W
SEAMNEETEEER, BETREFERNK 0 M 1 775 HEDE. R, o FEEsR
THIE - BENLIT RO EE, RMEAE T — oo MIBRIR T AR ALE.

IR AR S T H ARAAE AN 8 5 VR L AT KR W F Joudeh 82 X o AS 7Y
TRIEE, WHE TEE IR R, BIAIWT H bR lalp FU s R 2eid 70— A EiE. fEsbrsg st xR T
oy A BRISRAL. SCHR [85] 8, X o RIEHARIEE, ER - A RARE X T 34

R < I(Ye; X),

E<— min Ex<{1 P (Y| X)) 5P (Ys| X)) | 3,
o X{%(Z (V5] X) TR (Y ))}

Ysey

(70)

Hrp Py(YA|X) M Py(Y: | X)) 23 59 37R PR AT BE RO TE 0 ML e R R 20 Al . MIFISX (70), STk [85) HE
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Figure 11 (Color online) Rate-exponent region boundaries of binary symmetric channels (66) and Gaussian channels
(67), respectively. (a) Binary symmetric channel, error probability 0.15; (b) Gaussian channel, SNR = 10 dB
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n=0 m=0

"R ZHAETHE. AR, SR SHOE X 2%2 Fisher {5 245 F N

%L %L Ni—1 My— *
- FT,T FT,fD _ E (87’2) E (67’8]‘1)) _ Ai,m : ! asn,m aSn,m
F = - 2L 2L ) Z Z 0: 6: (78)
Fo o Fro o E(afDa7-> E(af%) v J

n=0 m=0

2078



HERBYEERE B3 E H 1M

0 5 B
N, 200 200 M N, 200 200 M

12 (MEhFE) CRB MERHEMSTUSSIAR S AN M, 1 Ne T ILihZk (SNR = —20 dB)
Figure 12 (Color online) CRB vs. the numbers of time-domain and frequency-domain intervals, My and Ng, actually
occupied by the pilot symbols (SNR = —20 dB). (a) CRB of distance estimation; (b) CRB of velocity estimation
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Figure 13 (Color online) CRB vs. the size of time-domain and frequency-domain gaps, K¢ and Ky, in between pilot
symbols. (a) CRB of distance estimation; (b) CRB of velocity estimation
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Abstract Wireless sensing has become an important native capability in next-generation wireless networks
(including 6G and Wi-Fi 7) and is widely recognized in the communications industry. Integrated sensing and
communications (ISAC) is a promising technology that integrates communication and sensing functionalities into a
single wireless system, thereby reducing wireless resource and infrastructure costs and improving communication
and sensing subsystem performances. The performance tradeoff between communication and sensing (C&S)
is one of the most important fundamental problems of ISAC. This paper argues that performance limits and
achievable performance regions are essential techniques for studying C&S tradeoffs. Existing contributions are
investigated from four aspects: capacity-distortion theory, C&S performance boundary theory based on mean
square error, C&S performance boundary theory based on equivalent sensing rate, and target-detection-oriented
C&S performance boundary theory. Moreover, this C&S tradeoff is twofold, comprising the deterministic-random
and subspace tradeoffs. As a step further, we discuss the ISAC performance limits based on practical 56G NR
frame structures. Finally, representative open problems associated with the information-theoretic limits of ISAC
systems are summarized.

Keywords integrated sensing and communications, information-theoretic limits, the performance tradeoff
between communication and sensing
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