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Abstract Integrated sensing and communication (ISAC) has emerged as a promising solution to achieve high-rate commu-
nication and ultra-precise sensing for next-generation technologies. Existing studies primarily focus on trade-offs arising from
communication and sensing (C&S) functions competing for shared system resources, while often overlooking coupling effects
due to the co-location of communication users, sensing targets, and the base station, along with joint channel characteris-
tics. To bridge this gap, we establish a novel framework for analyzing uplink and downlink ISAC performance, accounting
for both trade-offs and coupling constraints. Specifically, we first investigate trade-offs through C&S performance regions
between the channel estimation error and the successful detection probability in the uplink process, as well as between the
transmission rate and Cramér-Rao lower bound in the downlink process. We derive theoretical formulations for these metrics
and explore their scaling laws, asymptotic behaviors, and monotonicity properties. Additionally, the fundamental coupling
effects can be examined by the joint ISAC coverage probability using stochastic geometry, which evaluates the likelihood
of C&S simultaneously meeting performance thresholds. Our theoretical results provide innovative union bounds for ISAC
systems, offering deep insights into the best achievable performance of one function under the coupling constraints inherently
imposed by the other function. Finally, numerical results verify the accuracy of all theoretical derivations, and highlight the
impact of trade-offs and coupling constraints on C&S performance regions.
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1 Introduction

Integrated sensing and communication (ISAC) [1] introduces an innovative paradigm by integrating sens-
ing capabilities into traditional communication systems, enabling beyond fifth-generation (B5G) and
sixth-generation (6G) wireless networks [2] to support built-in communications and ultra-precise sens-
ing [3,4]. Tt is anticipated to enhance communication and sensing (C&S) performance by leveraging shared
system resources, and is recognized as a key enabler for emerging wireless scenarios. Consequently, the
rapid development of ISAC is in urgent need of brand new technical solutions and analytical methods,
which are currently gaining widespread attention in both academia and industry [5-9]. This has driven
extensive research on ISAC across a broad range of areas, including waveform design [6], beamforming
strategies [7], and advanced signal processing techniques [8,9].

Among various enabling technologies, the resource trade-offs between C&S functions serve as key
guidelines for system design. For instance, the work in [10] formulated an optimization problem to
minimize the transmit power at the base station (BS) while ensuring a performance trade-off between
the minimum probability of successful detection and the communication users’ achievable rate. In [11],
authors investigated the trade-off between the estimation Cramér-Rao lower bound (CRLB) for sensing
and date rate for communication by optimizing the transmit power to maximize the transmission rate
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under maximum CRLB constraint. Furthermore, Ref. [12] optimized the transmit power of each signal
path to maximize the communication rate while maintaining constraints on sensing performance, and
investigated the trade-off between the non-line-of-sight exploitation and reduction. These studies have
proposed the allocation schemes to reach the boundary of achievable regions by solving optimization
problems.

However, these system-specific design solutions lack a fundamental understanding of C&S in terms of
resource utilization and fail to provide general insights or guidelines for achieving efficient ISAC systems.
Fortunately, the underlying trade-offs are being progressively explored in depth [13-16]. In [13], the
deterministic-random trade-off and corresponding Pareto boundaries were derived to characterize the
two corner points of C&S performance, i.e., the maximum communication rate under the minimum
CRLB and the minimum CRLB under the maximum communication rate. In [14], the authors derived
the theoretical relationship among frequency domain subcarrier, time domain sensing symbols, and the
CRLB to provide time-frequency resource distribution. Additionally, Ref. [15] holistically investigated
both the time-frequency and spatial trade-offs by selecting the modulation order for data transmission
and optimizing beamforming designs. Moreover, Ref. [16] proposed a new framework to evaluate the
C&S using the communication and sensing mutual information, which served as performance metrics to
achieve the trade-offs between C&S.

Still, the coexistence of C&S functions not only poses resource trade-off challenges but also introduces
mutual coupling effects due to shared channel parameters, such as the locations of the BS, communication
users (CUs), sensing targets (STs), and the fading coefficients between them. The channel coupling
effects prevent C&S performance from independent analysis and design. Therefore, advancing ISAC
services requires considering both trade-offs and coupling effects for optimal resource allocation schemes,
however, which is little studied in current research. In particular, Ref. [17] considered the coupling
between transmitted dual-function signals and corresponding echo signals as C&S mutual interference.
On the other hand, Ref. [18] designed the reconfigurable intelligent surface (RIS)-assisted ISAC systems
to strengthen the coupling level between C&S channels and achieve more performance gains from the
joint design of ISAC signals. To provide more general insights into channel coupling effects on C&S
performance, we utilize the joint coverage probability of dual functions as the unified performance metric.
In fact, our previous studies have explored this area and produced preliminary results. Specifically, the
work in [19] presented fundamental limits for the coverage and rate analysis of the ISAC performance,
taking into account the coupling effects of dual functions in coexistence networks. Further, Ref. [20]
investigated the RIS-assisted ISAC networks and examined the impact of distributed RIS locations on
C&S coupling performance. Innovatively, these studies derived the joint ISAC coverage rate as the unified
performance metric considering inherent trade-offs and coupling effects, which inspires further research
on fundamental limits for ISAC systems.

This paper builds on this foundation to derive theoretical formulations for inherent performance con-
straint limits that exist between C&S due to channel coupling effects. Specifically, we first investigate
trade-offs through C&S performance regions between the channel estimation normalized mean squared
error (NMSE) and the successful detection probability in the uplink process, as well as between the
communication sum-rate and sum-root-CRLB in the downlink process. The theoretical analysis for these
metrics yields valuable insights into scaling laws, asymptotic behaviors, and monotonicity properties of
ISAC performance. Furthermore, we define and derive the analytical formulations for the joint ISAC
coverage, which evaluates the probability that C&S performance simultaneously exceeds the predefined
thresholds. Consequently, the union bounds of C&S performance can be established through theoretical
results of the joint ISAC coverage, which characterize the best achievable performance under coupling
constraints. The main results and contributions of this paper are listed as follows.

(1) The differences between the uplink and downlink ISAC analysis focus on the various performance
metrics. In particular, we model the uplink and downlink ISAC framework by seamlessly embedding
sensing functions into the time division duplexing mode of the 3GPP 5G NR standards [21] without com-
plex modifications to the pre-existing communication infrastructures. Specifically in the uplink process,
the BS performs channel estimation for CUs while transmitting pilot sequences and utilizing echoes for
target detection. During the subsequent downlink process, the BS transmits dual-function beams for
simultaneous data transmission to CUs and parameter estimation of STs. Based on this framework, we
investigate trade-offs through the achievable C&S performance regions between the channel estimation
NMSE and the successful detection probability, as well as between the communication sum-rate and
sensing sum-root-CRLB. These derived results reveal linear scaling laws between the transmit power of
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Figure 1 (Color online) Illustration of the considered ISAC systems.

the CUs and STs, and between the density of the CU distribution and the squared density of the ST
distribution.

(2) Next, we utilize stochastic geometry tools to model the locations of the BS, CUs, and STs, which
determine the large-scale fading coefficients. Combined with random small-scale fadings, these factors
jointly influence C&S performance and impose inherent channel coupling effects. To address this issue,
we define the joint ISAC coverage, which characterizes a unified metric to evaluate the performance of
both C&S. By analyzing theoretical results for the joint ISAC coverage, we derive the union bound of
C&S performance, which represents the best achievable performance bound of one function under the
constraints of the other. This boundary offers deeper insights into the coupling constraints inherent in
ISAC systems.

(3) Finally, we provide numerical results to validate the accuracy of the derived theoretical limits on the
trade-offs and coupling effects for uplink and downlink ISAC performance. The simulations illustrate the
impacts of key system parameters, such as transmit power and distribution density of CUs and ST, the
number of BS antennas and the Rician factor, on the C&S performance regions. These results also reveal
their scaling laws, asymptotic behaviors, and monotonicity properties. Moreover, the plotted joint ISAC
coverage offers a clear depiction of fundamental coupling constraints through analytical union bounds.

2 System model

We consider an ISAC multiple input multiple output (MIMO) system, where an N-antenna BS simul-
taneously serves K CUs and senses L device-free targets over the same time-frequency resources. As
depicted in Figure 1 within each coherent interval, T;, symbols are allocated for user channel estimation
and target detection during the uplink ISAC process, while Ty symbols are dedicated to user data trans-
mission and target parameter sensing in the downlink ISAC process. In this unified system, the C&S
functions interact with each other in a coupling and trade-off manner. To explore their properties, we
first introduce the channel model and network topology.

With the increase in system operating frequency, the channel model tends to have a deterministic line-
of-sight (LoS) path in the scattering environment. Let hj, € CV*! denote the channel from the k-th CU

to the BS, following [22,23] as hy = \/Bﬁf“; hi + \/1f:’kk Ry, where Buk = C’od,}fz denotes the large-

scale fading with Cy, d,, 1, and « being the path-loss coefficient at the reference distance 1 m, the distance
between the k-th CU and the BS, and the path-loss exponential coefficient, respectively. Specifically, Cy
and « can be considered constants that depend on the physical properties of the environment. hy accounts
for the LoS component, and hy follows CN(0,In). Ky is the Rician factor denoting the power ratio
between hj and hj. For notational convenience, let pp = 152—?’]6, such that hy = /K xhi + /Lkhk.

In practice, hj, usually maintains constant for sufficient large intervals to be accurately estimated at the
BS. Therefore, it can be assumed that hy is perfectly known a priori in the communication theory.
Simultaneously, the BS senses targets with LoS channels from echo signals. Specifically, let G; €
CN*N denote the composite channel from the BS to the [-th ST and then back to the BS, such as
G = \/ﬂTJQaN(Gl)a%(Hl), where 5;; = C’od;io‘ and ¢ ~ CN(0,1) are the large-scale fading and radar
cross-section (RCS) coefficient for the I-th ST, respectively. ax(6;) = [1,7s(0) eI (N=1)sin(0)T jg
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the array steering vector. d;; and 6; are the distance and angle of arrival (AoA) from the I-th ST to the
BS, respectively.

On the other hand, the network topology is based on stochastic geometry and models associated
distances to determine the large-scale fadings in the ISAC systems. Instead of assuming fixed locations
of CUs and STs and deriving performance analyses under a specific network topology, the stochastic
geometry introduces an additional source of randomness in the locations of ISAC systems. Specifically,
the locations of CUs and STs are randomly generated and following the homogeneous Poisson point
process (PPP) @y and &7 with the density of Ay and Az, respectively. Given the limited time-frequency
resources, serving CUs and STs are confined to finite-sized geographic area Sy and Sp. For ease of
presentation, we sort the CUs and STs by their ascending distance from the BS and let dy, and dr;
denote the distance of the k-th nearest CU and the [-th nearest ST from the BS, respectively. As such, the
finite ISAC service areas can be expressed as Sy = {(r,0) : r € (0,dy k]} and Sp = {(r,0) : 7 € (0,d;, 1]}
Specifically, the probability density function (PDF) of d, ; for x € {U,T} can be referenced from [19]
and expressed as
2 2(/\X7'[7°2)i

Faa(r) =77 r(i— 1)

(1)

oA 200 mr?) g T(i4)

G V(-1

Then, the average distance d, ; = E[d, ;] can be given by d, ; = fooo r

where I'(z) = [;°t" te~"dt is the gamma function.

3 Uplink ISAC process

At this stage, CUs transmit uplink pilots to facilitate channel estimation, while the BS also transmits
pilots towards the directions of 6; for [ € {1,..., L} to implement target detection. In view of the limited
number of orthogonal pilot sequences available, i.e., T;, < K + L, pilot reuse between C&S processes is
necessary. Let v/T,vy and v/T,vr,; denote the pilot sequence assigned to the k-th CU and I-th ST,

respectively, with [|vy x||? = |[vr]|? = 1. As such, we have
1, KeP
vt =1 N 2)
’ 0, otherwise,

where Py, denotes the set of indices of STs that share the same pilot sequence of the k-th CU. Then, the re-
ceived superimposed signal at the BS is given by Yp = Zszl \ /PU,kTuhk'ng —I—Zlel A /PT,lTulelv%l +
Np, where Py, and Pr are the transmit power of the k-th CU and the power allocated for the /-th ST,
respectively. w; is the transmit beamforming of the BS towards the direction of 6, i.e., the maximum
ratio combining w; = GNT(]?). Np denotes the additive white Gaussian noise (AWGN) with each element
following CA(0, Ny) and Ny is the noise power. In order to derive tractable theoretical results, it is
assumed that the number of CUs and that of STs are equal, i.e., K = L, and that the i-th nearest CU
and the i-th nearest ST share the same pilot sequences. Theoretical results for other scenarios can also
develop through similar derivations.

In this considered scenario, we first project Yp onto vy, to realize the ISAC functions for the k-th group
of CU and ST, such as

ypir = Ypv, =/ PuiTuhi + \/ PriTuGrwy + npy, (3)
where npr ~ CN(O, N()IN).

3.1 Performance derivation of uplink ISAC process

In this part, we derive the C&S performance region by investigating the channel estimation NMSE and
successful detection probability. Following the minimum mean square error (MMSE) estimation technol-

. - » - Py Ty
ogy [24], the estimate hy, of hy, can be expressed as hy, = | /likFu ik + PU,kTuuk+%;,kﬁkNﬁt,k+No(\/zjzzr

— - . Py Tupii
\ /,Ltkliu_’khk), and follows C./V'(‘ //Lk’iu,khky ¢kIN) with ¢ = PU,kTuMk-l-l;’;,kif:kNBt,k-l-No'
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Besides, the MMSE estimatog also indicates that the estimation error e, = hj — ;Lk ~ CN(0, (pp —
or)IN) and is independent with hg. Hence, the NMSE of the k-th CU channel estimation can be expressed

as
|ek|2} e
=K 4
0 {nhkn? m @)

Then, the BS proceeds with the detection of the k-th ST. Let rp ) denote the residual result as yp,
minus the estimated communication part to solve the subsequent target detection problem. Specifically,
the existence or absence of the k-th ST can be converted into a binary hypothesis, i.e., H; and Hg, as

- w/PU,kTu(hk — ibk) +npg, under 7‘[0, (5)
Pk — N
w/PU,kTu(hk — hk) + w/PT,kTquwk + npk, under H;.

The detection test can be further converted to a comparison between the predefined threshold €4 and
generalized likelihood ratio test (GLRT) [25] function as

ferexM) vk = /PraTulN BerCean (0k) H2 [Pk
Alrpr) =1In = , (6)
f(rpxHo) No + Py Tu(pe — dr) No + Py Tu(pr — éx)

where f(rpx|H1) and f(rpi|Ho) are the likelihood functions under two hypothesis. Then, we obtain the
unknown variable @y = /B¢ 1(r by maximum likelihood estimate, i.e.,

al (0r)rp
op = argmaxf(rpkml) = argmln l7pk — V/PraTuN B xCran (0r)||* = —A—mee— (7)
v/ Pu Ty, NN’

Taking the estimate @y, into the GLRT function, it reduces to

[rpill” = llrpsx — yan@r)ai (Ou)reel® |5 wan (0r)|?

No+ Py Tu(pr — ér) ~ N[No+ Py pTu(pr — o)l

A(’l“p)k) =

The successful detection probability of the k-th ST is given by Pp = P(A(rpx) > €4 |H1). Under

the hypothesis #1, the variable follows 'rP wanN (k) ~ CN(\/Pr i TuNBe.1Ci N, [No+ Py Ty (i — ¢r)|N).

V2rE pan (k) |2 - 2(2PT,kT N8y, 11¢k|?
+Pu,kTu (e —¢1) N 2 No+Pu, s Tu (s — k)
of successful detection as

B 2||7"g,kaN(9k)H2 2Pr i TuN? B 1| G |?
Fok=F (N[No + Py Tu(pr — on)] > 2 d} = No + Py iTu(pr — o)’ Vol ()

Thus, we have . We can finally obtain the probability
VIN
0

where Q1(+,) is the Marcum Q-function of order 1.

3.2 Joint coverage analysis of uplink ISAC performance

Regarding the performance analysis in the uplink ISAC process, we focus on the accuracy of the channel
estimation for the CUs and the successful detection probability for the STs. Then, the joint coverage of
uplink C&S performance for the K-th group CU and ST is investigated with ||(x||?> = 1, such as

Pf(iv( Su 5 ]P){QK uupDK u} (9)

which defines the joint probability that the channel estimation NMSE is not larger than the threshold
¢ and the successful detection probability is not smaller than the threshold ¢ simultaneously. In order
to develop more critical theoretical results, the minor effects of Ny can be neglected in the subsequent
performance evaluation. We first study the coverage behaviors of the C&S processes separately, and have

(g)zp{wgeg}:]}»{‘”{>(1_6)PTKN}. (10)

PC > .
LK Br.x € Pu.x

u,cov
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As for the coverage performance of the sensing function, it is not tractable to deal with the Marcum
Q-function due to its non-closed formulation. Notice that Q1(a,b) is an increasing function with respect
to a. Hence, the sensing coverage probability can be converted into

S
Pu cov

2 M 2Pr k N? _S
( )_ { 2PT,KTuN Bt,K >S}: P{ﬁ:; g ESPU,K—2PU,KN}7 €u >2N7 (11)

= €,
Py kTu(px — ¢x) 1, S < 2N,
where € can be obtained from € = Q1(\/€3,v/2¢4).

Remark 1. The condition for the probability of 1 in (11) indicates that the successful detection proba-
bility achieves at least Ql(\/ﬁ ,v/2¢€4) thanks to the spatial beamforming gain for the sensing function.

Combining the coverage analyses of the separate functions in (10) and (11), we derive the joint coverage
probability as

(1—=eCYPr kN K 2Pr kN2 _ 2N
P €S Pu i < B, K S € Pu,k—2Py kN | > 2N and 6 21 e
CS c S\ __ (1—e, )Pr,xk N 2N
Pucov(uvfu)— P éﬁiK?W}a 2Nand€u 21-=, (12)
0, €€ <1- g

u

Remark 2. Based on the upper and lower bounds on the integral in (12), a linear scaling law between
Py i and Pr g is established. This implies that when the transmit power of the CU and the power
allocated to the ST increase at the same rate, the coverage probabilities for communication, sensing, and
ISAC remain constant. Furthermore, a linear scaling law between Ay and A2 is observed, as expressed

dia (o] . . . . .
and &5 (3\\—3)5 from the derivation of (1), where a + b means the linear relationship
T

by A2 ¢ 2 =
T, K

Bt K dr 20‘
between a and b.

Theorem 1. The joint coverage probability of the uplink ISAC process is given by

1 1
S Py i o (B3—2N)Pux \2\ _s c 2N
FZ(( (lfég)PT,KN(lJrliu,K)) _FZ (QPT,KNZ(lJrKu’K)) ! Eu > 2N and 6“ > 1 - 31;7

oo en)= Fz<((1 e T )

Q=

=5 c 2N
—€S)Pr xk N(1+Ku, k) ) ’ U g 2N and €u 2 1 - @
O, < 1- 6S ’
(13)
where Fz( fo fz(z)dz is the cumulative distribution function (CDF) of Zéf—”(, fz(z) is given by
T,K

_ LK
fz(z) =2 SKH(AU"ZZ(Q()K_zl()?)Iffl)!()‘Tﬂ)KL{(%, T LS\ZTT;) and U(a, b, ¢) is the confluent hypergeometric fuc-

tion with U(a,b,c) = fo e 9" 1(1 + t)b=2=1dt.  The derivation process can refer to
Appendix A.

The impact of key system parameters on the coverage probability reveals the fundamental trade-offs
among the power allocation and distribution density of the CUs and STs for ISAC performance. Specif-
ically, increasing Py, x enhances the communication performance, but weakens the sensing performance,
thereby affecting the associated coverage probability. The increase in Pr i has the opposite trend. In
a similar way, increasing \y and Ap respectively improves the C&S coverage, as well as undermines the
S&C coverage, for pug < )\[%] and B¢ g <> A}. The condition for the probability of 0 in Theorem 1 also
provides profound insights into the coupling effects as the following corollary.

Corollary 1. When the probability of successful detection reaches Q1 (+/€, v/2€4), the NMSE of channel

estimation cannot be lower than 1 — %

The fundamental limits of C&S performance are due to the channel coupling effects in ISAC systems.
While improved channel estimation can mitigate the noise effect of the detection problem in (5), its
decreased NMSE also implies that the power of the communication part Py, xu% becomes stronger than
that of the sensing part Pr x NS, i, as shown in (4). This imbalance can ultimately constrain the
successful detection probability in turn.
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4 Downlink ISAC process

During the downlink process, the BS transmits superimposed signals to simultaneously transmit data to
users and sense target parameters through echoes. To relieve the signal processing challenges, it is assumed
that the downlink transmission is divided into L intervals, with the I-th ST being sensed in the [-th inter-
val. Specifically, the transmitted signal in the [-th interval is written as Xg4; = /FPa.1p Zszl wy, LSk +

Py;(1 — p)wyst,, where Py is the transmit power of the BS at the [-th interval, and p € [0,1] is
the allocation factor for the communication function. wy € CN*1 and wr, € CN*1 are the beamform-
ing vectors for the k-th CU and I-th ST, respectively, satisfying E{||wy x|/} < 1 and E{||wr|*} < 1.
Syk € C'™*Ta and ST € C'™Ta gre the transmitted symbols to the k-th CU and I-th ST, respectively
and orthogonal to each other. Then, the received signal of the k-th CU is expressed as

K

YU,k =/ Pd,zpz hiwy ksug + \/Pag(1 — p)hiwr st + vk, (14)

k=1

where ng, is the AWGN at the k-th CU. Since the users are not aware of the instantaneous channel
state information (CSI), the k-th CU treats the statistical CSI of E{hHwy } as the desired signal and
the corresponding signal to interference plus noise ratio (SINR) [26] can be expressed as

Py ipl|E{hwy i }|?
2} — PyaplE{hfwy i Y12 + Pay(1 — p)E {||hfwr,|

T 2}+N0'

Paip i, E{||Rflwy,|

On the other hand, the BS utilizes the echo signals to sense the target parameters, i.e., the direction
of AoA 0;. The received signal at the BS is given by

Y5, =G X4+ Ng; = /Br.iGan()ay(0) X+ Np,, (16)

where Np; is the AWGN at the BS. Vectorize both sides of the equation and obtain

ypy = /Brivec (an(0)aR (01)Xa,1) + sy, (17)
where ng,; = vec(INp,;). The unknown parameter vector is written as & = [0;, Re(w), Im(w)]™ and the
noiseless signal is up ;| = w;vec (aN(Gl)a]%(Gl)Xdyl). Then, the estimation performance can be evaluated
by the CRLB as C;(0;) = [(F})"!]1.1, where the FIM can be written as in [24]

2 dui,; dup,
Flle. ¢. = —R : ~ 5. 18
[ l]fuf] NO e{ 651 ag] ( )

We have [Flg,.o, = 2Ztr(A(0) X0, X5 AR(6)), [Filo, 0 = ZRe{w*tr(A(0) X0, X, A" (6)))}, and

[Fllew,w = Nlotr(A(Gl)XdleglAH(01))I, WhiCEl are based on avccéf;(x)) = vec(aj(;(;)) and vect(A)vec(B) =
tI‘(AHB), and let A(@l) = aN(Gl)a]If,(t?l), A(@l) = Z’LN(QI)(IJP\I[(GZ) + aN(Gl)ELJIf,(Gl), and ELN(QZ) = [0,

jrecos(0))el ™m0 (N — 1) cos(8))el ™ (N =D sin(0)]T Then, the MSE of 6; is lower bounded by C;(6;)

as

[F,0 = [[Flos, — [Flow Fla o B o]

No (19)

» - er(A(6:) X, XH, A0 (6,))[2,
2|em [2[tr(A(6) X4, X AR(6))) — tr(A((;z)de,lLXd}jllAH(él)) ]

4.1 Performance derivation of downlink ISAC process

In this part, we derive the C&S performance region by investigating the communication sum-rate and
sensing sum-root-CRLB. We select maximum ratio transmission precoding for ISAC functions due to its
hy

__hiand
VERy 8

low computational complexity and remarkable performance, which are given by wy i =

wr, = 2200,

Based on the developed precoding vectors, the SINR is given in the following lemma.
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Lemma 1. The SINR of the k-th CU in ISAC systems can be expressed as

Pk ilhel® + ¢xN)

Ve = = Ny (20)
Scomm + (1 = p) (brkukll @i (00)hx||? + puN) /N + 5=
where X ZK it i o (PR | g g o i | i | 24 G o i [ B | 2 i N gy gl is the
Comm = f Pt i |2+ N feru i IhR P +6r N

sum of multi-CU interference as well as the loss of using the statistical CSI.
Proof. Please refer to Appendix B.

The SINR expression can be further simplified when the LoS paths of CUs are all deterministic as
single paths, i.e., hy = an(pr), where ¢y is the AoA from the k-th CU to the BS. In this case, there

exists %a%(npk)ajv(tpi) Noge 0, for any pr # ;.
Lemma 2. When the number of BS antennas tends to infinity, the SINR of the k-th CU in the ISAC
systems can be further simplified as

_ PN (fkku.k + Ok)
P imy (HiltkKu,i + Qittickuk + Gitr) [ (ikui + @i) + (1 — p)pk + pdl

As for the CRLB derivation of the sensing process, the theoretical results are given as follows.
Lemma 3. The CRLB of the direction of the [-th ST is written as

Cl(el) - l,squarey’
2l Pa Talll 1T 5 ~ T

where

K ik ikt (@l (0)hhEan (6 ad N2
T, , —PZ > /%M k (ak (0)hihilan (6r)) s Pk (1 N2
k=1 V (lnkuk + Or) (ikui + 6i) = HkKuk + Ok

2

K K
/Lkﬂiﬂu,kﬁu,i . H T THv
k. =p jreos(0)tr (an (01)hihi an (6
- ;; (kb ke + Ok) (ki + i) (Bt (a(@)hehtn (8)
N -1)(2N -1 _ y R
+ )é )7{2 cos? (0))tr(a (0)hph - an (6))) + tr (ag(el)hkh?ajv(el))

—~

- N(N? -1
+p¥7‘[2cos

Mw

7t cos(0))tr(at (6)) hiphilan (0
j (O0)tr(dn (00)hihi an(01)) wuk-i-%

N(N? 1) ,

B 2 cos?(6;),

+(1—=p)

and

2

mitsquare _ ;2 XK: XK: VIR (tr(al (0)hih i (00) — S5t jmcos(0))tr(al (0)hihf an(61)))
k=1i=1 \/(/Lk’fu,k + ék) (ikui + i)

Proof. Please refer to Appendix C.

The CRLB expression in (22) can also be simplified in some special cases. Thus, we investigate the
scenario when the direction angles of the CUs and STs differ by more than 2/N, which is easily satisfied
for infinite antennas.

Lemma 4. When the number of BS antennas tends to infinity, the CRLB of the [-th ST in ISAC
systems can be expressed as

6No

Gule) = |12 Py (1 — p)TyN?(N? — 1) cos?(6;)

(23)
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Proof. Please refer to Appendix D.

Fundamental trade-offs can be revealed through the C&S performance region between the communi-
cation SINR in (21) and sensing CRLB in (23). We further investigate their mutual effects, such as the
ratio of the interference power caused by the sensing function against communication performance for the
k-th CU in (21) and the ratio of enhancement power brought by the communication function to sensing
performance for the k-th ST in (22), defined as

PN (fkKu i + Ok) p < Py g pge >
U, = ’ - N (ko + : , 24
k (1 — p) g 1—p * Py gpi + PrpNpBi i + No (24)

and
_ HPax(1—p)N*(N? —1)r? cosQ(Gk) _(IL=p)N
—Pd kPN (N2 — 1)m2 cos?(6y,) 2p

K, K (Pr, N Be.ie + No)) . (25)

Kurx +1+
( o P g g

ok K, k+¢k

Remark 3. When k,; — oo, i.e., in the LoS-dominated ISAC systems, the ratio factors become
U — oo and Q — oo, which means that ISAC mutual interference 1/¥; and mutual benefit 1/
reduce to O On the other hand when the uplink channel estimation error is not considered, there can
be 1;’) W interference power for the communication function, while 2 enhancement
power for the sensing function.

P 1
1—p N(1+Ku,x)

Lemma 5. The ergodic sensing interference ratio and communication enhancement ratio by considering
all possible locations of CUs and ST's are converged to closed-form expressions as

_ 1—p)N
O = E{Qk} = %(Hmk-f—l)
o (26)
(1 —p)N _a Ry k(1+ﬂuk)r(k+ 5) NO F(k—Oé)
——(A ’ ' —+(A PrN—=
T, e Pyl (k) Go TArm PN == )
where I'(x) is the Gamma function and under k > «, while
Ty, = B{U,} — PNHu k pN < AuTPy Co )k < AuTPy . Co )
U T T 0= p) \(T+ Buk) (PrNBu + No) (1+ ) (PrNBy s + No)
( )\UT[PU,kOO )
- exp ,
(14 Kuk) (PrN B i + No)
(27)
where Ej(z) = [ e~ /t*dt is the exponential integral function and under the assumption o = 2.

Proof. Please refer to Appendix E.
4.2 Joint coverage analysis of downlink ISAC performance

Regarding the performance analysis in the downlink ISAC process, we focus on the maximum mutual
interference and minimum mutual benefits assurance and give the joint coverage probability as

1 1
Pd cov(egveg) P{\If_k < 657 Q_k = 63}7 (28)

which defines the joint coverage probability that the mutual interference is not larger than the threshold
edc and the mutual benefit is not smaller than the threshold 65 simultaneously. Similarly, we ignore the
minor noise effect and further give the joint coverage probability as

Py g pok 1 p o
PSS (9,65) =Pd L N kur+ : > 2 > S
o€ 1) = { l—p T Pyt + ProuNBe " (1= p)N ki +ox ~ ¢

B Py ko L—p Ku kb Pr. s N Bek 2p
=P = C — R,k < S
Py ppe + PrNpBey =~ peg N P g pge (1—-p)Nej

— Ru,k — 1

(29)
The following are categorized into three scenarios depending on the value of Rician factor &, ke For

large Rician factor, i.e. fy 1 > 2p — 1, the joint coverage reduces to zero. For the case of <

(1-p)N pegN
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2 C
Kk < uj#eﬁ — 1 when eds < Wﬁmegl\/) the joint coverage probability reduces to ]}D{ dux
Py, k 2p 1 Py, x 2p l
GrrmrreoPn (= pNes — Fuk — 1))} and then to FZ((nu,k(unu,k)PT,kN((1fp>Ne§ ~ Ruk — 1))"‘ )'

The last case is for r,,; < mln{ 1}, where the joint coverage is give by

—p
pecN’ (1-p)ed

1
P du k < < Py i, pegN(1+/{u7k)—|—p—1>a
d%,k ~ PT,kN(l + :‘ﬂ?u)]g) 1-— p— K;u,kpﬁgN )

1
du k < < Py i < 2p L k—l))a
7 S \Buk (L4 Kug)PraN \ (1 - p)Ne5

and written as

Q=

)

. ( Py pedN(l—i—muk)—i-p—l)
Fz| min
PriN(1+4 kur) 1—p—kKurpe§N

1
( Py g ( 2p )) a
— Ry,k — 1 .
Fuk (1 + Ku k) PreN \ (1 — p)Nej ’

Summarizing these scenarios yields

c s
Pdcov(edved)

1 1
. Py (peG N (1) +p— 1) @ (Pyp(p—(kuxt+D)(1—p)Ned)\ @ 2p
Fz <m1n{<PT e N (e, ) (1—p—ty, peG N) P\ u k(o 1) Pr g N2 (1—p)es » Fuk < Min Pécl\”(l —p)Ne -1
Py k 2p _ _ o S 2p%¢¢ 1— 2p _
Fz ((m,k(1+~u,k)PT,kN ((kp)Neg Fou,k 1)) ) T s [y v and CN S Fuk S 2 PINeS 1

0, otherwise.

(30)
The condition for the joint downlink ISAC probability of 0 provides profound insights into the coupling
effects as the following corollary.

Corollary 2. The mutual interference cannot be below y and the mutual benefit cannot be

1-p
PN (I4Foa, i
2p
above TNTrn)

For the first case regarding the communication coverage, when simultaneously satisfying ple%,l;\/v — Kk >
d

Py i pe N(1+nu k)+p—1
0 and Pr e N(1+Ku,k) i p—Fu kpeg N
ing the sensing coverage, when satisfying (172% — R,k —1 < 0, the joint coverage reduces to zero. These

d

qu,k) or eg > (1_1))]\,2(7’1%%“ cannot occur, which are two ISAC analytical
bounds to indicate fundamental limits of C&S performance.

< 0, the joint coverage reduces to zero. For the second case regard-

cases mean that eg <

Remark 4. It should be noted that there still exist channel coupling effects between uplink and downlink
C&S performance when the ISAC network topology has not changed. In a similar way, we can derive
that when the probability of uplink successful detection reaches Q1 (y/€>,/2¢€4), the downlink mutual

s (1—p) 4
and the mutual benefit cannot be above 4

. p
interference cannot be below NN Fry E5) T ) (S re 2N

5 Numerical results

In this section, we present numerical results to demonstrate the fundamental trade-offs and coupling
effects for uplink and downlink ISAC functions. These results can well validate the accuracy of our derived
analytical expressions, including the successful detection probability and channel estimation NMSE for
the uplink process, the sensing CRLB and communication rate for the downlink process, as well as their
joint coverage probability. The results also illustrate the impact of various system parameters, such as the
number of BS antennas, transmit power allocated to the communication/sensing function, the number of
CUs/STs, and the Rician factor, on the C&S performance region and their joint coverage probability. The
simulation further delves into several insights into scaling laws, asymptotic behaviors, and monotonicity
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properties of ISAC systems. Additionally, they characterize analytical union bounds that establish the
performance limits under coupling effects, offering a comprehensive understanding of the ISAC systems’
practical capabilities.

5.1 Simulation settings

The densities of CUs and STs are A\y = 102 km~2 and Ay = 102 km—2, respectively. The numbers
of serving users and targets are K = 4 and L = 4, respectively. The BS is equipped with N = 64
antennas. The transmit power allocated to CUs and STs is Py = 0 dB and Pr; = —10 dB for V&, [,
respectively. The path-loss coefficients are set as Cyp = —30 dB and a = 2.8. The noise power of the ISAC
process is Ny = —80 dBm. Unless otherwise mentioned, other system parameters are listed as follows:
Tu = Td = 64, €d — 18 dB, P = 05, Ru,k = 1 for Vk, Pd,l =0 dB for VI.

5.2 Uplink ISAC performance

Figure 2 presents simulation results for the trade-off between the probability of missing detection 1—Pp g
and channel estimation NMSE pg, compared with Monte Carlo simulations under varying N and Pr .
It demonstrates that the analytical results closely match the experimental outcomes, confirming the
accuracy of our theoretical formulations. Furthermore, it can be observed that an increase in sensing
power can decrease the probability of missing detection but also increase the channel estimation error.
Additionally, increasing N significantly enhances the sensing detection performance, while strong sensing
echo power adversely impairs channel estimation accuracy. In particular, when the number of BS antennas
grows from 16 to 32, the probability of missing detection can be reduced by 62.5% at the cost of 2.88 dB
increase in the channel estimation NMSE.

In Figure 3, we plot the coverage probability of C&S functions under different values of [Ay, Ar, Pu k,
Pr i]. The results indicate that raising the density and transmit power of CUs significantly enhances
the communication coverage probability but reduces the sensing coverage. Notably, it shows that these
configurations all ensure the probability of successful detection exceeds Ql(\/m ,V/2€4) attributed to
the spatial beamforming gain. Besides, the overlap between the first and third curves confirms the
linear scaling laws between Ay and /\va as well as between Py g and Pr g, which demonstrates that
proportionally increasing the density and transmit power of CUs and STs yields the equivalent ISAC
performance.

Figure 4 illustrates the monotonic behaviors of the coverage probabilities for C&S functions versus
different numbers of BS antennas. An inverse trend is observed between C&S coverages, such as an
increase in IV or a decrease in K leading to reduced communication coverage but enhanced sensing
coverage. This behavior is attributed to the spatial beamforming gain of order O(N) and squared path-
loss attenuation term corresponding to the STs. Moreover, the effects of increasing N on C&S coverage
probabilities are shown more pronounced at larger values of K.

Figure 5 depicts the joint ISAC coverage probability under various C&S thresholds. The Monte Carlo
simulations are observed to well overlap the analytical surface, verifying the accuracy of Theorem 1.
These results also provide critical insights into the inherent mutual effects between C&S performances.
Specifically, the “ISAC analytical bound” surface consists of all points satisfying ¢¢ = 1 — 2% as derived

in Corollary 1. The zero values within the ISAC bound in Figure 5 clearly indicate thatdthe channel
estimation NMSE cannot be lower than 1— 2% In particular, when the probability of successful detection
d

increases from 58.4% to 98.1%, the minimum NMSE of channel estimation deteriorates from —18.13 to
—5.64 dB in the ISAC systems.

5.3 Downlink ISAC performance

Subsequently, we examine the trade-off between uplink channel estimation NMSE and downlink commu-
nication throughput, and between uplink probability of missing detection and downlink root-CRLB for
the K-th CU and ST in Figure 6. It can be observed that an increase in uplink pilot length generally
improves the uplink C&S performance, but instead undermines the downlink C&S performance due to
the reduced data length. However, there is a rise and then a decline in the communication throughput,
which is due to an increase initially as the quality of uplink channel estimation improves, and later as
the downlink data length decreases. Therefore, it is essential to determine the optimal pilot length to
achieve a satisfactory trade-off between uplink and downlink C&S performance.
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No = —80 dB and ¢4 = 0 dB.

In Figure 7, the asymptotic behaviors of sum-rate and sum-root-CRLB are illustrated clearly. It can
be observed that asymptotic analytical results closely match the experimental results even at moderate
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values of N, such as N = 32. Substantial improvements can be noted in the C&S performance from
the increase of N, specifically demonstrating an O(log N) gain in the sum-rate and an O(N~2) gain in
the sum-root-CRLB, as indicated previously. Moreover, the results reveal that excessively large or small
values of p lead to deteriorated sensing CRLB and communication rate, respectively. Consequently, a
value of p = 0.5 is recommended to achieve satisfactory ISAC performance.

Figure 8 presents the ergodic ratios Uy and Qg across all possible locations of CU and ST under
varying Rician factors. It can be observed from the overlap of the first and third curves that a linear
scaling law between Ay and A% exists, consistent with the uplink process. Additionally, increasing the
density and power factor of the CUs reduces the mutual interference 1/W jc while increasing the mutual
benefit 1/Qx. The results also indicate that both Wy and Qx keep growing with the Rician factor
Ku, K, implying that the mutual interference and benefits diminish as the ISAC channels become more
deterministic as noted in Remark 3.

In Figure 9, the joint coverage probability of downlink ISAC performance is demonstrated versus
different C&S thresholds, verifying the accuracy of Theorem 2. It also provides two “ISAC analytical
bound” surfaces to highlight the fundamental limits of inherent mutual interference and benefits in
dual-function coexisting systems. Specifically, these two surfaces are composed of all points satisfying
eg = m and eds = W, respectively. It can be observed that the coverage probability
within these two bounds drops to zeré, further confirming fundamental limits for ISAC systems under
coupling effects.

6 Conclusion

In this paper, we have established a comprehensive framework to analyze the fundamental coupling
constraints and trade-offs in ISAC systems. In particular, we first investigated the trade-offs through
C&S performance regions between the channel estimation error and the successful detection probability
in the uplink process, as well as between the transmission rate and CRLB in the downlink process.
The theoretical derivations for these metrics provided valuable insights into the scaling laws, asymptotic
behaviors, and monotonicity properties of ISAC performance. Additionally, we employed stochastic
geometry tools and random matrix theory to characterize the channel coupling effects of large-scale and
small-scale fadings on the joint ISAC coverage probabilities. These analyses yield some useful findings into
the union bounds for ISAC system designs. Specifically for the uplink process, our results indicated that
the channel estimation NMSE cannot be lower than 1 — i—é’ when the successful detection probability

reaches Q1(1/€5,1/2¢4). In the downlink process, we found that the mutual interference and mutual
benefit are bounded above by ﬁ and below by %, respectively. These derived analytical
bounds revealed the fundamental limits for practical ISAC systems imposed by coupling constraints,
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which were further validated and illustrated through simulations.
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Appendix A Derivation of the PDF of 2ZX
K

2
ds.

o Auma? 20 me?) K g2 20 nE?) K

According to the given PDF in (1), we have de’K(x) = R and de’K(a’c) =e SR—T3!

rry) X

Let Y = X2 for X > 0 and employ the conversion relationship fy (y) = fg Y) ﬁ, yielding fd%",x (y) = e AT %{771)1

Furthermore, we obtain the PDF of Z = % for X =dy x and Y = d% K> such as
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Appendix B Derivation of the SINR
Substituting the precoding vectors to (15), the SINR expression is written as

PIE{RE Ay 3112 /EL N1k |12}

= Hf |12 2 H 2 2 H 2 Pdl ' (B1)
P E{llh hi]] }/E{llh 12} = plE{RIE R HIZ/E{ 1Ak 12 + (1 = p)E { R an (0)[12} /N + F&
We first compute the term
E{|lhk*} = prku kP B + ¢x N, (B2)
for the equation E{aT Az} = tr{A(Z 4 pp)} if & ~ CN (1, 2) for any matrix A.
The numerator term is expressed as
IE{(hx + ex)" hx}I* = I[E{RL A }I? = prru kil he + o3I, (B3)
where the estimate hj, and the error ey, are independent with each other.
The first denominator term for ¢ # k as
Hj AHp | h.hH BT, — o AR 4 s BT,
E {hk hihl hk} E {tr (hlhl (uknu,khk R + ukl))} tr ((Hlnu,lhl hi + ¢>11) (uknu,khk R + ukl)) 1)

= itk itu kg Rill? + ki 1R l|? + Gitniu il Pell® + dipn N,
and for i = k as
E {h?ﬁkﬁghk} - {(ﬁk + en) T hphH (hy + ex) } E {hk hthhk} +E {ek b hH ek}
= e N + 2upkiu kdkhp hi + (BN + ki kllPell?) “ttr {hkhk (b — é1) I} (B5)
= GrmeN + ik (k + 81 B + (1N + et il e 1)

Then, the sensing interference power can be expressed as

E {hEaN(el)a%(gz)hk} =tr {aN(el)a% (61) (Mkﬁu,kﬁk’_lg + ukf)} = prrukllaf (O)hl* + uiN. (B6)

Appendix C Derivation process of C(6;)

The data correlation matrix can be expressed as

K K H
hy Rt
Xa X3 =PaTapd >

S VR ELIR2)
K
onI (C1)

VHERi By kK ,'FLJLH
—szpoZZ - +Pada ) Tkl + ox N
—1i=1 \/(Mwu,kﬂhk”Q + Ok N) (piru,illhill? + ¢iN) 1 HkFu kit k

+ Pa Ta(1 — p)an (6;)ak (6;)/N.

+ Py Ty(1 — p)an (0)aR (6,)/N

Then, the term can be written as

K K H h.ohH
/IR Ei R Rt 0,)hy Rt 0
b (A0 X, X AT(0)) = NPTy 3 - - I Teonit (N Ol e (O)
k=1i=1 \/(Hkﬁu,k||hk||2 + ouN) (Hiku,illhill? + ¢ N)

. (C2)
2
+ PapTa 1;1 Mk’iu,k(ﬁ_]:j?z Nt Pyi(1 = p)TyN>.
Besides, the equation that is often used can be expressed as
alt @y (0) = T D ircos(0r), a8 (0)ax (0)
C3
:_wmws(en, aHL (6))n (61) = Wﬁ cos?(0)). o

The second term is written as
tr (A(@l)Xdle(Ii_I’lAH (01)) = tr (aN(Gl)a% (Gl)Xd,lxglaN(Gl)a%(Gl)) + tr (aN(Gl)arj\lf(Ql)Xd,nglaN(ﬂl)&% (91))
A e (N (afl 00RkR N (0) — Y5 jrcos(6)tr (all (0 FxFian (61)) )
N> .

k=1i=1 \/(ukﬂu,kllﬁk||2+¢kN) (itiu,illhill? + ¢iN)

(C4)
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The third term can be computed by
o (A0 X X5 AT0)) = tr (dn (0)all (00 X, X n 0)a5 0) + tr (a 00)alk (0) X X1 an (00)3 (01))
+ tr (@n (085 (00) X X5yiin (0)aB(00)) + tr (an (03 (0) X a1 X5 an 0)35 (6)) = PagoTu
ZK: ZK: VIR R, kR, (%JWCOS(&)H (aN(Gl)hth N(Gl)) + WT@ cos?(0;)tr (a%(el)ﬁkﬁ?a]\;(el)))
i V (s iRk 12 + 6k N) (pitouil[Ril]2 + 6iN)
R F (N (a8 00 Rk (0) — X jrcos(0)tr (a8 (0)FxFian (0)) )
\/(Mwu,k||7lk||2 + 6k N) (piku,illhill? + ¢iN)

N?(N?-1) 5 o - P N?(N?—-1) 5
Py ipTg—————=m 0 = Pii(1—p)Tyg————F—=m 0;).
+ PypTy G cos™( l);uknu,kllhkll2+¢k1\f + Pgi(1—p)Tq 5 cos” (0;)
(C3)
Appendix D Derivation of C(6;)
For the infinite antenna systems, we have
K
N2
my, 25 p S N e, (D1)
7 MRk + Ok
Then, we investigate the asympototic behavior of a}I\I, (er)dn (6;) as
N—-1
N (r)dn (0) = > njmcos(6;)e™ ™A
n=1
__jmeos(9) [N (ejﬂ(NJrl)As _ ejrrNAs) _ N+ As +ejnAs]
(eimas —1)2 (D2)
jmeos(0)N nas  JTeos(0)) asl —elTVAS
=——""¢ - e -
elmAs _ 1 1 — eiAs 1 — eiAs
— WCOS(GZ)N ejTr(Nf % )As _ TtCOS(Gl) 'T[%A.s Sin( T[NAS ) )
2sin(G5As) 2sin(G5As) sin( ”As)
Since sin(§ Ne) < [sin(FAs)| < 1, we have
meoS(O)N n(N—L)As a2 N=roo
— 2 N="—"0. D3
2sin( 5 As) ¢ / (3)
Besides, as for Ne > £, it can be derived %/N N22%° 0 and further
s (TTNAs
_eos(O) iy as oS5 ) 2 ) vz Noge (D4)
2sin( 3 As) sin(75*)
Hence, combining the asympototic behavior in (D3) and (D4), we have
. N
ay (r)in (1) /N? "5 0. (D5)
Then, we have
N2(N2 -1 u : N2(N2 -1
NS pQW cos?(6;) Z S +(1- p)Qﬂ cos?(6;). (D6)
Ad 6 i1 HkFuk T Pk 12
As for the term H;qgam, we have
tr (a%(@l)ﬁkﬁ?rm (91)> /N3 N5, (D7)
and
tr (all @)RaRlay (0) /N? 250, (D8)
which deduce that Novo
l,square 6 — 00
msanere /N 0. (D9)
Combining the asympototic behaviors in (D1), (D6), and (D9), we have
Hl,squarc
l AA N—oo 1
;- =l (D10)

l
1_IAA
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Appendix E Derivation process of ¥, and Q

The statistical communication enhancement ratio can be expressed as

_ 1—p)N K Pr N + N
Q= By, {( p) (Hu,K+1+ u, K (Pr N By 1; 0))}

2p Py i1k
(1-p)N (1—-p)N /00 1 Apmrd 2(Aymrd)*
=——" (& +1)+E — K Pr N + N —e VU 7d
5 (ku,x +1) +Eg, 2 w, K (Pr,x N B¢k, + No) o PuaCory” ok — 1) U
(1—=p)N (1-pN -z Fo e (14K, k)F(k+ ) 20— A (>‘T7TTT)
= 41 — (A N, Pr . NC « prrg T
% (K, +1) + % (Aum) PuAT(K)Co o+ PrpNCo(rr)~ (=11 9T
(1—p)N (1—p)N —a Ku k(R )Tk + 5) (No Lk —a)
=2 H+—2(a 24 (Ap)® Py N—————
5 (R, +1) + 5 (Aum) Po D (0) Co + (AT Pr )
(E1)
Besides, the statistical Wy can be expressed as
G, = PRk oN [ Py Corg? oy 200mh)
1-p " 1-p Jo PykCory,® + (14 K k) PrNBe g + (1+ K, k) No ru(k—1)!
a PN Ky 2pN (Agm)k ./O" Py ,Cour~1 e AU gy
(1—=p)(k—1)! 1—p 0 Py Co + u(l + £y ) (PrNBy, + No)

k (E2)
_ PNk n pN AunPy Co AuntPy Co
1—p (1—=p) \ (I + ryx) (PrNBy ik + No) (1 + k) (PrNBLk + No)

AunPy 1 Co
- exp ’
(1 + Kuk) (PrNBy .k + No)

Py ,Coul—1
here Eq. is obtained b, =72 and th ing Lapl t fi f U.kZ0 .
where Eq. (a) is obtained by u = r{; an en using Laplace transform o PonCotu(itrn ) (Pr NGy n+N0)




	Introduction
	System model
	Uplink ISAC process
	Performance derivation of uplink ISAC process
	Joint coverage analysis of uplink ISAC performance

	Downlink ISAC process
	Performance derivation of downlink ISAC process
	Joint coverage analysis of downlink ISAC performance

	Numerical results
	Simulation settings
	Uplink ISAC performance
	Downlink ISAC performance

	Conclusion
	Derivation of the PDF of dU,KdT,K2
	Derivation of the SINR
	Derivation process of C(l)
	Derivation of (l)
	Derivation process of k and k

