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Abstract—Integrated sensing and communication (ISAC) sys-
tems enable communication and sensing functions via three proto-
cols, including (TP:) concurrently using the same time-frequency
resources, (TP2) scheduling them independently, or (TP3) a hybrid
technique that combines both. Nevertheless, all existing studies
rely on the first approach, and none provide a comprehensive
performance evaluation of all three protocols. Thus, this paper
offers an extensive performance evaluation of these protocols,
emphasizing their advantages, limitations, and trade-offs. Specifi-
cally, we maximize the sum communication and/or sensing rate
for all protocols in a full-duplex ISAC system with multiple
users and targets. Numerical results reveal that protocols (TP;)
and (TP3) necessitate a sensing metric considering both transmit
and receiver beams to ensure adequate sensing performance. In
contrast, although protocol (TP>) can utilize more straightforward
sensing metrics and avoid communication-sensing interference, it
may not achieve high communication performance.

I. INTRODUCTION

Emerging applications, such as autonomous vehicles operat-
ing in dynamic environments with numerous obstacles, require
highly accurate environmental sensing for real-time navigation
and traffic congestion avoidance [1], [2]. For instance, such
vehicles typically need distance accuracy of 0.1m to 0.5m,
angle precision of 0.1° to 1°, and latencies of 1 ms to 10 ms.
However, the standard integrated sensing and communication
(ISAC) protocol, referred to as TP, may fall short in achieving
the required sensing accuracy due to significant communication
interference on the sensing system [1]. We propose two trans-
mission protocols, TPy and TPj3, to enable efficient C&S in
ISAC systems for high-accuracy applications.

A. Motivation and Our Contributions

In ISAC, C&S can share the same hardware through dif-
ferent transmission protocols. These protocols include i) TP;:
performing both functions concurrently using the same time-
frequency resources, ii) TPs: scheduling them in different
time-frequency resources, iii) TP3: using a mixed (or hybrid)
strategy that combines both methods (Fig. 1). Although there
are many works on ISAC in the literature, almost all focus on
TP, as the primary transmission protocol [3]-[5]. However, for
applications demanding high sensing performance, TP; may not
be sufficient due to the intensive communication interference
on singing. Conversely, none of the existing literature provides
a comprehensive comparison of the performance across these
three protocols. This leaves a considerable gap in the literature,
particularly in how they balance the trade-offs between C&S
tasks in various settings. To this end, a comprehensive evaluation
of these three protocols is required to establish the most suitable

approach for different ISAC applications with varying C&S
needs. This forms the main motivation for this work.

We investigate the performance of a full-duplex (FD) multi-
user, multi-target ISAC system with TPy, TPs, and TPj
protocols (Fig. 2). In this system model, the FD base station
(BS) transmits downlink (DL) signals to convey information
to multiple DL users and/or perform sensing tasks to detect
multiple targets. The main contributions are as follows:

e Three transmission protocols are introduced for ISAC
networks, specifically within a multi-user, multi-target FD
ISAC system. This work is the first to outline these
protocols in detail and offer a comprehensive performance
evaluation that highlights their respective advantages and
disadvantages.

e A sum communication and/or sensing rate maximization
problem, ((P1) (10a)), is formulated for all protocols.
Because this optimization problem is non-convex and NP-
hard, an alternative optimization (AO) based algorithm is
developed, incorporating manifold optimization (MO) and
the generalized Rayleigh quotient approach. This solution
leverages the geometric properties of manifold space to
address the non-convexity of the problem.

o Numerical results show that with TP; and TPj3 protocols,
it is essential to employ a sensing metric that considers
both transmit and receiver beam gains, as standard metrics
like transmit beampattern gain or mean squared error
(MSE) may be inadequate. In contrast, while TPy can
use more straightforward sensing metrics, such as transmit
beampattern gain, and avoid interference between C&S due
to scheduled transmissions, it is not ideal for applications
that require high communication performance.

B. Previous Contributions

While FD ISAC has been extensively investigated [3]-[5],
protocol TP, is the exclusive focus. No previous work has
quantified TPs and TPj3 protocols. In particular, Xia ef al. [3]
proposed an FD waveform design for mono-static ISAC sys-
tems, where the classic pulsed radar waveform is flexibly time-
multiplexed with radar-communication signals. The proposed
waveform can improve the communication rate and enhance the
probability of target detection, provided that self-interference
(SD is effectively suppressed. Liu et al. [4] developed an
optimization framework to jointly design transmit and receive
beamformers in a mono-static ISAC transceiver, considering a
scenario with a single uplink (UL) user, a single DL user, and a
single target. It aims to simultaneously maximize the UL and DL
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Fig. 1: Coherence time of transmission protocols.

rates, enhance the transmit and receive radar beampattern power
at the target, and suppress residual SI. He et al. [5] extended the
work in [4] to a multi-user scenario and jointly optimized the DL
dual-functional transmit signal and the UL receive beamformers
at the BS.

Notation: Iy, and 0y are the M x M identity matrix and
M %1 all-zero vector. (-) denotes the real part. CA/(p, R) is a
complex Gaussian vector with mean g and co-variance matrix
R. unt(a) = [a1/|a1],. .., an/|an]]-

II. PRELIMINARIES

A. System and Channel Models

We consider an ISAC system consisting of an FD BS with
M-transmit and N-receiver antenna arrays, K single-antenna
communication users (i.e., U, denotes the k-th user for k €
{1,...,K}), and L potential targets (i.e., T; denotes the [-
th target for [ € {1,...,L}) as shown in Fig. 2. BS antenna
arrays are assumed to be uniform linear arrays (ULAs) with
half-wavelength antenna spacing [5]. The BS uses the transmit
signal to communicate with users in the DL and to perform
radar sensing toward the potential target directions [5].

The BS captures the target-reflected signals and uses them to
extract the targets’ state information. To reduce SI, the BS uses
two separate antenna sets for transmission and reception [5].
Time synchronization of the nodes is assumed for simplicity.

We consider block flat-fading channel models. During each
fading block, hy € CM>*! for k € {1,..., K} is the the channel
between the BS and Uj. These pure communication channels
are modeled as Rayleigh fading and given as h; = C;/ 2f1k,
where (i accounts for the large-scale path-loss and shadowing,
which stays constant for several coherence intervals, and flk ~
CN(0,1y;) is the small-scale Rayleigh fading.

In contrast, adopting the echo signal representation in
multiple-input and multiple-output (MIMO) radar systems, the
channels between the BS transmit ULA and T; and between
the T; and BS receiver ULA, i.e., a;(0;) and a,(6;), respec-
tively, are modeled as line-of-sight (LoS) channels [5]. The
transmit/receiver array steering vectors to the direction 6 are
thus given by b(f) = ﬁ [1,eimsin®) .,ej’r(Bfl)Sin(o)]T,
where b(-) € {a:(-),a,(-)} and B € {M,N}. It is assumed
that T; is located at angle ;. Finally, Hg; € CM*¥ is the SI
channel matrix between the transmitter and the receiver ULASs
of the BS. It is modeled as a Rician fading channel with a Rician
factor of Kgp [6].

Target-1

FD BS Target-L

Fig. 2: An illustration of a general ISAC system setup.

B. Transmission Protocols

The three C&S transmission protocols are shown in Fig. 1.

1) TPy Protocol: C&S occur concurrently during the coher-
ence interval, 7, utilizing the entire interval. However, as C&S
tasks take place simultaneously, they interfere mutually.

2) TPy Protocol: C&S are scheduled in two separate time
slots, 7, and T,, respectively, avoiding interference between
the two operations. However, this limits the coherence time
available for each function.

3) TPs Protocol: This is a hybrid protocol that combines
TP, and TP,. Thus, two independent sensing and communi-
cation phases, 7; and T3, respectively, and a concurrent C&S
phase, 79, are allocated within the coherence interval.

Note that our primary goal is to compare the performance of
these three protocols to determine the most effective transmis-
sion protocol for performing C&S in future ISAC networks.

C. Signal Model

The BS transmitted signal x € CM*! can be expressed as
K

X=acy Wit as, e
where ¢; € C is the intended data symbol for U; with unit
power, i.e., E{|¢|?} = 1, and w; € CM*! is the BS transmit
beamforming vector for U;, and s € CM*! is the dedicated
sensing signal at the BS [5]. It is also assumed that ¢; and
s are independent of each other [5]. In (1), o, € {0,1} and
as € {0,1} are the binary variables for enabling communica-
tion, sensing, or both based on the transmission protocol, i.e.,

TP, : {1,1}, (2a)
/ 2 {1,0}, for T,
Qe,y As ;=
{0,1}, for 7,
TPs : {1,1}, for o, (2¢)
{1,0}, for 3.

The received signal at Uy, for k € {1,..., K} is given by
K
Yp = hI];IX + 2z = Q. Zi:l h?wiqi + OéShI];IS + Zk, 3)

where z; ~ CN(0,02) denotes the additive white Gaussian
noise (AWGN) at Uy.

The BS processes the target echo, i.e., reflected signal from
the target, to extract the target’s state information [5]. The
received signal at the BS, i.e., y;, € CN*1 s expressed as

L
o= Y BA@)x+VEsHlxtm, @



where A(6;) £ a,(0;)all(¢;) and z, ~ CN(0,0%Iy) is
the BS AWGN vector. In (4), 8;A(6;)x is T;’s reflection,
where B; € C is the complex amplitude of T; reflection,
accounting for the round-trip path-loss and the radar cross-
section (RCS) of the target [7]. In particular, path loss accounts
for signal attenuation over distance, whereas RCS determines
how much power is reflected toward the BS based on the
target’s size, shape, and materials. It is also assumed that BS
uses clutter rejection techniques to minimize the reflected clutter
interference from the surrounding environment [8]. The second
term in (4) represents the SI at the BS receiver, resulting from
simultaneous FD transmission and reception, and 0 < fg; < 1
is a constant that quantifies the SI cancellation ability of the FD
BS [6]. We assume imperfect SI cancellation at the BS. The BS
applies the sensing combiner, u; € CV*1, to capture the desired
reflected signal of T;. The post-processed signal to extract the
T;’s state information is given by

L
Yo = Bruj A(6)x + Z#l Biui A(6;)x

+ \/@UIHHSIX + uleb. 5
Before proceeding to analyze C&S performance, it is neces-
sary to clarify the assumptions: (i) the angles of a target at the
BS transmitter and receiver ULAs are identical for co-located
antenna arrays [8], (ii) 6; and 3; are assumed to be pre-estimated
or known at the BS for beamforming/combiner design [5], and
(iii) before FD transmission, a separate channel estimation phase
is employed to ensure that channel state information is available
for beamforming design and SI cancellation at the BS.

III. COMMUNICATION AND SENSING PERFORMANCE

System performance is determined by the communication
rates of the users and the targets’ detection rate in the BS.

Several mathematical notations are now defined for conve-
nience. First, the BS beamforming vectors are encapsulated into
a single matrix W = [wy,...,wg,s] € CM*(E+D Next, to
effectively manage C&S beamforming selections, a selection
matrix is introduced as E = I, ;. The combination of W and
E allows for individual representation of each column from W.

A. Communication Performance

The users utilize the received signal from the BS to decode
their intended information. From (3), under TP,, protocol (for
n € {1,2,3}), the received signal-to-interference-plus-noise
ratio (SINR) at U, can be obtained as

o?|hWE,|?

02 YL I WEL[? + o2 (bl WEic i [? + 02
where E; is the i-th column of E. Thus, the rate of Uy for all
three transmission protocols can be approximated by

TP, _
Ve "=

(6)

loga(1+7; ), TP,
R =1 T logy(1+ 7, %), TPy, (7)

2 Jogy (1 +7, ) + 2 logy(1 -+ %), TPs.

Note that the SINR term in Rj>™ varies based on the
transmission protocol and phase. Specifically, in TP3, «. and
o, take distinct values during phases 7 and 73, differentiating
the SINR term in these two phases.

B. Sensing Performance

Sensing performance is typically evaluated by the transmit
beampattern gain or MSE of the transmit beampattern [9]. While
simple, they do not account for the receiver’s beam pattern. As a
remedy, the sensing SINR or rate has been suggested to assess
sensing performance [5], [10]. The detection probability of a
target is proportional to its sensing SINR [5], [10]. Conversely,
the sensing SINR enables target detection through both transmit
and receiver beamforming. Due to these benefits, we utilize
sensing SINR (sensing rate) to measure sensing performance.
By invoking (5), the sensing SINR of T; at the BS under the
TP, protocol is given as

T =

|61”E {[u}" A(6:)x|?}
L
;WJ»PE {|u}{A(9j)x\2}+ﬁSI]E {\ulHHSIXP}—HE {|u}{zb|2}
J

_ 1Pl A(6) R, A (6,) ®)
u'Qu '

where Q = Y7, |82 A(0;)RoA(0;)1 + BsrHg R, HE +

oIy, with R, 2 E{xx"} = 23K WE,(WE)" +

a*WEg 1 (WEg 1) is the covariance matrix of the BS

transmitted signal in (1). Thus, the sensing rate of T; for all
transmission protocols can be approximated as

logy (14 171, TP,,
= Jogy (14 1)72), TP,, (9)
= 10g2(1+T?P3)+% log, (147} T%),  TP;.

IV. PROBLEM FORMULATION

Sen
Rl ~

For all three protocols, our objective is to maximize the C&S
sum rate by optimizing the BS communication beamforming,
{wi}iKzl, sensing signal, s, and sensing combiners, {ul}lel,
while adhering to the maximum BS transmit power constraint.
The optimization problem is formulated as

K L
(P1) : gnax Zk:l RO 4 lelnlsen, (10a)
st. T((WWHH) < poa, (10b)
lw|?> =1, W, (10c)

where (10b) sets the maximum BS transmit power constraint,
with a maximum allowable transmit power of ppax, and (10c)
is the normalization constraint for the BS sensing combiner.

V. PROPOSED SOLUTION

The problem (P1) is non-convex due to the involved product
of optimization variables in the objective function. To handle it,
the AO strategy is employed, decomposing (P1) into two sub-
problems and solving one at a time while keeping the other fixed
[11]. The process repeats until a stopping condition is reached.
This method works when directly optimizing all variables is
difficult or computationally expensive [11].

Note that for the sake of brevity, we only provide the solution
for the TP, protocol, i.e., & = a5 = 1, which incorporates
concurrent C&S, making it more challenging. However, the
approach is easily adaptable to the other two protocols.



A. Sub-Problem 1: Optimizing {u;}

For fixed W, the sensing rate Rlse“ is the only term that
depends on {w;}. Since R is a monotonically increasing
function of its argument, i.e., Y;, we replace Rlscn with Y.
Thus, using (8), we have the following optimization problem:

(P2) : max w, s.t
{w} ;Quuy
where f; = 8,A(6;) (ZKH WE; ) Problem (P2) resembles
a generalized Rayleigh ratio quotient problem [12]. The optimal
sensing combiner is thus given by

=Q '/1Q 'l V., (12)

which is a minimal mean-squared error (MMSE) filter [12].

B. Sub-Problem 2: Optimizing W

For given {u;}, the problem (P1) reduces to the following
equivalent problem:

K L
(P3) : max Zkzlloa‘%z(l+’7k)+zl:110g2(1+Tl)a (13a)

s.t. (10b). (13b)

This non-convex problem (P3) is addressed by using MO
and fractional programming (FP). First, we introduce auxil-
iary variables g = [u1,...,ux+p], such that p, < 4 for
ke{l,...,K} and pgy; < Y forl € {1,...,L}, for each
SINR term to handle the challenges imposed by the sum-log
terms in the objective function (13). Then, (P3) is equivalently
reformulated as [13]

(10c), (11a)

1 K+L
(P4) : max f(WHu):mZi;1 In(1 + 1)
1 K+l ()7
+@Zi:1 <_Nz+1+%>, (14a)
st (10b), (14b)

where 3, = ~; for ¢ € {1,...,K} and % = 7Y, for
i €{K+1,...,K+ L}. (P4) can be divided into two parts:
(i) an outer OptlmIZatIOIl over W with fixed p and (ii) an inner
optimization over p with fixed W [13]. To solve (P4), W
and p are alternately optimized until the objective function
converges.

1) Optimizing p: For a fixed W, f(W, ) is concave and
differentiable with respect to p. Therefore, the optimal g is
obtained by setting each M equal to zero. The optlmal L
is given by py =y for k e {1 , K}. Substituting p* back
into f(W, u) recovers the exact sum—of—logarithms objective
function in (P3).

2) Optimizing W: For a fixed u, we simplify the objective
(14) by eliminating the constant terms with respect to W. As
a result, (P4) is reformulated as follows:

(P5) : FOW), st (10b),

where fi, = 14+ py fork € {1,..., K+ L} and f(W
in (16) with g;; = ul'A(6;) and gs1; £ ul'Hyg;.

To efficiently solve (P5), we utilize MO. By normal-
izing the power constraint (10b), we introduce a modified
matrix 'V, composing columns {vi,...,Vii1}, such that
Tr(VVH) = T((WWH) + ||z]|3 = 1, where vi, = [w}, 2]T

(15a)

max
W

) is given

for k € {1,...,K} and vk, = [sT,2x41]T. Moreover,
z = [z1,...,2K+1) is an auxiliary vector introduced to simplify
power normalization while preserving the constraint. This nor-
malization leads to a complex sphere manifold as M = {V €
CMADX(E+D) | Tr(VVH) = 1}. Thereby, (P5) is transformed
into an unconstrained optimization problem on M and given by

(P6) : FOV), (17)

where f(V) is defined in (18), in which hy, = \/prax[hy, 0],
&ij = \/Pmax|815,0], and s1; = \/Pmax|8s1,, 0] are adjusted
to match the problem’s dimensionality and scaling. Here, the
optimization variable V is constrained to lie on M, aligning
with the MO framework. To optimize (17) on M, the MO-based
beamforming algorithm, outlined in Algorithm 1, involves the
following key steps [14], [15]:

Gradient Computation: Compute the Riemannian gradient
of f(V) on M. This is achieved by projecting the Euclidean
gradient onto the tangent space 13/, M at the current point V.
The Euclidean gradient of f(V), i.e., Vv, f(V), is given by
(19), where

min
Vem

2
Bi= Zj=1 IBjIQ’QE(Zf: VEq)
+ BSI‘ggI,l(Zf:;l VEq) = %,
DAY P (S VE e (Y E)

X K+1 X K+1
+ﬂSIgst<Zq:1 VEq)gst<Zq:1 E?)

Search Direction: Determine the search direction by choos-
ing a descent direction in 7y, M, and is given by 111 =
—grady,, f(V) + »Tv,~v,,, (), where m; is the current
search direction and v; is computed using the Hestenes-Stiefel
approach.

Retraction (Mapping): Apply a retraction operation,
Rv, (a¢n) = unt(cyn; ), where o denotes the step size, to map
the updated point, which lies in the tangent space, back onto
M. This ensures that the next iterate remains on the manifold
after the update. Interested readers are referred to [14], [15] and
related literature for more insights and algorithmic details.

VI. SIMULATION RESULTS

Simulation examples are provided to evaluate all three pro-
tocols in terms of C&S. The 3GPP UMi model is used for
the large-scale fading ¢; with f. operating frequency [16, Table
B.1.2.1]. The BS is placed at the origin. Users are randomly
distributed within circular regions centered around the BS, with
an inner radius of 50 m and an outer radius of 70 m. Targets are
distributed within circular regions centered at the BS, with an
inner radius of 20 m and an outer radius of 30 m. The simulation
consists of 102 Monte Carlo trials. Unless otherwise specified,
the simulation parameters are provided in Table I.

Fig. 3 investigates the communication sum rate (i.e., left y-
axis) and sensing sum rate (i.e., right y-axis) as functions of
the number of BS antennas for all three transmission protocols.
A higher number of BS antennas leads to an increase in both
C&S sum rates across all protocols, effectively leveraging the
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. : i)
FwW) =3 [k hIWE, |? N Z firc 41|81 ‘gu (Z WE 16)
- K+1 H ] 2
SN MIWEE b0t s gl (S WE,) [+ falal, (S WE,) [+ o2
R N g1 (K
V) — [k DIVE, |2 L fixc+1|Bi? ‘gz}zl( =1 VE )‘ 8
(V) =~ ZZK+1|hHVE'|2+02 Z ) Ki1 Ki1 2 R (18)
i FVE; = I8 [l (2 VEq)‘ + st gl (S VE,)| 4o
K 2hV,E;h,EX 2V, E, Phl V,E;h, EF
thf(V) = Z T HE K+1 H - Z 2
k=1 S BIVIE R+ 02 (SIS B VAE, |2 + 02)
K+1 R K+1 2. K+1 2
- Zz 1#K+l|5l ( 8u (Zqzl VEq) gu (Zq:1 E?) B & (Zqzl VEq)‘ Dl) 19)
Algorithm 1 : Beamforming Algorithm
1: Initialization: Initial point Vo € M, reduction factor 6, > 1,
a minimum acceptable distance dmin, the convergence tolerance
61 >0 and 62 > 0, and set t; = 0. =
2: while dist(f(Vy,), f(thH)) > d2 do E
3:  Update no = —grady, f(V) and set t = 0. ©
4:  while ||grady,, f(V )||2 > §; do -
5 Calculate AI‘II]IJO backtracking line search step . &
6: Update V41 using the retraction Ry, (aum:). ff
7 Update Tv,—v, ., (M) ki
8: Compute the Hestenes-Stiefel parameter v;.
9: Update the search direction 1¢1.
10: t—t+1.
11:  end while 1 = P - %
12: if t =0 then Number of BS antennas (M = N)
13: Pt+1 = Pt Fig. 3: C&S sum rate versus the number of BS antennas.
14:  else . o H 2
5 pal0) = |(u)"ar 00 (20b)
16:  end if ps3(0) = |(uf)"A(6)x*|", (20c)

17: t1 < t1 + 1.
18: Vo < Vit
19: end while

20: Output: W* =V*(1: M, K +1).

TABLE I: Simulation settings.

Parameter Value Parameter Value
fe 3 GHz I §x 1077
o? —80dBm  {M, N} 16
Te 200 K 4
{7,y Tu} T2 L 2
{71, 72,73} Tel3 Prmax 30dBm
Bst —70dB Kst 3dB

spatial multiplexing advantages of a larger antenna array. Fig. 3
shows that TP; protocol outperforms both TPy and TPj3. This
advantage is primarily due to its use of the entire coherence
interval for both C&S tasks. Although TP eliminates inter-
ference between C&S functions, its limited time allocation for
both tasks results in the lowest C&S rate performance.
Nevertheless, when evaluating these protocols, it is essential
to consider the achieved rates and the ability to locate targets
accurately. To this end, Fig. 4 compares the beampattern gains.
In particular, the BS transmit signal, x, represents the outward-
projected energy intended to illuminate the targets. The received
combiners are designed to capture the reflected signals, focusing
on target echoes. The three key beampatterns are defined as

pi(8) = [all(0)x"|”, (202)

where (20a) describes how the transmitted energy spreads as a
function of angle 6, while (20b) characterizes the system’s sen-
sitivity to incoming signals across different angles during recep-
tion. Finally, (20c) offers a combined representation, integrating
the effects of both transmission and reflection processing.

It is interesting that while the transmit beam gains for
TP; and TPj3 (the first sub-figures in Fig. 4a and Fig. 4c,
respectively) struggle in accurately locating the targets, mainly
target two, the transmit beam gain for TP5 (the first sub-figure
in Fig. 4b) exhibits a significantly improved ability to locate
all the targets. This is due to the absence of communication
interference in the TP5, which utilizes scheduled transmissions
in two separate time slots. Conversely, with all three protocols,
the targets can be located through receive and combined beam-
pattern gains, with TP5 providing the highest gains.

Fig. 5 illustrates the effect of the number of users on
communication (i.e., left y-axis) and sensing (i.e., right y-axis)
performance. In particular, it serves as a measure of inter-
system interference, i.e., communication-sensing interference.
In TP; and TP3, the communication rate improves as the
number of users increases, whereas the sensing rate declines.
This is due to their simultaneous operation of C&S. Thus, as the
number of users grows, communication interference on sensing
becomes more severe. Also, more resources are allocated to
communication due to higher demand, resulting in a decrease
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Fig. 5: C&S sum rate versus the number of users.

in sensing performance. However, TP3 experiences a slightly
lower sensing rate reduction compared to TP, as simultaneous
C&S occur only during a portion of the coherence interval, i.e.,
To. Conversely, due to the separate C&S functions, in TP,, C&S
do not interfere with each other.

VII. CONCLUSION

In ISAC, C&S tasks can be scheduled concurrently, se-
quentially, or as a hybrid of both modalities. Surprisingly, the
literature has focused exclusively on concurrent scheduling.
This work has thus compared these three modes in detail
and uncovered several insights. When employing the TP; and
TP3 protocols in ISAC systems, utilizing a sensing metric that
considers both transmit and receiver beam gains is essential.
Standard metrics, such as transmit beampattern gain or MSE of
the transmit beampattern, may be insufficient for these proto-
cols. In contrast, while TPy can be easily implemented using
simple sensing metrics (e.g., transmit beampattern gain) with
eliminated communication-sensing interference, it is unsuitable
for applications requiring high communication performance.

Selecting an ISAC transmission protocol to implement both
C&S functions depends on the requirements of the application
scenario and the hardware capabilities and complexity of the
system. Data rate (for both C&S) and target location accuracy
are crucial factors in determining the most effective protocol.
Also, incorporating advanced technologies, such as adaptive

beamforming and resource allocation, must be consistent with
the performance criteria needed for each function.
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