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Abstract—Semantic communication (SemCom) has emerged
as a new paradigm to facilitate the performance of integrated
sensing and communication systems in 6G, due to its potential
to enhance transmission efficiency by transmitting task-relevant
semantic features rather than raw bits. However, most of the
existing works mainly focus on sensing data compression to
reduce the subsequent communication overheads, without con-
sidering the integrated transmission framework for both the
SemCom and sensing tasks. This paper proposes a sensing-aware
adaptive source-channel coding (SA-ASCC) and beamforming
design framework for bi-static integrated sensing and SemCom
(ISSC) systems by jointly optimizing the coding rate for SemCom
task and the transmit beamforming for both the SemCom and
sensing tasks. Specifically, an end-to-end semantic distortion
function is approximated by deriving an upper bound composed
of source and channel coding induced components, and then a
hybrid Cramér-Rao bound (HCRB) is derived for target position
under imperfect time synchronization due to the transceiver
deployed at different places in our considered bi-static ISSC
system. To characterize the achievable region between SemCom
and sensing performance, a distortion minimization problem is
formulated by considering the HCRB threshold, channel uses,
and power budget, which is non-convex due to the coupled
design variables and the mixed-integer program. Subsequently,
an alternating optimization (AO) algorithm is proposed to de-
compose this problem into the model selection and joint rate
and beamforming optimization subproblems, which are solved by
the exhaustive search method and the combination of successive
convex approximation and fractional programming, respectively.
Finally, simulation results demonstrate that our proposed scheme
outperforms the conventional deep joint source-channel coding
(DJSCC)-water filling (WF)-zero forcing (ZF) and BPG-WF-ZF
benchmarks.

Index Terms—Semantic communication (SemCom), adaptive
source-channel coding (ASCC), integrated sensing and SemCom
(ISSC), Cramér-Rao bound (CRB), beamforming design.
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I. INTRODUCTION

The sixth-generation (6G) communication systems are ex-
pected to support various intelligent applications, such as
autonomous driving, virtual/augmented reality (VR/AR), and
smart manufacturing, which impose stringent demands for
high-speed transmission, ubiquitous connectivity, and high-
precision sensing in integrated sensing and communication
(ISAC) systems [2], [3]. As the massive volume of raw sensing
data is usually generated in these intelligent applications, se-
mantic communication (SemCom), a new paradigm to extract
and transmit the latent features of sensing data via deep
neural network (DNN) instead of raw bit, has been proposed
to reduce the intractable transmission overheads in ISAC
systems [4]. However, the inherent functional and operational
differences between sensing and communications pose new
design challenges for the integrated transmission framework
to support both the SemCom and sensing tasks.

Generally, SemCom-related researches are divided into two
categories, i.e., separate source-channel coding (SSCC) [5],
[6], which performs source and channel coding independently,
and joint source-channel coding (JSCC) [7]-[11], which di-
rectly encodes the source data into channel input symbols
for transmissions. Theoretical analysis has shown that SSCC
can achieve optimality under infinite blocklength case [7],
while JSCC has been proposed for its advantage in practical
finite blocklength scenarios [8]. Recently, DNN as a promising
technology has been widely adopted into SemCom systems
to implement JSCC with practical data sources [9]. For text
transmission, the authors in [10] proposed a transformer-
based deep JSCC (DJSCC) scheme in SemCom system, which
demonstrated superior performance in low signal-to-noise-
ratio (SNR) region compared to the conventional communi-
cation. For image transmission, the authors in [11] proposed
a DJSCC-based multi-task SemCom framework by utilizing
the convolutional autoencoder to extract the feature of image
for autonomous vehicles, which also showed efficient image
reconstruction and classification performance. However, the
above DJSCC-based schemes directly encode the semantic
features into analog symbols, which is incompatible with the
digital communication systems in practice.

To overcome the above challenges, recent studies have
focused on incorporating the quantization and the constellation
mapping modules into DJSCC [12], [13]. The authors in [12]
proposed a DJSCC-Q scheme for single Gaussian channel
scenario by introducing a quantization layer to generate sym-
bols from finite constellations for image transmission, which
achieves nearly identical performance to traditional DISCC.
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To adapt different channel conditions, the authors in [13]
proposed a variational autoencoder (VAE) based joint coding-
modulation scheme, which learns the probability distribution
of constellation points under varied SNRs to guarantee the
transmission robustness. To further avoid the training overhead
due to varied tasks and channels, an adaptive source and
channel coding (ASCC) architecture driven by the channel
state, which is composed of semantic source coding based on
DNNSs and digital channel coding, has recently been developed
for digital SemCom systems [14]—-[16]. The authors in [14]
proposed a source-channel rate adaptation scheme for image
transmission over a single Gaussian channel, which jointly
optimizes the source and channel coding rates to minimize the
E2E distortion and effectively mitigate the cliff effect inherent
in the conventional separation-based architecture. Under the
similar architecture, the authors in [15] proposed a joint
optimization design of source-channel coding rate and power
allocation over parallel Gaussian channels to minimize the
weighted average E2E distortion for both image reconstruction
and classification task. Furthermore, the authors in [16] pro-
posed a multiuser semantic and data transmission framework
that jointly optimizes the coding rates, power allocation, and
transmit beamforming. However, in the emerging applica-
tions with challenging propagation environments and limited
wireless resources, such as low-altitude UAV inspection [17]
and vehicular cooperative sensing [18], existing ASCC ar-
chitectures designed for the above communication-only tasks
cannot effectively address the joint requirements of semantic
transmission and environmental sensing.

On the other hand, ISAC as one of the key technologies in
6G achieves both the sensing and communication functions
by sharing the wireless resources and hardware platforms
[19], [20]. Most of the studies have concentrated on mono-
static ISAC system to investigate the integrated sensing and
communication gains [21], [22], while it may cause strong
self-interference (SI) due to the transceivers deployed at the
same place. Recently, most of the research has shifted the
paradigm to bi-static cases, which deploy the transceiver at
different places to avoid strong SI [23], [24]. The authors in
[23] designed the transmit waveform in bi-static ISAC systems
by minimizing the symbol error rate (SER) under the Cramér-
Rao Bound (CRB) constraint on angle estimation, which
achieved better SER performance and improved robustness
to nonlinear phase noise. To enhance sensing performance,
the authors in [24] minimized the CRB on target position
estimation under communication SINR and transmit power
constraints by optimizing transmit beamforming in bi-static
ISAC systems. However, all the above mentioned bi-static
related works considered an ideal condition with perfect time
synchronization (TS), which is impossible for bi-static systems
in practice. To investigate the impact of imperfect TS on
ISAC performance, the authors in [25] characterized it by
unknown clock offsets in networked ISAC systems, which
prevent accurate delay estimation of the cross-link echo over
the base station (BS)-target-other BS path and only the target-
reflected signal over the direct link can be exploited for joint
detection, thereby degrading the target detection performance.
More specifically, the authors in [26] modeled the TS error as

a Gaussian random variable and derived the CRB on position
estimation with TS error, which showed that the boundary of
achievable performance region degrades with the increasing of
TS errors.

Recently, the combination of SemCom into ISAC systems
has attracted extensive attention from both the academic
and industrial spheres [27]-[29]. The authors in [27] pro-
posed a semantic-based sensing data feedback scheme for
aerial intelligent transportation scenarios, where a semantic
database is utilized to extract high-level sensing features,
thereby reducing feedback overhead and latency. Similarly,
the authors in [28] proposed a four-step compression scheme
for autonomous driving scenarios, which effectively reduces
bandwidth requirements without compromising sensing accu-
racy. Furthermore, the authors in [29] proposed an attention-
based sensing feature prioritization scheme in autonomous
driving scenarios to prioritize compressed sensing data, which
enhances communication reliability. However, most of the
above mentioned studies have concentrated on sensing data
compression to reduce the transmission overhead, without
considering the design of integrated transmission framework
for jointly serving the SemCom and sensing tasks.

To address the above issues, this paper proposes a sensing-
aware adaptive source-channel coding (SA-ASCC) scheme for
bi-static integrated SemCom and sensing (ISSC) systems with
imperfect TS, which comprise one transmitter (TR), one target,
and two receivers (REs). The TR transmits the ISSC signal,
which superimposes the SemCom data with the sensing data
via beamforming technique for both the SemCom and sensing
tasks, thereby inherently inducing a performance trade-off
between these two tasks with shared transmission resources.
As SemCom typically performs more effectively in low-SNR
region, a larger proportion of resources could be allocated
for sensing, which motivates us to investigate the potential
integrated performance gain in our considered bi-static ISSC
system to obtain a larger achievable region between the
SemCom and sensing tasks. Unlike the conventional ASCC
schemes in [14]-[16], where source-channel rate adaptation
is only determined by communication channel conditions,
the integration of sensing tasks introduces additional accu-
racy requirements that compete for limited resources in our
considered system. Consequently, the optimal source-channel
coding rates become jointly coupled with sensing requirements
and channel conditions, rendering existing ASCC schemes
inapplicable and necessitating a new SA-ASCC framework
beyond existing communication-oriented designs. The main
contributions of this work are summarized as follows:

« First, we derive the ISSC signal models for transmission
at the integrated TR and reception at the sensing RE
(SRE) and communication RE (CRE), respectively. Based
on the derived signal models, we propose an integrated
transmission framework for both the SemCom and sens-
ing tasks, where the communication information under-
goes semantic source encoding, channel encoding, and
modulation, and then is superimposed with the modulated
sensing probing data via beamforming technique.

o Then, an E2E semantic distortion function is derived by a
regression-based fitting method for any fixed source cod-
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Fig. 1: Framework of the ISSC System.

ing rate. To investigate the impact of TS errors on ISSC
performance, we also derive the hybrid CRB (HCRB) for
target position under imperfect TS by modeling the TS
error as a real-valued random variable with a known prior
distribution.

o Finally, to characterize the achievable region between
SemCom and sensing, an E2E distortion minimization
problem is formulated by considering the HCRB thresh-
old, channel uses, and power budget, which is non-
convex due to the coupled design variables and the mixed-
integer program. To address this problem, an alternating
optimization (AO) algorithm is proposed to decompose
it into the model selection and the joint rate and beam-
forming optimization subproblems, which are solved by
the exhaustive search method and the combination of
successive convex approximation (SCA) with fractional
programming (FP), respectively.

The remainder of this paper is organized as follows. Section

IT introduces the system model. In Section III, we formulate
the ISSC problem. In Section IV, we propose the algorithm to
address problem. Section V provides the numerical simulation
results. Section VI concludes this paper.

Notations: Bold upper-case and lower-case letters, e.g., X
and x, denote matrices and vectors, respectively. Tr(-) and
vec(+) denote the trace and vectorization operators. | (-) and
Iy indicate expectation and the indicator function. log,(-),
log1o(:), | - |, || - | 7> In, min{-}, 2 = —1, and R(-) denote
the base-2 logarithm, base-10 logarithm, Euclidean norm,
Frobenius norm, identity matrix with /N dimensions, minimum
operator, imaginary unit, and real-part operator, respectively.

II. SYSTEM MODEL

In this paper, we consider a bi-static ISSC system consisting
of one transmitter (TR), one target, and two REs, as shown
in Fig. 1. The TR transmits the ISSC signal to both the target
and REs. The SRE receives the signal reflected from the target
for sensing task (e.g., position), and the CRE directly receives
the signal from the TR for the SemCom task, (e.g., image
reconstruction). Here, the TR and the SRE are considered to
be equipped with Ny and Np antennas, respectively, while
the CRE is considered to be equipped with a single antenna.
The positions of the TR, target, CRE and SRE are denoted

T T T
as py = [bz,by]" . Po = [02,0y] , Pc = [Cz.¢y]” and p, =
[rz,7y]" . respectively.

Based on the above setup, the communication source under-
goes semantic source encoding, channel encoding, modulation,
and then is mapped into SemCom symbols. The sensing
probing data is transformed into the sensing bitstream via a
bitstream generator, and the bitstream is then transformed into
the corresponding sensing symbols after modulation, as in the
SemCom case. Then, both the SemCom and sensing symbols
are superimposed into an ISSC signal via the beamforming
technique to perform tasks at the REs. As SemCom and
sensing share a common TR in the considered bi-static ISSC
system, it is necessary to characterize the performance tradeoff
by designing the coding rate and beamforming schemes for
both the SemCom and sensing tasks. The detailed transmission
and reception processes for different tasks will be introduced
in the sequel.

A. Transmission at ISSC TR

1) SemCom Task: For the SemCom task, the observation
vector j € RMi is compressed at the TR using the se-
mantic source encoder, and is finally reconstructed at the
CRE. Specifically, the input data j is mapped to a K-
dimensional vector z € CX through the DNN-based feature
extraction function f, with parameter ¢, ie., z = f,(j).
For lossy compression, K is much smaller than M;. Then,
z is quantized as Z = |z]|, where |-] denotes the uniform
scalar quantization operation [30]. Next, Z is encoded as a
semantic bitstream b containing semantic information with a
total length of B based on its probability mass function P (Z)
by applying a lossless entropy coding method, i.e., arithmetic
coding [31]. The expected source coding rate R is calculated
as Ry = E{—log, Ps (Z)}. To protect against channel errors,
the bitstream b is partitioned into I = (Ni] blocks and then
transformed into b, via the block-wise channel coding, with
each N.-bit block being modulated (e.g., QPSK, QAM) into
an L-length symbol vector. Subsequently, the SemCom symbol
vector s, € CV is obtained, with N = I L. Hence, the channel
coding rate is calculated as R, = %, and the average number
of channel uses per source sample is defined as E, = 25.
The metric measuring the average channel uses per dimension
of j is defined as the average bandwidth ratio (ABR), with
ABR = £&.

2) Sensing Task: For the sensing task, a bitstream generator
is adopted to generate the sensing bitstream by, which is
also mapped into a symbol vector sy € CV through the




same modulation process used in the SemCom task. Then,
both the SemCom and sensing symbols, i.e., s. and sq,
are superimposed to form an ISSC signal via beamforming
technique to perform tasks at the REs. For the sensing task,
the TR transmits the ISSC signal to the target, and then the
SRE receives the echo reflected by the target to estimate the
target position.

3) Transmission Signal: Based on the above analysis, the
ISSC signal transmitted by the TR in the ¢-th time slot is
expressed as

x(t) =Y wu(t)su(t),t €T, (1)
ucl
where U = {c,0} is the set of subscripts, with ¢ and 0
corresponding to the SemCom and sensing tasks, respectively;
w,,(t) € CN7*! denotes the beamforming vector for the u-th
task; 7 = {1,---, T}, with T being the total number of time
slots; s, (t) is the extracted data from s,, i.e.,

sult)= sulnlg(t—(n—1)At), 2)

neN
where s, [n] is the n-th symbol of s,, and g(t) denotes the
transmit pulse function with domain g(¢) € [0, At], satisfying
& OAt lg(t)|*dt = 1 [32]. Notably, a rotationally invariant
constellation S with zero mean and unit power is considered

in our ISSC system, i.e.,
E(su) =0.E (suf') = LVs, e Sueld, ()
where most commonly employed constellations, e.g., QPSK

and QAM, satisfy these criteria in (3) [33]. Then, the trans-
mission power at the ISSC TR is calculated as

E (Ix(]P) = Tr (We + Wo) = Tr (%) < Pr, 4)

where ¥ = W, + W, with W, = wcwf € CNrxNr
and Wy = wow{l € CN7*NT representing the covariance
matrices for the SemCom and sensing tasks, respectively.
Moreover, Pr is the power budget at the TR.

B. Receptions at Two REs

Based on the above analysis, the reception processes for the
SemCom and sensing tasks are introduced in this section.

1) Received Signal at CRE: For the SemCom task, the TR
directly transmits the signal x(¢) given in (1) to the CRE, and
the received signal y. (¢) at the CRE is given by

ye () = hix (t) +n (1)

=hfw.s. (t) + hfwqso (t) +n(t), 5)

where h, = /i a(p) € CN**! represents the channel
vector of the direct link from the TR to the CRE, with
N = d_ °* representing the path loss, ¢; denoting the path loss
exponent, and d. denoting the distance between the TR and
the CRE; « (-) = {1,ej2”d7asm('),~--  ed2m(NT=1) S-sin() ’
is the steering vector, with A\ being the carrier wavelength,
and d, being the distance between two adjacent antennas;
f o +1{., <b,y7 is the direction of departure

= arctan p——
(DoD), with H{.} being the indicator function; n (¢) is the cir-
cularly symmetric complex Gaussian (CSCG) noise satisfying
n(t) ~ CN (0,02). Here, a block fading scenario is con-
sidered, where the channel coefficients remain constant within

one transmission block and vary across different blocks. Based
on (5), the signal-to-interference-plus-noise ratio (SINR) at the
CRE is given by
’hf W
b wol* + 02
Then, the decoded signal ¥, is input to the DNN-based func-
tion g, (7..) to recover the transmitted data j, i.e., j = g, (7.),
where j represents the recovered data. From the well-known
finite blocklength transmission theory, the lower bound of the
average BER with random coding is approximated as [15]
Q (1112 7ﬁ(%((77))_&)) .
Rl ; (N

where Q (z) = /5 ;Oe_%dt, B(y)=,/1- ﬁ, and

C (v) = log, (14 ~) denotes the channel capacity with ~y
being given in (6). It is obvious that p; is determined by R,
and .

2) Received Signal at SRE: For the sensing task, the TR
transmits the ISSC signal x(¢) to the target, and it is then
reflected to the SRE. Thus, the received signal at the SRE is
given by

’ 2

v= (6)

Py 2>

yvs (t) =Hox (t —7) + n, (¢), (8)
where Hy = /Booa(p)a(9)? € CNrXN7 5 the channel
matrix of the TR—target-SRE link, with 8y = d; > denoting
the path loss, ds being the distance along the TR—target-SRE
path, and €5 being the path-loss exponent; p is the reflection

coefficient; ¢ and 6 denote the direction of arrival (DoA) at
the SRE from the target and the DoD from the TR to the

Oy—Ty ) +

Oz —Tx

target, respectively, and are defined as ¢ = arctan (

oy —by

Ifo, <r,ym and 6 = arctan(ozibz) + o, <b, )7 7T is the
transmission delay of the TR-target-SRE link; ng(¢) is the
received CSCG noise satisfying ny(t) ~ CN(0,0%Iy,). As
the TR and SRE are deployed at different positions, imperfect
TS inevitably exists and cannot be ignored in the considered
bi-static ISSC system [26]. Consequently, the transmission de-
lay of the TR—target—SRE link under imperfect TS is modeled
as

T =Ty + ATy, 9)

where 7, is the transmission delay under perfect TS, and
ATy, is the additional TS error. Without loss of generality,
ATy, is modeled as a Gaussian random variable satisfying
A7, ~ N (0,0%), where the variance o7 is known at the
SRE [26].

III. ISSC PROBLEM FORMULATION

In this section, an E2E distortion is derived as the perfor-
mance metric for the SemCom task via a regression-based fit-
ting method, and then an HCRB is obtained as the positioning
performance metric for the sensing task under imperfect TS.
To characterize the achievable region between SemCom and
sensing, an E2E distortion minimization problem is formulated
by considering the HCRB threshold, channel uses, and power
budget.



A. E2E Distortion for SemCom Task

Without loss of generality, the distortion function D, is
modeled as the sum of source and channel distortions [7],
i.e.,

Do~ Dg (Rs) + Dg (R, po) (10)
where D3 (Rs) and DS (Rs,pp) represent the source and
channel distortions, respectively. Note that D¢ (R;) varies with
the source coding rate R, which is determined by the DNN
parameters ¢ of the semantic source encoder. DS (Rs, pp)
is jointly determined by the source coding rate R, and the
BER p;, defined in (7). As the direct analytical modeling of
channel distortion D¢ (R, pp) by the closed-form expression
is usually intractable due to its intricate dependence on both
the unattainable Lipschitz constant of the DNN and BER p,
[14], a regression-based fitting method is utilized to model
the E2E distortion D,, where logistic regression is used to
characterize its dependence on the BER p;,. The detailed steps
are introduced as follows.

1) Model Design: G hyper-prior-based DNN models,
corresponding to a set of discrete source rates Ry =
{Rs1,...,Rs,c}, are obtained by minimizing the objective
function AD, + R across varying A values under error-free
conditions' [34]. Then, these hyper-prior-based DNN models
are employed to implement feature extraction and image
recovery.

2) Distortion Measures: In the regression process, the E2E
distortion is defined as

Dy = E; {do (3.3) } (an

where the mean square error (MSE) is utilized to measure the
distortion for the Semgom task, (e.g., image recovery), i.e.,
do (3.3) = ar7 [i =l

3) Distortion Approximation: We approximate the E2E
distortion D, via the regression-based fitting method on
the Caltech-UCSD Birds-200-2011 (CUB-200-2011) dataset.
Specifically, each image is compressed into a bitstream b
by the semantic encoder, which is then encoded into b. by
the channel encoder. To simulate channel errors, the received
bitstream b, is obtained by randomly flipping bits in b,
according to a specified BER p;. Then, the received bitstream
Bc is decoded to evaluate the reconstruction distortion. Finally,
D, is obtained for each combination of the BER p; and source
coding rate s by averaging the distortions over the entire
dataset.

Based on the above setup, we plot the E2E distortion in
logarithmic form, i.e., log,, D, 4 for g € {1,2, ..., G}, versus
log,y p» and R, 4 in Fig. 2, which shows log;, D, , exhibits
a sigmoidal behavior with respect to log;, py>. Consequently,
a generalized logistic function is utilized to approximate
log,y D, as a function of log;, ps, i.€.,

ds (R,)

1 4 e—af " (Ro) (log10 p—ag** ()
(12)

logyo Do £ dAf) (RS) +

'All the DNN models undergo offline pre-training, obviating the require-
ment for online training and substantially alleviating computational demands.
2For simplicity, the subscript ¢ is omitted in the following analysis.

W4 H 4
O R, =217 x 10°, data
R, =217 x 10°, fit
O R, =6.52x10% data
R, = 6.52 x 10%, fit
R, =2.07 x 10, data
R, =2.07 x 10%, fit
A R,=323x 10%, data
—— R, =3.23 x 10*, fit
v R, =5.63 x 10%, data
—— R, =5.63 x 10", fit

5 4 3 2

log,y py

Fig. 2: E2E distortion D, with respect to p; under different
R,.

where d3 (R,),dS (Rs),—a¢ (R,), and a'* (R,) are the

fitting parameters to be determined.

Remark 3.1: As illustrated in Fig. 2, when the BER p,, falls
below a certain threshold, the E2E distortion converges to a
minimum floor and remains nearly constant. This is due to
the fact that the transmission can be regarded as error-free
and the E2E distortion is primarily determined by the source
distortion. Meanwhile, the distortion floor decreases with the
increasing of source coding rate R. Hence, it is concluded that
the source distortion D} (R,) decreases with the increasing of
the source coding rate Rs. Moreover, it is also observed that
a larger source coding rate I?; steepens the distortion-BER
slope, which demonstrates that a larger R, makes the system
more sensitive to channel errors and thus increases the channel
distortion. Based on the above findings, there exists a trade-off
between source coding rate 12 and BER py,.

B. HCRB Derivation for Sensing Task

For the sensing task, the target position p, = [ox,oy]T
is the parameter of interest, while the TS error A7, is
modeled as a random nuisance parameter with a known prior
distribution. To incorporate the influence of the TS error into
the positioning bound, we define the hybrid parameter vector
as x = [pg, ATM]. Then, the HCRB, a theoretical limit on
the estimation variance of p,, is adopted as the positioning
performance metric in the considered bi-static ISSC system.
To simplify the analysis, the continuous received signal y (¥)
given in (8) is sampled at an interval of At, and then N
independent observations Y = [V, (t1),¥, (t2), ..., Vs (tn)]
are obtained at the SRE, with t,, = nAt and n € N =
{1,2,---, N}. For analytical convenience, the sampled signal
is further mapped into the frequency domain via the discrete
Fourier transform (DFT), and then the signal in the frequency
domain corresponding to the k-th (k € [1,2,..., N]) sample
is given by

¥s (wi) = HoX (wi) + 0, (wy) (13)
frequency-domain

where  ys(wr) is  the  k-th

sample of the received signal, and X (wy) =
e IET (W, (wg) + Woso (wy)), with wy, = 2m(k=1)
Here, 5. (wyg) = \/LN ij:l Se
S0 (wy,) —+= SN 5o [n] e 2D T and i (wy)
denote the DFT of s. (tx), so (tx) and ng (t), respectively.
Then, the received signal at the SRE in the frequency

n—1

NA
[n] 673'271-(k71)T ,



H0}~( + 1<T5, where
X [i(wl),i(wg),,i(w]v)] S CNt>*Nand
N, = [ﬁs (wl) ,i’vls (’wg) sy i’vls (’U}N)]~ S CNrxN_ For
simplicity, the frequency-domain siinal Y, is vectorized as

domain is rewritten as Y, =
X =

ys = X + n,, where y, = vec (?S , X = vec (HOX), and
fi, = vec(N,) ~ CN (0,E), with E = 02Iy, n.

As the TR and SRE are deployed at different places, the
TS error A7, is incorporated into the conventional CRB
to characterize the positioning performance in the considered
ISSC system by introducing the prior FIM of At , [35].
Hence, we define the hybrid Fisher information matrix (FIM)
as the sum of the observed FIM Jp (x) and the prior FIM
I (x), e, J(x) = JIp (x) + I (x). Here, the expression
of Jp (x) is given by [26]

Ip (x) = —Eg,x (

where f (¥,|x) denotes the conditional probability density
function of the observation y,, i.e.,

(14)

82 In f (¥:|x)
oxox™ '

F ) = exp {-¥E"'Y,}
YalX TNEN dot (B)
where ¥, = ¥s — X. In addition, the prior FIM Jg (x)

2 1In p(A7e.r
%), where

p(ATy ) denotes the prior distribution of A7, given by
(A1) = exp(—=A7?,/(202))/(v/2mor). Based on the
above analysis, we presént the following proposition for de-
riving the hybrid FIM J (x).

Proposition 3.1: The hybrid FIM J () can be equivalently
expressed in the following block matrix form by taking the
first-order partial derivatives with respect to , i.e.,

J _| I 5 J
0= | g JB] 43800,

5)

is expressed as Jp(x) = —Ear,,

(16)

JIp(x)
0 0
where Jp (x) = [Oiiz ile] The submatrices in Jp (x)
or

are given by

c Jb Ip| qe Ip| e
= )= s = 00
where J3 = J%Pe, IG5 = J%"AT”, Js = J%T”ATW,
and J}, is derived as J}, = ZR{Tr({;%)}, with
j € J = {1,..6}). Here, each ¢; is derived as

N . H N . H ..
G o= S0 (M) Mg ¢ = S (M) Hp G -
N /e NH - N , - \H
S (M) g ¢ = S0 —jwn (F) Ho, G =
.. H
Zﬁle —JWn (H{}) Hy, and ¢ = 25:1 w;, (HO)HHOv
where H) = Hy — jw,7 Hy and H} = Hy — jw,r Hy.

Moreover, HE) and 7 denote the first-order derivatives of H,
and 7 with respect to o,, respectively, while H, and 7 denote

the first-order derivatives of Hy and 7 with respect to o,.
Proof 3.1: Please see Appendix A. |

Proposition 3.2: Based on the above analysis in Proposition
3.1, the HCRB matrix of the target position, is derived at the
bottom of this page, where (18) is obtained by applying the
block matrix inversion formula to the hybrid FIM in (16), and
(19) is obtained by applying the Woodbury matrix identity.
Here, J = J‘E + (%2, and the second term in (19) is the

additional error for theTtarget position p, caused by imperfect
TS.

C. Problem Formulation

We define the achievable region A (®,1II) to describe the
achievable region between the E2E distortions D, and the
HCRB for the SemCom and sensing task, i.e.,

A(®,T1) = {(<I>,H) : D, < ®, Tr(HCRB(p,)) <1II,

Tr(%) < Pr, % S ESY Re < C(V)}, (20)

where (®, 1) is the distortion-HCRB pair; IT and ET** denote
the HCRB threshold and the maximum channel uses, respec-
tively; C() is the channel capacity given in (7). Then, to
characterize the achievable region in (20), an E2E distortion
minimization problem is formulated, subject to the HCRB
threshold, channel uses, and power budget, i.e.,

P3.1 i D, 21
( ) {Rs ERsr;I}%EWch} ( )
s.t. Tr {HCRB (p,)} <II, (22)
R, .
2o < g 2
R, St (23)
R.<C(v), (24)
e () < Pr, (25)

where the objective function (21) and the constraint (22) are
non-convex due to the coupled design variables. Moreover,
since the design variable R is discrete, Problem (P3.1) is a
mixed-integer program, which is also intractable in general.
Therefore, it is necessary to design an efficient algorithm to
address this problem.

IV. ALGORITHMS

In this section, an AO algorithm is proposed to decompose
the original problem into the model selection subproblem,
which is solved by exhaustive search method, and the joint rate
and beamforming optimization subproblem, which is solved by
the combination of FP and SCA method.

A. Model Selection

For fixed channel rate R. and beamforming vectors wg and
w,, the original Problem (P3.1) is simplified into a model

-1

HCRB(p,) = (35 - 3% (1)~ (35)")

_ (Jg)_l + (Jg)_l (I%) {J - (Jg)T(Jg)_ng}

(18)
-1
(19)

()" (33)

CRB(po)

additional error caused by TS error



selection subproblem. Since each candidate DNN model is
uniquely characterized by a specific source coding rate R, the
model selection process is equivalent to finding the optimal R
from the discrete set R, i.e.,

P4.1 i D 26
PD R o
R .

L. — < EJ™ 27
s R, St 27

where Problem (P4.1) is solved by the well-known exhaustive
search method to obtain the optimal value of R, satisfying
constraint (27).

B. Joint Rate and Beamforming Optimization

For fixed R, Problem (P3.1) is transformed into a contin-
uous optimization problem, i.e.,

(P42) min D, (28)
R,

S.t. RCZW, (29)

(22), (24), (25). (30)

where constraint (29) is obtained by rewriting constraint (23)
with the fact of R. > 0. It is observed that Problem (P4.2)
is still non-convex due to the complicated expression in (28)
and the coupled design variables in (22). Then, Problem (P4.2)
is further decomposed into a coding rate subproblem and a
beamforming optimization subproblem.

1) Coding Rate Optimization: For simplicity, two logarith-
mic auxiliary variables py, and v, satisfying pp = log;opp and

de(Rs

1 e—a{“ﬁ(RZ()](%ﬁb)—a;"“(Rs))’
Then, with fixed wg and w., Problem (P4.2) is reformulated
as

eV =

are introduced, respectively.

P43) min 107 (Re) e 31
(P4.3)  min | (€29)
s.t. U(R.) < pv, (32)
dAg (RS) v
m <e’, (33)
(24),(29), (34)
where (31) is obtained by substituting p, and e”
into (28). Moreover, constraints (32) and (33) are ob-
tained by introducing auxiliary variables p, and e",
Q(ll’lg \/Z(C(’Y)*Rc))
where U (R.) = log, LIS and 31 =

ai*c (Rs) (pp — af"*® (Rs)). To facilitate the analysis, con-
straint (33) is rewritten as

—ev™P — e’ +d° (R,) <0, (35)
where (35) holds due to the fact that 1 + e=% > 1. It is
observed that (31) monotonically increases with respect to py

and e”. Consequently, all constraints in Problem (P4.3) must
hold with equality for the optimal solution; otherwise, (31) can

the Problem (P4.2) is equivalent to Problem (P4.3) . To address
the non-convexity of constraints (32) and (35), we derive the
convex upper bounds for the left-hand side (LHS) expressions
of constraints (32) and (35) in the following lemma.

Lemma 4.1: For the LHS of (32) and (35), the convex upper
bounds derived via the upper bound of Q-function and the
first-order Taylor expansion, respectively, i.e.,

U (Rc) < Ul (Rc) ’ (36)
—e" ™ — e’ +dS (Ry) < Us (v, py) 37)
where U; (R.) and Us (v, pp) are given in (38) and (39),

R VL(C 7R; In2
respectively, with ¢ = ﬁ(cg(),y_)Rc)m, Y= ( (;()»y) ) ’

& = de(R)/14e T B (AmapR) g
ot (1) (5, - (7). a5y = (6 (i)
Here, Rc, pb, and /' are fixed and obtained in the previous
iteration, respectively.
Proof 4.1: Please see Appendix B. |
Replacing the LHSs of constraints (32) and (35) with their

convex upper bounds (38) and (39), respectively, Problem
(P4.3) is rewritten as

(P4.4) min 10% (Fe)te” (40)
Re,v,py}

s.t. Uy (Re) — iy < 0, (41)

Uz (v, pp) <0, (42)

(24),(29), (43)

which is convex and can be solved by some optimization tools,
e.g., CVX [36].

2) Beamforming Optimization: With fixed R., the objec-
tive function D,, is monotonically increasing with p; according
to (12). Consequently, Problem (P4.2) is equivalently trans-
formed into a BER p; minimization problem, i.e.,

. QM)
(P4s) min 5 (44)
st (22), (25), (45)

where (44) is
Iny \/f(C(v):Rc)

obtained according to (7),
. It is intractable to directly solve Problem

with 4 =

a+2

(P4.5) du(thB the variable coupling within the Q-function.
Noting that the Q-function is monotonic, the monotonicity of
BER is determined by 4. Hence, it is necessary to analyze the
monotonicity of 4 with respect to « to simplify this problem.
Then, we have the following lemma:

Lemma 4.2: The objective function in Problem (P4.5) mono-
tonically decreases with the increasing of +.

Proof 4.2: Please see Appendix C. |

Based on Lemma 4.2, Problem (P4.5) is transformed into
the SINR ~ maximization problem, i.e.,

[ we|”

be further reduced by decreasing j;, and e”, which confirms (P4.6) {vﬂﬁi’v‘c} |hHW0|2 + o2 (46)
Ut (Re) = 1og1 Q () —ogay (ReL) = a () (v — ) logfo, (38)
Us (v, pp) = —e” 1 (V — v —a™ (Ry) ([)b — 1)) — e (y v 1) +de (Ry). (39)



s.t. (22),(25), (47)

where (46) is still non-convex due to the coupling design
variables in the fractional structure. Therefore, the FP method
is utilized to maximize a surrogate lower-bound function of
(46) [37], i.e.,

2R (rhfw.) = I (|ffwol” +02) . @8)

where r = wHh./(Jhfwq|? + 02). Since constraint (22) is
still non-convex, we utilize the positive semi-definite property
of the FIM matrix J7} —J3 (J s)H(J CD2)T and the property
that Tr (Ufl) is a decreasing function on the positive semi-
definite matrix space with a given matrix U to transform
the non-convex constraint (22) into the following form by
introducing an auxiliary matrix £ € C?*2, i.e.,

Tr(Q7') <ILQ =0, (49)

Jo —J2JIe) IR - (50)

By utilizing the Schur complement [38], (50) is rewritten as
Jh - J3 >0

(5" Je] =

It is clear that constraint (49) is convex, while constraint

(51) is still non-convex. Hence, an auxiliary variable vector

p= [, pos i3, fias s, ). € CO%1 is introduced to extract
wq and w,. from (51), and Problem (P4.6) is reformulated as

S1Y)

(P4.7) max (48) (52)
r,2,W0,We, 4

¢ %?R(al)—ﬂ O%?R ag) “ 0

St U%?R (al) U%ﬂ%(ag + ="

(53)

,LLJ = f] (WCaWO)v (54)

(25), (49), (55)

where a; = [Ml MQ],aQ = N4,and as = pg. Ac-
M2 13

cording to Proposition 3.1, f; (w., wo) in (54) is expressed
as fj (WC,WQ) = Tr (QE), Vi e J = {1, 2, ..., 6} Let
S (r,wo, we) = 2R (rhfw,.) — |r|? (’hfw()’Q + 0721). Then,
by adding non-convex constraint (54) as a penalty term to the
objective function (52), Problem (P4.7) is reformulated as
(P48)  min iF (W, Wo, 1) — S (1, Wo, W) (56)
(25),(49), (53), (57)

where Fy (1, w., wo, ) = iF(Wc,Wo,H) — S (r,wq, w.),
k>0 denotes the penalty parameter, and F (w., W, i)
2?21 |fj (We,Wo) — 1]°. To address Problem (P4.8), we
decompose it as two subproblems. Specifically, with fixed
beamforming vectors w,. and wg, the subproblem to acquire
Q and p is written as

S.t.

Algorithm I AO-Based Algorithm for Problem (P3.1)

i: Input: Pr, R, € Ry = {Rs.1,..., Rs,c}, h. and Hy, ¢

2: Output: R, RY, W}, W3;

3: Initialize: w,, wy, R., k(©, i =1, ¢ = 0;

4: for g=1:G do

5: while no convergence do

6: while no convergence do

7: Obtain RY), ;). v by solving Problem (P4.4);

8: Obtain nfj’, u@ by solving Problem (P4.9) ;

9: Obtain réi), W§Z z, and Wég by solving Problem
(P4.11); . ‘ ‘

10: Update bgz) =F® (r, We, Wo, t);

11 Update by = (b5}, b5), -+ ,byy | with by =

. L2

f;z) (We g, Wo,g) — Mf;)j ,forjedJ;

12: Update D((f;)g, w; = Wt(f_:z,, W,0 = W((szp R; =
RUY;

13: Update ¢ =7 + 1;

14: end while

15: Update ¢ = q + 1;

16: Update £(@) = yxla=1);

17: end while

18: end for

19: g* = argmin{D,1, -+ ,Doc}, R = Rsg, R} =

* *
Rege, WE = We gn, Wo = Wo,gs.

which is a semi-definite programming problem (SDP) and can
be addressed by CVX [36]. Then, with fixed €2 and p, the
subproblem updating wo and w, is reconstructed as

(P4.10){ min  Fy (r, we, wo, ) (60)
T, W0o,Wc
st (25), 61)

where constraint (25) and the part —S (r, wo, w..) in (60) are
convex, while the residual part F' (w., wq, @) is non-convex
with respect to w,. and wq. To address this problem, we have
the following lemma.

Lemma 4.3: By expanding the functional expression
and applying the SCA method, the non-convex part
|fi (We, wo) —/Lj|2 in F(w.,wq, ) is transformed into a
convex version given in (62), where G; (w., wy) denotes
the convex surrogate obtained via SCA, with A; = pi¢; +

(&) any = (1) ©wo+n ()" wi) "
() vty = ((0) @i 67 w)
H

, and
’ . ’ ’
¢;w,. Besides, w, and w, denote the values
obtained in the previous iteration, respectively;

’

g = (Wé)

. 1
(P4.9) {13713} ﬂF (we, wo, p) (58) Proof 4.3: Please see Appendix D. [ |
s.t. (49), (53), (59) Based on Lemma 4.3, Problem (P4.10) is transformed into
2 2

Gj (we,wp) =2 ’ (w;)H ()" we

+2 ‘ (Wo) " (€)™ wo

+ 2R { (a;,j - (wé)H A

(62)



the following convex problem, i.e.,

(P4.11) . min , Fy (rywe,wo), (63)
W0, W
s.t. (25), (64)

where F (r, w., wy) = Z?:l =G (We, wo)—S (r, wo, we).

Obviously, Problem (P4.11) is a convex problem, which is
solved by existing convex techniques [36]. The overall algo-
rithm is summarized in Algorithm I, where ¢ denotes the step
size to control the decreasing speed of « and the subscript
g is adopted to denote the optimization parameters of the g-
th model. Moreover, the convergence criterion for the inner
layer and outer layer are defined as ’bgi) - bgi_l)’ <1073

and max {bé@ — bg;l),j € j} < 1079, respectively.

V. SIMULATION RESULTS

In this section, we provide simulation results to evaluate
the performance of the proposed SA-ASCC scheme for the
considered bi-static ISSC system. The experimental setup is
given as follows:

o Datasets: Experimental validation of the SA-ASCC
scheme is conducted on the CUB-200-2011 dataset,
which consists of 11,788 images covering 200 bird cat-
egories. We split the dataset into 5,994 training samples
and 5,794 testing samples. All input images are resized
to dimensions of 256x256 for consistency.

o« DNN model architecture: We leverage the hyperprior-
based DNN framework to serve as the backbone for
both the feature extraction function f, and the feature
recovery function g,. We jointly train G hyperprior-
based DNN models, with source coding rate ranging from
1.3 x 10% to 5.7 x 10%.

o Parameter settings: We consider the ISSC system with
one TR equipped with N7 = 8 antennas, one target, one
single-antenna CRE and one SRE with N = 4 antennas.
The block length is set as L = 256. The positions of the
TR, target, SRE and CRE are set as p, = [0,0],p, =
[100,50], p, = [0,50],p. = [20,30], respectively. The
bandwidth of the considered ISSC system is set as B =
100MHz. The path loss exponents for the TR-CRE and
TR-target links are set as €; = 3 and e3 = 2, respectively
[32]. The reflection factor is set as o = 0.6. The power
of CSCG noise is set as 02 = 02 = —50 dBm. The TS
error covariance is set as o = 100 ns. The number of
samples is set as N = 1024. The HCRB threshold is set
as II = 0.01. The number of DNN models is G = 20.
The step size is set as ¢ = 0.8.

o Baseline schemes: To evaluate the proposed SA-ASCC
scheme for ISSC systems, we consider two representative
benchmarks: DJSCC [39] based on the continuous JSCC
architecture and BPG based on the conventional SSCC
architecture. Specifically, for the DJSCC baseline, the
input images are directly encoded into analog channel
symbols, and the model is trained under the same SNR
and ABR settings as those used in the correspond-
ing test scenarios. For both benchmarks, water-filling
(WF) is employed for power allocation according to the
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Fig. 3: MS-SSIM comparison under different Pr.
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Fig. 4: MS-SSIM comparison under different o2.

channel conditions, while zero-forcing (ZF) is adopted
for beamforming to suppress inter-user interference. For
brevity, the comparison benchmark schemes are denoted
as DJSCC-WEF-ZF and BPG-WF-ZF, respectively.

A. Image Reconstruction Performance

In this section, multi-scale structural similarity (MS-SSIM)
is selected as the performance metric of SemCom [16]. As
shown in Fig. 3, the proposed SA-ASCC scheme exhibits
superior overall MS-SSIM performance compared with the
DJSCC-WF-ZF and BPG-WF-ZF benchmarks across different
Pr and ABR settings, with IT = 0.06 . This performance gain
is primarily attributed to its adaptive source-channel coding
rate mechanism, which dynamically adjusts the source-channel
coding rates according to the varying channel conditions,
i.e., SINR, and consequently enables SA-ASCC to effectively
mitigate the cliff effect suffered by the conventional BPG-WF-
ZF scheme. Moreover, when Pr = —4 dBm, corresponding
to an SINR of —3.2 dB, the proposed SA-ASCC scheme
with ABR = 0.063 achieves a 2.68% MS-SSIM improvement
over DJISCC-WF-ZF with the same ABR, demonstrating the
superiority of the proposed SA-ASCC in low-SINR regimes.
When Pr = —2 dBm, SA-ASCC with ABR = 0.063
achieves comparable MS-SSIM performance to DJSCC-WEF-
ZF with ABR = 0.083, while reducing the required bandwidth
by 24.1%, further demonstrating the bandwidth efficiency of
the proposed SA-ASCC scheme.

Fig. 4 illustrates the impact of sensing noise under Pr =
—3dBm and II = 0.065. The simulation results show that
the MS-SSIM performance degrades as the sensing noise
increases. This is because, to satisfy the same sensing accuracy
constraint under a higher sensing noise level, the proposed
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Fig. 6: HCRB comparison under different o2

SA-ASCC scheme allocates more transmission resources to
the sensing task, thereby reducing the transmission resources
available for semantic transmission and consequently degrad-
ing the MS-SSIM performance.

B. Target Positioning Performance

As shown in Fig. 5, the proposed SA-ASCC scheme
achieves a consistently lower HCRB than the DJSCC-WE-
ZF and BPG-WF-ZF benchmarks across different Pr. This
sensing performance gain is mainly attributed to the superior
SemCom performance of SA-ASCC in the low-SINR regime,
which enables more transmission resources to be allocated
to sensing while maintaining the required communication
performance. In contrast, the DJISCC-WF-ZF and BPG-WF-
ZF schemes are constrained by the limited degrees of freedom
(DoFs) caused by the stringent interference-suppression re-
quirements of ZF beamforming. Moreover, the DJISCC-WF-ZF
scheme and the BPG-WF-ZF scheme exhibit identical HCRB
performance since they employ the same power allocation
and beamforming strategies under the same system settings.
Furthermore, the pronounced HCRB degradation in the pres-
ence of TS errors highlights the importance of accounting for
imperfect TS in practical system design.

Fig. 6 shows the HCRB performance under different sensing
noise levels. It is observed that the HCRB monotonically
increases with the sensing noise level, since stronger sensing
noise reduces the quality of the received sensing signals and
consequently degrades the sensing estimation accuracy. Fur-
thermore, a comprehensive analysis of Fig. 5 and Fig. 6 reveals
that the proposed SA-ASCC scheme consistently achieves
a lower HCRB than the DJSCC-WF-ZF and BPG-WF-ZF
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benchmarks, regardless of whether the system operates under
perfect TS or suffers from TS errors.

C. Tradeoff and Power Allocation Analysis

Fig. 7 shows the achievable performance region under
different TS error levels, with Pr = 0 dBm. It is observed
that the MS-SSIM increases with the HCRB and gradually
approaches saturation, since higher HCRB allows more trans-
mit power to be allocated to SemCom. Moreover, for a given
HCRB, the SA-ASCC scheme with o = 1 ns achieves a
higher MS-SSIM than SA-ASCC scheme with or = 100
ns. This performance gap arises because a larger TS error
requires more transmit power to be allocated to sensing to
achieve the same sensing accuracy, thereby reducing the power
available for semantic transmission and degrading the MS-
SSIM performance. Consequently, the achievable performance
region decreases as the TS error increases. Furthermore,
compared with the DJSCC-WF-ZF and BPG-WF-ZF schemes,
the proposed SA-ASCC scheme achieves a larger achievable
performance region, demonstrating its superiority in jointly
supporting SemCom and sensing.

Fig. 8 illustrates the power allocation between SemCom and
sensing under different HCRB thresholds, with Pr = 0 dBm
and o = 100ns. As the HCRB threshold increases, i.e., as the
sensing accuracy requirement becomes less stringent, the pro-
posed SA-ASCC scheme progressively allocates more power
resources to SemCom. This trend arises because relaxing the
HCRB constraint reduces the transmission resources required
to satisfy the sensing accuracy requirement, thereby allowing
more power to be allocated to semantic transmission. Notably,
the SA-ASCC scheme allocates more power resources to
sensing than the DJSCC-WF-ZF and BPG-WF-ZF schemes,



which accounts for its superior sensing performance observed
in the preceding results. Moreover, the power allocation of the
DJSCC-WF-ZF and BPG-WF-ZF schemes remains unchanged
with the HCRB threshold, as their WF-based power allocation
is determined by the channel conditions and cannot adapt to
varying sensing accuracy requirements.

VI. CONCLUSION

This paper proposed an integrated transmission framework
composed of SA-ASCC and beamforming design for bi-static
ISSC system. We first derived the E2E distortion as a function
of the BER for any fixed source coding rate, and then derived
the HCRB for target position under imperfect TS. To char-
acterize the achievable region between SemCom and sensing
performance, an E2E distortion minimization problem was
formulated by considering the HCRB threshold, channel uses,
and power budget. To address this problem, an AO algorithm
is proposed to decompose it into two subproblems, which
are solved by the exhaustive search method and a combina-
tion of FP and SCA, respectively. Finally, simulation results
demonstrated that the proposed SA-ASCC scheme achieved
superior performance compared with the DJSCC-WF-ZF and
BPG-WEF-ZF benchmarks.

APPENDIX A
DERIVATION OF HCRB WITH TS ERRORS

The (i, j)-th element of Jp is derived as

y o*Inf (¥.Ix)

Ji =-E| ——+—=% (65)
D 8x(1)8x(3)

ox" __, 0%

- {5 o 0
0BT ) 0=
o <: o ax<a‘>>

2 oxH 0% 67
ax(l) ax(7) (67)

where x(* and x) denote the i-th and j-th element of x,
respectively; (65) is obtained based on (14); (66) is obtained
according to the Slepian-Bangs Formula in [38]; (67) is
obtained due to % =0, for Vj € Z". Furthermore, based
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the SRE, respectively, with dy.o = /(05 — b,)? + (0, — b,)?
and d,, = \/(oz —12)% + (0, — y)°. Moreover, & (¢) and
o’ (0) denote the first-order derivatives of o (¢) and « (0)
with respect to o, respectively, where a (¢) = ¢'a(¢p) ®
a(g)anda’ () =60 & (0)oa(9), with ¢ = "4 "y Lo (¢) =
[0, jmcos (¢) ..., j (Ng — 1) 7 cos (¢)]", 6 = bl;’iz % and
b,o
a(0) = [0,jmcos(0),...,5 (Nr — 1) 7 cos (0)]". Similarly,
637" is derived as
Y
0x e —
a_oy = vec (HOX . HOX) : (70)

where HO and 7 respectively denote the first-order derlva-
tives of Hy and 7 with respect to o,. Specifically, H0 =

" H
Bra(@) a®)" + Ba’ (6)al (6) + foa (@) (o’ 0)
and 7 = 175, where By = —WT% with
Ty, = % %) Moreover, " (¢) and o (0)

denote the first-order derivatives of a (¢) and « () with

respect to oy, respectively, where o (¢) = ¢ & (¢) ® a (¢)

and a () = 0 a(f) © a(f), with ¢ = Omz;” and

9" = Of[bz Then, the first-order derivative of X with respect
to ATM is derived as

ox —

= HyX). 71

8A7}_’7« VeC( 0 ) ( )

J3 is expressed as J = JQZOZ Joyoy Then, J%°°

Jp J

is derived as (72), where equality (a) is obtained based
on (67); equality (b) is obtained by substituting (68) into
(67); equality (c) is obtained by utilizing the property that
ONH

vec! (A)vec (B) = Tr (A” B), where ¢ = 320 (H{})
Hy, with H} = HE) — jw, Hy. Similar to the process of
deriving (72), J3y® and J;y° are derived as the following
form based on (68) and (70), i.e.,

oo = 3%{% (&),

(73)
T = —2%{Tr (G2} (74)
. . \NH ..
where (3 = ij:l (Hg H} and ¢3 = 21]:[:1 (HZ}) HY,

on (13), 2X is derived as with H? = H, — jw, 7 Ho. Based on (68)-(71), the elements
6A , o~ , - co 00 ATy 1 0y ATy cs _ 7ATL AT,
% e (H)X + 7 H/X) 68) OF 5 = [JpAT ] and g = are
doy derived as
where X is defined in (69). 7/ and HEJ denote the first- JOmATt,T _ 3%{1} (¢42)} (75)
order derivatives of 7 and Hj Witll’LlI respect to o, respec- P ’
tively, with H « a(®f + Bya o (9) + 0y A Tr
Y ) 0 ﬁO ((b) ( )1 BO (¢) (/ ) JDy — —2%{TI‘ (C5 )} (76)
Boex (d) (a (9)) and 7 = =Yi. Moreover, 3, = s
€ 0z —by Op—Tg AT, r ATy e
_2(db,o+d29)62/2+1 T, with T; = ( o ) ( E ) J g%{Tr (CG )} (17
Here, dp,, and d,, denote the distance between the target
and the ISSC TR and the distance between the target and
X = [ —jwre IR (wy) , —jwee IR (w3) , ..., —jwye TUNTX (wN)] (69)

onon (@) 2 oxt ox
To = %{ 00y 801

} 2 o {vee” (H;Jsa + T HX) - vee (HX + 7 HX) } & S0 (G2)).

(72)



where (75), (76) and (77) are obtained similarly to
the process of obtammg (73) and (74). Here, Cﬁ, =

Zﬁlzl —Jjwn (Ho) Hy, ¢ 25:1 —Jwn (H{}) Ho,
and (g = ZT]:] L w2 (Ho)" Hy. Among the estimated parame-
ters, only the TS error A7 . is a random variable with prior in-

formation and is independent of the position parameters p, =
02x2 02x1

(0s, oy) Consequently, J5 (x) = [ Are o Ar. | and
O1x2 Jg """
JETerATr s derived as
OATE -1 0A 1
ATy » AT t,r 2 1 T, r
Jg T = : —. 78
B 95, 1) Ban, ~oz ™
APPENDIX B

PROOF OF LEMMA 4.1
According to [40], for any 1), 1/3 € R, @-function satisfies

Q) <b () e )+ (), (79)
where d(iﬁ) = max{ﬁ%—z@,zﬁ}, 13(1&) =
AT ad e (8) = Q(¥) - @ (9).

with Q1 (1&) =b (z/;) e—a(u?)u?' To acquire the real value of
a (z/?), we have the following lemma.

7,2

\/_Q(w) 1/1 > 0 holds for any w eR.
Proof B.1: For facilitating the proof, defining U (1/)) as

-V 27rz/JQ ( ) The first-order derivative of
with respect to 1) is given by (80). Since Q(¢)) > 0

Lemma B.1:

7 _d2

Uy 2
U 1/3
for any 1/) eR, U (1/)) is strictly decreasing in 1/) Moreover,
it follows form L’Hopital’s Rule that lim U (1/3) = 0.

P—00

Consequently, U (z/;) > 0 for all 1& € R, which implies that

7,2

U (w) Y =ia) (w) >0, ie., %T@) — 4 > 0.
Based on Lemma B.1, we have a (z/;) = \/S_WT{w) and
then b (z/?), ¢ (z/;) are simplified as b (1&) =Q (1&) ea(u?)u?’

¢ (z/;) = 0, respectively. Hence, (79) is rewritten as
QW) <Q () e, (81)

\/Z(C(v)—R/C)lﬂ

By setting ) = w and ) = B0 , the
upper bound of U (R,) is derived as
Q) Qe W)
log, (R—CL <logg AL (82)
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=log,o Q(v) —logyo(RcL) — a(v) (v — ¢) logiy,  (83)
where (82) is obtained according to (81), and (83) is obtained
by expanding the logarithmic terms in (81). Besides, the upper
bound of the LHS of (35) is obtained by taking the first-order
Taylor expansion of the LHS of (35).

APPENDIX C
PROOF OF LEMMA 4.2

The first-order derivative of 4 with respect to 7 is

ﬁ_\/5(27+72+Rcln2—1og(7+1)) 84)
d’}/ o 3 1 % '

(r+ 1) (1~ )

To analyze the monotonicity of 4 with respect to v, let
denote the numerator of (84). The first-order derivative of F
with respect to v is given as

dE—\/_<27+2—L>

— 85
dry +1 (85)
The function in (85) monotonically increases with respect

to «, due to that the first-order derivative of (85) is

\/_(2—|— eFsyL +1) )>O. Thus, ‘fi—f is strictly increasing with
respect to 7, and since ‘3—5 = /L > 0, we conclude

that £/ monotonically increases over 7. Furthermore, for all
v>0, E remains positive, which implies 4 monotonically
increases with respect to . It is worth noting that Q-function
is a monotonically decreasing function according to its funda-
mental definition. Combining these analytical results, we can
rigorously establish that the BER p, in (44) demonstrates a
monotonic decreasing behavior as 7y increases.

APPENDIX D
PROOF OF LEMMA 4.3

The expansion of | f; (We, wo) — p;]” is expressed as (87),
where (86) is obtained by substituting the definition of
fj (we, W) into the original expression; (87) is obtained by
expanding (86) and leveraging the property that Tr (AB) =

Tr (BA), where V; = wi¢;wo — p;. The first non-convex
term of (87) is equlvalently transformed into ‘w Cjwc]2
wiG, jW., where W, = vec (WCWH) and G; = (CJ)
CJ, by utilizing the property that Tr (ABCDH )
(vec (D)) (C @ A) vec (B). Then, performing the first-order

H
. A7 ’ ’ ~ ~ .
Taylor expansion at w, = vec | w, (w ) , WwHG w, is

H®|I

C

N\ H
expressed as (88), where 2§ { (Wc) ijilc} is reformulated

as (89). Here, equality (a) is obtained by substituting the
definition of w and leveraging the property Tr (ABCDH )

s (9) = b - var (@)~ b

|fj (We, wo) — ‘Tr (CJWC

= [wiGw" + |u,f*
S———— S~~~

non-convex

non-convex

1 1/32/2> _ p
T v2rQ (4). (80)
1) 4 T (Gwowo™) — gy (86)
—2R{(T,)" wH¢we ], (87)

non-convex
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WH G w, = (w) G,w, — 2R { (w)H G,wc} + 2R { (w’c)H ijc} : (88)
2R { (w )H GJWC} o {wligiw.} 2 ’ (W)H ()" w. (89)
w.Ajwe =2R { (WC)H Ajwc} —2R { (W;)H Ajwlc} + (WC)H Ajw/ (96)
|\I/7|2 = ’(wéil))H (Cj)Hwo i —2R { (w(()ifl))H Ajwo} , (99)
H 2 H 2 H
£ (We, wo) — py|* =2 ‘ (Wc) () we| +2 Wo) ()" wo| +2R { (al - (Wo) Aa) WO}
(100)

|
+2R { (a; - (w’c)H Aj)

(vec (D)) (C @ A) vec (B); equality (b) is obtained by ex-

’ ’ ’ H
ploiting the Hermitian property of G, = (Cj)H w, (Wc) ¢
To facilitate solution, the third term of (87) is equivalently
transformed into the following form, i.e.,

2R {(V;)" wl ¢w.} (90)
= 2%{(W0HCJ‘W0)* . (WCHCjWC)}

— 2R {] (we''¢jwe) } o1
= (9"h+ gh*) — (u;h + pzh*) 92)

where (91) is obtained by substituting the definition of ¥ into
(90), and (92) is obtained by leveraging the property A+ A* =
2R {A}, with g = wil{;wo and h = wH;w,, respectively.
Performing the first-order Taylor approximation at g/ and h’
for the first term of (92), we have,

g *h+ gh* = 2R {allwo} + 2R {a;Wc} + C, (93)

where a; = ((h/)*(gj)wé—i-h/ (Cj)HWIO)H and a, =
((g,)*(gj)wé—i—gl (Cj)HW;) , respectively, with h' =
(W;)chw; and ¢ = (WS)HCJ‘WS. Furthermore, C is a
constant, which is derived as C' = (g/)* n o+ g/ (h/)* —

2R {allwg} —2R {a;W;}. For the second term of (92), it is
transformed into the following form, i.e.,

wih+ g = ()" wh Gwe + (uy) (wh ¢we)”
=w/ [(/Lj)* G+ hy (Cj)H] We,

Aj

(94)
95)

where (94) is obtained by substituting the definition of A into
the original expression and (95) is obtained by rearranging
terms in (94). Similar to (88), wf Ajw, is reformulated as
the convex form given in (96) via SCA. Then, the second
term of (87) is given as
2
|‘I’j|2 = ‘WOCjWOH - Nj’ , (G
2 *
= |wi' Gwol” + 11" = 2R {(15)" wi' Gwo b, (98)
——

non-convex

where (97) is obtained by substituting the definition of ¥; and
(98) is obtained by expanding (97). Since (98) has a similar

structure to (87), its convex reformulation is derived in the
same manner. Specifically, | U |2 is reformulated as the convex
form given in (99). Notably, the constant term is ignored in
the process of deriving (99) due to the constant term does not
affect the solution of the problem. Based on (89), (93), (96)
and (99), | f; (We, wo) — j;]° is reformulated into the convex
version given in (100).
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