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Abstract—This paper investigates the system model and
the transmit beamforming design for the Cell-Free massive
multi-input multi-output (MIMO) integrated sensing and com-
munication (ISAC) system. The impact of the uncertainty of the
target locations on the propagation of wireless signals is consid-
ered during both uplink and downlink phases, and especially,
the main statistics of the MIMO channel estimation error are
theoretically derived in the closed-form fashion. A fundamental
performance metric, termed communication-sensing (C-S) region,
is defined for the considered system via three cases, i.e., the
sensing-only case, the communication-only case and the ISAC
case. The transmit beamforming design problems for the three
cases are respectively carried out through different reformula-
tions, e.g., the Lagrangian dual transform and the quadratic
fractional transform, and some combinations of the block coor-
dinate descent method and the successive convex approximation
method. Numerical results present a 3-dimensional C-S region
with a dynamic number of access points to illustrate the trade-off
between communication and radar sensing. The advantage for
radar sensing of the Cell-Free massive MIMO system is also
studied via a comparison with the traditional cellular system.
Finally, the efficacy of the proposed beamforming schemes is
validated in comparison with zero-forcing and maximum ratio
transmission schemes.

Index Terms—ISAC, cell-free massive MIMO, C-S region,
beamforming.
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I. INTRODUCTION

A. Background

With the development of mobile intelligent applications,
e.g., auto-driving and indoor location, sensing has played a
more important role than ever before [1]. Besides, there has
been a huge increment in the number of smart devices and the
future 6G networks have come up with higher requirements
for the communication rates [2], [3], [4]. The above facts
motivate the joint design of communication and sensing.
Integrated sensing and communication (ISAC) is an emerging
technique which utilizes the same spectrum resource to realize
both communication and radar sensing functions [5]. In the
literature, there are two ISAC architectures. One is the coex-
isting radar and communication (CRC) architecture, where the
radar and the communication base station (BS) are located
separately, and the sensing beam and the communication beam
are also generated individually [6]. The other is the dual
functional radar-communication (DFRC) architecture, where
the radar and the communication BS are co-located, i.e., they
are integrated as an ISAC BS with shared hardwares [7].
Therefore, the sensing beam and the communication beam can
be jointly generated. Compared with the CRC architecture, the
DFRC architecture can be more cost-efficient and has been
regarded as one of the most promising directions in B5G
era [8].

Meanwhile, the massive multi-input multi-output (MIMO)
technology has been proposed as a spectral efficiency (SE)
enabler, which facilitates that multiple users share the
same time-frequency resource with limited inter-user interfer-
ence [9]. An emerging massive MIMO architecture, named
Cell-Free massive MIMO [10], draws increasing attention,
where all antennas which would be collocated on a single tra-
ditional BS are geographically distributed over multiple access
points (APs) which are connected to a central processing
unit (CPU). The Cell-Free massive MIMO system has been
shown effective to significantly improve the median wireless
coverage performance including both SE and energy efficiency
(EE) [11]. Besides, the massive MIMO technology is capable
of providing high resolution radar sensing [12]. Therefore,
it is attractive to integrate the Cell-Free massive MIMO and
the ISAC into a single system, termed the Cell-Free massive
MIMO ISAC system.

On the other hand, a trade-off exists in the ISAC system
as the two functions for communication and radar sensing
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share the available resources, including spectrum bandwidth,
power budget and transmit antennas (referred to as spatial
degree of freedom) et al. Most existing works concen-
trated on the communication/radar sensing performance under
respective design requirements. The former is termed as the
communication-centric design and the latter as the sensing-
centric design. Nevertheless, few existing works focused on the
study of the entire operation region of the dual functionalities.
Besides, in [13], it was verified that by utilizing some wireless
coverage enablers, the trade-off can be improved. Moreover,
in [14], it was illustrated that the distributed ISAC system
can be more cost-effective than the traditional cellular ISAC
system in the term of energy consumption. In view of the
advantages of the Cell-Free massive MIMO, it is worthwhile
to further explore the trade-off in Cell-Free massive MIMO
ISAC systems.

B. Related Works

There have been extensive existing works on ISAC sys-
tems, see e.g., [15], [16], [17], [18], [19], [20], [21], [22],
[23]. In [15], the radar signal-to-interference-plus-noise ratio
(SINR) was defined and maximized under the constraints of
the power budget and the quality of service (QoS) require-
ments of users for a CRC system. In [16], a transmit design
was investigated with the aim to maximize the communication
SINR for a double reconfigurable intelligent surfaces (RISs)-
assisted CRC system, and it was illustrated that with the help
of RISs, the communication performance can be improved
while satisfying the radar sensing requirement. To reduce
the hardware costs in ISAC systems, some works adopted
the DFRC architecture. In [17] and [18], the sensing-centric
hybrid beamforming design was studied for DFRC systems
to maximize the sensing performance under the QoS require-
ments, where the beampattern matching mean square error
(MSE) and the Cramér-Rao bound (CRB) were used as the
sensing criteria, respectively. In [19], a coordinated cellular
network-supported multistatic radar architecture was studied,
based on which the sensing beampattern matching MSE
was minimized. Apart from sensing-centric designs, some
works considered the communication-centric designs in DFRC
systems. In [20], a RIS-assisted single-user DFRC system
was investigated, where the user’s signal-to-noise ratio (SNR)
was maximized under the detection probability constraint of
radar sensing. In [21], the sum secrecy rate of the network
was maximized under the constraint of the radar SNR for a
non-orthogonal multiple access (NOMA)-assisted DFRC sys-
tem. However, the trade-off between communication and radar
sensing in ISAC has not yet been reported comprehensively in
above mentioned designs. In [22], the communication-sensing
(C-S) region was defined and derived for a single-target DFRC
system, where the sum rate and the signal-clutter-noise ratio
(SCNR) were respectively utilized as the performance metrics
for communication and sensing. In [23], the C-S region was
obtained for a rate-splitting multiple access-assisted DFRC
system where the sum rate and the squared position error
bound (SPEB) were respectively employed as the performance
metrics for communication and sensing.

12397

The system models in [15], [16], [17], [18], [19], [20],
[21], [22], and [23] were based on the traditional cellular
architecture. Recently, Cell-Free massive MIMO has been
regarded as a promising candidate for the future mobile
communication thanks to its superior coverage and high SE.
The channel hardening effect in massive MIMO systems
relies on the available statistics of the estimated channel [24],
thereby making the pilot training of foremost importance. Due
to the massive separately distributed APs, the pilot training
is challenging in the Cell-Free massive MIMO system [25].
The joint pilot training and information transmission designs
have been investigated in many existing works on Cell-Free
massive MIMO, see, e.g. [26], [27], [28], [29]. In [26],
a channel estimation approach was proposed for a RIS-assisted
Cell-Free massive MIMO system with spatially-correlated
channels, together with its achievable communication perfor-
mance. In [27], a downlink EE maximization transmit design
was proposed for a Cell-Free massive MIMO system, where
the beamforming vectors were designed via maximum ratio
transmission (MRT) scheme based on the uplink pilot training.
In [28], the MRT scheme was also considered, based on which
the SE for a Cell-Free massive MIMO system was maximized
and analyzed. In [29], the uplink transmission SE was analyzed
for a Cell-Free massive MIMO system by means of the zero-
forcing (ZF) scheme and estimated channel.

To enhance the wireless convergence performance for the
ISAC system, some papers investigated the integration of
Cell-Free massive MIMO and ISAC, see, e.g., [30], [31], [32],
[33]. In [30], the sum data rate with the radar estimation
performance as constraints was maximized by optimizing
the precoding matrix in an orthogonal frequency division
multiplexing (OFDM)-based Cell-Free massive MIMO ISAC
system. In [31], the radar SNR was maximized under the
constraint of the communication SINR requirement in Cell-
Free massive MIMO ISAC systems. In [32], the hybrid
beamforming design was obtained for Cell-Free ISAC systems
with the aim of sum-rate maximization while satisfying the
sensing beampattern matching MSE requirement. However,
the pilot training phase was not involved in [30], [31], and
[32]. In [33], the statistics of the estimated channel were
derived via pilot training and then utilized to design the
joint uplink communication and sensing scheme for Cell-Free
massive MIMO ISAC systems. Nevertheless, [33] did not take
the impact of the uncertainty of the target location on the
propagation of communication signals into account.

C. Main Contributions

So far, how to jointly mathematically model the uplink train-
ing and downlink transmission phases in the Cell-Free massive
MIMO ISAC system has never been reported in the open litera-
ture. To fill this gap, this paper firstly presents a system model
formulation for the Cell-Free massive MIMO ISAC system.
It is noticeable that the propagation of wireless signals is more
complicated in the Cell-Free massive MIMO ISAC system
than that in traditional Cell-Free massive MIMO systems,
as the wireless signals will be reflected by location-unknown
targets during both uplink and downlink phases. Moreover, the
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C-S region defined for the Cell-Free massive MIMO ISAC
is for an in-depth trade-off study between communication
and radar sensing. The main contributions of this paper are
summarized as follows:

1) A Cell-Free massive MIMO ISAC system model is
proposed, where during the uplink phase, the channel between
each AP and each user is estimated based on the pilot signals
transmitted by the user and reflected from multiple targets,
and during the downlink phase, the APs serve the users
based on the estimated channel and perform target sensing
based on the prior information of their locations in the mean-
time. In addition, the main statistics of the MIMO channel
estimation error are theoretically derived in the closed-form
fashion.

2) The C-S region is defined for the Cell-Free massive
MIMO ISAC system, which can be determined from the
following three cases for downlink transmit beamforming
design: (i) the sensing-only case by minimizing the sensing
beampattern matching MSE; (ii) the communication-only case
by maximizing the sum rate; (iii) the ISAC case by max-
imizing the sum rate subject to all the achievable sensing
beampattern matching MSE requirements.

3) The transmit beamforming design problems for the three
cases are respectively carried out. The sensing-only case can
be directly solved as it is convex. The communication-only
case is solved by a block coordinate descent (BCD)-based
algorithm after the Lagrangian dual transform and the
quadratic fractional transform. The ISAC case is first reformu-
lated similar to the communication-only case, and then solved
by a successive convex approximation (SCA) based algorithm
in a BCD manner.

4) Numerical results are provided to demonstrate the C-S
region, including the C-S performance trade-off characteristics
and its impacts with regard to the system parameters, and
a comparison with the traditional cellular system. Moreover,
the efficacy of the proposed joint C-S transmit beamforming
scheme is validated together with its superior performance
over the ZF scheme and the MRT scheme.

The rest of the paper is organized as follows. Section II
formulates the system model and defines the C-S region.
Section III presents a pilot allocation scheme and a target-AP
pairing scheme. Section IV solves the correspondng problems
to obtain the C-S region. Section V shows the numerical
results. Section VI concludes the paper.

Notations: In this paper, z, x, X and X are respectively
denoted by scalar, vector, matrix and set. Re{-} denotes the
real part of a complex number or vector. | - | denotes the
absolute value of a complex scalar. || -|| denotes the two-norm
for a complex vector. (-)7, (-)* and (-)¥ denote the trans-
pose, conjugate and conjugate transpose, respectively. C* and
CM>N denote the set of M x 1 complex-valued vectors and
M x N complex-valued matrices, respectively. X > 0 denotes
X is a positive semidefinite matrix. a ~ CA'(u, X) denotes
that a is a complex valued circularly symmetric Gaussian
random variable with mean g and covariance matrix 3. E{-}
denotes the expectation for a random variable. {x;;} and
{xi;}; denote all admissible {z,j} for x;; and all admissible
1 for x;; with fixed j, respectively.
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Fig. 1. A cell-free massive MIMO ISAC system.

II. SYSTEM MODEL AND COMMUNICATION-SENSING
REGION FORMULATION

Consider a Cell-Free Massive MIMO ISAC system as
shown in Figure 1, where a CPU coordinates M Np-antenna
APs to jointly serve K single-antenna information users
(IUs) and detect T' point-like device-free targets over the
same time and frequency resource. The considered system
operates in a time-division duplex mode and each coherence
interval is enough to cover 7, symbols, constituted by T,
symbols for uplink pilot training and (7, — 7,) symbols
for downlink information transmission and target sensing.
Besides, the signals transmitted by IUs and APs can also be
reflected by targets during both uplink and downlink phases.
For clarity, let M = {1,2,...,M}, K = {1,2,...,K} and
T = {1,2,...,T} denote the sets of APs, IUs and targets,
respectively.

A. Channel Model

The quasi-static block fading model is adopted, that is,
the channels are static and frequency flat in each coherence
interval. The distance-dependent path-loss function denoted by
B(-) can be expressed as [34]

ﬂ(d) — 10—(128.1+37.6Ioglo(d))/QO, (1)

where d denotes the distance between the transceivers. The
channel between the m-th AP and the k-th IU is given by

hu, A, = 6 (du, A,.)qU, A 2

where dy, a,, = \/(zu, —2a,,)2 + (yu, — ya,,)? denotes
the distance between the k-th IU and the m-th AP with
(xu,,yu,) and (xa,,ya, ) denoting the coordinates of
the k-th IU and the m-th AP, respectively; qu,,a, €
CNT represents small-scale Rayleigh fading, i.e., aQu,, A, ~
CN(0,Iy,).

In practice, the coordinates of the targets may not be exactly
known. Based on the pre-detected technology [35] or the
location information of targets estimated in the last sensing
phase [36], the APs can have prior knowledge of the t¢-
th target’s coordinate, denoted by (ZT,,yr,). The channel
between the m-th AP and the ¢-th target is modeled as

hr, A, = B(dt, A,,)dT, A, 3)
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where d, a,, denotes the distance between the ¢-th target and
the m-th AP, and it is assumed that

Bldr, a,.) ~N(B(dr, a,.), 0%, A,.)

in which dr,a, = (@1, —2a,)?+ @, —ya,)%
ar,a,, ~ CN(@r,A,.>X7, A, Ins) denotes the steering
vector between the ¢-th target and the m-th AP provided that
the sensing channel is line of sight [37], where the steering
vector qr,,A,, 1S given by

m

27 4 sin(0m j27 L (N1 —1) sin(0m N
1,(5] ™5 sin(0y )’_. J 7"/\( T—1)sin(6; ))E(C T7

(lThArn :( ° €

in which d and A\ denote the spacing between two adjacent
antennas and the wavelength of the signal, and 6;,, denotes
the direction of arrival (DOA) from the m-th AP to the ¢-th
target, where

YA, — YT, . @)

V(@a, —21,)%+ (ya,, — 1)
As previously mentioned, the targets may reflect the signals
from/to IUs. The channel between the t¢-th target and the k-th
IU is given by

0t = arccos

hu,, . = B(du,1,)qu, T )

where dy, T, denotes the distance between the t-th target
and the k-th IU; gy, v, ~ CN(0,1) represents Rayleigh
fading between the ¢-th target and the k-th IU. Similarly,
it is assumed ((dy, 1,) ~ N(B(dy,1,), 00, 1,). Where

CZUkWTt = \/(xUk - JETt)2 + (yUk - yTt)Q'

B. Uplink Pilot Training

In the uplink pilot training phase, the k-th IU trans-
mits a pilot sequence of 7, symbols to APs to facilitate
the channel estimation. To enhance the utilization of the
pilot sequence, it is assumed that 7, < K, indicating that
the pilot sequence must be reused. Denote Pj by the set
of indices of the IUs that share the same pilot sequence
with the k-th IU. Note that if the k-th IU shares the
same pilot sequence with the k’-th IU, it holds that P, =
Pr. Let /7o, € C™ with [¢]> = 1 denote the
pilot sequence allocated to the k-th IU, with the following

property:

1, if k' € Py,

H =
PP {0, if k' ¢ Py.

Then, the received signal at the m-th AP can be expressed as

Ypom= Z VDpTp (hUk,Am + Z athUk,TthTt,Am> br

kek teT
+ Np.m» (6)

where p,, denotes the normalized SNR of each pilot sym-
bol; «; denotes the reflection coefficient of the ¢-th target
since it can reflect the signals transmitted by IUs; Ny, €
CNT>7p denotes the normalized additive white Gaussian noise
(AWGN) at the m-th AP and all the elements of N, ,,, are
independent identically distributed (i.i.d.) with the distribution
CN(0,1).
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To estimate the channel between the m-th AP and the k-
th IU, the received signal in (6) can be projected on ¢,, as
follows

A
Yp,mk = Yp,m¢k

= VPoTohmk £ )

k'ePi\{k}

\/pprhmk’ + Ny ok, @)

where h,,;, £ hy, A,, + > e @thv, 1, hT, A, denotes the
aggregated channel between the m-th AP and k-th IU which
includes one direct link and 7' cascade links; np ,p =
Npm¢, ~ CN(0,Iy,) denotes the projection of N,
on ¢;. Instead of estimating hy, a,.,hu, 1, and hr, A,
separately, we estimate the aggregated channel h,,,;, which is
more suitable for practical implementation without affecting
the downlink transmission. To facilitate channel estimation,
the cross-correlation matrix of any two aggregated channels is
given in the following proposition.

Proposition 1: Let {h,,,} be the aggregated channel
defined in (7). Then

D, ifm' =m, K =k,
E{h,chll, .} = @ik, if m' #m, k' =k,
0, otherwise,

where @, and P .1 are given in (8) and (9), as shown at
the bottom of the next page, respectively,
Proof: The proof is given in Appendix A. [ ]
By applying the linear minimum MSE method [38], the
estimation of the aggregated channel between the k-th TU and
m-th AP, denoted by h,,, can be expressed as

hoe = E by} E7 Yok y ok } Youmk (10)

A
=Cmk

Proposition 2: The mean and auto-correlation matrix of the
channel estimations {h,1} defined in (10) are given by

E {Hmk} —0and E {ﬁmkﬁfgk} = /P Conte®

respectively, and C,,;, defined in (10) can be expressed in a
closed form as follows

-1
Chpr = \/ppr(I)mk (ppr Z D, +INT> .

k'eP
Proof: The proof is given in Apic)endix B. [ ]

Define the channel estimation error as

~

A
€mk = hmk - hmk7

Y

and its mean and second-order statistics are analyzed in the
following proposition.

Proposition 3: The mean and cross-correlation matrix of
the channel estimation error {en,;.} defined in (11) are given
as follows

emka
@mm’ka

if m' =m,

E m = 0, dE m 71—71/ =
{e k‘} an {e k€ Lk} { if m/ 7& m,

where O, £ D, — /PpTpCmk ®Pmi and Oy, is given
in (12), as shown at the bottom of the next page.

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on September 13,2024 at 01:02:51 UTC from |IEEE Xplore. Restrictions apply.



12400

Proof: The proof is given in Appendix C. |
Once one realization of y, ,, is received at the m-th AP,
the corresponding channel estimation }Almk can be obtained
via (10) and Proposition 2. Next, let us use the obtained
{h,x} and the first-order and second-order statistics of {e;, }
provided in Proposition 3 to investigate the performance of
downlink information transmission and target sensing.

C. Downlink Information Transmission and Target Sensing

In the downlink phase, the APs operate in the dual-function
mode, i.e., information transmission and target sensing.
Besides, in order to simplify the sensing signal processing
and reduce the signal synchronization overhead, we assume
that each target is assigned to a single AP to sense' and
each AP senses at most one target. Generally, the number of
APs is larger than that of targets in the Cell-Free system, i.e.,
M > T. Therefore, there may exist some APs only performing
the information transmission. Let Mt (Mj) denotes the
set of APs with (without) the target sensing task,> namely,
Mr UM =M and Mt N M = @.

For the m-th AP in Mj, the transmit signal is given by

Xm = V/Pm Z WimnkSk, Ym € MI?

keK

13)

where p,,, denotes the normalized signal power in the downlink
phase; s € C denotes the data symbol intended for the k-th
U with E{|sx|?} = 1; Wi € CNT denotes the corresponding
beamforming vector. The normalized power budget of the m-
th AP is given by E {||x|[*} < pm. and thus, it holds that

Z wh wo <1, Ym € M. (14)

kek
For the m-th AP in M, the transmit signal is given by

Xm = V/Pm Z WinkSk + V/PmZm, VYm € MT;

kex

15)

I'The considered system works in a multi-static manner [19]. Although the
sensing signal for one target is generated by its assigned AP, the echo signals
reflected by the target can be received by all APs and fed back to the CPU
for further processing. Besides the dedicated sensing signal, other signals
(including communication signals and sensing signals for other targets) may
be useful for sensing the target [21] as the Cell-Free massive MIMO system
is centralized.

2For m € M, the number of streams is (K + 1), i.e., K communication
signals and 1 sensing signal. For m € M, the number of streams is K, i.e.,
K communication signals. As for the whole system, the number of streams
is (K +T), i.e., K communication signals and 7" sensing signals.
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where z,, € CNT is the dedicated random sensing signal
transmitted by the m-th AP, which is statistically independent
of the data symbols {s;} with E{z,,z/l} = Z,,. Note that
the AP generates sensing signal in potential directions of
targets. However, only the estimated locations of the targets
are available, and the exact distance between each target and
its associated AP is unknown. Therefore, in order to achieve
the best sensing performance, each AP has to use its utmost
power, to enlarge its probing range. Thus, we have

E{||XMH2} = Pm

= wWhiWok + Tr{Z,} = 1,Vm € Mr.
kek
(16)
The received signal at the k-th IU is the superposition of the
signals transmitted by all the APs, which, according to (13)
and (15), can be expressed as

Ya,k = Z hl ) xm + nak

meM
= Y Pmh Wk + Y /Pme Wk
meM meM
+ Z Z v/ Pm (hfikwmkrsk/ + egkwmk/sk/)
k'#k meM
+ Z vV Pm (hgkzm + egkzm) + UZWE (17)
meMr

where nq ; € CN(0,1) denotes the normalized AWGN at the
k-th TU. Due to the presence of random channel errors {e,,x }
in the received signal ygq 5, (cf. (17)), the design of {w,x, Z,, }
is almost prohibitive. Next, let us present how we proceed with
this design.

Similar to [39], a computationally tractable lower bound on
the IU’s ergodic rate can be derived via Jensen’s Inequality
over e,,%. That is,

E{log(1 + SINR)} > log(1 + 1/E{1/SINR}).

Denote 7, ({Wink, Zm }) by the lower bound on the achievable
k-th IU’s ergodic rate, which is given by

~ 2
1 ngM \/pmhgkwmk
+ )
Ak ({kav Zm})

Tk ({W'mk7 Zm}) = IOgQ

where Ax ({Wmk,Zmn}) is given in (18), as shown at the
bottom of page 7, composed of the inter-IU interference, other

&, = (du,a,,) Ing + Z (of (8° (du,,1,) + U%k,Tf,) (B*(dr, a,,) + U%t,Am) X (QT,,,A,,LQ%,AM + X%mAmINT))

teT
®)
Bk = »_af (B (du,.1,) + 00, 1) Bdr, a,)B8(dr, A,,)aT, A, 9%, A, ©)
teT
Gmm’k £ Qmm/k — ppr(I)mm’kC7Hn’k RV pprka(I)mm’k + pprka Z @mm’k’cg/k (12)

k' €Py,
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interference terms induced from the channel estimation errors
and/or sensing signals, and AWGN.

Denote the set of targets assigned to the m-th AP by 7,,,
for which 7,,, = @ for all m € M and 7,, is non-empty
for all m € M. Empirically, the best sensing performance
of an AP can be obtained when the target is at the direction
with maximum gain of its antennas beampattern [40]. Based
on such an observation, one AP is assigned to sense at most
one target as the number of APs is usually larger than that
of the targets. That is, |7,,| = 1, Vm € M. Provided that
the ¢-th target is the element of 7,,, the m-th AP senses
the ¢-th target based on the priori knowledge of the DOA
(also known as the DOA estimation), i.e., 6;,,, which can
be obtained by (4). Particularly, 6, is utilized to guide the
generation of the m-th AP’s beampattern. For a direction
0 € [-m/2,7/2] of an AP, the steering vector can be expressed
as a(f) = [1,ed273sin(®)  ei2n(Ne=1)$sin(0)]T  Then, the
amplitude of the m-th AP’s beampattern in the direction 6 can
be expressed as [40]

Po(6) = ]E{|aH(9)xm|2}

=pm Y |2 O)Wi|* + prma” (0)Zna(6). (19)
ke
Intuitively, the AP should concentrate its power on the poten-
tial directions of its assigned target such that the sensing signal
can cover the target. In [41], one kind of ideal beampatterns
is mathematically given by

A6
Pu(0) = { b 0=l = 5
0, otherwise,

where A6 denotes the width (measured by degree) of the
ideal beampattern, which is pre-given based on the ISAC
scheme according to location uncertainty of targets, number
of antennas, etc [19].

A practical beampattern design [42] is adopted for each
AP in Mt as follows. Let {6,,})_, be a considered set
of N sampled directions over [—m/2,7/2]. The desirable
beampattern can be obtained by minimizing the MSE between
the generated beampattern and the ideal beampattern, which is
denoted by &, (Mm, {Wmk }, Zm) and given by (20), as shown
at the bottom of the next page, where N' 2 {1,2,... N}
denotes the index set of the sampled directions, and 7,,
denotes the scaling factor.

D. Communication-Sensing Region

Under the ISAC protocol, the communication function and
the target sensing function share the available resource of the
Cell-Free system including the frequency bandwidth, transmit
power budget and spatial degree of freedom [43]. Since the
available resource is limited, there exists a trade-off between
communication performance and sensing performance. Such
an observation motivates us to investigate the C-S region to
capture the trade-off between the two functionalities. The C-S
region is mathematically defined as

Res ({9} ATn}) 2 {(S,R) : {Zn} = 0, (14), (16),

12401

S

\Y
5[-

Z Em (77m7 {ka}a Zm) y

meMr

R<Y m({wmesZa) Jo @D

x>
g}

€

where M1 = |Mr| denotes the number of APs required
for target sensing. Note that Rc.s({¢;}, {7 }) provides all
achievable communication and sensing performance for the
considered Cell-Free massive MIMO ISAC system. Espe-
cially, each boundary point of Rcs({¢;}, {Zm}) represents
the optimal communication/sensing performance with given
sensing/communication requirement. For clarity of the ensuing
presentation, a synoptic development flow chart for the C-S
region is given in Figure 2.

The C-S region is achieved by solving the transmit design
problems for the following three cases, i.e., the sensing-only
case, the communication-only case and the ISAC case.

1) The Sensing-Only Case: This case without any IUs
actually corresponds to the special case of {w,,;} = {0}.
The Cell-Free system aims to obtain the optimal sensing
performance Sy, by solving the following problem:

5m (Thrn {O}a Zm)

Pi: Smin £ min (22a)
! {nmazm} mg\:/lT MT

st. Te{Z,,} =1, Vm € M, (22b)

Z,, =0, Ym € Mr. (22¢)

2) The Communication-Only Case: This case without any
targets actually corresponds to the special case of {Z,,} =
{0}. The Cell-Free system aims to obtain the optimal commu-
nication performance R,,,x by solving the following problem:

Ps: Ryax 2 max Z e ({Wmg, 0}) (23a)
{wmi} 2k
st Y WH Wi <1, Vm e M. (23b)
kex

3) The ISAC Case: Apart from the previous two cases, this
case with IUs and targets co-existing needs to determinate the
coupling boundary of the C-S region within R € (0, Riax)
and S € (Smin,00) by solving the following problem:

Ps: max re Wk, Zim 24a
3 {Nm , Wk, Zm} kz F ({ F }) ( )
ex
gm (nma {ka}a Zm)
st 3 o <5, (4b)
meMr
Z,, =0, VYme Mr, (24¢)
(14), (16),

where § € [Spmin, 00) is pre-given which denotes the sensing
requirement in the term of the average sensing beampattern
matching MSE over all targets.’

3The average sensing beampattern matching MSE represents the global
sensing performance. The C-S region can be re-defined based on other
communication/sensing metrics. Nevertheless, the processes to derive the C-S
region are similar.
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Formulation C-S region

Sensing-only case: Aim at the optimal
sensing performance

Motivation of C-S region

Explore the trade-off between
communication and sensing in
Cell-Free ISAC system

Communication-only case: Aim at the
optimal communication performance

ISAC case: Aim at the coupling
boundary of the C-S region

Pilot allocation scheme and |
target-AP pairing scheme \

Determination of C-S region

Sensing-only case: Solve Problem P4
by the CVX solver

Illustration of C-S region

Reveal the advantage for ISAC
in Cell-Free system

Communication-only case: Solve
Problem P, by BCD-based Algorithm 2

ISAC case: Solve Problem P3 by BCD-
SCA based Algorithm 3

Fig. 2. Synoptic development flow chart for the C-S region.

Remark 1: Alternatively, the C-S region can also be
obtained by solving the following problem instead of Problem
P3

gm (nma {ka}; Zm)

Py: min 25a)
4 {Tlmawmmzm}mg/w MT (
sto 1k ({Winky Zm}) > €, (25b)
kex
Zm t 0, Ym € MTa (250)
(14), (16),

where ¢ € (0, Rmax| is pre-given which denotes the commu-
nication requirement in the term of the sum rate of all 1Us.
Remark 2: Let bd Rc.s denote the set of all the boundary
points of the C-S region. Then (Smin, Rr) and (S1, Rimax) are
the two critical points of bd Rc¢.s, where Rt is the optimal
value of Problem P3 under § = Sy and Sy is the optimal
value of Problem P4 under ( = Ryax. All the points of
bd Rc.s between (Smin, Rr) and (St, Rmax) can be obtained
by solving Problem P3 (Problem P4) subject to an assigned

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 9, SEPTEMBER 2024

parameter § > Spin (¢ < Ryax), where the C-S performance
trade-off occurs due to finite resources. The union of the set
{(S, Rmax) | S > Si} and the set {(Smin, R) | R < Rrp}
contains all the other points of bd Ro_g.

As mentioned in Remark 2, to determine the set Rc.s,
we need to practically solve Problem Py, Problem P, and
Problem P3 (Problem P,) after finishing the pilot allocation
and target-AP pairing. The schemes for pilot allocation and
target-AP pairing are presented in the next section, and all the
algorithms needed for determining Rc.s will be presented in
Section IV.

III. PILOT ALLOCATION SCHEME AND TARGET-AP
PAIRING SCHEME

Because the uplink pilot training depends on the pilot
allocation scheme, i.e., {Py}, while the downlink information
transmission and target sensing depends on the target-AP
pairing scheme, i.e., {7,,}, a pilot allocation scheme and a
target-AP pairing scheme are respectively presented in the
following two subsections.

A. Pilot Allocation Scheme

As mentioned above, the number of IUs is greater
than the length of the pilot sequence, i.e., K > 7, which
makes the pilot contamination is unavoidable. In order to
mitigate the pilot contamination, the IUs far away from each
other will reuse the same pilot sequence. To this end, a pilot
allocation scheme based on the hierarchical agglomerative
clustering (HAC) method [44] is designed. First of all, each
IU forms one cluster denoted by {C;}, thus forming K one-
member clusters. Denote the inter-cluster distance between C;
and C; (j # 1) by

{\/(xUk —zu, )+ (yu, — yUk,)2} .

Then, two clusters with the maximum inter-cluster distance are
merged into one cluster until 7, clusters survive. Note that if

= min
keC; k' €C;

2 2 2
Ay, ({ka7 Zm}) £E Z pmefikwmk + Z Z \/pmhrlikwmk’ + Z E Z pmer,[;llkwmk’
mem k' £k |meM K £k mem
meMr meMr
2
= Z pmwgkgmkwmk‘i’ Z Z pmpm/wa;ILkam’ka’k + Z Z \/pmhgkwmk’
meM meM m’'#m k'#k [memM
D D PV OmkWonk + Y D D VPP Wi O kWi
k' Ak meM 'k mEM m!Zm
+ > P Zphok+ D pnTr{©miZy} + 1 (18)
meMr meMr
1 2
Em (nma {ka}7 Zm) = N Z nmpm(én) - pmaH (én) Z kaw'ﬁllk +Z, a( 7n) (20)

neN

kex
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k € C;, it holds that P, = C;. The proposed clustering scheme
is summarized in Algorithm 1.

Algorithm 1 The Proposed HAC Algorithm for Pilot
Allocation Scheme
Initialization:
Treat each IU as a cluster head and set num = K
Calculate the inter-cluster distance set {d;; };
while num > 7, do
Merge the two clusters with maximum d;; into
one cluster;
Update num := num — 1;
Update the inter-cluster distnace set {d;;};
end
Assign 7, a distinct orthogonal pilot sequence to each
of 7, IU clusters.

B. Target-AP Pairing Scheme

As mentioned above, the probing range of each AP is
bounded by the power budget. Thus, to obtain a good sensing
performance, the AP responsible for sensing the assigned tar-
get should be close to the target. However, the exact coordinate
of each target is unknown. Therefore, the prior knowledge of
the target-AP distances, i.e., {dr, a, } can be employed for
target-AP pairing. One intuitive way of the target-AP pairing is
to minimize the sum distance between targets and their serving
APs. All the APs and targets in the considered system can be
treated as a weighted complete bipartite graph G = (M, T),
where { fJTh A,, } 1s the corresponding edge weight between
T; and A,,. Then, the sum distance minimization problem is
equivalent to optimal matching problem on G, which can be
solved by the Kuhn—Munkres Algorithm [45].

IV. PROPOSED C-S REGION DETERMINATION

With the pilot allocation scheme and the target-AP pairing
scheme, Problems P, P5 and P3 need to be respectively
solved to obtain the C-S region.

A. Sensing-Only Case

It is observed that Z,, and Z,,r (m’ # m) are uncoupled
in the convex constraints of Problem P; and the objective
function of Problem P; is also convex. Thus, it can be
decomposed into Mt convex sub-problems, which can be
solved by CVX solvers, e.g., SDPT3, in a parallel fashion.

B. Communication-Only Case

From Problem Po, it can be observed that {w,,;}; and
{Wmkte (m' # m) are uncoupled in the constraints.
Therefore, solving Problem P is equivalent to solving M
sub-problems, of which the m-th sub-problem is given by

P51 : max e {Wmk,0}) (26a)
twmidi 2%
st Y W Wi < 1 (26b)

keKx

12403

Problem P31 can be optimally solved based on the idea of
Lagrangian dual transform [46] and quadratic fractional trans-
form [47]. Through the Lagrangian dual transform, Problem
P2 1 can be decomposed as an inner optimization problem and
an outer optimization problem. With the closed-form optimal
solution to the inner optimization problem and the KKT
condition, the outer optimization problem can be reformulated.
Through the quadratic fractional transform, the variables of
the reformulated outer problem are decoupled and can be
optimized in a BCD manner. The details are presented as
follows.

By introducing auxiliary variables v = [y1,72,.-.,vx]?,
Problem P, 1 can be re-written as
P22: max Z logs (14 &) (27a)
Y AWmE g keK
st Y wh woe <1, (27b)
keK
~ 2
< ‘ZmEM mehrl;lzkwm’f Vi K
w < , Vk e K.
! A (Twr, 01)
(27¢c)

Similar to [48], with fixed {W,,}x, the inner optimization
problem is expressed as

Pys:max Y log, (1+ ) (28a)
7 kek
~ 2
’27 M \/thgkwmk’
st < L2TE Wk e, (28b)

Ak ({ka‘7 0})
and the closed-form solution to Problem P33, denoted by
'7* = [fyfaf}/gv .. ,'Y;{]T, iS given by

N ‘Zm,e/\/l \/pmhgkwrﬂk
T T A (W, 0}

Since Problem P5 3 is convex, the Slater condition holds, and

hence strong duality also holds. Let A = [Ag, Ag, ..., Ax]T

be the Lagrangian multiplier associated with constraint (28b),
the Lagrangian function of Problem P, 3 is given by

Li(v:A) =) logy(1 + )

2

(29)

ke
~ 2
n Z A\ ‘ZmEM \/pmhgbkw'rnk
k — Yk
kek Ak ({Wm,kv 0})
(30)

Denote A* = [A},)5,...,\%]7 by the optimal solution to
the dual problem of Problem P5 3. According to the KKT
condition, it holds that

8cl (77 A)
Yk

1

07 AT e

Y=Y A=AE
A ({wimk, 0})

(40 (€501 00) + [ S VL9

5 .
In2

3D
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By substituting (31) into (30), Problem P22 can be
re-expressed as

Pya: max  fi (v, {Wmi},) (32a)
'Yv{wrnk}k
st Y Wi Wi < 1, (32b)
ke

where fi(v,{Wmnr},) is given by (33), as shown at the
bottom of the next page. Problem P54 is non-convex due
to the non-concave third term in fi (7, {Wy,},), which can
be further handled via the following lemma based on the
quadratic fractional transform.

Lemma 1: Given a feasible set X C C", a function F(x) :
C™ — C and a function G(x) : C" — R™. Then, the following
two problems are equivalent.

L PP
G (x)

Ps5 :max p; (x)

s.t.x e X.
Pg imax piz (x,y) = 2Re{y"F (x)} - [y G(x)

st.xe X,y eC.

Proof: Observe that Problem Pg is concave with respect
to (w.r.t.) the unconstrained variable y. Therefore, with given
x, the optimal y* satisfies that Jus (x,y) /0y = 0, which
indicates that y* = F(x)/G(x). By substituting y* into
o (X,y), it holds that pq (x) = pso (x,y*). Then, Problems
P5 and Pg are equivalent. [ |

With auxiliary variables g 2 [g1,62,...,9x]" and by
Lemma 1, Problem P34 can be rewritten as the following
problem

Pes: max  fo(v,{Wmi};,8) (34a)
Y AWmE}y-8

st Y wWhwome <1, (34b)
ke

where fo (v, {Wmr},,8) is given by (35), as shown at
the bottom of the next page. As g is unconstrained and
fo (v;{Wmk},,8) is concave w.r.t. g, the optimal g* =
(95,95, 957 satisfies Ofa (v, {Wpi}, &) /Ogr = 0 with
given vy and {w,,1 }«, thereby yielding

VI3 e VBB W

9k = - 5
Ak ({W’mkv 0}) + ’EmEM V pmh{q{lkwmk

Notice that the first term, the third term and the fourth term
in A ({Wmk,0}) (cf. (18)) are quadratic w.rt. {Wy,p}g.
Besides, with given {Wp,/x}m/2m. the second term and
the fifth term in Ay ({wynk,0}) are linear w.rt. {wWy,}-
That is, Ar ({Wmk,0}) is convex w.rt. {wWy}tr with
given {Wy/ktm/tm, implying that fo (v, {Wnr},.g) is
concave W.r.t. {Wp,}r. As a result, v,{wWy}, and g
can be optimized in a BCD manner, since they are
decoupled in the constraint of Problem Ps 5. Moreover,
when other variables are fixed, the closed-form expressions
of the optimal +v* and g* have been obtained in (29)

(36)
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and (36), respectively, while {w} , }; is optimized by
solving

P2.6 : ma}i f2 (’77 {ka:}k 7g) (373.)
st Y Wi Wi < L (37b)
ke

Furthermore, Problem P5 can also be solved in a parallel
fashion instead of solving the M sub-problems sequentially.
Finally, by integrating all the preceding approaches, we end
up with Algorithm 2 for handling Problem P.

Algorithm 2 The Proposed BCD-Based Algorithm for
Solving Problem P,

Initialization:

Find a feasible {w,,} to Problem Pg;
while the stop criterion is not satified do
for m € M parallel do

Calculate ~ and g with {w,,;} by (29)
and (36), respectively;
while the stop criterion is not satified do
Obtain the optimal solution {w ; }+ by
solving Problem P3¢ with «, g and
{Wm’k}m’#m;
Update v with {w? .} and {W., & }rmrzm
by (29);
Update g with {w , }r, {Wm/k }m/2£m
and ~ by (36);

end
end
Update {Wm,k} = {W:nkr};

end

By solving Problem P2 ¢ via a standard interior-point
method, the computational complexity of Algorithm 2 is
O(ILK 3N%), where [I; denotes the number of required
iterations to converge for Algorithm 2.

C. ISAC Case

Similar to the reformations in the communication-only case,
based on the Lagrangian dual transform and the quadratic
fractional transform, the objective function (24a) of Problem
P35 can be rewritten as f5 ({Wumi},{Zm},t, k) with auxiliary
variables ¢ = [11,12,...,tx]|T and k = [k1,K2,...,5K]T
which is given in (38), as shown at the bottom of the
next page. Since {7, Wmk,Zm}, ¢t and Kk are uncoupled
in the feasible set, they can also be optimized in a BCD
manner. Besides, the closed-form expressions of the optimal
2,05, 0T with fixed {W,k, Zyy, } and those of the
optimal K* £ [r},K5,.. ., /@}]T with fixed {wW,,k, Z,,} and ¢
are respectively given by

_ ‘ZmEM V pmhgkwmk

i

‘ 2

= 39
E T A (W Zon)) 59
and

Ja VPmhE W,
"‘32 _ ( + Lk)ZmGM b mk Wmk . (40)

Ak ({ka; Zm}) + ’ZWEM \/pmflgk,wmk,
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With given ¢ and k, {1}, W} .} can be obtained through

mk> rrL
solving the following problem.
P31 max  fs({Wmr},{Zm}, ¢, K)
{Nm Wmk,Zm}
s.t. (14),(16), (24b), (24c). (41a)

It is observed that f3({w.r},{Zm},t, k) is non-concave
w.r.t. {wy,} since Ax({Wmnk, Znm}) (cf. (18)) is non-convex
w.r.t. {Wpi}-

To tackle the non-concave objective function of Problem
P31, ie., fs({wWmi}, {Zm}, ¢, k), we define convex func-
tions Br({Wmk, Zm}) and Cx({wr}) as (42) and (43),
shown at the bottom of the next page, respectively. Then,
Ak ({Wmk, Zy, }) can be rewritten as

By introducing auxiliary variables u = [ug,us,. .., uk]|’
in which uxy = Cr({wmr}), and then, substituting

3{wWmr}, {Zm}, ¢, K) by
ug ), Problem P31 can be reformulated as

Ak{wmka Zm}) in
(Be({Wmk, Zim }) —

P32 q maXZ Ja ({ka} , {Zm}v LR, 11) (45a)
Nm s Wmk,4m 5,1
st up < Cr {Wmr}),Vk € K,
(14), (16), (24b), (24c), (45b)

where fy {Wmi},{Zm},t, k,u) is a concave function w.r.t.
{wWi} given in (46), as shown at the bottom of the next page.
However, the constraints (16) and (24b) are still non-convex.

To tackle the non-convex constraint (24b), define
DMy {Wmi }, Zm) as (47), shown at the bottom
of the next page and introduce auxiliary variables
3 = [51175127 cee ,gMTN}T in  which &, =
| D (M {Wni }, Zm)|- Then, (24b) can be re-expressed as

12405

&
d _>mn 4
wi Y Y G )
meMr neN
As for (16), by introducing an auxiliary variable v <
1 satisfying

> Wi Wik + Te{Zm} > v,¥m € Mr,
ke

(49)

and embedding a penalty term (1 — v) into the objective
function, (16) can be relaxed as follows:

Z wH W + Tr{Z,,} < 1,Ym € Mr,
ke

(50)

As a result, Problem P32 is equivalent to the following
problem

Fa0 ety g T (e W)
—q(1-v)
s.t. (14), (24c), (45b), (48a), (48b), (48¢),
(49), (50), (51a)

where ¢ is a positive hyper-parameter in order to enforce
> pex WE Wik + Tr{Zy,} = 1 for the optimal solution to
Problem P3 3.

Problem P33 is still non-convex due to the non-convex
constraints (45b), (48a) and (49). Nevertheless, one can find
that both sides of (45b), (48a) and (49) are convex functions.
Therefore, by their first-order approximations, we can come up
with the following restricted convex approximation problem:

P34 max

Wik V4 LK, U
{nm,wmk’Zm},u,ﬁ,vﬁl ({ mk}7{ m}7’ ’ )

—q(1—v)
s.b. ug < Ck ({kavwmllﬂ})7

(52a)
(52b)

fmn Z Dmn (Tlm’ {ka} ’ Zm) ’ (48&) Emn Z ﬁmn (nnu {kara ka} ) Zm) )
1+ [S BT o]
14 ’ /D ka’
1 meM mk
B AW = 3 | loga(L+70) = 5 + 5 . > (33)
iex 2 A ({1 O1) + [ et VI B Wk
i * N
fo (Vo AWmi}y . 8) = Y (logz(l + k) — ﬁ + fRe {\/ T+ )i Y \/pmhﬁkwmk})
keK meM
¢ 2
9k
=D g [ A Wik 0D + | Y VDb Wi (35)
kex meM
fS ({ka} ) {Zm}a L, K’ Z logQ 1 + Lk + Z 7Re { Vv (1 + Lk)"f;‘; Z V p’rnﬂ7anwmk}
kel meM
i :
K L
Z M Ap (W, Zon ) + Z ,/pmhmkwmk li (38)
n2
kel meM keK
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> (W Wk + 2Re
kek

{ng (Wink — ka)})
+Tr{Z,,} > v,

(14), (24c), (48b), (48c), (50),
vYm € Mr,Vk e K,n e N,

where {W,,x} is feasible to Problem P33, and
Ck ({W'rnk7 ka}) and Dy (nma {ka'7 W'rnk‘}a Zm) are
given in (53) and (54), as shown at the bottom of the next
page, respectively. Then one can apply the SCA method [49]
to Problem Pg3 4 in order to get a good sub-optimal solution
to Problem Pg, thereby yielding the proposed BCD-SCA
based algorithm (termed Algorithm 3) for this end.

(52d)

Algorithm 3 The Proposed BCD-SCA Based
Algorithm for Solving Problem Pg

Initialization:
Find a feasible {W,,1, Z,,} to Problem Pj 3;
Calculate ¢ and & with {W,,, Z,,} by (39) and (40),
respectively;

while the stop criterion is not satified do

while the stop criterion is not satified do

Obtain the optimal solution {w}, ., Zx* } by
solving Problem P34 with ¢, k and {W,,1 };
Update {W,,;} = {w} .}

end
Update ¢ with {w},,
Update k with {w?*

Z;,} by (39);
Z7,} and ¢ by (40);

mk?

end

By solving Problem Pg 4 via a standard interior-point
method, the computational complexity of Algorithm 3 is

O{1\/3TN + TNy +2M + K¢ (4 (TN + K + TN3)
+MK?N; +TN(KNt + N3)*)},
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TABLE I
SYSTEM PARAMETERS USED IN SIMULATION
AP Parameters Values IU Parameters Values
M 6 K 9
Nt 12 Pp 150 dB
Pm 125 dB S 5
D 2 km Te 40
%, A —160 dB TG, —160 dB
Target Parameters Values Target Parameters Values
T 3 ot 0.8
Ab 10° N 181
X?rt A —30 dB q 1000
where I denotes  the  number of  required

iterations to  converge for  Algorithm 3, and
v = MKNt + TN2 + TN + T + K + 1 denotes
the decision variable dimension of Problem P35 4.

V. NUMERICAL RESULTS

In this section, some numerical results are presented to
show the proposed C-S region of the Cell-Free massive MIMO
ISAC system, i.e., the set Rc.s defined in (21), as well as its
characteristics, insights and impacts of system parameters on
the C-S performance trade-off. The system parameters used in
the obtained numerical results are listed in Table I, provided
that all the APs, IUs, and targets are uniformly distributed
within a square of D x D (km?).

Figure 3(a) shows a 3-dimensional (3)-D) C-S region of the
considered Cell-Free massive MIMO ISAC system obtained
using all the algorithms proposed in Sections III and IV, where
the x-axis, y-axis and z-axis respectively represent the number
of APs, sensing performance (in MSE) and communication
performance (in sum rate). For fairness, the total number of
antennas is fixed as 48 and evenly distributed among APs,* i.e

4A fixed power budget is allocated to each ISAC AP to guarantee its probing
range, while the communication-only APs share the remaining available power
evenly.

2

D,

k' £k

Z \/%hmkwmk’

meM

By, ({Wmk, m}

+ Z Z pmwmk/emkwmk/ +]-
k'eKmeM

meMr k'eKmeMm’'>m
(42)
Ck ({ka:}) = Z Z Z (pmwgk’emm’ke)ﬁm’kwmk’ +pm’wg'k’wm’k’) (43)
k'eKmeMm’'>m
2 ) -
fa({wWmi} , {Zm}, ¢, ky0) = Z logy (1 + tx) + Z ERG {\/ (14 w)ky, Z ./pthanwmk}
kex ke meM
2
‘Hk| Lk
Z Bk {kaa m} Uk + Z V pmhmkwmk E (46)
meM ke
Dy (nma {ka} Zm) = Tim m(é ) pmaH(éz) (Z katwgk + Zm) a(in) 47
ke

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on September 13,2024 at 01:02:51 UTC from |IEEE Xplore. Restrictions apply.



MAO et al.: COMMUNICATION-SENSING REGION FOR CELL-FREE MASSIVE MIMO ISAC SYSTEMS

- N N w
o o o o
L L L {

Sum rate [bit/s/Hz]
=

WS 4 Number of APs

(a) The impact of the APs’ number on the C-S region of the ISAC.
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Fig. 3. The C-S region in Cell-Free massive MIMO ISAC systems.
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Fig. 4.
(3 APs, each equipped with 16 antennas).

Nt = 48/M. One can observe that the sum rate increases with
the number of APs (M), because the average distance between
each IU and all the APs decreases, namely resulting in smaller
path loss between them. In addition, the MSE also increases
with M due to smaller Nt used for each target sensing (with
larger mainlobe width or less focused on the target). Never-
theless, it is by no means that the Cell-Free ISAC is inferior
to the traditional ISAC, and more insights are to be discussed
in Figure 4 below. Figure 3(b) shows the projection of the
3-D C-S region on the (S, R) plane for M € {4,6,8,12}.
It is observed that the C-S region with a larger M does
not cover the C-S region with a smaller M, and vice versa.
Therefore, the trade-off between communication and sensing
in the Cell-Free ISAC system can be adjusted by setting the
value of M. To derive more insights, we focus on the C-S
region with M = 4, where the two critical points (St, Rmax)
and (Smin, RT) on the boundary of the resulting 2-D C-S

Direction [degree]

(b) Traditional cellular system with DOAs of targets
being (—80°,0°,50°).

Direction [degree]

(c) Cell-Free system (beampatterns are almost the same
for each AP).

Sensing-only comparison (under 3 targets) between the traditional cellular system (one BS equipped with 48 antennas) and the Cell-Free system

region of the ISAC reveal the achievable maximum sum rate
Rinax and minimum MSE Sy, respectively. As stated in
Remark 2, the C-S performance trade-off exists only on the
boundary between the two critical points, depending on the
given finite resource. Note that if § < Supin (¢ > Rumax)
Problem P3 (P4) is infeasible.

Let us consider the sensing-only case of 7' = 3 targets
for a performance comparison of the traditional system (i.e.,
one BS equipped with 48 antennas) and the Cell-Free system
(with Nt = 16 antennas for each of the 3 APs). Figure 4
shows the designed beampatterns for the sensing-only case,
for 3 targets with estimated DOA being (—45°,0°,45°) in
Figure 4(a) and (—80°,0°,50°) in Figure 4(b) for the tradi-
tional cellular system, while only one target with estimated
DOA being 0° in Figure 4(c) for Cell-Free system. For
a fair comparison, to take the probing range into account,
we consider the normalized MSE instead, which is defined as

= _ A _H H = _H -
Ck ({kaa ka}) = E E E (pmwmk’Gmm/kam’kwmk’ + P W gy W e/

kK'eKmeMm’'>m

+ 2Re {pmv’vﬁk,(ﬂmm/k@gm,k (ka/ - ka/) + pmlwg/k/ (Wm’k/ — Wm/k’)})

(53)

ﬁ7nn (7777% {kaa ka} ) Zm) é nmﬁm(én) - pmaH(én) Z (kawgk + 2Re {ka(wmk - ka)H}) + Zm a(én)

ke

(54)

Authorized licensed use limited to: National Tsing Hua Univ.. Downloaded on September 13,2024 at 01:02:51 UTC from |IEEE Xplore. Restrictions apply.



12408

660 T T T T T

[e2]
g
o

620

600

580

Amount of transmit data [bit/Hz]
(&)
[}
o

(G2}
A
o

1 1 1 1 1

2 3 4 5 6 7 8
Length of the pilot sequence (number of symbols)

a
n
o

Fig. 5. The amount of transmit data versus the length of the pilot sequence.

30 T T T T
—6— Beamforming (proposed)
q —*—ZF scheme
25 —+— MRT scheme 1
T 20
2
2
Q 15
g
£ 10
0]
5
0 L L L L
1.5 2 2.5 3 3.5 4
Size of service area [km2]
Fig. 6. Comparison among the proposed beamforming scheme, the ZF

scheme and the MRT scheme with § = 6.

> mente Em Mms AWmi}, Zim) /(Mrn?,). Over 2000 realiza-
tions of the targets’ positions, the obtained average normalized
MSE of the centralized traditional cellular system is 0.0159,
while that of the Cell-Free system is 0.0080 (around half of
the former), thereby demonstrating much better performance
for the distributed Cell-Free system. Furthermore, it can be
seen from Figure 4(a) and Figure 4(b) that the beampattern
matching quality is quite sensitive to the dispersiveness of
the target distribution for the traditional cellular system, so is
its sensing performance. On the contrary, in the Cell-Free
system, each AP is dedicated to only one target, thus readily
maintaining the target DOA being 0° as shown in Figure 4(c),
in other words, the sensing performance of the Cell-Free
system is robust against the target distribution.

Figure 5 shows the impact of the length of the pilot
sequence, i.e., Tp, on the amount of transmit data, given by
(Te = 7o) X perc T ({Wmk, Zm }). It can be observed that the
amount of transmit data first increases, reaches the maximum
for 7, = 4, and then decreases with 7,. The reason is
because a larger 7, can bring a smaller channel estimation
error (thus improving the downlink transmission rate) but a
shorter downlink transmission time, i.e., (7¢ —Tp), thus making
the amount of transmit data decrease for 7, > 4 instead.

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 9, SEPTEMBER 2024

Moreover, the larger the J (i.e., lower sensing beampattern
matching MSE requirement), the larger the power allocated to
downlink transmission, thereby yielding more data transmitted.

Figure 6 shows the sum rate performance of the pro-
posed beamforming of ISAC with 6 = 6 (implemented by
Algorithm 3), and a comparison with the ZF scheme and
the MRT scheme for different sizes of service area of the
considered system. One can see from this figure that all
the 3 schemes’ performances are worse for larger service
area, simply because of larger average path loss incurred.
Nonetheless, the proposed scheme outperforms the other two
schemes, and the ZF scheme performs better (worse) than
the MRT scheme for relatively smaller (larger) service area,
which is consistent with the results reported in [50], as larger
area corresponds to smaller SNR under the constraint on fixed
power budget.

VI. CONCLUSION

We have presented a novel system model and a down-
link transmit beamforming design for the Cell-Free massive
MIMO ISAC system, based on the first-order and second-
order statistics of the MIMO channel estimation error (via
the uplink pilot training) that were theoretically obtained for
the first time to the best of our knowledge. The achievable
C-S region of the ISAC system under constraints of finite
resources, has also been presented that can be obtained
via beamforming designs for 3 cases (sensing-only case,
communication-only case and ISAC case) using the proposed
algorithms in Section III and IV. Then some numerical results
were provided to demonstrate the obtained C-S region and its
various characteristics, specifically, the performance trade-off
between communication and radar sensing on the boundary
of the C-S region, the impacts of the system parameters on
the beamforming performance, and advantages of the pro-
posed beamformer beyond those used in state-of-the-art ISAC
systems. Some further studies, including i) C-S performance
trade-off sensitivity to various system parameters, ii) each
AP sensing multiple targets, and iii) incorporation of target
detection performance, are left in the future.

APPENDIX A
PROOF OF PROPOSITION 1

For the aggregated channel, the direct link and the cascade
links are statistically independent, so are the cascade links
reflected from different targets. Then, the auto-correlation
matrix of h,,, the cross-correlation matrix of h,,;, and h,,,
(m’ # m), and the cross-correlation matrix of h,, and hy,/
(k' # k) are respectively given by

E {hmkhgk}
= E {hUk A hgk A }

+> afE{|hu, 7} E{hr, A, b7, 4}
teT

E {h,;h/ .}
- E {hUknAm h{}[k,A ’ }

m
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=+ Z O[fIE {|hUk7Tt |2} E {hTmAmhgt,Am/ } )
teT

and E {h,,;hf}
B {he,a bl )

+ Z Q?E {hUkaTth%k/,Tt } E {hTt,Am hgﬁ,Am :

teT
According to the corresponding channel models
in Section II-A, it holds that Ef{hy, a,, = 0,
E{hy, A, b{, o } = F(dv,a,)Ine E{hu, o} = 0,
E{|hv, 1.’} = B(duer,) + 0b, 1, Elhr,a,} =

B(dr, a,.)ar, A, and E{hr, o b¥ , } = (3*(dr, a,.) +
0%, a,)(Ar, A, @5, A, + X7, a, Ing). Then, one can find

that E{h,xh#,} = @, and E{h,hf,} = @,
Besides, due to both {hy, a,, } and {hy, T,} are zero-mean
and statistically independent, E{h,,;hl,,} = 0. Similarly,

mk’

E{h,,:hZ, .} =0 (m' # m, k' # k) can be proved.

APPENDIX B
PROOF OF PROPOSITION 2

According to the definition of C,,; in (10), it holds that
E {ﬁmk} = CotE {Ypmi} = 0 and
E {ﬁmkﬁgk} = CE {YD,kaf){mk} CrI;ILk
=C,xE {Yp,mkh'{ik-}
= VPo7pCmiE {h,hf, )
= A\ /pprka‘I)mk.
That is, the derivation of E{ﬂmkﬂgk} is equivalent to
the computation of C,,; which includes two parts, i.e.,
E{hmkygmk} and ]E{yp,mkyﬁ{mk}. The former can be
obtained by
E {hmkygmk} = /PpTpE {hmkhf@k} +E {hmkngmk}
+ /PpTp Z E {hmkhfflk,}

k/GPk\{k}

= \/ppr(I)mk7

and the latter as
E{YpmkYpmi} = PoTp Y E{bnwhfl} +Tn,
k' €Py,
=PpTp Z D, —‘rINT.
k' €Py
Therefore, the closed-form expression of C,,; is given by

—1

Cik = /PpTp Pk | Pp7p Z D + Ing
k' €Py,

APPENDIX C
PROOF OF PROPOSITION 3

For the channel estimation error e,,; defined by (11),
it holds that

E{en;} = E {hyy} — E {ﬁmk} ~ 0.

12409

According to properties of linear MMSE method [38], the
channel estimation error e,,; and the channel estimation h,,,;
are orthogonal. Thus, the auto-correlation matrix of e, is
given by

~ —~ H
E {emkeﬁk} =E { (hmk - hmk) (hmk - hmk) }
= E{hyuih),} — E{byhll, )
=D, — \/ppiTpkaka = ®mk7

and the cross-correlation matrix of e,,; and e,/ (m’ # m)
is given by

E {enlkeg/k}
=E {hmkhf@’k} +E {kaYp,mkylgm’kCg’k}
—_ ]E {hmkygm’kcg’k} - ]E {kaYp,mkhg’k}

H
= (I)mm’k + pprka § @mm’k’cm/k
k' €Py,

- \/IE‘I’mm’kam - \/pprka(I)mm’k = Omm/k-
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