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Power and Resource Allocation for Downlink Pilot
Based Cell-Free Integrated Sensing and
Communication Systems

Jiangwei Liao, Huiling Zhu, Senior Member, IEEE, Fangyuan Chen, Jiangzhou Wang,Fellow, IEEE and Changrun
Chen

Abstract—In this paper, an integrated sensing and communi-
cation (ISAC) system was proposed under cell-free architecture
with different power allocation schemes for both communication
and sensing functions. In addition to using uplink (UL) pilot
transmission for channel estimation, a group of pre-designed
orthogonal downlink (DL) pilot sequences are inserted and
transmitted from each cooperative access point (AP) towards
the user equipments (UEs). The inserted DL pilots in cell-free
ISAC are utilized for both channel estimation in communication
and cooperative localization in radar sensing. Based on the
ISAC strategy, a power allocation scheme is proposed with
the objective of minimizing the maximum channel estimation
error for each user, under the power constraints of APs and
minimum mean square error constraints of the localization.
The full-power scheme which APs consume all the available
power during the DL phase is also studied and analyzed. The
performance of the proposed ISAC strategy is evaluated under
a realistic highway scenario, and compared to the existing non-
DL strategies. Additionally, we investigate the impact of the pilot
ratio under a constrained signal length, as well as the impact of
the pilot proportion that the pilot length to the entire signal
frame length. Simulation results show that the performances
of both channel estimation and localization can be significantly
improved at a relatively low cost of extra power needed for
APs. Moreover, the analysis provides insights into optimizing the
DL/UL pilot ratio and pilot proportion which can significantly
enhance both channel estimation and localization accuracy, while
ensuring sufficient resources remain available for data payload.

Index Terms—Integrated sensing and communication, cell-free
communication, collaborative localization, power allocation, pilot
ratio.

I. INTRODUCTION

OR decades, communication and radar sensing have op-

erated on separate networks. However, with a growing
number of physical sensing devices connecting to the Internet,
the upcoming sixth-generation (6G) network faces a significant
demand for integrating communication and sensing within a
unified network [1], [2]. The coordination needs to offer high
data rate transmission for communication devices while pro-
viding precise localization or tracking for user equipment (UE)
in radar systems. With advancements in waveforms, antennas
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and signal processing technologies, integrated sensing and
Communication (ISAC), also known as joint communication
and sensing (JCAS), has emerged as a promising approach in
multi-antenna based wireless networks.

With multiple antennas implemented at base stations (BSs),
the monostatic ISAC system can operate without requiring
cooperation between BSs [3]-[6]. However, this approach may
lead to significant interference between BSs.

In contrast, the multi-static ISAC system, which cooperate
multiple BSs in different positions and transmission paths, can
offer a larger possibility of coverage and better performance
than co-located radar system because of diversity gain and
perspectives provided by access point (AP) observations with
the same power consumption, compared to the mono-static
radar system [7]. The multi-static radar system depends on
not only bandwidth and receiver signal-to-noise ratio (SNR) as
the conventional mono-static radar system, but also the number
of bi-static channels and the geometric dilution of precision
(GDOP) which reflects the geometry among the radar nodes
to the targe [8], [9]. In [9] and [10], both works have achieved
1m? lower localization estimation error in narrow bandwidth
signals within different bi-static channel number and GDOP
parameters.

When cooperating with multi-static BSs, transmitting un-
synchronized signals from different nodes will lead to inter-
ference and transmission error. To deal with the synchroniza-
tion requirement of the signals transmission among multiple
transmitters and receivers, cell-free distributed multiple input
multiple output (MIMO) has been considered as a promising
solution [11]-[14]. In cell-free distributed MIMO networks,
separated multiple distributed APs are connected to a central
processing unit (CPU). The APs can cooperate and share
information with each other, serving each UE at the same
time-frequency resource.

In the UL phase and radar receivers, the APs are synchro-
nized within a shared clock information from the CPU [14]. In
our system, one of the fundamental methods which known as
the two-way message exchange synchronization, is utilized. In
this synchronization algorithm, a radar node A which requires
to be synchronized, sending a synchronization message to a
reference node. The reference node records the reception time
of the message and replies, providing timestamps for both
reception and transmission. By analyzing the timestamps from
the reply message, node A can derive the relative clock skew
and offset of itself with respect to the reference node [15].



JOURNAL OF KTEX CLASS FILES, VOL. 0, NO. 0, FEBRUARY 2025

As in the cell-free networks where all the distributed APs are
connected and share their clock information, we assume that
the time and phase of the echoes are able to be synchronized
and aligned at each AP receivers by considering the CPU as
the reference node.

In the DL phase, each AP estimates the timing errors based
on the UL training and transmit the DL signal with advancing
or delaying [16], additional cyclic prefix (CP) which is longer
than relative timing errors among APs can also alleviate
the DL asynchronous interference at the UE. Therefore, the
synchronization issue in both UL and DL can be resolved
among APs via the assistance of the CPU.

Moreover, as APs in cell-free network are widely spread
and are able to cover a large area, each AP can be considered
as a non-co-located radar transmitter and receiver to form
a multi-static ISAC system. To implement cell-free ISAC,
two approaches have been proposed in the existing research.
One approach was to directly utilize the data payload as
radar waveform. However, the communication data sequences
were not optimized for sensing purpose. For example, the
transmitted information data payloads were random and lack
high orthogonality, which led to significant detection errors
and high false alarm rates. Deterministic radar sensing se-
quences with good orthogonality were required for distributed
radar system, allowing for proper extraction and identifi-
cation during signal processing [17]. The other approach
involved inserting additional segments into the transmission
sequence specially for sensing tasks [18], [19]. These extra
sequences were specially designed to be orthogonal to each
other. However, this method did not improve communication
performance, as the communication and sensing function are
independent and do not improve each other. Thus, the space
efficiency of the signal is reduced.

This motivates our work, where the pre-designed pilots are
inserted into the downlink (DL) transmission of the cell-free
ISAC system. Even though the existing cell-free networks
typically do not use DL pilots due to channel hardening [20],
[21], the recent research [22]-[24] pointed out that the channel
hardening assumption may not be reliable when analyzing the
cell-free massive MIMO networks since the UEs are primarily
served by its closest APs, despite the large total number of
APs deployed in the coverage area. To obtain more accurate
channel estimation information (CSI), during DL transmission
in the cell-free ISAC, APs send pre-designed DL pilots at
the same time-frequency resources to the corresponding UE,
leveraging the CSI estimated from the uplink (UL) training.
These DL training sequences, generated with high orthogonal-
ity, are not only used for channel estimation enhancement in
communication but also for localization in radar sensing.

However, a trade-off problem emerges. The resource al-
location schemes need to balance the performance between
the communication and radar sensing in order to achieve
the requirements. The trade-off for cell-free ISAC system in
this paper becomes the power allocation problem between
pilot and data payload in DL. This trade-off can be balanced
by implementing the transmitted pilot sequences for channel
estimation and localization requirement while guaranteeing
adequate power used for the following data transmission.

A. Contributions

Unlike the existing works that considered additional sensing
beams or radar sequences for target detection and localization,
this paper considers multi-static localization for ISAC in DL
cell-free massive MIMO networks by inserting additional DL
training sequences from APs to UEs. We consider UE and
target as a unified object, where the UE being served is
simultaneously detected and located, like [25]. There are four
phases during the system processing: (i) UL training and
channel estimation at APs, (ii) UL data transmission from
UEs to APs, (iii) DL training at UEs and sensing at APs, (iv)
DL data transmission from APs to UEs. Our work focuses
on the third phase, aiming to improve the channel estimation
performance and implement collaborative localization via the
inserted DL training sequences. Different from the traditional
cell-free ISAC massive MIMO system, at which APs are
utilized as either ISAC transmitter or radar echo receiver, we
assume all the APs are ISAC transceivers to transmit ISAC
signals to UEs as well as receive radar echoes reflected by
UEs during DL.

The communication metric is measured by the normalized
channel estimation error which is estimated with the DL se-
quences at UE with the knowledge of the pre-obtained UL CSI,
and the impact of the channel estimation error on the DL data
transmission rate is also evaluated. The radar sensing metric is
represented by the theoretical lower bound, Cramér—Rao lower
bound (CRB), of the collaborative localization results from the
received echoes at each AP. Two power allocation schemes
are developed with the objective of minimizing the maximum
DL channel estimation error for each UE while satisfying the
requirement of the maximum sensing error, under the power
constraints of each AP. The impacts among the different ratios
on DL to UL pilot lengths, and different pilot proportions
on the pilot length to the entire signal frame length, are also
investigated with respect to the power allocation scheme. The
main contributions of this papers are summarized as follows:

e A cell-free ISAC massive MIMO system with inserted
DL training sequences is proposed, where during the DL
training phase, every AP sends DL pilots, based on the
CSI matrices obtained from advance UL training, to UEs
for improving channel estimation. In the meantime, when
the DL sequences are reflected by the UEs, all the APs
receive the echoes and transmit to CPU via fronthaul to
perform target localization.

e To minimize the channel estimation error for each
system-UE channels while satisfying the requirement of
radar sensing constraints, one convex optimization-based
power allocation algorithm is proposed. To evaluate the
performance of the proposed system strategy under the
optimized power allocation scheme, a full-power scheme,
at which each AP utilizes all of its allocated power
for DL transmission, is also raised and compared. Four
performance aspects are compared between the proposed
and the existing cell-free ISAC systems: the variance
of normalized channel estimation error, the DL data
transmission rate corresponding to the channel estimated
errors, the average localization lower bound under the
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Fig. 1: Illustration of the cell-free ISAC system with multi-
static sensing.

same radar signal SNR, and the power consumption of
the system.

« We investigate the impact of the inserted pilot sequences
with different DL/UL ratio and pilot proportion. The
system performance for the average of a thousand ran-
domly deployed UEs with different ratios and proportions
are studied and compared, in order to minimize the
pilot overhead when achieving the requirement on both
communication and radar metrics.

The rest of this paper is organized as follows. In Section II,
we demonstrate the ISAC system model in cell-free massive
MIMO architecture, define the basic parameters and signal
models of communication and radar. Section III describes the
estimation algorithms for DL channel estimation and multi-
static localization, and the proposed power allocation problem
is devoted. Section IV presents the numerical results under
different system strategies and power allocation schemes, the
performance of different pilot ratio are also compared and
discussed. Finally, Section V concludes the paper.

B. Notations

The following mathematical notions are used in this paper.
z, X, X and X" are denoted by scalar, vector, matrix and set,
respectively. | - | denotes the Euclidean norm for a complex
vector. (-)T, (-)* and (-)¥ respectively denote the transpose,
conjugate and conjugate transpose. C and CM*¥ represent
the set of M x 1 and M x N complex vectors, respectively.
{x;;} denotes all admissible {7,j} for x;;. tr(-) denotes the
trace of a matrix. Cov(xy,z2) is denoted by the covariance
of two random complex variables x; and z5. E{-} and V{-}
denotes the expectation and variance of a random complex
variable. x ~ CA(u,0?) represent that x is a complex sym-
metric Gaussian random variable with mean y and variance

o2,

II. SYSTEM AND SIGNAL MODEL
A. System Model

We consider an ISAC system with DL training, DL com-
munication and multi-static sensing in cell-free network, as

shown in Fig.1. In this system, a total number of M APs
and K UEs are deployed in a certain coverage area. Let
M ={1,2,--- M} and K = {1,2,--- , K} represent the
sets of APs and UEs, respectively. Each AP is equipped with
multiple circulators and hybrid couplers, facilitating vertical
polarization for transmitting and horizontal polarization for
receiving. The antenna structure creates significant isolation
between transmitted and received signals, which enables the
implementation of full-duplex hardware capable of achieving
RF isolation more than 90 dB at 2.4 GHz [26], [27]. The
APs serve as both ISAC transmitter and radar receiver, while
UEs are treated as DL communication terminals and point-
like targets. Both APs and UEs are equipped with a single-
antenna transmitter and a single-antenna receiver. Thus, single-
carrier (SC) waveforms are considered as the ISAC signal in
the system model because of one antenna only. Moreover,
compared to the conventional OFDM waveforms, the SC can
avoid the high peak-to-average power ratio (PAPR) which
leads to serious nonlinear distortion in radar signals [28], [29],
therefore, the PAPR reduction techniques are not required at
APs, which simplifies the design of single-antenna APs and
contributes to reduced hardware cost. All APs are connected
to a CPU via fronthaul, which allows APs to synchronously
share their transmitted and received signals among others and
implements signal processing with high performance unit.

The coverage area is considered as a coordinate system on
a 2-D plane. The APs are uniformly deployed on both sides of
the road, which the position of the m-th AP is given by (m,,
my). The UEs are randomly distributed in the certain range,
which the position denoted as (k, k) for the k-th UE.

In addition to the DL channel estimation for improving
the CSI values at UE, the DL training sequences hit the
target UE and are reflected by its surface, received by all
surrounding APs. The radar signal processing is performed in
the CPU for locating the position of the target UE. Since these
orthogonal sequences are designed in advance, and all APs
share and know the sequences of others, we assume that the
CPU can recognize the received echoes from the AP reflected
by the corresponding UE. The coherence interval length for
ISAC signal is Tisac = Tp + Te = Tup + Tu,e + Tdp + Td,es
which the total length of the pilot sequence 7, can impact the
performance of the system.

The distance between the m-th AP and the k-th UE is
denoted by D, = / (ks — my)? + (k, — m,)2. The prop-
agation time defines as the time interval for ISAC signals
transmitted from the m-th AP, reflected by the k-th UE,
and then received by the n-th AP, which is represented by
Tk = M, where c is the speed of light. Moreover,
the system introduces the UE’s radar crossing section (RCS)
Cm,n for each AP to describe the power scattered back to the
radar, and we assume that it is deterministic.

B. Cell-Free Communication with Channel Estimation

We consider the impacts of both small-scale and large-
scale fading. Denote g,k = \/Bm,khm, i as the instantaneous
CSI between the m-th AP and the k-th UE, where 3,k
is the large-scale fading and h,, ; represents the small-scale
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fading. Suppose the large-scale fading coefficients {3, } are
constant during every coherence intervals, therefore the values
can be estimated in prior and known. Assume that the small-
scale fading coefficients {h,, } are identically independent
distributed (i.i.d.) random variables (RVS) hy, . ~ CN(0,1).

To transmit the DL pilot sequences to UE, the system
requires the primary CSI between the m-th AP and k-th UE
from UL training of phase (i). During the UL training, every
UE sends its own training sequences ¢ to all the APs in
the coverage area. The surrounding APs need to estimate the
channel when they received the UL pilots.

Define /7y ypr € C™r*!, where ||¢;]|* = 1, as the UL
training pilots sent by the k-th UE, we assume that any two UL
training sequences are either identical or mutually orthogonal,

o :{1 if pr, = o, 0

0 otherwise

Therefore, the m-th AP receives the UL training signal as
follows
K

= v/ Tu,pPu,p Z gm,k¢k + Wy, (2)

k=1

yunL.k

where p, , represents the power of UL pilot symbol, w,,
is the additive noise at the m-th AP during UL, within its
elements are i.i.d. ~ CN(0,1) RVs.

To estimate the channel g,, i, the received training signal
Y i is projected onto known pilot sequence qb}:[ locally at
the m-th AP, which is given by

5 _ +H
yu?n,k - (bk yu?n,k

K
= /Tu,pPu,pIm.k T /Tu,pPu,p Z gm,k’¢kH¢k/ 3)

k'#k
H
+ ¢]€ qun

Although y, .~ does not suffice the channel estimation of
gm, because of the second term which is the UL pilot
contamination effect, the assumption of (1) ensures that yum‘ .
is a sufficient statistic [12].

Based on the projection of the received UL training pilots in
each AP, the minimum mean square error (MMSE) estimation
[30] to the UL estimated CSI g, ; between the m-th AP and
the k-th UE is given as

TupPupPm.k
K
TupPup Ipr—1 Bk [OF Prr|? + 1
Proof. See Appendix A.

The mean-square of the estimated channel gain is defined
by v,k and given as

Imk = Vi @

*}

Yk 2 E{[Grm,x
TupPup B i 5)

Tu,pPu,p Z§=1 B |0 1|2 + 1
The channel estimation error is denoted as g, £ Im b —

Jm. i, therefore, the variance of UL channel estimation error
is

V{gm,k} = 5m,k - Ym,k (6)

Proof. See Appendix B.

Similarly as the UL training, during the DL training phase,
the pilots which are used by conjugate beamforming, sent from
the m-th AP and intended to the k-th UE, is represented by vy,
where || ||> = 1. Assume that /7, %, € C™#»*!. These
DL training sequences are also pre-designed to ensure that any
two of them are either identical or mutually orthogonal,

e = { 1 g = i, -

0 otherwise

In order to coordinate all the APs form distributed MIMO
system, precoding techniques which aim to enhance the signal
strength and improve the relaibility of transmission, such as
maximum ratio transmission (MRT), are often used at the
receiver. Therefore, the transmitted signals between APs and
UEs will be weighted by the CSI of the channel. Based on the
pre-obtained CSI from the UL training, the 74,, X 1 DL training
vector from the m-th AP to the serving UEs is formulated as

K
Xm = \/Td,pPd Z \/ nm,kg;:uk'l;bk (8)
k=1

where pg is the total power for every AP during DL training
phase per symbol. To mitigate the influence of pilot contam-
ination, 7, is introduced as a control coefficient to adjust
the allocated power of pilot transmission of the m-th AP. Each
AP can only use their own power and cannot consume power
from other APs or the CPU, therefore, the average power of
transmitted DL training sequence at the m-th AP constraints:

K
E{|%l*} = Tappa Yt kYme < TapPa
k=1
. ©)
therefore, an,k'ym,k <1

k=1

Correspondingly, the received pilot sequences at the k-th
UE can be expressed as

M K M
Ya, = § Im,kXm,k + 5 E Im kXm, k' + Wd,
m=1

k#k’ m=1
K (10)
= \/TdpPd0rV¥r +/TdpPd Z ap P +wg,
%/_/ ’
Desired Signal k7k
Inter-user Interference
where
M
~ /
aw =Y Sk Gmkdmp, K =1,...,K (1)

m=1

describes the effective channel gain which combines all the
DL channels from APs to the k-th UE [24]. The additive noise
wgy, ~ CN(0,1) at the AP receiver is Gaussian distributed.
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Similar to (4), the received DL training sequences at the
k-th UE receiver will be processed by projecting them onto
the known DL pilots 11,

Ya, = ¥k Ya,
K
= \/Td,pPd,pQk + \/Td,pPd,p Z a;c'ﬂblg,{l/’k’ (12)
k' £k
+ "/’I?wdk

The second term comes from the DL pilot contamination.
Although the pilot sequences are pre-designed and ensure
orthogonality as shown in (7), when the number of UEs are
more than the number of training sequences, the pilots will be
reused and lead to the interference.

Therefore, based on the projection in UE, the linear MMSE
estimation of ay is derived as,

_Cov{aka S’dk }

ap = Vi¥a ) (Yo, — E{¥a,}) + E{ar}

13)

where [24]

M
COV{akvydk} = /Td,pPd,p Z T)m,k')/m,kﬂm,k (14)
m=1

M K
Vi¥a,} =1+ Tappap Z Z Tk Yomoke B |01 |
m=1k'=1
(15)
M
B{Ya,} = TapPap D, /lmkYm.k (16)
m=1
M
Efar} = Y /il km.k (17)
m=1

By applying the effective DL channel gain aj, and the
linear MMSE estimation aj, the variance of the zero-mean
DL channel estimation error is defined as V{a.} = V{ar} —
V{ax}, within a similar proof of (6) as shown in Ap-
pendix B. The variance of the effective DL channel is ex-
pressed by V{a;} = Z%:l Um,kfm,k%n,kn while V{a,} =

Ta,pPa (M N 1 B ke Y k)

is the variance of
470, ppa D e Mk Bor kYo g | e |2

1 oo
the estimated DI, channel [24]. Therefore, we have

M
Z’yn:l nnn,kﬁm,k’}/m,k

K M
L4 TapPd D=1 2omet Mk Bk Ym e (1 i |2
(18)

The variance of the DL channel estimation error is consid-
ered as the communication metric for measuring the perfor-
mance of the cell-free ISAC system with the introduced DL
training sequences.

V{iar} =

C. Collaborative Radar Sensing

In our proposed system, the DL training sequences are
used for not only communication channel estimation but also
radar sensing waveform. We assume that every AP is full-
duplex so they can transmit radar waveform while receive
reflected echoes. In a cell-free ISAC system, multiple APs
work as multiple radar agents. Within the joint processing

algorithms, e.g. matched filters [10], the geometric diversity
greatly improves the ability to distinguish targets due to
different signal paths, time delays and angles observed by
multiple APs. [10] proved that a higher probability of target
detection can be achieved by multi-static radar systems with
multiple radar agents at the same radar SNR, compared to the
bi-static radar with only two radar agents. Consequently, we
assume that the interference caused by signal overlap and time
misalignment can be effectively mitigated.

The received echoes 7, 1, which transmitted from the
m-th AP transmitter, reflected by the k-th UE target and
received at the n-th AP receiver, consist of the desired part
and the undesired part. The undesired part is composed of
three signals, the inter-waveform interference caused by the
training pilot contamination, the clutter due to the scatterings
from permanent and temporary objects, and the noise. For
simplification, we consider that the undesired part except the
noise can be obtained in advance and removed from the echoes
by radar signal processing at the AP receiver. The separation
of the echoes is based on distinct round-trip delay. Since the
pilot sequences are designed in advance in order to ensure
good orthogonality, every APs are linked to CPU and can
share their information with each other, we assume that each
AP receivers can recognize the echoes reflected by the which
target and transmitted from which AP. The permanent objects
such as buildings and trees are assumed to be fixed, which
their positions and reflectivities can be modeled and known
in advance. The temporary objects, like the moving vehicles
and passers-by, are also served by the cell-free ISAC system,
therefore their positions are detected and obtained by all the
APs. The continuous-time signal of the DL pilot sequence
in an AP-UE-AP link, which is transmitted from the m-th
AP, reflected by the k-th UE and received by the n-th AP is
expressed as

Tm,k,n<7-) = \/am,npm,kgm,nwm,k(T - Tm,k,n) + Wy, kon
(19)

is the variation in signal strength

(4Tr)3D>%:,kDi,k
due to the distance-dependent two-way path loss, A. is the
wavelength of the signal [31], py, i = E {|X;,x|*} represents
the power of pilot sequences sent from the m-th AP to the
k-th UE. As a result, the echoes received at the n-th AP is

denoted as

where avy, , =

M

rn(T) = Z RV Oém,npm,k(m,na:m,k(’r - Tm,k,n)

m=1
K M

+ Z Z \ am,npm,k/é-m,na:m,k’ (7— - Tm,k’,n)

k'#k m=1

+wr

(20)

Since the DL pilots are used for dual-functions, the power
to radar sensing is the same as the power to communication
channel estimation. The noise at the AP receiver of the
reflected sequence is w,., . ~ CN(0,0%).

The channel (m, k,n) is the propagation path from the m-
th AP transmitter to the k-th target and from the k-th target to



JOURNAL OF KTEX CLASS FILES, VOL. 0, NO. 0, FEBRUARY 2025

the n-th AP receiver. The SNR of the radar channel (m, k, n)
is

2
_ am,npm,k|<m,n| (21)

SNR o2

Tm,k,n

Although the target is moving, we suppose that the target’s
velocity is lower than the sensing period during the DL
processing time interval. Thus, the detected target position
and speed are considered static, the cell-free ISAC system
can track and predict the target during the ISAC signal
transmission without additional feedback from the target.

Within the known pilots and radar signals, the channel
parameters such as angle-of-arrival (AOA), angle-of-departure
(AOD) and propagation delay can be extracted. The angle can
be obtained when a group of antenna array is implemented
at the receiver side, while the propagation distance can be
computed based on the received signal signal strength [32].
The time-difference-of-arrival (TDOA) is used for localization
by measuring the time arrival difference at multiple receivers.
Based on the different arrival times, TDOA forms geometrical
expressions of hyperboloids in 3D or hyperbolas in 2D [33],
[34]. The intersection of the hyperboloids or hyperbolas pins
the position of the target. The proposed system produces the
actual UE positions by the TDOA because TDOA achieves
better performance compared to other methods such as time
of arrival (TOA) [35] and angle of arrival (AOA) [36].

In order to measure the radar function directly, we evaluate
the localization performance in terms of the MSE of target’s
position estimation. We introduce CRB [30] to find the lowest
bound MSE for unknown parameters that any unbiased esti-
mator can achieve, that is MMSE(7y, .n) > CRB(T4, k.n)-
Computing the CRB values of the radar estimator means to
find the best signal processing results under the whole obtained
signal information with the lowest MSE estimator.

Even though there are several studies [37], [38] consider
the CRB calculation with the non-line-of-sight paths between
the transmitter to the target or the target to the receiver via
the biased observations, our model only concerns the best
collaborative sensing results it can achieve. Therefore, for the
localization with the lowest error, we suppose that all the
signals are line-of-sight in the radar waveform transmission
model, which means every signals are directly sent and re-
ceived without reflecting by more than one object.

Assume the position of the k-th UE is estimated on a 2-
D plane for the ISAC system, the unknown vector estimated
by radar is defined as 0, = [kr,ky,C]T, where k, and k,
respectively are UE k’s coordinate system values on the 2-
D plane, ¢ = [C11, * »Cims G2ty -+ Gmun]T- Given 6y as
the estimated result of the k-th AP receiver for the unbiased
estimator, the estimate satisfies the inequality

E{(0x — 0;) (0 — 0:)} > T~ 1(0y) (22)

where the J~1(6},) is the Fisher Information matrix (FIM)
given by
Oog/ (rx|0x) ( Dlogf (ri|6x) "
0,)=E 23
J(6r) { 20, 90, (23)

where f(r;|0;) is the conditional joint probability density
function (pdf) of the radar observation of the k-th UE ry =

{rix1,71 k2 -+ ,7mkn - Therefore, based on the received
radar signal in (19), the logarithmic function of the conditional
pdf is expressed as

M N
logf(rk‘ek T Z Z Tm,k, n

— am,np'rn,kC'm,nmm,k (

Since we only care the localization MSE on the coordinate
system of the target, the 2 x 2 upper left block sub-matrix
Cy, k, of the inversed FIM J~'(6},) is derived as a function
of the power allocation py, j by the M-transmitter- N -receiver
multi-static radar system [39], [40],

(24)

- Tm7k77z)‘2d7'

—1
Ta’ln TCWL
Cr, k, (Pta,k) { Z Pm.k [ S } } (25)
where
2
Tam _fm ( + ) 9
n— 1 Dm,k Dn,k
my — k ny — ky\
Tbpm fm ( ! + yD Y )
n— 1 m,k n,k
xT k’l‘ x k’r 26
— m Rl (26)
n—1 Dm,k: Dn,k
— /4;1 —k
% (my y y) )
Dm.,k ,k
¢ 787r2372n
" g2c2

where B,, is the effective bandwidth of the transmitted pilot
sequence from the m-th AP, Py = [P1.k, Dok, s DMK
is the power vector for every APs to the k-th UE. The trace of
Chro .k, (ptx,k) gives a lower bound on the sum of the target’s
x and y localization MSEs [39], which the MSE of the multi-
static radar on coordinate system can be expressed as

Ul%wky (ptmq,k) =tr {Ckkm,ky (Ptch)}

_ (ra +76) " Dro i e2))
pg;,k(’"a'rbT — 7L )Ptak
where Ta = [ra17ra27 T 7’ram]T’ Ty = ['I’bl y by " 77nbm]T

and e = [Fe;, Tegy 0 5 Te,,

The equation for the CRB of the collaborative sensing offers
the sensing metric to measure the performance of the cell-free
ISAC system after introducing the DL training sequences in
radar sensing. The radar requirements of the localization error
measured in meter is used as the optimization constrain in the
next section. According to (21), (25) and (26), the CRB is also
related to and can be changed by the SNR values at the radar
receivers.

III. POWER CONTROL ALGORITHMS

In Section II-B and II-C, we have derived the variance of
channel estimation error as the communication metric and
the CRB of the localization estimator as the radar metric.
In this section, we introduce the power allocation strategies
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for the proposed ISAC system where a group of DL training
sequences are utilized in the DL training phase for communi-
cation channel estimation at UEs and the radar localization at
AP receivers. Two power allocation strategies are discussed:
the optimized power allocation based on successive convex
approximation (SCA), and the full-power (also named water-
filling) allocation. The former aims to minimize the objective
under constraints with as little power as possible, while the
latter consumes all the power each AP has without considering
signal interference and energy conservation.

In this section, we minimize the normalized channel esti-
mation error in DL training phase, denoted by E‘{a ‘}2’, where
the variance of error is normalized by its DL channel channel
gain E{|ax|*},

Elar|"} = E*{ar} + V{ax}

M 2 M
= (Z \/nm,,k7m7k> + Z nm,kﬂm,k')/m,k
m=1

m=1

(28)
Therefore, the optimization problem can be expressed as
Vi{ar}

min  ma (29a)

{nm. 1} {k=1,- K} E{|ax|?}

St Mg >0 (29b)
an,k’Ym,k <1 (29C)
k=1
Uf??k,yk (ptl,k) < T (29d)

where I',,4, is the largest localization MSE the system can
afford. The system does not allow the AP to use power from
the other APs or the CPU, so that the the power control
coefficient for the m-th AP to the k-th UE can not less
than zero as shown in (29b). (29c) is the average power
constraint for each AP that the m-th AP can not consume
power exceed the power it has. (29d) is the requirement of
radar localization error and the rational function of py, i
is quasiconvex not absolutely convex. Therefore, in order
to compute the corresponding optimization problem by an
appropriate search program, the constraint (29d) needs to be
rewritten as [39]

TCTZ)ptm,k S 0

To minimizing the maximum convex optimization objective,
the min-max problem can be converted into a least value
finding problem by introducing a value ¢ that finding min ¢ if
t> glf’“l, the value ¢ is the maximum value of the function
(29a). Therefore, the problem (29) can be reformulated into
an epigraph form:

Zm’y = (Ta + Tb)T - Fma:r (Targ - (30)

min ¢ (31a)
{nm,kft}

S.t. Fk(nm,k) < th(nm,k)Zk(nm,k) (Slb)

(29b), (29¢), (30) (31c)

where Fk(nmk)K Z et Mk Bm kYmks We(Mmk) =
1+ Td,pPd Zk' 1 Em 1 Nhm, k! ﬁm kYm,k’ 'I/Jk P |2 and

Zk(Mmk) = (Zm 1\/77mk'7mk> + Fy(Nm,k). Problem

(31) is nonconvex since (30b) is neither convex nor concave
with the respect to 7)., because of squaring a concave
function /7, x in term Z,(7pm, x). Our idea is to reformulate
problem (31) by approximating (31b) with successive convex
approximation (SCA). Notice that since the min-max error
objective can aslo be converted into a sum-error or weighted
trade-offs problem within a linear transformation, these two
could be tackled under the same framework.

A. Successive Convex Approximation (SCA) Method

The SCA is a linearization approach that replaces the
non-convex term by its first-order Taylor expansion. Assume
777(::)1@ be the value of 7, at the n-th iteration of the SCA
algorithm, let Hy(1m.k) = tWi(0m.k) Zk (m,k) — Fr(m.k)s
2, (M) = 271:1{:1 /T kYm.k then the first-Taylor expansion

of Hy(1m, k) at point nfr?)k is

i n 1 n
Hi (s 00 = Hi($00) + HE 050 e — 00,)
Hi (150 + e EZ0Ta,pP p B o Yt 190 £ i |

+tW (\;&Zk + ﬁm kYm, k) 5m,k7m,k}
= q * (ke — 150 it K=k,
Hi k) + 3 o £ 20T, p B Yo g |86 i ]
(Mo — 77,(,7);@) otherwise
(32)
Proof. See Appendix C.
The constraint (30b) can be rewritten as
0 < Hi(tpmssn0) (33)
This leads to the optimization problem (33)
min ¢ 34a)
{nm,kvt} (
s.t. (29b), (29¢), (30), (33) (34b)

If the value ¢ is fixed, problem (34) is convex and can be
efficiently solved by using interior point methods such as the
bisection method [41]. The value ¢ varies over an estimation
error range {¢min,tmaz ), Which the range boundaries are
computed based on the UL channel estimation. Within the
interior point program such as the toolbox CVX [42]!, iterated
steps, as shown in Algorithm 1, are developed by to find the
optimal value ¢ by adjusting the value of ¢,,;, and ¢,,4,. If
the solving problem of (33) is convex feasibility, which means
the predicted value ¢ exists in the default range. Moreover,
a true ratio check is used in the outer bisection iteration.
By substituting the computed feasible values based on the
local approximation into (31b), the variation of the value ¢
will converge into a minimized value with the optimal power
control coefficient 7,, ;. According to (18), it is obviously that
because of the pilot contamination, too much power of ISAC

IThe first-order Taylor expansion of Z (7tm,%) which builds a new
constraint Fi (nm, ) < th(nm,k)Zi(nm,k) gives a more global convex
approximation because f(xz) = \/x is an absolute concave function, whose
first-order Taylor expansion is never smaller than the original function.
However, CVX does not accept the “affine < convex” constraint because of
disciplined convex programming ruleset [42] even though it is mathematically
true. Therefore, we raise the heuristic approximation based on Hy, (), ) in
CVX.
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Algorithm 1 SCA Bisection Algorithm for Solving (29)

Input: Given initial lower bound ¢,,;, < t and upper bound
tmaz > t, set tolerance e > 0, initial power control
coefficient 771(72),6, maximum number of iteration I, i = 0
while i < I do

while ¢,,,0: — timin > € do
Set t = (tmaw + tmzn)/2s
Solve (34);
if (34) is feasible for ¢ Vk then
Compute F};, Wy and Z; by ) .
if (30b) is true fort Vk then
Set t,qz = ¢, set 77;‘”, & as the solution to (34)
else
Set tyin =t
end if
else
Set t,in =t
end if
end while
Seti =i+ 1, set n") = nf, 1
end while ’ ’
Output: nﬁs)k and ¢

signal to one UE might affect the performance of other UEs
as interference. Therefore, for the power constraints given in
(29c¢), the system would not force each AP use all of its power
to avoid the inter-signal interference. The algorithm is not only
for power allocation but also optimization. However, when it
comes to the full-power allocation strategy, the power control
coefficient 7, is fixed to Zszl Tm.kYm,k = 1 in the DL
transmission at the m-th AP.

Notice that when the optimization algorithm does not find
a feasible solution to the ISAC system in DL transmission, no
power control is performed. To avoid the no answer condition
when there is no feasible solution, all the APs will transmit
the DL training sequences with full power, without considering
the requirements of radar localization.

B. Convergence Analysis

In this section, we analyze the convergence of the function
of normalized channel estimation error, proving that by several
times of iteration, the function converges to a certain value.

Define the convex set C = {Nmr > 0 : D\ Dk Ymk <
1L (rg +m)" — I‘mam(rarbT — DDy i < 0}. At the i-
th iteration, we have the current iterate 7]1(7? . € C and the

objective value t(*). Since (77 0 )) is feasible in the convex
inner-approximation, the mlnt solution is to obtain the best
feasible next iterate that the problem can get while ensuring
for all true Hy > 0, therefore the optimal ( (i+1) t(”l))

m,k
satisfies

D) = min t <t
Um,kEC - (35)
Ij[k(ank;”]f:,)k)ZO
which shows that sequence {t('),¢(2) ... ¢()} is monotone

non-increasing and bounded below by 0. Hence t(V) — t*
exists finite as ¢ — +o0.

Define Q;? o <,£Z), wz(le and 5? are the Karush-Kuhn-Tucker

(KKT) multipliers at the ¢-th iteration, the Lagragian of (31)
can be expressed as

L0050 st ,i)>

M K

—04 3

:1}( |

Z g’m an k'Ymk: )(2)

+Ziw< ) 7()
p=

K
+ 5 e (- HmD))
k=1

(36)
The full KKT system at the optimum (n&{k,t(i)) of the
convex SCA problem satisfies

o >0, >0,@) >0’ >0 (37a)
o ) =0 (37b)

K .
Cr(YZL)(Z N,k Ym,k — 1)(1) =0 (37¢)

k=1

- e =0 (37d)
(@ (n))) =0 (37¢)

L
G =0 (37f)

anm,k

o,

Since the parameters and the multipliers are all in
a bounded closed set

. ‘ we assume that there exists
775717,)7]@7 t(l)v Q»Ey?k7 g]gl)a wp q> 5;) — ﬁTYL,kv t; é?n,ka g_k’v ‘ﬁp,qa Ek
when i — +oo. For nfn)k, — Tm,k» We have Hk(nf:;l)) >

H, (777(;';1),77(1) ) > 0, therefore Hy (7, x) > 0.

Because the other constraints can be rewritten into a linear
continuous function, all the constraints can be passed to the
limit to ensure the primal feasibility.

As the multipliers are all non-negative and convergent,
Om, ks Sk Wp,qs €k are NON- negative as well. When ¢ — o0,

we have ¢;' (Hk(nfn)k)) — &k (Hg(m,k)). As a result, the

complementary slackness 5,(;)(H (nﬁﬁl),nx)k)) = 0 passes

t0 €4 Hy,(7m,k)) = 0. The terms of the other multlpliers follow
the same Pass

For @ . )

— 0 and oL _ = 0, notice that ﬁk(nm,k’nm k) =

ot >
Hj, (77( )k) and VHk(nm k, nfn)k) VHk(nf;)k). Therefore, as
1 — 400, we obtain 677 - —Oand@—O

It can be observed that these are the KKT conditions of the
original problem at the certain solution point. In conclusion,
any point (7, x,t) of the relaxed SCA function is a KKT
solution of the original non-convex problem.

C. Power Map of Algorithm 1

The SCA-based scheme starts from the full-power scheme
where the initial power allocation is based on the water-
filling algorithm. With the proposed algorithm progressing,
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Fig. 2: Power map for two UEs on mirror positions, the CSI
of one UE is half of the other.
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Fig. 3: Simulation scenario for ISAC performance.

the power allocation tends to steer toward weaker System-UE
link until the system achieves the minimum maximum channel
estimation error. The power map of two UEs are displayed in
Fig.2. The UEs are set on mirror positions where both of them
can be well served by all APs, within the CSI parameters of
one UE is set half of the other.

IV. SIMULATION EVALUATION
A. Parameters and Setup

In this section, the performances of the proposed strategy
for channel estimation error and collaborative localization are
evaluated. The impact of the channel estimation reliability on
the DL data rate with MRT precoder is also demonstrated in
this Section. When MRT is adopted, the signal-to-interference-
plus-noise-ratio (SINR) and the data transmission rate are
given by given by [43],

62 KPd k
SINRj, = A= 38
k Pd,k +1 (38)
R; = Blog,(1 + SINR) (39)

where ei = % = 1 —t indicates the reliability

of the estimate, ¢ represents the computed normalized channel
estimation error which is the solution of the objective function
(31a), and Pz is the normalized power of downlink data
payload. We assume that P, in each strategies and schemes
keeps the same. The performances are also compared to the
existing strategies. The influence of the pilot contamination in

spare and denser networks are studied. We set a scenario for
UEs, which are randomly deployed in a certain region, serving
by APs for the performance analysis and comparison. The
results are based on the different optimized power allocation
schemes, focusing on the impact of ratio of DL/UL pilots and
the total pilot length over the whole signal frames.

The scenario is a 300x100-square meter (m?) dual-
carriageway road on 2-D plane. The two served vehicles, UE1
and UE2 are separately deployed in different position in the
area. The positions of each UE are randomly generated for
1000 times, which the average values are computed as the
results for channel estimation performance, radar localization
performance and power consumption. Eight APs are placed at
both side of the road with equal deployment distance between
each other, as shown in Fig.3.

The system bandwidth is 20 MHz, and carrier frequency
is 2.4 GHz. 20 symbols are used as pilot training for either
DL or UL. For the study on the impact of DL/UL ratio, the
simulation begins when DL/UL ratio is 2:8, and then raises the
length of the DL pilot sequence until 8:2 ratio. For the impact
of pilot to the whole sequence length ratio, the simulation
begins when the proportion on the pilot length to the entire
frame length is 10%, and ends when the proportion is 50%.
The DL/UL ratio of length is set to 5:5. When the number of
pilot symbols is not integer, the number will be rounded up
to the adjacent integer.

We assume that all the training sequences are generated
with good orthogonality. The power of training symbols used
in UL and DL are the same, which are 200 mW/symbol. Since
the transmit power for both DL and UL depend on the length
of the pilots, raising or reducing the length of DL and UL
sequences affects the power constraints in DL and UL. Noise
variance for UEs and radar receivers are assumed the same,
which are -164 dBm/Hz.

The RCS model from transmitter AP to other receiver APs
for radar sensing is set equal, that is, |h,,, 2=0.85 for all m €
M and k € K. The localization error requirement is 1 m?.

The three-slope model [44] is used for modeling the path
loss and generate the large-scale fading coefficient 3, k.
Because of the random generation of channel values, the
CSI of UEs at the certain position is generated for 500
times, the average values of the channel estimation error
and localization error at the same position are chosen for
representative analysis.

B. Simulation Results for DL/UL Ratio

Simulations in this section are carried out to evaluate the
performance of the proposed DL pilot based ISAC strategy in
the cell-free vehicular network within different DL/UL pilot
ratios. The performance of the proposed strategy is compared
to an existing strategy, which additional sequences of sensing
symbols are contained in DL data signals [19]. Furthermore,
to evaluate the performance of the proposed power allocation
scheme, its performance is compared with the performance of
a full-power power allocation scheme. As described in Section
III., the proposed scheme aims to achieve communication and
radar requirements with optimized power allocation. The full-
power scheme is that all APs transmit with full power, within
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radar and channel estimation sequences are allocated in equal
power.

Fig.4 illustrates the communication performance between
the proposed and existing cell-free ISAC system via the
normalized variance of channel estimation error. The schemes
of the two optimized and full-power allocation in DL pilot-
based strategy are also studied.

As shown in Fig.4, “Full” represents the proposed ISAC
strategy with the full-power allocation scheme. “SCA” indi-
cates the proposed ISAC strategy with the SCA-based scheme
at each AP, the number of UL and DL symbols are the
same as the full-power. “No DL” stands for the conventional
cell-free network that does not use DL training for channel
estimation, within 20 UL pilot sequence length in order to
compare the channel estimation performance under the same
training length. All the simulations are carried out under the
same condition.

By inserting the DL pilot sequences, the accuracy of channel
estimation impoves approximately 1.5 orders of magnitude, as
indicated by the below three lines in the figure. The substantial
improvement comes from that the DL pilot-based strategy
utilizing additional DL sequences for channel estimation. The
transmission of these DL pilots takes into account the channel
estimation errors arising from UL training phase, therefore
leveraging the prior knowledge of CSI to further enhance
the estimation accuracy. Consequently, even with an identical
number of training sequences, the proposed strategy still
significantly outperforms the existing conventional strategy.

It can be also observed that, after the ratio 6:4 point, the
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Fig. 6: DL power consumption via DL/UL ratio.

performance of the proposed system with the SCA-based
scheme starts to get vibration, and at the ratio 8:2 point,
the performance gets worse than the former 7:3 point and is
surpassed by the full-power scheme. Although the DL pilot can
offer significant improvement for the channel estimation, the
CSI obtained during the UL training phase by UL pilots is also
influential. UL training plays a key role in channel estimation.
However, when a greater numbers of DL pilots are used for
channel estimation, more resources are dedicated to the DL
estimation, thereby enhancing the performance. Conversely,
appointing further pilots to the DL diminishes the effectiveness
of the UL channel estimation, ultimately leading to variability
or even degradation in the overall system performance.

With regard to the performance of DL data transmission,
Fig.4(b) illustrates that the proposed strategy improves around
10% of the DL data rate compared to the strategy without
DL pilots. Although the normalized error with the proposed
strategy decreases as the DL/UL ratio increases from 2:8 to
8:2, the improvement in DL data rate is relatively low. In
contrast, despite only a slight reduction in normalized error
for the traditional strategy, the DL data transmission exhibits
a more obvious rise.

In Fig.5, with the best communication performance each
system can achieve, the localization errors of proposed and
existing strategies are shown, in order to evaluate the per-
formance of the cell-free ISAC system in radar sensing. To
compare the localization performance under the similar radar
condition, the radar SNR is set the same for both ISAC
strategies, i.. SNRproposed = SNRexi. The results reflect the
average cooperative localization error for the two UEs across
random distributed positions. “Existing” refers to the ISAC
strategy of the prior study which utilizes additional data
sequences not the DL training sequences, under the same
DL/UL ratio and radar SNR as the proposed strategy.

Although the system considers TDOA multiliteration esti-
mator for user localization, our work focuses on the minimum
mean square error the proposed system can achieve. Thus,
the plotted MSE in the figures represents a lower bound.
It is obviously that, when the DL/UL ratio is 2:8, none of
the schemes satisfy the 1 m? localization error requirement,
indicating that the resources allocated for the localization are
insufficient. At the 4:6 ratio, the proposed strategy with full-
power allocation starts to exhibit the best performance. At
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the 6:4 ratio, the existing strategy begins to surpass the SCA-
based scheme and achieves the second-best localization result
among the four schemes. Although the existing work can
achieve better work than the two optimized power allocation
schemes in the proposed strategy under the certain conditions,
it relies on the additional sequences used exclusively for radar
sensing, which leads to a lower symbol efficiency compared
to the proposed work. Regarding the proposed system in radar
performance, it can be found that, the full-power scheme
achieves the better results than the two optimized allocation
schemes. This is because, without the interference caused by
pilot reuse, more power allocated to radar function directly
leads to higher SNR at the radar reiceiver side.

Fig.6 illustrates the power consumed by the proposed sys-
tem during the DL training phase for both channel estimation
and radar localization. Although the performance for the
optimized power schemes cannot achieve better results than
the full-power scheme on radar sensing localization at higher
DL/UL ratios, the power required is less for the optimized
schemes compared to full-power scheme. In particular, the
SCA-based scheme reduces 17% of the power consumption
at the ratio 8:2 point. In conclusion, when the DL sequences
are with strong orthogonality and no pilot reuse occurs, the
full-power allocation is preferable if the sensing is prioritized.
Furthermore, we can also observe that the 6:4 point is a
transition point at which the improvement brought by more
DL pilots might no longer compensate for the performance
degradation caused by the reduction of UL pilots.
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Fig. 9: Pilot power consumption via pilot proportion.

C. Simulation Results for Pilot Proportion

This section evaluates the performance for both commu-
nication and radar sensing of the proposed cell-free ISAC
strategy under different pilot proportion on the pilot length
to the entire frame length. The transmit power for both DL
and UL maintain identical.

Fig.7(a) indicates that as the length of total pilot increases,
which more symbols in DL phase are dedicated as pilots
rather than data payloads, the performance of all power
allocation schemes within the proposed strategy is improved
until reaching the 0.4 proportion point. Beyond this point,
the performance of SCA-based scheme is worsen and then
improves again, while the performance for both full-power
scheme is slightly getting worse. The results occur because
at the point, the adverse influence from pilot contamination
starts to counteract the benefits provided by the increased pilot
symbols. Fig.7(b) shows that, under the proposed strategy,
increasing the pilot proportion leads minimal impact on DL
data transmission, while fluctuations in the traditional strategy
reflect more prominently variability of the DL data transmis-
sion performance.

In Fig.8, it is evident that the cell-free ISAC system fails
to meet the localization requirement until reaching the 0.25
proportion point, the solutions derived from the two opti-
mized power allocation schemes are only local optimal. The
performance of all schemes improves initially but the rate
of improvement deminishes starting from the 0.40 proportion
point.

Similarly as Fig.6, Fig.9 shows that the superior perfor-
mance of the full-power allocation is accompanied by the
cost of the highest power consumption. In contrast, calculating
across all different pilot proportions, the SCA-based scheme
consumes approximately 10% less power. In general, it can be
observed that an easing point exists in the system regarding
the pilot proportion. Upon reaching this point, allocating more
additional symbols for ISAC functions yield a slight further
improvement in the performance of either channel estimation
or localization. Therefore, beyond the easing point, it becomes
more practical to utilize the remaining frame resources for data
transmission.
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Fig. 10: (a) Sparse condition where two UEs are randomly
distributed on the road. (b) Denser condition where six UEs
are randomly distributed on the road.

D. Interference Analysis on pilot contamination

The previous simulation assumes that the ISAC sequences
among UEs are within well orthogonal, however in practi-
cal environment, the DL-pilot contamination cannot be fully
ignored. In this section, we study the influence of pilot
contamination in sparse and dense UEs environment. The
correlation coefficients among the DL-pilot sequences are set
from the low contamination to high contamination.

As shown in Fig.10(a), when the pilot contamination gets
worse, the performance of the SCA-based scheme degrades
much compared to the full-power scheme. The performance
of the proposed system still demonstrates better performance
over the traditional cell-free ISAC system under both power
allocation schemes. However, Fig.10(b) reveals that when
the correlation coefficient reaches 0.6, the performance of
the proposed system within the SCA-based scheme becomes
inferior to that of the traditional system, and beyond this value,
the proposed system performs worse than the traditional. It is
also obviously that the number of UEs affects the severity of
the pilot contamination, as a denser environment leads to a
more pronounced performance degradation.

V. CONCLUSIONS

In this paper, we analyzed the performance for both commu-
nication and radar sensing within DL training phase in the cell-
free ISAC networks. A power allocation scheme was proposed
to minimize the maximum communication channel estimation
while satisfying both the requirement of radar localization and
per-AP power constraints. Furthermore, the impact of DL/UL
pilot ratio and of pilot length over the whole signal frames to
the performance of the proposed ISAC strategy were studied.
The simulation results showed that by inserting additional pilot
sequences for DL training, both channel estimation and radar
localization accuracy were significantly improved compared
to the existing studies with either optimized or full-power
allocation scheme. The full-power allocation performed better
than the optimized, however, more consumed power during
DL training phase led to less power for the following data
transmission phase when the total power of the system was
constrained. Furthermore, there is a turning point of the system
on channel estimation performance on the ratio between the

DL length and the UL length that longer DL but the shorter
UL pilot will lead to worse performance of channel estimation.
An easing point was also given that neither channel estimation
nor localization will be much improved even with more pilots.
Additional, the impact on DL data transmission performance
is minimal at low normalized error values, while the influence
on DL data performance is more pronounced as the normalized
error remains high.

VI. APPENDIX
A. Proof of (4)

To derive the linear MMSE estimator of the random variable
gm.k based on the observed y,, ., we compute
Cov{gm.k:Yu,, . }

V{¥u,, .}

E{)V’Zm’kgm,k} - E{S’:m,k}E{gm,k}(v E{y h
= yu-m,,k - yurn,,lc

B{i,. 7} - (B{5..})
+E{gm.k }
E {S’Zm,k,gm,k}

- . yuwt,k
E { ‘yu'm,k ‘2}

:E {A\/ /Bm,khm,k: + B\/ Bm,khm,k + C\/ /Bm,khm,k'} -

E{A%2 + B%2 + C? + 2AB + 2AC + 2BC}

gm,k = (yumwk - E{yum,k}) + E{gm,k}

(40)

where A = VTupPup\ Bmihmi, B =
K
VTunPup 2wz N Brie i @, € = ¢ilwy,,. Note

that random variables h,, , and w,, are independent, and are
~ CN(0,1).

E{|hm i} = V{hma} + E{hni} P =1 @)

E{|lwy*} = V{w,} + [E{w,}?=1 42

Finally, substituting (34) and (35) into (33), we obtain the
MMSE estimation of the estimated UL CSI as in (4).

B. Proof of (6)

The estimated channel gain g, and the error g,, ) are
uncorrelated and statistically independent, both of them are
Gaussian distributed and have zero-mean. Thus, we compute

V{gm,k} = V{gm,k + gmk}
= Cov((Gm.k + Gm.k)s (Gm.k + Gm.k))
= CoV(Gm ks (Gm,k + Gm,k))+
CoV(gm k> (Gmk + Gm.k))
= Cov(.‘jm,ka .‘jm,k) + Cov(gm,k; gm,k)"‘
2CoV(Gim, ks Gm k)
= V{Gmr} + V{Gmr}

(43)

Then
V{g'rmk} = V{gm,k} - V{gm,k}
= E{(gm,k - E{gm,k}y} - E{(f]m,k - E{gm,k})Q}

= ]E{(\/mhm,k)Q} - E{(gm,k)2}
(44)

U,k
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By substituting (5) and (34) into (37), we have the variance
of the estimated channel error as in (6).

C. Proof of (32)

To apply the first-order Taylor expansion on Hy(7m k),
we need to compute its gradient. With the product rule, the
gradient of Hy (7, 1) can be expressed as

OHy _ ,0WiZy) _ OF,
anm,k’ 877m,k’ anm,k’ (45)
M e : M ker g M k!

When k' # k, the term Fy, and 2}, (7, %) in Zj, do not depend
on 7y, therefore

ﬂ = Bm,k'ym,k if k' = k, )
O 7 0 otherwise
% _ J%Z;c + Bk Ym  if K =k, )
M,k 0 otherwise
And always
oWy,
P = TapPap B e [ (48)

As a result, by substituting (52), (53) and (54) into (51), when
k' = k, we can derive the final gradient as

OHj,
—— = t{ZkTapPd,pBm i Yk |OE 1|
anm,k’ (49)
+ Wk(\’/y%zli + Bm,kwm,k)] - ﬂm,k’}/m,k
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