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Abstract—TIn this paper, we investigate a dynamic time division
duplex (DTDD) enabled integrated sensing and communication
(ISAC) system, in which access points (APs) mode, bandwidth
and transmit power can be flexibly configured. To obtain the
best tradeoff between communication and sensing performance,
we maximize the sum of downlink (DL) and uplink (UL)
transmission rates under the constraints of Cramer-Rao lower
bound (CRLB) and the maximal transmit power by jointly
optimizing the power/subcarrier allocation and APs mode se-
lection. To deal with the proposed nonconvex problem, we
adopt the alternating optimization (AO) method to divide the
original problem into two subproblems. The first subproblem
is related to power/subcarriers allocation, which is equivalently
transformed into a Semidefinite Programming (SDP) problem
and eventually solved by the penalized convex-concave procedure
(PCCP) method. The second subproblem is a quadratic integer
problem related to APs mode selection, which is transformed
into a convex quadratic integer problem that can be efficiently
solved by the convex optimization toolbox. The numerical results
demonstrate the tradeoff between the total transmission rate and
sensing performance with different parameter configurations.
Compared with existing schemes, our proposed scheme has
significant advantages in terms of tradeoff performance.

Index Terms—DTDD, ISAC system, AP mode selection, sub-
carrier/power allocation.

NOMENCLATURE

?n The beamforming vector for sensing

w%n The beamforming vector for communication

hjqn  The channel frequency response between the j-th DL-
AP and the g-th DL-UE on the n-th subcarrier

hyin  The channel frequency response between the u-th UL-
UE and the i-th UL-AP on the n-th subcarrier

Mp The CRLB constraints of range

i The CRLB constraints of velocity

A The j-th AP mode selection variable
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f‘n The subcarrier assignment factor for sensing
gb(?n The subcarrier assignment factor for communication

Tiki The delay of the k-th target
¢ The number of DL-APs

fjri  The Doppler frequency shift of the k-th target
J The number of APs

K The number of targets

M The number of OFDM symbols

N The number of subcarriers

Np The number of antennas in each AP

Peo Transmit power for DL-communication

Pr Transmit power for sensing

Priae  The maximum transmit power

Dun The uplink communication power

Q The number of DL-UEs

Ry The downlink transmission rate
Ry The uplink transmission rate

U The number of UL-UEs

I. INTRODUCTION

T is a common vision that 6G will be a comprehen-

sive platform integrating wireless communication, sensing
and artificial intelligence [1]. The demand for more efficient
spectrum utilization has propelled the integrated sensing and
communication (ISAC) into the spotlight in 6G. On one hand,
the communication system can leverage the same spectrum
or multiplexed hardware and signal processing modules to
perform diverse sensing tasks. On the other hand, the sensing
outcomes can be used to enhance the communication quality.

Critical issues that need to be addressed to integrate sens-
ing function into existing communication networks include
the design of transmit waveform and the integrated receive
architecture. The former primarily focuses on designing the
signals transmitted from a fully shared hardware platform
to simultaneously perform communication and sensing. Sim-
ilar to the sensing signals design in traditional multi-input
multi-output (MIMO) radar systems, the transmit beampattern
of ISAC systems aims to steer the spatial power towards
the intended directions or minimize the mismatch between
the transmit waveform and a desired beampattern [2], [3].
In [4], transmit beamforming was optimized by minimizing
the beampattern match error, taking into account individual
signal-to-interference-plus-noise ratio (SINR) requirements of
communication users. In addition, the work in [5] was in-
vestigated how to maximize the transmit beampattern gain
towards the probing directions, while the minimum required
SINR of communication users was guaranteed. The latter
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involves how to use the existing communication infrastructure
to receive the echo signals. If a co-located sensing scheme is
adopted, considering that the time delay of the echo signals is
shorter than the symbol period, the base stations (BSs) have
to operate in full-duplex (FD) mode. In this case, transmit
signals pose significant interference to echo signals, rendering
self-interference (SI) cancellation a pivotal challenge. While
several SI cancellation techniques have been proposed in
FD systems [6] [7], SI cancellation in co-located FD ISAC
systems is more challenging since the strength of echo signals
is much weaker than that of communication signals. An
alternative approach to mitigate SI is to adopt the bistatic
sensing mode, where the transmitter and radar receivers are
geographically separated because increased spatial distance
between transmitters and receivers can effectively alleviate
SI. [8] and [9] developed a framework for perceptive mobile
network (PMN), where densely deployed and synchronized
remote radio units (RRUs) utilized the signals sent by BSs for
collaborative perception. In [10], a network with distributed
ISAC transmitters and radar receivers was studied, where
a set of distributed transmitters sent individual messages to
their respective communication users, while multiple sensing
receivers cooperated to perform perception. However, the
above ISAC systems employing dedicated radar receivers face
several challenges: the high cost of deploying these receivers
in existing communication networks, strong direct path inter-
ference when radar receivers are close to transmit BSs, and the
potential lack of accurate reference signals in non-cooperative
scenarios. In light of these issues, it is necessary to develop a
superior echo receive architecture at the network level.

In distributed MIMO communication systems that sup-
port dynamic time division duplex (DTDD), the transmit
and receive access points (APs) can be configured flexibly,
offering a natural platform for ISAC. Unlike BSs which
operate synchronously in uplink/downlink (UL/DL) modes in
conventional static TDD, DTDD allows individual APs to
operate independently in different modes (UL reception or DL
transmission) within the same time slot. Most of the research
on DTDD focuses on enhancing communication performance
[11]- [12]. Some recent work has investigated ISAC schemes
in cell-free networks supporting DTDD. [13] optimized the
communication and sensing performance by combining the
DTDD and distributed radar sensing.

In this paper, we investigate the integration of perception
function into DTDD-enabled distributed MIMO systems. The
transmit APs send communication and sensing signals on
different subcarrier sets and different beamforming vectors
are designed on different types of subcarrier sets. UL-APs
receive both uplink communication information and echo
signals simultaneously. The UL communication signals may
be interfered by the transmitted signals from DL-APs, and
the echo signals reflected by targets suffer from the direct
path interference from DL-APs, as well as UL communication
signals in the same frequency band. Since the CPU can know
all DL/UL transmit signals, the interference mentioned above
can be partially eliminated [14]. Meanwhile, the APs’ mode
can be flexibly configured to reduce interference and improve
the tradeoff performance. We derive the Cramer-Rao Lower

Bound (CRLB) as the sensing performance metric and sum
of the UL and DL transmission rate as the communication
performance metric. In contrast to the work in [10] which
focused solely on optimizing the transmit power, our proposed
system takes a holistic approach by optimizing AP mode
selection and bandwidth/power allocation, enabling a superior
balance between communication and sensing performance.
The main contributions of this paper are as follows:

e A dual-function waveform based on orthogonal frequency
division multiplexing (OFDM) signals is proposed by
designing different beamforming vectors on the subcarri-
ers for communication and sensing. Both the CRLBs of
location and velocity estimation, as well as the sum of
the UL and DL transmission rate, are analyzed.

e To achieve the best tradeoff between estimation accuracy
and communication performance, we jointly optimize
power/subcarrier allocation and APs mode selection to
maximize the sum of the DL and UL transmission
rates under the constraint of sensing performance. The
mixed integer nonlinear programming (MINLP) problem
is decomposed into two subproblems: one is tackled using
the penalized convex-concave procedure (PCCP) method,
and the other is converted into a convex quadratic integer
programming, both of which are solved iteratively.

e Simulation results demonstrate the tradeoff between the
total transmission rate and sensing performance with
different parameter configurations. Compared with the
existing scheme, our proposed approach exhibits supe-
riority in terms of tradeoff performance.

The remainder of this paper is organized as follows. The
system model is described in Section II. The communication
and sensing performance are analyzed in Section III. In
Section IV, the details of problem formulation and proposed
algorithm are presented. We evaluate the performance of the
proposed algorithm in Section V. We conclude the paper in
Section VI.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a DTDD-enabled MIMO
ISAC system which consists of a CPU and J APs. Each AP is
equipped with Np half-duplex (HD) antennas and can perform
either UL reception or DL transmission at a specific time slot.
Let A; represent the mode selection variable of the j-th AP. If
A; =1, the j-th AP performs DL-transmission and otherwise,
the j-th AP performs UL-reception.

Assume that there are U UL-UEs,  DL-UEs, and K targets
in the detection area. Each UE is equipped with one antenna.
For DL transmission, DL-APs employ different subcarrier
sets to transmit communication signals and detection signals.
Meanwhile, to avoid mutual interference between DL-APs
during detection, each DL-AP uutilize a unique subcarrier
set for detection. For UL reception, the UL-APs receive echo
signals reflected by targets and data signals from all UL-UEs
simultaneously (all UL-UEs share the same frequency band,
as shown in Fig. 1), which are then conveyed to the CPU via
backhaul links. DL transmission and UL reception are carried
out simultaneously within the same time-frequency resources.
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Fig. 1: DTDD-Enabled ISAC system model and
time-frequency resouce allocation (blue block: resouce
allocated to DL-UE; read block: resource allocated to
sensing; gray block: unused sensing resource).

Therefore, while the system avoids SI in the individual AP, it
faces interference from DL-APs to UL-APs, impacting both
communication and sensing performance. Additionally, UL
communication signals can also pose interference to echo
signals.

The baseband signal transmitted by the j-th DL-AP on the
n-th subcarrier in the m-th symbol is

c  ,C 1C /
Sjimn qn ]qanmn+ PR jn jn mn (1)

where P and Pr denote the transmit power allocated to the
subcarriers for DL-communication and sensing respectively,
b With E 65 1?] =1 and b, with E [|bF,|?] =1 are
the m-th OFDM baseband communication symbol transmitted
to the g-th DL-UE and baseband sensing symbol, respectively,

JC:m E CNpx1 is the beamforming vector for the g-th DL-UE
and w t € CNpXL s the beamforming vector for illuminating
the probmg area respectively, and ¢ € {0,1} and ¢%, €
{0,1} are subcarrier assignment factors. To avoid mutual
interference between communication and sensing signals, each
subcarrier is exclusively allocated to either communication or
detection, i.e., Z(?=1 ¢>q + ZJ 1 gbR =1,Vn.

To improve the detection performance, we assume that
DL-APs will illuminate the same region cooperatively with

designed wide beam on detection subcarriers. Define I';, =

Wi B

inWin - By relaxing the rank-1 constraint of I';y,, the
beampattern on each detection subcarrier is generated by

solving the following constrained least-squares (LS) problem

[4],
nmln Z ‘n]n 9[ —a, (91) jnan(el)‘2
jn ]n .
N 2
aswmm:L @
s.t. T, >=0,T;, = I‘j’.fl
Mjn > 0

where 7;, is a scaling factor, {GZ}le denote equally
spaced angular grids covering the probing range,
L is the number of sample angles, a,(0;) =
Ll,e_ji)ﬂnr,d““'"el,‘..7 w (Np=1)dsiny P;(6;) denotes the

esired beampattern gain of the j-th DL-AP at 6;, d is the
spacing between antenna elements, \,, = Wilmf is the
wavelength on the n-th subcarrier, and Af is the frequency
interval of adjacent subcarriers. Considering the differences
in relative location between detection area and different
DL-APs, we use ®; to represent the detection angular range
of the j-th DL-AP. That is, P; (§;)) = 1 when 6, € ®;,
otherwise P; (¢;) = 0. Once the optimal solution T}, is
obtained, the beamforming vector wfn can be generated by
Gaussian randomization in [15].

The transmitted signal block consists of N subcarriers and
M OFDM symbols with symbol duration T = T'+1¢,, where
T = Ai is the OFDM symbol period, T, is the length of
cyclic prefix (CP). After inverse fast Fourier transform (IFFT),
adding CP, and impulse shaping, the baseband complex wave-
form of the j-th DL-AP is

M N
t) = Z Z Simne ™ Myt — (m - 1)Ty)  (3)

m=1n=1

e I%n

where
1, t € [-T¢p, T

0, otherwise.

ult) = @)

III. ANALYSIS OF COMMUNICATION AND SENSING
PERFORMANCE

In this section, we analyze the UL and DL communication
and sensing performance of DTDD-enabled distributed MIMO
systems.

A. Downlink Communication Performance

In the DL transmission, all DL-APs serve for DL-UEs
cooperatively under the control of the CPU. Therefore, each
DL-UE receives signals from all DL-APs and the received
signal of the g-th DL-UE on the n-th subcarrier in the m-th
OFDM symbol can be expressed as

Ygmn = Z A hjqn jqn'V Pc¢qn qmn + ng &)
)\2 —j2nna
where hijgn = \/mﬂ:%ﬁ(an(ﬂjq)Jrza 1 €jage” N ) isthe

channel frequency response between the j-th DL-AP and the
g-th DL-UE on the n-th subcarrier, d;, is the distance between
the j-th DL-AP and the g-th DL-UE, A is the number of
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multipath, €;44 is the small-scale complex vector of the a-
th multipath between the ¢-th DL-UE and the j-th DL-AP,

om T
an (Bjq) = e i ~d(Np—1)sin Bq , Biag
is the angle of departure (AOD) from the j-th DL-AP to the g¢-
th DL-UE, ny; is the additive white Gaussian noise (AWGN)

with zeros mean and variance o3,. The transmitters adopt
maximum ratio transmission (MRT) to maximize the received

1 e jAndsmﬁm

signal-to-noise ratio (SNR), i.e., w]cqn HzmnH Therefore,
the SNR of the g-th DL-UE on the n-th subcarrier is
(37 AjllRy n\l)ch
Yon = = 6)

ol
The DL transmission rate of the ¢-th DL-UE on the n-th
subcarrier is R% = log(1+Y¢n). Then, the total transmission
rate of DL transmission is

Z Z d)C' Rdl (7)

q=1n=1

Rq =

B. Uplink Communication Performance

For UL reception, each UL-AP receives information sym-
bols from all UL-UEs and interference signals from DL-APs.
The received signals of the i-th UL-APs on the n-th subcarrier
in the m-th OFDM symbol can be expressed as

mn Z \/mhuznmumn + Z Ay Gljzsjmn + Ny (8)

= j=1

5 (@n(Bus)+ S euaie ™R is the
channel frequency response between the u-th UL-UE and the
i-th UL-AP on the n-th subcarrier, d,; is the relative distance
between the u-th UL-UE and the i-th UL-AP, A, is the number
of multipath, €,,; denotes the small-scale complex vector of
the a-th multipath between the u-th UL-UE and the i-th UL-

T
AP» an, (Buz) = dsin Bu; —J >\nd(ND 1)5111[3,“

[1 eTIAn e

is the receive steering vector of direct path, 3,; is the angle
of arrival (AoA) from the u-th UL-UE to the i-th UL-
AP, x4y is the UL communication symbol transmitted by
the u-th UL-UE with E [|zymn|?] = 1, Gyj; denotes the
channel between the j-th DL-AP and the i-th UL AP and
n,; is AWGN with zero mean and covariance a L. Since
the signals transmitted by DL-APs are accessible to the CPU,
the interference from DL-APs can be completely canceled
if the inter-AP channels are perfectly estimated. However,
in practical scenarios, acquiring precise channel information
is challenging. Therefore, we denote E7r;; as the channel
estimation error matrix with Ej;; ~ CN(0,02I N, .n,) (07
represents the power of estimation error).

At the CPU, to extract information symbols from the u-th
UL-UE, after inter-AP interference cancellation, signals from
all UL-APs are passed through a linear combiner to get

where h;, =

J U
jumn = Z(l - Al)quzn(Z AV punhuznxumn
i=1 u=1
i ©)
+ Z NiE1iSjmn + M)
j=1

Assume that zero force (ZF) receiver is adopted at the CPU for
UL reception. For the ZF receiver, v, is the u-th column of
H;, (H;ILH,‘")_l where H,;, = [hli'm ey hUi’rL]' Note here
we assume that U < Np. Based on (9), the SINR of the u-th
UL-UE is

) ) win huzn | 2pun

_InLa-

21:1(1 - Ai)Iuin
where
U
Iuin = Z |vquinhu/in|2pu’n
u' =1,u'#u
+O’I‘|vuznZA Z V Pc¢qn jqn + V PR¢]n ]’I'L ||2
j=1 q=1
+ ool lvgill?
(11)
To simplify the optimization problem, I,;, is bounded by
U
Iuin S vquinhu’in 2 u’'n

2 H |2 2, H |2
+ UIP"MI-’ﬂ ‘ |vuin ‘ | + Ol | ‘vuzn| |
where P,,,; is the transmit power constraint of J APs. The
total transmission rate of UL transmission is given by

N U

Ry, = Z ZlOg(l + Yun)

n=1u=1

13)

C. Sensing Performance

Suppose that there are K moving targets within the probing
area. When targets are illuminated by detection signals trans-
mitted by DL-APs, UL-APs receive echo signals reflected by
targets. Considering that echo signals may be interfered by
clutter, direct path signals from DL-APs and UL communica-
tion signals within the same frequency band, it is necessary to
subtract the UL communication signals from received signals
after correctly decoding them, and then perform clutter sup-
pression. After interference cancellation, clutter suppression
and matched filtering, the signal received by the ¢-th UL-
AP on the n-th subcarrier in the m-th OFDM symbol can

_ (R T rR T r Tir
be expressed as yio,,, = [Ytimn soos Yfimm s YJimn |
where

K

= E ey on/ R _j2mmT f;1q
yjimn - —A )( AJCJIW PR¢jne J
k=1
—J2mnAf Tk T R R
e I2mnAf Ty ar(aik)at (Bkj)wjnbmn (14)
U
E : R
+ \/meuin + E]jisjmn + nr)
u=1
i = A2 RCS;i o wi(di—dy)
where Ciki = \/ @m)3|d; —dr 2 [de—dq ]2 f_]k;z = Nd; —dnl| +
vi (di—dy) _ lid; dk\|+udk dill
Mid,—d,) and Tk = denote propaga-

tion loss, Doppler frequency and time delay from the j-th
DL-AP to the i-th UL-AP via the k-th target respectively,
di = [df,d}]" and vy = [vf,v}]T denote the location and
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velocity of the k-th target, d; = [d7,d}]" and d; = [df, d}]"
denote the locations of the j-th DL-AP and the i-th UL-AP,
a-(a;) € CNoXL ay(By;) € CNP*! are steering vectors

T
. _ 527 g ) _j2n _ i .
with a, (o) = {176 Jagpdsinair o ixyd(Np 1)5”10‘“6} ,
T
2”d N 1) sin
ai(Br;) = A (NP =) 50 By

dy, —dY d¥ —dY

Br; = arctan(dT dT) and oy, = arctan(dT d,) are AoD
from the j-th DL-AP to the k-th target and AOA 'from the k-
th target to the i-th UL-AP respectively, €yin ~ CN(0,021)
is the residual interference of UL communication signals due
to demodulation or channel estimation errors, Eﬁz is the inter-
APs channel estimation error matrix with E- Iji ™ CN(0,0%I),
and n, is AWGN with zero mean and covariance 02I

1 e—jk"dsmﬁ;ﬂ e —7

We employ the CRLB of estimation parameters
as the metric of sensing performance. Let w =
Wl ., uk.d”, where w, = [df,d),vf,v}]T and
c = [c111, s Cikiy - CaKkJ), and let v = [pq, ..., ¢k, ],
where ¢y, = [P1r1s s Pikis - Pukals Pk
[Tjkivfjkivaikaﬁkj]' Since Y = [y{7"'7y?7"‘7y§]T’
whete 3, = [(Wfian) oo ) s ()T s
a Gaussian vector with mean pu = [uf, .. ,u] R TE A
where pt; [(Nﬂn)T’ (l"’]zmn)T7 (N]HWN) " and

covariance matrix 021, 72 NxNpJ2M N, WE can calculate
the Fisher Information Matrix (FIM) F'(v) with respect to ~,

" pop

B 87) 5)

F(vy) = *R (5
where 02 ~ 02 + 25:1 Pun0Z2 + Prmaz0? by using the same
approximation as (11). According to the chain rule, the FIM
F(u) with respect to u can be calculated as

F(u)=JF(y)J" (16)
where J is the following Jacobian matrix
J, - 0 0
0 : :
“du 0 o Jx O
0o - 0 I
and I, is a J?°K x J?K unit matrix, Jy =
(Jik1s- - 5 Tjkin- -+ 5 J grs] where
dTJkL df_]k’L O d/BkJ
adz Ddz od:  odz
3Tﬂym 3sz;¢ 8(1% aﬁkyj
T = adY odj  od  odj 18
J’“ 0 Ym o o (1%)
0 2k o
vy

By ignoring interference between targets, F'(7) in (15)
is a block diagonal matrix, so that F'(u) is also a block
diagonal matrix. The detailed derivation of F'(u) is given in
the Appendix. Consequently, the lower bound of CRLB of the
k-th target is given by

J J N M
—GYY Y Y A

i=1 j=1n=1m=1

) 1
(19)

[Fo(w)] ™ Ai)Préj,

where

Pk:(ivjanam) 0

lI’k(Z7]>n7m) = |: 0 Vk(i7jan7m) (20)

Both Py (i,j,n,m) and V(i,j,n,m) are 2x2 matrices,
whose expressions are provided in Appendix. Then, we can
obtain the lower bound of CRLB of the k-th target’s location
and velocity by calculating

2 J J N M
= (52002 > A (1A Pref Pilivjonym)) ™

i=1 j=1n=1m=1

21

9 J N M ( )

:(EZZZZAJ (1=As) Pro R, Vi (i, j,n,m)) !
i=1 j=1n=1m=

(22)

IV. PROBLEM FORMULATION AND SOLUTION
A. Problem Formulation

In the previous section, we have analyzed UL and DL
communication rates, as well as the CRLB for target param-
eter estimation under the condition of imperfect interference
cancellations. The analysis reveals that both communication
and sensing performance are influenced by power/subcarriers
allocation and APs mode selections. Therefore, in this section,
we investigate the optimal resource allocation and mode selec-
tion scheme to achieve the tradeoff between communication
and sensing performance. To maximize the sum transmission
rate under the constraints of CRLB, the problem is formulated
as

mgx Ry + Ry (23)
st [CV, < s [C”] <y, Vk (23a)
[C} ]11 7%[6’ } <77vaVk (23b)

J
Z Ay( Z Z ¢, Po + Z ¢, Pr) < Prax (230)

qg=1n=1 n=1

PC >0, PR >0 (23d)
Z A, Z o =1,Yn (23e)
n S {071}7¢jn € {Oal}quvjan (23f)

J
> oA=¢ (23g)

j=1
A; €{0,1},Vj (23h)

Q,N

where P = {{Qﬁjn}J 1= 1,{¢§n q:l,n:1’PC’PR’A}’
A =[A4, ..., As]. The constraints in (23a) and (23b) represent

the requirements for location and velocity estimations accuracy
for all targets. (23c) and (23d) are the total power constraint
and power constraints on each subcarrier respectively. (23e)
and (23f) are constraints of subcarrier assignment factors.
(23g) is the constraint of APs’ number ( pre-selected for
transmission. (23h) is the constraint of APs mode selection
factors.
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B. Solution to (23)

The problem in (23) is a Mixed Integer Nonlinear Pro-
gramming (MINLP) problem. To trackle the non-convex con-
straints, we adopt the alternating optimization (AO) method
to solve (23), which is decomposed into two subproblems
(24) and (25). For given APs mode selections, we address
the following subproblem (24) to obtain the optimal power
and subcarrier allocation,

max Rdl
s.t. (23a) — (23f)
QN
where P; = {{ }J — AP q:Ln:l,PC,PR}-

Then, for given optlmal power/subcamer allocation, we solve
the following subproblem (25) to obtain the optimal APs mode
selection,

m/%x Ry + Ry
s.t. (23a) — (23¢), (23e), (23¢), (23h)

(25)

Subproblems (24) and (25) are optimized alternately until the
optimal solution converges. The details of solving (24) and
(25) are provided below.

1) optimal power/subcarrier allocation: In this part, we
iexplore the solution to subproblem (24). Firstly, to eliminate
the non-convex coupling between (Pc, Pg) and (¢S, fn)

we substitute the variables chn = chb(% and PR = PRng
to transform the objective function Ry into the convex
q(’;. Then, we can transform (23a) and (23b)

function of P,
into convex constraints of Pﬁl through matrix transformation

Ch Cip 17"
16]. For convenience, we define C7 = 11 12 .
- g { Ca1 O
Construct the matrix C’Zr = Coz Ciay/Tp
021\/7Tp 0117’]1) -1
Cll Clg\/%

& o= . The constraints in (23a
k Cory/Mp  Coomp — 1 } (232)
are equivalent to
Cy 0,6 =0 (26)
Similarly, the constraints in (23b) can be converted into
¢ =0, -0 @7)

The binary constraints in (23f) can be transformed to the
continuous variable constraints in the following manner

an € [0,1], ¢, € 0,1],Yg, j,n (28)

Note that the left-hand side of constraints in (29) is the form
of difference-of-convex (DC) with respect to the variables
(¢5n> 1), which can be addressed b using the penalized
convex-concave procedure (PCCP) [17]. First, we add slack
variables to the constraints in (29),

C(l_ ) < Pans R(l_ fn)

¢, (30)
Pgn Z Oaajn Z O;anjvn

S 9jn7VQ7ja n
(3D

Next, by (pplylng the first-order Taylor expansion at the given
point d)qn , R() ) where ¢ denotes the iteration index of the
PCCP method, we hnearize the constraints in (30) as follows

(8542 + 65, (1 = 205D) < pyn, Vg, n (32)
(02 1 o (12657 < 6, Vj,n

Finally, the subproblem in (24) can be solved by iteratively
solving the following convex problem,

) N Q J N
H’}%X Ry — E(Z)(Z Z Pan + Z Z an)

n=1gqg=1 j=1ln=1

st (23d), (23¢), (26) — (28), (31) —

Q,N R DR J,N
P2 {¢q7n qnqun}q:l-’n:l;{ jn’Pjn,ajn}j:anl 5

e > 0 is the penalty coefficient in the i-th iteration. The
penalty term in the objective is to force (ZTJLI Zqul Pan +
J N
Zj:l Zn:l GJn) — 0.
We outline the algorithm for solving the subproblem (34)
in Algorithm 1.

(33)

(34)
(33)

Algorithm 1 Algorithm for Solving Problem in (34)

1: Initialization: ’Péo),smm,e(o) >0, v > 1, tolerance A =
1072, the iteration counter ¢ = 0, the maximum number
of iterations I,,4;.

2: repeat
Obtain the optimal solution P35 and value of objective
R by solving (34).

Set i <1 + 1

update 732 — Ps3.

Set et « min {Va(i), Emaz |-
until RS, — RUoV| < A or i = ©ngs.
Output: Ps.

(98]

® 3 >0k

2) optimal APs mode selections scheme: In this part, we
explore methods to tackle the subproblem (25) with given
power/subcarrier allocation. To convert the objective function
in (25) into a convex function of A, we reformulate the UL
and DL transmission rates as

Ry = Z Z(IOg(aun) -

log(Iyn)) (35)
u=1n=1
Ry = Zqu (log(cqn) — log(a;)) (36)
qg=1n=1
where a,,, = Zl 121’ 1 m( umhuin)('l’uHi/nhui’n)*pun

+ Iunvbiz’ = (1 - A)(l - Ai’)a Iun = Z;]:l(]' - Az)quns
J J

i1 Dymr i [RjanlllRjrgnl|Pe + 0 djyr =
AjAj. When {Ai};jzl are binary variables, b,y and d;; are
binary variables. The non-linear equality constraints between
biir, d;jj» and A can be equivalently transformed into the
following linear inequation constraints,

i <1 — Ay, Vi,

biir <1 — Ay, Vi, i

bigw > 1 — Ay — Ny, Vi, 7'

Cqn =

(37)
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djj < Aj,Vj, 5
djj’ § Aj’avjaj/
djjr > Nj + Ay — 1,5, 5

(38)

By introducing new auxiliary variables b;;/, d;;/, log(ayy) and
Ry, are transformed into the concave functions. However,
—log(1I,y) is a convex function with respect to A. Therefore,
we apply the following proposition to linearize the non-
concave part [18].

Proposition 1: Let x be a positive scalar and f(z) =
—(zy) + log(x) + 1. We have

—log(y) = max f(x)

and the optimal solution to the right-hand side of (39) is z =
1/y. According to Proposition 1, —log(I,,) is expressed as

(39)

—log(Iyn) = max —xLyy, + log(z) + 1 (40)
so that R,; is given by
N
wl = maxz Z(log yn) — TLyn + log(x) + 1)  (41)

1

For given I, the optimal = is z = +— and for given =z,
R, is the concave function of A. Therefore, z and A can be
solved by alternating optimization. In the n-th iteration, R,
is

U N
Ry, = Z Z log(ayn) — ™, + log(x(”)) +1) 42)

where z(") = (I&Z_l))_l. Therefore, in each iteration, the
objective R,; + Rg is concave.

Next we tackle the non-convex CRLB constraints in (23a)
and (23b). Let {¢ft,n = 1, ...,N}ZC:1 denote the allocation
result of sensing subcarriers on ( transmit APs obtained from
supproblem (24). In order to determine the optimal set of
transmit APs for given sensing subcarriers allocation, we
decompose A;¢™, in (23c) into Y7, A - ¢fF. To clarify
more clearly, we represent the above relationship with a matrix
expression

Aoty A oTy
L AJ¢§1 AJ‘b?N (43)
I /11 Aﬁg ¢{?‘1 leN
{11 e f]( (lg?l QE?N

where each row of subcarriers allocation matrix represents a
unique sensing subcarriers allocation pattern and A;-l denotes
the sensing subcarriers pattern selection factor of the j-th AP.
To guarantee the exclusive allocation of each pattern to a single
transmit AP, each column of the AP mode selection matrix
should satisfy E}I:1 A%, = 1. Meanwhile, each row of the AP

mode selection matrix should satisfy S5, 1 < A;C. Then,

we introduce the following Lemma, which is easy to prove.
Lemma 1: Suppose that a;;; is a real number and By;; is a

2 X 2 matrix, [ = 1,2,...,( and 4,5 = 1,2,..., J. We denote

a = [ai11, ..., Qlij, -, acyg] . Then the following equations
hold
¢ J J aTwl
[(ZzzalijBlij)7 Ju = a™Qa (44)
=1 =1 j=1
¢ J g alw
_ 2
[(ZzzalijBlij) 1]22: T (45
i £ a’'Qa
=1 i=1 j=1
where @ is a (J? x (J? matrix with
[Qluij),airjy = [Bujlul[Brirjrlea — [Buijli2[Buriy ]21,
w1 = Bii11]22, ..., [Blij]22a - [BCJJ]22}T, w2 =
[[Blllhlv ceey [Blij]lla ceey [BCJ.]]ll]T
We define S = [51117-~-;8lija-~ SC]J] .
where sy = A1 A;)  and Bil” =
N M . v
722 anl Zm:l PR@%Pk(ZvJa n,m), klij =

2 Zi:;l 2%21 Prol Vi (i,j,n,m), and according to
Lemma 1, the diagonal elements of CRLB matrices C’, and
% in (21) and (22) can be expressed as

¢ J J ST'LUP 1
[CHln =102 suBlyy) ' = STQ% (46)
1=1 i=1 j=1
¢ J J sT P2
-1
[Chlao = 1D > suiBlhyy;) Moo = STQ% (47)
=1 i=1 j=1
¢ J J sTaw"!
(Cln =[0_D2 suiBiu;) ' = STQk (43)
I=1 i=1 j=1 kS
¢ J J ST’LUU ,2
[CPlaa = (DD > suyBluij) Moo = STQk 49)
=1 i=1 j=1 kS
where QF and Q) are (J 2 x (J? matrices
with  [QF] i),y = [Blyglu[Bipigle

[Bg“jhz[Bgl,i/j/]m, [Q%](klij),(kl’i’j;j’) i =
[Blyijln[Biyijrle2 - [Bluijliz[Bryijilo1,

wy’ = ([BRii1)azs s [Bhijlozs oo [Be s gl22] 7,
w}? = [Bii11)is ooy [BRyijlins o [Bie syl
w;! ([Biiii]22, - [BRuijlez, - [Bicsl22] "
wy? = (B o Bl [Bicyyn]". The
non-linear equation constraints between s and A can be
equivalently transformed into the following inequation
constraints

Sl” < AJZ,Vi,j,Z

Slij S 1- AI;VZ3]7Z (50)

Slij Z A;l — Ai,V’i,j,l

Then we convert CRLB constraints in (23a) and (23b) into
convex ones by the following steps

ST'LU

sTQs

We denote Z = —(Q+Q™) and )\, as the minimal eigenvalue
of Z. Then, (51) is equivalent to

2
<n < —sT(Q+QT)s+;sTw <0 (51D

2
sT(Z = \.I)s + 5sTw +X.87Is <0 (52)
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Since s7Is = Y5 S 1ZJ (1= A)AS)? = (T —

¢) £ (" and Z — \.I is positive semidefinite, (52) is a convex
expression.

Based on the above derivations, the problem in (25) is re-
formulated as

max Ry, + Rg (53)
Ps
J
st Y Aj=¢ (53a)
j=1
J
S A =1 (53b)
j=1
¢
TN <AV (53¢)
=1
2
sT(Z — ArD)s+ —s"wh' + Xp¢' < 0,VE
77p
(53d)
2
sT(Z5 = M\pD)s + psng 4+ A <0,V
(53¢)
sT(ZY — A\, uI)s—l— = sTw)! + A0 ¢ <0,V
’ (53)
sT(ZY — X 2o I)s+ 2 —sTw}’ 24 Azv¢ <0,VE
(53g)
(37), (38), (50) (53h)
where P3 £ {A A, s, {by }1 1i=1 € {0, 1}, {djj: }J 1=l

€{0,1}} and A" = [A}y,--- Al -+ A ], Ry and Ry
are defined in (42) and (36) respectively. For given (, (53) is
a convex quadratic integer problem, which can be efficiently
solved by optimization tools such as Mosek. We outline the
algorithm for solving the subproblem (53) in Algorithm 2.

Algorithm 2 Algorithm for Solving Problem in (53)

1: Set the convergence tolerance A = 1075, the iteration
counter n = 1, and initialize A(O), C.
2: Repeat:

(S1) Update 2™ by z(® = (1{n~V)~1;

(S2) For given z(™ solve problem (53) to obtain
the optimal solution 73?(,”) and objective (Rg; + Rul)én),
calculate (L(];L))*l;

S3)yn=n+1.

3 Until |[(Rg + Ru)” — (Ray + Ru)" "V |<A.

4: Output: the optimal solution A* = arg max(Rg + Ruy).
¢

Computational Complexity: The computation complexity of
AO optimization for solving problem (23) depends on the
complexity of Algorithm 1 and Algorithm 2. For Algorithm
1, the computation complexity is dominated by solving SDP
problems in (24). In the CVX toolbox, the SDP is solved by the
standard interior-point method (IPM), whose complexity con-
sists of iteration complexity /G(K)-In(1/¢) and per-iteration

8
400
350 Ap1 AP6
800 - KP4
250
= Ap2 APS5
E 200t
=
150 Jes
100 [
50 detection area
0 ‘ ‘ ‘
0 100 200 300 400 500 600
X(m)
Fig. 2: Locations of APs and detection area.
TABLE I: The Simulation Parameters
Parameter | Quantity || Parameter | Quantity || Parameter | Quantity
Np 32 N 32,24 || 03,02, |-120dBm
J 5,6,7 M 16 a2 —130dBm
fe 3GHz Q 3 K 2

computation cost C. The total complexity is on the order of
VB ln (1/€)-C [19] where €>0 is a constant. In Algorithm
1, \/3 =V8K+ N +3,C=N-32K+N?-16K+2N+
6 + N3. The computation complexity of the SDP problem is
about O(v/8K + N + 3N3). Therefore, the computation com-
plexity of Algorithm 1 is O(v/8K + N + 3N3N,;), where
N, is the iteration number of Algorithm 1. For algorithm
2, the computation complexity is dominated by solving con-
vex quadratic integer problem in (53). In the Mosek, the
convex quadratic integer problem can be solved by SDP-
based branch-and-bound (BB) method!, whose complexity
in our proposed algorithm is O(v/9J2 + 12K + 2¢J®>Ngg).
Therefore, the computation complexity of Algorithm 2 is
O((V9J2 + 12K + 2(J*NppN,2), where Npp is the num-
ber of main node-processing loop of BB algorithm and
Ny is the iteration number of Algorithm 2. Assume the
iteration number of AO is Njo. The overall complex-
ity of solving (23) is O((v9J2 + 12K + 2(J3NppNe2 +
V8K 4+ N + 3N3N61)NA0).

V. NUMERICAL RESULTS

In this section, we present some numerical results to evalu-
ate the performance of the proposed algorithm. The simulation
parameters are detailed in Table I. In the system configuration,
6 APs are evenly distributed within the area depicted in Fig.
2. We assume that there are two targets in the detection area,
and three UL-UEs and three DL-UEs in the whole area. In
each experiment, the locations of targets (in the detection

I'Source codes of SDP-based BB method applied by Mosek are provided in
the website https://nbviewer.org/github/MOSEK/Tutorials/blob/master/binary-
quadratic/binquad.ipynb.
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(b) The total transmission rate vs. CRLB of velocity estimation.
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(d) The total transmission rate vs. CRLB of velocity estimation.

Fig. 3: The tradeoff between the total transmission rate and CRLB with different parameters.

area) and UEs are randomly generated. In the channel model,
elements in €5, and €,,; are independent and identically
distributed Gaussian variables with zero mean and variables

025 0c,.. and RCSjy;s are random values in [0.06,0.1].
For different multipath components, we set ZaAil a?jaq =0.1

and Zf; 102~ =0.1. The transmission rates and CRLBs are
obtained by averaging experiments with Monte Carlo method.

A. The tradeoff between communication and sensing perfor-
mance with different parameters

In this subsection, we illustrate the impact of various pa-
rameters on the tradeoff between communication and sensing
performance by solving problem (23).

Specifically, in each experiment, for given estimation accu-
racy constraints 7, and 7,,, we solve (23) to obtain the optimal
subcarrier/power allocation and APs mode selection scheme.
Subsequently, we compute the transmission rate (Rg+Ry;)/T
and CRLBs of location and velocity estimations based on (21)
and (22), respectively. Multiple experiments are implemented
to calculate the average transmission rates and CRLBs. By
varying 1, (m?) or n, (m?/s?), the tradeoff performance
between the average transmission rate and CRLBs of location
and velocity estimations with different N and P,,,, are

presented in Fig. 3(a) and 3(b). We set J = 6, ( = 2 and adopt
ZF receiver in UL of communication. It can be observed that
increasing P4, Will decrease CRLB of location/velocity esti-
mation and increase the total transmission rate simultaneously.
However, as N increases, the CRLBs of location and velocity
estimation are not improved significantly. This is because the
location estimation depends more on antennas number Np
according to (64)-(67) and elements of V', are independent of
N according to (68)-(71).

The tradeoff performance between the total transmission
rate and CRLBs of location and velocity estimations with
varying number of APs J are given in Fig. 3(c) and 3(d)(AP7
is located in (150m, 75m)). We set N = 32 and P4, = 5W.
When J = 6, AP1-AP6 in Fig. 2 are employed when J = 6
and API-AP5 in Fig. 2 are employed when J = 5. It
can be seen that when bandwidth and transmit power are
fixed, increasing the number of APs is an effective method
to improve the tradeoff performance between communication
and sensing. From equation (61), we can observe that A; has
a comparable influence on FIM as Pr. However, increasing .J
makes more contribution to the CRLB, due to the absence of
summation term ‘Y " associated with Pg.

Fig. 4 illustrates the CRLB of location estimation with
different inter-APs interference power a?. In this case, we
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Fig. 4: The CRLB of location estimation vs. inter-APs inter-
ference power o7 with different UL interference power o2.
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Fig. 5: Power allocation for communication and sensing with
different 0.

set J = 6, Pphar = 5W, N = 32. For each J%, we decrease
the value of 7, until the problem (23) becomes unfeasible.
Then, the minimized 7, which ensures (23) feasible is utilized
to calculate the CRLB of location estimation. Therefore, the
CRLB in Fig. 4 is the lowest achievable CRLB of location
estimation for given parameters. Obviously, the perception
performance will deteriorate with the increase of 0. More-
over, it is observed that the impact of 0% or o2 on CRLB is
nonlinear. When o7 or o2 exceeds a certain value, estimation
performance will suffer from serious decline. This is attributed
to the limited resources allocated for detection. From (21) and
(22), it is evident that when the expression following ‘6—22’
reaches the maximum value, the further increase of o2 will
lead to a substantial reduction in the CRLB.

Fig. 5 presents the power allocation schemes with different
0%, where 'PC’ and 'PR’ stand for the total DL transmit
power allocated to communication and sensing respectively.
We set 1, = 0.08 and then solve problem (23) to calcu-
late the total power allocated to communication and sensing
respectively, with varying o?. From Fig. 5, we can observe
that the increasing of o7 has a serious impact on sensing

performance so that when O’% > —120dBm, most resources
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Fig. 6: The tradeoff between the total transmission rate and
CRLB of location with different optimization schemes.

will be used for perception. It is intuitive that as interference
power increases, more power will be allocated for sensing to
satisfy the accuracy requirements.

B. Comparison of different optimization schemes

In order to intuitively illustrate the performance of the
proposed scheme, we consider the following schemes for
comparison.

e Baseline 1: Power/subcarrier allocation is optimized by
solving problem in (24) and APs mode selection is fixed.

e Baseline 2: Power/subcarrier allocation is fixed and APs
mode selection is optimized by solving (25).

e Baseline 3: Both power/subcarrier allocation and APs
mode selection are predetermined and aren’t optimized.

o Baseline 4: Both power/subcarrier allocation and APs
mode selection are jointly optimized by solving (23)
without CRLBs constraints, which means the optimal
total transmission rate in this scheme is the upper bound
of that of the proposed scheme.

e Baseline 5: Both power/subcarrier allocation and APs
mode selection are jointly optimized in the scenario
where UL communication does not occupy the bandwidth
allocated for perception.

Fig. 6 illustrates the tradeoff performance between the av-
erage transmission rate and CRLB of location estimation with
different resource allocation schemes. We set J = 6, N = 32,
Pz = 5W, 02 = —130dBm, 02 = —135dBm. It can be
seen in Fig. 6, the Proposed scheme achieves the best tradeoff
performance by jointly optimizing the power/subcarrier alloca-
tion and the APs mode selection , compared to Baseline 1-3,5.
As CRLB increases, the total transmission rate of Proposed
scheme gradually approaches the upper bound of the rate in
Baseline 4. Additionally, the performance gap between the
Proposed scheme and Baseline I reveals that the optimization
of APs mode selection can efficiently enhance the tradeoff
performance. In Baseline 2, the tradeoff performance consists
of five discrete points due to the fact that the optimization of
APs mode selection in (25) is a discrete optimization problem,
and the optimization results will not continuously change
with the change of 7,. It means that only when there is a
significant change in 7,, the solution of (25) and corresponding
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TABLE 1II: The simulation parameters of different network
design schemes.

CS-A o7 = —130dBm R=2 PpL — 1
CS-B 0% = —130dBm R=3 oL —

1 Byr
CS-C 0% = —135dBm R=2 BpL =3
PS-A 0? = —130dBm 03 = —110dBm
PS-B o7 = —130dBm o> = —130dBm
PS-C o7 = —135dBm o2 = —130dBm

transmission rate and CRLB will change. When both the
power/subcarrier allocation and mode selection of APs are
fixed (Baseline 3), the tradeoff performance is a discrete point
(0.045,22.4). In Baseline 5, echo signals are not interfered
by UL communication signals, at the cost of reduced UL
bandwidth, which is better than other Baselines but falls short
of the proposed scheme.

C. Comparison with different ISAC design schemes

In this subsection, we evaluate an existing ISAC network
design schemes for comparison. In the compared scheme (CS),
the ISAC system consists of coordinated communication BSs
and dedicated radar receivers under the control of a CPU [10].
Table II provides some parameters of this scheme, where R
is the number of radar transmitters. % is the bandwidth
allocation ratio of DL and UL. For a fair comparison, in all
schemes, we set J = 6, Np = 32, N = 32, P4z = W,
K = 2. In the CS, each BS uses one antenna for omnidi-
rectional transmission and DL communication signals are also
used for detection. Moreover, each BS operates in frequency
division duplex (FDD) mode so that UL is not interfered by
DL.

In the CS, R BSs are utilized for transmission and 6 — R
radar receivers collaborate to detect the targets. Each BS
uutilizes Np — 1 antennas to receive UL communication
signals and R BSs collaborate to serve communication users
under the control of a CPU. We derive the CRLB of location
estimation as radar performance metric as well as signal-to-
noise ratio (SNR) of DL communication as communication
performance metric and optimize the transmit power of each
BS with the method in [10]. Compared to the proposed
scheme (PS), the advantages of the CS are that the radar
receiver is not interfered by UL communication signals and
the UL communication signals are also not interfered by DL
communication signals. From Fig. 7, we can observe that

e Decreasing R or 07 or increasing g’;i can improve the
sensing performance of the CS. The transmission rate of
the CS is much lower than that of PS because the CS
didn’t use transmit beamforming and optimal resource
allocation. Compared with the PS, CS uses the same
signals to communicate and detect so that there is no
obvious tradeoff between the total transmission rate and
CRLB.

e From PS-(A-C), we can observe that decreasing o7 has
more improvement than decreasing 2. This is because
the interference from BSs is larger than that from uplink
users. Comparing PS-(A-C) with CS-(A-C), we can see

N
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< —6—CS-A
—6—cs8| |
Cs-C

—6—PS-A

ps)
N

N
N

PS-B |1
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N N N
=) =) =1

Total Transmission Rate (Mbj
S
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Fig. 7: Tradeoff performances of proposed scheme and CS.

that the tradeoff performance of PS is better than CS, and
the maximum total transmission rate of PS is about 36%
higher than that of the CS.

VI. CONCLUSION

In this paper, we design a DTDD-enabled ISAC system,
which leverages the OFDM-based dual-function waveform
as transmit signals. In order to flexibly support communica-
tion between diverse users and perception of specific region
while enhancing the spectrum efficiency, we adopt frequency
division mode in DL transmission to achieve simultaneous
communication and perception, while allowing UL and DL
communication to share the same frequency bands. We reduce
interference and improve the tradeoff performance between
communication and sensing by reasonably configuring APs
operation modes and optimizing resource allocation. Given
the complexity of finding the global optimum for the MINLP
problem, we employ an AO method to decompose the problem
into two subproblems, which are efficiently solved using the
PCCP method and convex quadratic integer programming,
respectively. Simulation results highlight the impact of various
parameters on the tradeoff between communication and sens-
ing performance and demonstrate the superiority of our design
over existing ISAC schemes in scenarios where inter-AP and
UL interference are effectively suppressed. Considering the
practical scenario where the links between APs and targets are
blocked, an interesting extension is to combine our proposed
method with the reconfigurable intelligent surface (RIS) [20]-
[21] by further optimizing the coding and deployment of RIS.

APPENDIX
THE DERIVATION OF F'(u)

In this part, we will provide the detailed derivation of F'(u)

as follows. Firstly, g—: in (15) can be expressed as g—f: =

Authorized licensed use limited to: Nanjing University. Downloaded on March 19,2025 at 02:56:17 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TVT.2025.3541268

ouT ouT ouT
[ 5‘;: y T 13747"' 7%]’11, where
8#;111 8ll-j111 8“]111 8I"j111 ]
Oy Opy Op de
alj’j — 6ll’j.'imn ay/j"inwl . 8ll-j'7znm aﬂj.mm
617 Oy, Opy Op dc
3NjJMN a“jJMN 3HjJMN 3HJJMN
L O¢, Ips Op g dc i
(54)
where
a)u’ji,mn :[0’ e al-‘l‘jimn o ’0] (55)
oy, OPjki
where
6/"’jimn _ [aujimn a/'l’jimn 8p’jimn a”jimn] (56)
0P ki OTjri - Ofjes ~ Oaure 0B
where
Opj; : ; .
PRI (1 = A3 (g2 Agesni/Profh et T
gkt
€7j27mAijMa7" (O‘ik)a?(ﬂkj)w]nb]mn) £ Hr
% =(1—Ay)(G2rmTAjciri/ P3¢fn672”mTf”“'L
fini
€7j27rnAijMar(aik)af(ﬂk])w]nbjmn) £ 1273
o, 27
%mn =(1— Ay)(—j—dcos airhjcjni\/ Prol,
Qe ) )\n
64727"mTfjki6_.727"”Af7'jkiad . ar(aik)af(ﬁkj)
w]nbﬁmn) £ Mo
o 27
— 2 =(1 = Ay)(—j—d cos B Ajcki/ Prot,
851@]' An

ejZTrmTije—jZTrnAf-rjM ag - a, (aik)a?(ﬁkj)
Winbin) & 1
nYjmn B
gn"j 57)
where ag = [0,1,..., Np — 1]7. Ignore interference between
targets and items related to du/0c, F(v) in (15) becomes the
block diagonal matrix below

Fi(v) 0 - 0
0 Fy(v) - 0
F(v) = : : : (58)
0 0 Fg(v)

where Fj () is the 4J% x 4J2 submatrix corresponding to
the k-th target and has the following form

J oM d
Fi(q) = %RG(ZZ Z Z Hjimn Nymm)

ey,

™ 0 0
9 M,N : : :
zgRe(Z 0 - AL 0 )
m,n=1 . . . .
0 0 Thy |

where A7} = T]ki . According to (55)-(57), a

more specific form of A7 is glven below

ufuT uruf ufua ugug
gk ué’uT uffuf uéua B g
pin. iy pfp, uf?u@

We denote A%} as %’;L:Aj(l_Ai)PR¢§%n jkl According

to the chain rule in (16), F(u) is a block diagonal matrix and
the k-th diagonal block Fi(u) is

J N M

0-2 ZZ Z Z A 1 A PR(b]nJJklA]kz J]kz

i=1 j=1n=1m=1
(61)

The inverse matrix of F'(u) is the CRLB matrix of the k-
th target. To obtain a analytical form of CRLB, we further
ignore the coupling between position and velocity estimation.
Then F'j(w) is simplified as a block diagonal matrix and we
can obtain the lower bound of CRLB by inversing the block
diagonal matrix. The block diagonal matrix form of Fy(u) is

N M
R0 33 3) SEVIRIRLR LA
i=1 j=1n=1m=1
where Wy is a 4 X 4 matrix with the following form
o | Pr(i,4,n,m) 0
lI’k(Zvjan7m) - |: 0 Vk(i,j, n7m) (63)

Both Py(i,7,n,m) and Vi (4,4, n,m) are 2 X 2 matrices and
given as follows,

[Pkl 1 = Jjri(l, DALGT (1) (64)
[Pkly o = Jjri(1, DAL 5, 2) (65)
[(Prlyq = Jjri(2, DAL T 5 (1) (66)
[Prlyy = Jji(2,) A0 T 1, 2) (67)
Vil = Jiwi(3, )AL T 1 (2,3) (63)
[Vilio = Tjki(3, ) Afg J 1 (1, 4) (69)
[Viloy = Jini(4, ) Af I 11 (2,3) (70)
[Viloo = Jini(4, ) Af I 11 (2, 4) (71)
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