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Abstract— Optimal allocation of shared resources is key to
deliver the promise of jointly operating radar and commu-
nications systems. In this paper, unlike prior works which
examine synergistic access to resources in colocated joint radar-
communications or among identical systems, we investigate this
problem for a distributed system comprising heterogeneous
radars and multi-tier communications. In particular, we focus on
resource allocation in the context of multi-target tracking (MTT)
while maintaining stable communications connections. By simul-
taneously allocating the available power, dwell time and shared
bandwidth, we improve the MTT performance under a Bayesian
tracking framework and guarantee the communications through-
put. Our alternating allocation of heterogeneous resources
(ANCHOR) approach solves the resulting non-convex problem
based on the alternating optimization method that monotonically
improves the Bayesian Cramér-Rao bound. Numerical exper-
iments demonstrate that ANCHOR significantly improves the
tracking error over two baseline allocations and stability under
different target scenarios and radar-communications network
distributions.

Index Terms—Bayesian Cramér-Rao bound, heterogeneous
radar networks, joint radar-communications, multi-target track-
ing, resource allocation.

I. INTRODUCTION

PECTRUM sharing between radar and communications
Ssystems has lately garnered significant research inter-
est in order to efficiently exploit the electromagnetic spec-
trum, a scarce natural resource [1], [2]. While radars require
wider bandwidths to deliver a high-resolution sensing perfor-
mance [3], mobile communications are witnessing an ever-
increasing demand for broader bandwidths in order to provide
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a designated quality-of-service (QoS) [4]. Spectrum-sharing
solutions address these competing requirements either by
opportunistic spectral access of broadcast systems by passive
radars [5]; spectrally coexisting legacy systems that operate
by mitigating the mutual interference with minimum design
modifications at the cost of performance [6]—[8]; or spectrally
co-designed joint radar-communications (JRC) systems [9]—
[11] that utilize a common transmit/receive hardware and
waveform.

A successful operation of these spectrum sharing systems
relies on an efficient radio resource optimization [12]-[14].
In coexistence paradigms with single antenna or with a fixed
beamforming, the resources may include total transmit power,
transmit signal bandwidth, and transmission time slots [9].
Additionally, in phased array or multiple-input multiple-output
(MIMO) systems, antennas need to be reserved for optimal
sharing [15]. In single antenna JRC systems, the resource
allocation objective is to optimize the transmit energy of the
dual-purpose waveform based on the propagation channels of
radar and communications users. In JRC systems employing a
transmit antenna array, highly directional beamforming toward
the radar surveillance area while also ensuring sidelobes on
the users offers an interesting solution [16]. In JRC systems
involving hybrid analog-digital transceiver architectures [17],
antenna selection may also be viewed as a component of
resource allocation objective.

While colocated JRC solutions continue to be comprehen-
sively investigated, distributed JRC systems involving widely
separated radars and communications transmitters remain
relatively unexamined. Among prior works, the spectrum-
sharing model in [18] comprises a widely distributed MIMO
radar [19] but studies coexistence with a simplistic point-to-
point MIMO communications. The distributed radar proposed
in [20] exploits a communications waveform but operates in
passive (receive-only) mode. The co-design framework in [21]
develops new waveforms and precoders for a distributed but
identical units of radar and communications. The displaced
sensor imaging in [22] considers identical units of radar
sensors on the same vehicular platform that coordinate timing
via communications protocols.

There are very few resource allocation studies for identi-
cal or homogeneous distributed JRC systems [23]. In such
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a system, the objective is to optimize the transmission
strategies (e.g., transmit power, duration, bandwidth) for
identical transmit systems in order to minimize the target
localization error in a dynamic scenario and maximize the
communications capacity. In the context of distributed radar
resource allocation for target localization and tracking, seminal
works have appeared recently [24]-[28]. In [24], a joint beam
and power allocation scheme was developed for a colocated
MIMO radar network. In [25], target assignment and dwell
time allocation were considered simultaneously in a phased
array radar network. Subsequently, in [26], an adaptive power
allocation was proposed with dynamic tracking threshold
adjustment based on the asynchronous working manner of the
radar networks. This was extended in [27] by considering het-
erogeneous radar (HetRad) network, i.e. comprising different
types of radar units, for multi-target tracking (MTT).

However, aforementioned prior works do not consider
spectrum sharing paradigm with wireless communications.
Additionally, the distributed nature of radar deployment,
strong likelihood of encountering heterogeneous radar units
in practice, and an ever-increasing deployment of cellular
communications potentially makes optimal resource allocation
difficult in a dynamic scenario. In each of these cases, the
resulting spectrum reuse leads to interference between the
two systems and impacts the resource allocation strategy.
In [23], resource allocation is considered for target localization
excluding additional complexities of a heterogeneous radar
network and multi-tier communications. Some recent state-of-
the-art works [29], [30] on combining sensing functionalities
in heterogeneous wireless networks (HetNets) explore the
effect of varied communications coverage areas on the joint
system performance. However, these studies do not explore
resource allocation and do not, per se, qualify as JRC systems.

In this paper, we consider a heterogeneous mix of radar
units and multi-tier communications to propose optimal allo-
cation of resources such as power, dwell time, and band-
width. Our approach optimizes the radar tracking performance
while maintaining a reliable QoS in communications systems.
Preliminary results of this work appeared in our conference
publication [31] where multi-tier communications and various
systems configurations were ignored. In this work, we fur-
ther generalize the study in [31] to the following aspects:
First, from system model perspective, we include target
Doppler in the radar measurement model and estimate all key
parameters, — range, angle-of-arrival (AOA), and Doppler
velocity — of a target. Next, we model the communications
system as a multi-tier cellular network. We also consider
the allocation of the shared frequency bands besides power
and dwell time in the joint HetRad-HetNet scenario. Finally,
a novel algorithm based on the alternating optimization frame-
work is developed to solve the resulting non-convex problem.
For each subproblem, we further propose an iterative method
to solve with low computational complexity and proven con-
vergence analyses. Our proposed alternating allocation of
heterogeneous resources (ANCHOR) algorithm for distributed
resource allocation shows roughly 10 times improvement of
tracking performance in the sense of root mean square error
over the baseline allocations.
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TABLE I
GLOSSARY OF NOTATIONS

Symbol Description
N Total number of radars
N Number of colocated MIMO radars
Ny Number of phased array radars
N, Number of mechanical scanning radars
©e Index set of colocated MIMO radars
©p Index set of phased array radars
©m Index set of mechanical scanning radars
(z4,yi) Coordinates of radar 4
M; .k number of measurements on target ¢ by radar ¢ in
fusion interval k
t;flqy E arrival time of the m-th measurement
i’;’ & Power corresponding to receiving time t’;“q’ 5
TZ(LL b Dwell time corresponding to receiving time tZLq, &
To Period of fusion interval
J Number of communications macro users
L Number of communications micro users
BI Transmission channel gain
04;77 i Interference channel gain from radar 7 to user j
f’ j Interference channel gain from userv j to radar ¢
037 j Communications noise power
57 Interference channel gain from macro user j
P! Power from user j
Af subchannel bandwidth
B Total available bandwidth
F Number of subchannels
F! Number of subchannels for user j
F} Number of subchannels for radar ¢
;’7 M Number of overlapped subchannels between radar ¢
and user j
5, b Subchannel selection vector of user j
2, & Subchannel selection vector of radar ¢
df’ j Fourier coefficients yﬁ%q after focusing at frequency
v
N Number of Fourier coefficients in each channel
dg, P Set of sampled Fourier coefficients per channel
s;’fqy E State of target ¢ from radar ¢ at th,k
y{',’q‘ & Measurement of target ¢ from radar 7 at t;’fqv b
@] w (Wi, 1) || Coordinate x (y) of target ¢ at time ¢}",
$an k(y;ﬂq & Velocity along x (y) axis of target ¢ at time tzlq b

The rest of this paper is organized as follows. In the
next section, we introduce the configurations and system
model of the heterogeneous JRC network. We formulate the
resource allocation problem in Section III and describe the
proposed ANCHOR algorithm in Section IV. We validate our
models and methods via numerical experiments in Section V.
We conclude in Section VI.

Throughout the paper, we reserve boldface lowercase and
boldface uppercase for vectors and matrices, respectively.
We denote the transpose, conjugate, and Hermitian by (-)7,
(-)*, and (-)¥, respectively. The notation Iy is the N x N
identity matrix, and 1y is a vector with all N elements
being 1. The Kronecker product is denoted by ®; ||-||, is
the £, norm; and |-||, is the number of non-zero elements
of the vector. The notation Tr{-} is the trace of the matrix,
|-| is the cardinality of a set, E[-] is the statistical expectation
function, V is the gradient operator, and N (-,-) represents
the probability density function of the normal distribution.
Table I summarizes some of the important notations in this

paper.
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Fig. 1. An illustration of HRCN, wherein radar and cellular networks share
the spectrum and their signals are source of mutual interference.

II. NETWORK CONFIGURATION AND SYSTEM MODEL

Consider a heterogeneously-distributed radar and communi-
cations network (HRCN) (Figure 1), which employs different
types of radars that simultaneously track multiple targets. The
radars operate in the same spectrum as a multi-tier communi-
cations system that comprises a macro base station (BS) and
multiple micro and macro users. The HRCN is equipped with
a fusion center for signaling, synchronization, and resource
allocation. Here, an efficient use of spectrum is possible
provided the resources are well allocated amongst radar and
communications entities. The HRCN is embedded with the
following heterogeneities:

Heterogeneity in network architecture The HRCN has
both radar and cellular network components. The
radar network comprises MIMO, phased array, and
mechanically scanning radars that are heterogeneously
distributed while tracking the same target. The multi-tier
cellular communications network has macro and micro
BSs along with multiple macro users.

Heterogeneity in allocated resources Both tracking and
communications QoS are affected by respective signal-
to-interference-plus-noise ratios (SINRs), which further
depend on the transmit power, radar’s dwell time, and
bandwidth usage. To mitigate the mutual interference and
enhance the overall performance, these heterogeneous
resources must be judiciously allocated.

In the following, we describe each of these HRCN configura-
tions in detail.

A. Configurations of the HRCN

The HRCN is a complex system with several operating units
of radars and communications that require numerous system
parameters to be optimized for multiple resources.

1) Radar Set-Up: Consider N radars in the HRCN to
track () widely separated point-like targets in the surround-
ing environment. In particular, assume N, colocated MIMO
radars, N, phased array radars, and N,,, mechanical scanning
radars with N = N, + N, + N,,, located at different
places with the coordinates {(mz,yz)}f\;l Define the sets

IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 40, NO. 7, JULY 2022

Pe £ {L'“aNc}» Pp £ {NC—I-l,...,NC—I-Np}, and @, £
{N:.+ N, +1,...,N} to index these radars. The operational
scheme of each of the radars are as follows:

Colocated MIMO radar For i € ¢., the radar 7 is capable
of pointing multiple beams to illuminate multiple targets
simultaneously. Herein, the multiple targets are illumi-
nated for the same dwell time but with different transmit
powers. Hence, the revisit time intervals for the () targets
are the same.

Phased array radar For ¢ € ¢, the radar ¢ steers the beam
to illuminate multiple targets sequentially by configuring
the phases of the transmit array. In this scheme, each
target is illuminated with identical transmit power but
with a different dwell time. Hence, the revisit time
intervals for the () targets are usually different.

Mechanical scanning radar For radars indexed by ¢,,, the
system parameters are usually fixed. The radar scans
mechanically and illuminates all the targets sequentially
with identical power and dwell time (and hence identical
revisit times).

The scanning operations of each radar are depicted in Figure 2,
where M; , 1 is the number of measurements collected from
target ¢ by radar i during the k-th fusion interval' (from ¢
to ti41); t ’q « is the arrival time of the m-th measurement
form =1,...,M; 4k P" k and Tm k denote, respectively,
the transmit power and dwell tlme corresponding to the
measurement at time Uiy - Assume that the fusion interval
is a constant denoted by To The inter-measurement duration
(Fig. 2a) at ith MIMO radar for the gth target (revisit intervals)
is denoted by a constant T;,. However, P, varies for
qg=1,...Q. In case of phased-array radars (Flg 2b), T; , are
dlfferent but P/% . is identical for ¢ = 1,...Q. Finally, for
a mechanlcally scanmng radar (Fig. 2c), both Tiq and P ,
are the same for ¢ =1,...Q.

2) Wireless Communications Configuration: Consider a
multi-tier heterogeneous network (HetNet) of communications
(Fig. 1) that consists of a macrocell (primary network) with
multiple macro users and a microcell (secondary network).
The primary network of the macro BS serves J macro users
and one micro BS. The secondary network is served by the
micro BS with L micro users. The co-existence of the multi-
tier networks, frequency reuse, and precoding has been well-
studied in literature [34]. For the HRCN resource allocation,
we make the following model to simplify the problem.

Communications downlinks The coverage areas of the
macro and micro BSs are different. When reusing the
frequencies, we assume that the macro downlinks cause
interfere to only L micro users. Similarly, the micro
downlinks interfere within the coverage area of only
micro BS. This is especially true when the micro network
is power limited.

SINR of macro user The macro BS employs orthogo-
nal frequency-division multiple access (OFDMA) for
downlink and allocates non-interfering resource blocks.

"Fusion interval [32], [33] is the period during which multiple sensors
measure and estimate independently. The target state is determined by fusing
all radar estimates.
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where (37 and P? are the channel gain and allocated
power to the j-th macro entity, respectively; o] ; is the
interference channel gain from the i-th radar; and o2 cjl1s
the noise power at the receiver front-end of jth user.

SINR of micro user To improve spectrum utilization, the
micro BS may reuse the same band of the macro BS [35]
and then apply the (non-interfering) OFDMA resource
blocks amongst the L micro users. This leads to neg-
ligible mutual interference among the L micro users.
Compared to the SINR of macro entities, the SINR for
the [-th micro user becomes

SINR;
ﬂlPlTo
SR SS L, S o P Tl 0T
(2)

where 87 PJTy represents the interference from the j-th
macro user of the same frequency; 87 is the interference
channel gain; and the other parameters are similar to their
counterparts in (1).
Codebook We assume
transmissions.

3) Configurations for Shared Bandwidth: Assume B to be
the total bandwidth available to the HRCN. The sub-carrier
interval of OFDMA A f and the spectrum is divided into F’
sub-channels with B = Af (F — 1). The allocated bandwidth
is configured as follows:

Gaussian codebook for all

Bandwidth configuration for communications To serve the
J macro entities, the communications network requires

2The radar illumination is irregular and non-continuous in a fusion interval.
Hence, the commonly used transient SINR is unavailable. Instead, we use
the average SINR as the communications metric. Additionally, the averaging
period may be replaced by the airtime 7 of the communications transmission,
which has the same expression but with a scaling constant 7. /Tp.

(b) Phased array radar.

-y M g 13 and P ik and T "ok A, respectively, the transmit power and dwell time correspondmg to the measurement at time ¢7"

e b
l H Target Q .

(c) Mechanical scanning radar.

[llustrations of scanning operations for (a) colocated MIMO, (b) phased array, and (c) mechanically scanning radars, where M; , 1 is the number
of measurements collected from target g by radar @ during the k-th fusion interval (from ¢y to tx11); t7"

Wk is the arrival time of the m-th measurement for

i,q,k"

F, subchannels of macro entities

Bandwidth of the 1-th radar ~ ..ceee.

Fig. 3. Illustration of spectrum usage for the HRCN, where each blue block
represents the subchannel or subcarriers. The occupied bandwidth of each
radar is continuous and pre-allocated.

F. sub-channels with F, = Z J, where FJ is the
number of sub-channels for the j- th user. A selection vec-
tor fj x € R, comprising of binary entries, represents
the selected sub-channels for the j-th downlink in the k-th
fusion interval. Similar operations are ascribed to the L
micro users. The bandwidth allocation (i.e. { 15, k}
may be reassigned for each fusion interval to meef the
changing demands of the wireless communications.
Bandwidth configuration for radars The bandwidth
required by the i-th radar is B; = Af - F'. Similar to
communications, a selection vector f} , € R represents
the selected sub-channels for the i-th radar during the
kth fusion interval. In this work, we fix the allocation
to N radar bands (i.e. the occupied sub-channels)
implying a higher priority to radar performance than
communications. This also simplifies the problem
formulation because only communications bands need
to be assigned. However, this may result in limited
exploitation of the opportunities offered by a flexible
HRCN.
Fig. 3 illustrates the bandwidth shared by radars and
communications, where some communications sub-channels
partially/completely overlap with those used by radars.

4) HRCN Interference: During a fusion interval, multiple
radar measurements coexist with J communications down-
links. Consequently, we have the following cases of interfer-
ence within the HRCN:

Intra-system interference As mentioned earlier, there is no
intra-tier interference arising from the non-interfering
OFDMA resource-block allocation. But spectrum reuse
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results in cross-tier interference to the micro users. For N
radars, we do not impose any limitation on the bandwidth
overlap. The interference among the N radars is assumed
to be negligible because all the constituent radars adopt
directional beams.

Inter-system interference This refers to the mutual interfer-
ence between radars and communications. The coeffi-
cients accounting for the interference from the j-th macro
downlink to the ¢-th radar and from the ¢-th radar to
the j-th downlink are denoted by «f ; and «j ;, respec-

tively. Both of ; and o ; are determlned by the spectral

overlap. The in-band interference from communications
to radar is proportional to the overlap [36]. Thus, of ; =

- T O
a5 (fix) 5 where ozﬁ ; is a constant unrelated to the

irj
bandwidth.* Similarly, o, = &}, (f5 k)T Fix» where

@} ,; 1s a constant unrelated to the bandwidth. The mutual
interference between the i-th radar and the [-th micro

downlink is analogously defined.

B. Target Tracking Model

During the k-th fusion interval, the state of tar-
get ¢ at time 7%, with m € {1,..., Mg}

T
m — m n M m m
Sigk = [mi,q,k’xi,q,k’yi,q,k’yi,q,k} » Where (mi,q,k’yi,q,k)
cm em , -
and (:Uz .k Ui g1 | denote target’s position and Doppler veloc-
ity, respectively, in Cartesian coordinate system. The state
q : : o ol _
Sy,., of the target ¢ atT fusion time {41 is sy =
q .q q “a s
|:xtk+17xtk+1’ytk+1’ytk+1:| . The state transition and mea-
surement model is

q _ m
Strpr = f (Si7q7kj7tk+1 t; s k) + ’ka

Yigr =N (Szmq k’i) + Wi g
where s}, , represents the state of target ¢ to radar ¢ at the
receive tlme t, e with m € {1,...,M;qx}, f() is the

— Qm
) Fk i,q,k°

3)

m
transition function with f ( i7q7k,tk+1 =tk
m
Lty =15k
0 1
represents the process noise, w;"
sents the measurement error, and

Vi ~ N (0,T%)
~ N (0,%7", ;) repre-

F?! = [I,®T] with T = [

m

1,9,k
h (sm ) _ m
ik t) = | Yigk
m
L Vi,q,k’
N 5 S q
m m
(mi,q,k - xz) + (yi,q, - yi)
y Yi
arctan 7;:1’7
= Tigh — Ti ,

m . -q m . - m
(mi,q,k - xz) Ty T (yi,q,k yz) Yisq,k

) )
4

c —
af . =
¥

3If the
” T
(#5.2)

selectivity.

channel is frequency-selective [37], then

df’j ® fgf’k), where the vector &f . represents frequency-

2J
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Vot Ok
 being the range, AoA and velocity, respectively.

Deﬁne Ezqk =
and o2

Viak

MSE error of the corresponding parameters in the subscripts.
As per [38], [39],

is the measurement function given by (4) with
and v},

dia (a m 02 O%m ) where
g Ry 0T Tk )
are the lower bounds on the

Uquk, U‘gm k

J c pJ 2
5 B Yo Pl ton, o,
ORp T pm _m Niq.kGi  CR
J 1,4,k 1,9,k
c J 2
_Zj—la' ’Pck—'_o—rz B (5)
097"’(1 k pm Tm i, q ki €O,
J i,q,k " 1,q,k
J 2
2 Zj—lal 'Pck’ +O—'I",’L 2
o = m o (e
vk pm Tm i q,k6i Cvs
i,q, k i,q,k

where Tm k is the dwell time* of radar 7 on target ¢,
ag; accounts for the interference coefﬁcient from the j-th
communications downlink to the i-th radar, 0’ , 1s the variance
of the noise at the receiver of radar ¢, ;" , is the radar cross-
section of the target ¢ to radar ¢ at the receive time ¢} ;. ¢
and B; are the transmit signal bandwidth and the 3dB recelve
beam width of radar 4, respectively, and cr, ¢y and ¢, are
unrelated constants. Therefore, we rewrite

mo_ E}le af Pl + o7 om ©)

i,q,k T pm _Tm ,q,k?

i,q,k" 1,9,k

where C7", ;. is the matrix that contains the above-mentioned
parameters.

II1. PROBLEM FORMULATION

The HRCN configurations presented above indicate that
the constituent radars operate in an asynchronous manner.
To circumvent the demanding synchronization requirement,
we adopt the concept of composition measure (CM), i.e., the
CM estimate will serve as the input measurements to the
tracking filter [40]. Thus, the estimation accuracy of the CM
will determine the tracking performance. It can be gauged
from (3)-(6) that the Cramér-Rao bound (CRB) of CM would
depend on resources allocated to different entities. Further,
the overall filter estimates also depend on these allocations.
Here, contrary to [27], our HRCN performance involves the
additional dimension of communications which influences
resource allocation and impacts CRB derivations.

A. Composition Measure and Bayesian CRB

A composition measure (CM) éka for each target ¢ at the
fusion time ¢34, is obtained based on all the measurements
during the k-th fusion interval yj. The CM &, ,  is an estimate
of the true state stk+1 and shown to be statlstlcally efficient
even for small sampling sizes [41]. In particular,

T
T T
q 1 T My g,k My, g,k
Yy = [(qu,k) ,---,(yl,qjé ) (quZ )
(7
R " T
L o R R ®)
tet1 tet1? tk+1’ytk+1’ytk+1 .

4The dwell time is defined as the product of number of pulses for each
measurement and pulsewidth [39].
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The measurements are independent and the probability density
function

N M gk

p(utisti,) =IL IT v (o

m

S q Ko ) 72'Tq,k) ’ (9)

where s

ik s predicted based on

q
Strs
f (SZI(L fo theb1 — &7, k,) . From the maximum likelihood (ML)

estimate, the CM is

8, = arg max [1n (p (yZ|sgk+l))} )

E]
eyt

(10)

This requires solving a nonlinear least-square problem and
the iterated least squares algorithm [42] is usually applied to
obtain the ML estimate. Following [27], we approximate the
CM covariance matrix by the CRB of sf,, —at 87, . The
following Lemma 1 states the Fisher information matrix (FIM)
of the true state.

Lemma 1: The FIM in (s?kﬂ) of the target state

q .
Stk+1 s
q
J‘.’JZ (Stk+1)
N Mgk pm m
} : } : 4k 1,q,k
_ 1,4 1,9 H (Cm ) Hm
pi T+ o2 i,q,k i,q,k i,q,k
m 7,] c,k T,
(11D

where H" | is the Jacobian of h( e k,z') on sfkﬂ with

Stkﬂ = f( Sk b1 — tifé,k)~
Proof: See Appendix A. [ |
The CM é?kﬂ and its approximate covariance matrix

J (s are the input to the tracking filter. We denote
tet1

Yi
the filtered estimate by 8{_ , which is function of &f, . The

mean-squared error (MSE) of sfkﬂ satisfies the inequality

T -1
=4 q =4 q q
Eyi [(Stk+1 _Stk+1) (Stk+1 - Stk+1) ] = [B <Stk+1):| ’

(12)

-1
where [B (sgk+ 1)} is the Bayesian CRB matrix, and
B (sgm) is the corresponding FIM that is adapted from [43]

by further incorporating the interference from communications
system. These steps produce,

N Mgk pm m

T,
4k 4,9,k A~
B(sh) =X X Cl T,
o ] laz]chk—’_O—?%,i

(13)

Am ~ mT - -1 2 m
Ciagn = Hign (Clar)  Higp (14)

~1
=4 - T

T = i+ F{B~ (sf) FYT| (15)
where H is the Jacobian of the measurement at Stwm

that is the predlcted estimate of the true target state.
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B. Resource Allocation

To avoid frequent reconfigurations of the system, the allo-
cated power and dwell time from radar ¢ on for target ¢ are
constant over multiple measurements of a fusion interval, i.e.,

M., B
Pi,q,k:Pilyq’k: quk, VQ—l,,Q (16)
M.,

Tige =T}y, =--=T. 5% Vg=1,...,Q.

Recall that the subchannel selection vectors of j-th user and
i-th radar are, respectively,

-f;,k}: [07...,
Fir=10,...,

where f; is predefined and fixed over fusion intervals. The
vectors { f;’ k} satisfy the following constraints,

1,0,...,0"
1,0,...,0"

EIRF)(l7 vj,
e RF> v,

0,1,...,
0,1,...,

A7)
(18)

min —
Fr=d (F5u) F5,=0, Vi#]
cll =1, vj,
75l =1 v
Based on the above definitions, the bandwidth overlap of

the i-th radar and the j-th user is simply (f;:k)T F5pVi=
1,...N,5=1,...,J. This yields

1% f;?’k Fe. <F
(19)

. T
{am =ai; (fie) Fix (20)
r r \1T pc
o= a5, (Fin) Fie
The FIM of the CMs becomes
N
Pi g 1T g,k -
B (s;lk ) — Z i,q,kti,q, ' Ciun
e . 4,
i=1 E] 105 (f zk) fj,kpg,k"’ag,i
+TI%, @1

= M;
where C; gp = >, """ Cl .. Hereafter, we use B (Stk+1)

and B, interchangeably. Note that the diagonal elements

~1
of {B (SZHIH are not homogeneous because of dif-
ferent units for distance and velocity. For fair optimiza-

tion, we normalize them to AB -1 ( d ) AT, where A =

stk+1
. 1 0 . . .
diag ( Io ® is the normalized matrix.
0 Ty

Define the following metric of estimation accuracy

‘ Q
g({Pik} APigrt {Tiqr}s {fg,k}) :; m’

(22)

where Tr (ABi1 (sng) AT) accounts for the total MSE

error of stk .- Therefore, maximizing this metric will lead to
reduction in the MSE for each target estimate.
Based on (1), the j-th macro throughput, V; =

1;"'7J’ is {Pik}7{Pi,q,k}a{Ti,q,k}v{f;,k}) =
5‘7Pg,kT0
log <1+ ST, M

i,q,kd;iPi,q,kTi,q,kffﬁf;k-‘rtffdTo
ilarly, the downlink throughput expression for the [-th micro
users, VI =1,..., L, is based on (2).

. Sim-
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It is natural to consider both macro and micro throughput
in resource allocation for HRCN system. However, this results
in a centralized solution to the multi-tier cellular network,
which is computationally expensive because of the high cross-
tier signaling overhead [35]. Therefore, assuming that the
microcell resource is allocated independently within the micro
BS, we consider the joint allocation over the radars and
the macro BS of the multi-tier cellular network. Without
loss of generality, our proposed algorithm is also applicable
when the micro user throughput is included with appropriate
constraints because of the linearity of interference terms in
the denominator of (2). This leads to a two-stage optimization
procedure, which could be one-shot or used in a loop; we omit
this here and focus on only macroscopic problem.

Define the optimization variables

z2e = [Piig s PNo@is TNa+ 1,10k - - -3 TNG N, Qs
(23)
T
Ply,..., Pl (24)
Fi:[fi,k7"'7f3,k]a (25)

The resource allocation requires solving the optimization

maximize g (z, F'j,)
Zk, k
subject to 7 (zg, F) > Eiv Vi
Q ,
> MigiPigp < Ploar, i€ o
q=1
Q .
ZMirq:kTiv%k S TtZ(Jt(Ll’ Vie ¥p
q=1
J .
Y Pl < Pl
j=1
k .
.f;,k € ‘7:6’ Vj.

In (26), the first constraint represents the throughput require-
ments on the J macro downlinks. The second and third
constraints, respectively, account for radar’s power and dwell
time budgets. The last two constraints represent the budgets
of communications power and bandwidth, respectively. This
is a general formulation that subsumes the problem in [27] as
a special case when only radar’s power and dwell time are
considered. For the sake of simplicity, we considered only the
macro users. However, the problem can be easily extended
to micro users and, importantly, our proposed ANCHOR
algorithm is still applicable. Overall, the problem is highly
challenging because the objective function as well as some
constraints are non-convex; variables z; and F'j, are coupled;
and constraints on F'; imply a mixed-integer programming.

(26)

IV. OPTIMIZATION METHOD FOR RESOURCE ALLOCATION

We now develop an algorithm to solve (26) of the k-th
fusion interval and, for notational simplicity, we omit the
subscript k hereafter. We employ the alternating optimization
to decouple the optimization for z and F°; this corresponds
to an alternating update of the binary frequency allocation and
the continuous power and dwell time allocation.
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A. Frequency Allocation

For a fixed z, at the /-th iteration, the subproblem of
optimizing F'° in problem (26) is

max1m1ze E

= Tr (AB 1AT)

subject to a; fj <&, Yy

Fi€Fe, Vi=1,...,J (27)
with
N Cigk g
Bq = Zi:l J T e ~ + Fk
D bl
Nz
b = —ol ok gr
2,7 Pi,q,kTi,q,kf k
N oy Q
a] - Zi:l i <Zq_1 Miqui’qTi’q> f: (28)
2
52, = Iri
(Y3 1—‘)z q7sz q,k .
. (5]P]k_0' c,j CEJ—].))TO
e = .

-1

Considering the special structure of the constraint set F.
specified in (19), define f = sj®1FL ,Vj=1,...J, where
s; is a vector of length N r= (clearly, Ny is an integer).
Thus, problem (27) is equivalently recast into

< 1
maximize —_—
) S (AB; A7)
subject to &]Tsj <&, vy
s; € {0,177
17s; =1, Vj
5785 =0, Vi#je{l,....J},
N Cigk
=1 ZJ 1~7Jsj+z7
(INf X 1;;-7“7) b@j, and &j =

)aj. Denote the optimal solution of (27)

29
where By, in (28) is recast as B, = ) .
g -

Ly by =
(INf ® 1Fr

and (29) by (f])* =8; ®1pe, and s7, respectively.

The problem in (29) can be 1nterpreted as an assignment
problem with a nonlinear objective function. The constraints
in (29) indicate that the problem is to assign an exclusive
location to the only non-zero element, i.e. 1, for each s; so that
the objective value is maximized. For the classical assignment
problem, Hungarian method [44] is a classical approach that
yields the global optimal solution with a cubic complexity.
However, it can only solve for linear objective function.
Although many subsequent works extend it to the nonlinear
cases, most of them are heuristic and only available to bilinear,
quadratic, biquadratic, and cubic objectives [45]. The objective
function of problem (29) does not belong to any of the
above-mentioned classes. Consequently, prior approaches to
the nonlinear assignment problems are inapplicable here.

Since the number of feasible assignments is finite,
an exhaustive search over the whole feasible space can always
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yield the optimal solution in polynomial time. However, for
large Ny, this approach suffers from heavy computations.
Here, simulated annealing method offers a trade-off between
computational load and optimality while solving (29). In tradi-
tional simulated annealing, computational time and complexity
are dictated by the exploration/exploitation mechanism and
the termination criteria potentially leading to global optimum.
However, in the current setting, fewer and faster computations
are preferred and hence, in the sequel, we adapt the classical
simulated annealing to account for these constraints.

1) State Transition: Note that in problem (29), each s;
should satisfy the constraints

ajs; <&, Vj 30)
s; € {0, 1N
The corresponding 8; € RN/ ¥ vj =1,... ] is
. 0, [a;], >#&
si| = " ) 31
[ j]n {17 [d]]n S 6]7 ( )

where [], represents the n-th element of a vector. Thus,
a feasible s; is generated by selecting one nonzero posi-
tion from 3;. Through this generation approach, the original
searching space is reduced. Accordingly, we propose state
transform (i.e. moving from the current {s;} to a neighbor)
in Algorithm 1. This problem-specific state transition enables
faster neighbourhood discovery within the feasible set.

Algorithm 1 Scheme of State Transition
Imput: 7 ={1,...,J}, {s;}, {5;}
Output: {s;}
1: Randomly select j € J
N — {n| [ > O}
while N # @ do
Randomly select 2 € N as the nonzero location of s;
N — M\n
if sTs; =0,Vj € J\j then
xit
end if
: end while
0: Define j be the index associated with s s;#0

R e A

—_

11: j « j and go to Line 3

2) Optimality Requirement: Denote the state transition in
Algorithm 1 by H (-) and combine it with the simulated
annealing algorithm summarized in Algorithm 2. Note that the
simulated annealing, as a global optimization approach, has
the theoretical guarantee of convergence in the probabilistic
sense [46]. However, the convergence cannot be guaranteed
for a specific run/instance. Algorithm 2 is a nested component
of the alternating optimization framework. So, it is viable
to terminate the iterations of the algorithm as long as the
objective function of problem (27) improves over the previous
iteration. This mitigates the demanding requirement on the
simulated-annealing-based algorithm to find a global optimum
while offering the designer a flexibility in the selection of the
termination criterion.
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Algorithm 2 Global Optimal Search for Frequency Allocation

Input: },{5 } {az,j} TmavammvéT
Output: {s;}

1: T «— Tmax

2: while T" > Tmln do -

. B, — Ciax 4
3 HZZIEJITJS_’_Q—Fk
£ OBl =30, srpirar
5: {S }<—H {S]})~

Ciq, ~d
6: B A ZZ 1 42‘} ) ~LJ3J+ 2 +1—‘k
7. OBJy «— Z

8: A < OBJ, — OBJ;

9: if A > 0 then

10: {s;} — {s}}

1. else if e7 >rand (0,1) then
12: {s;} « {sj}

13:  end if

14 T« T-6T

15: end while

B. Power and Time Allocation

To allocate power and time-slots, we adopt the alternating
ascent-descent method.

1) Maximin Reformulation: For a fixed F'y, |, the subprob-
lem of optimizing z is

maxizmize 9(z,Fi)

subject to r (2, F§ ) > ¢, Vj;

Q
ZMi,qPi,q < Plotars Vi€ @c
q=1

Q .
ZMi,qTi,q < Totarr Vi € ¥p;
q=1

J
> Pl < P (32)
j=1

The following Lemma 2 casts (32) to a more convenient form.
Lemma 2: Denote a set of slack variables by {Vq}qQ:r The
problem (26) is equivalent to

Q

max min

ax yuin ﬂ(VTA BAV)

q=1
subject to Tr (V,) =1, Vq

T(Z,Ferl)ZEj, V],
ZM aPiq € Piotar, Vi€ @c

Tiq < thotal’ Vi € op;

ZM
J
Z CJS totala

(33)

where A = A,
Proof: See Appendix B. [ ]



2034 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 40, NO. 7, JULY 2022

Clearly, through this reformulation, we get rid of the inverse =~ where
operation on B,.

] 0,...,0,wTin,. .. ,wigTi, 0,...,0 ],
2) Alternating Descent-Ascent Method: For problem (33), —— ’ —
we resort to the alternating ascent-decent method, which has (f’l)Q (NedNp—)Q+J
been widely applied to solve maximin problems® and has 1€ P
several variants or extensions [47], [48]. The convergence of [0,...,0, witPi1, . wigPig, 0,...,0 1,
these methods can be guaranteed under some mild conditions. ¢, = (i-1Q (Nt Ny i) Q-+
For more details, we refer the interested reader to [49], [50]. iy o
At the n-th iteration of the alternating ascent-descent r
method, given a fixed z", the inner minimization problem of [\0’ P 0,’ \0’ P 0,’ 9. 0,]
{V 4} has the closed form solution NeQ NpQ J
Z‘ S SOWL)
- -1
(A" Bi"A) | (38)
Vit = = — Va=1,...,Q, (34 0, i € g
Tr [(A B"A) ] d; = {0, i €pp (39)
ZqQ P qLigy © € Pm,
where Bg’” is obtained by substituting F';, ; and 2™ into (21). €= [u’u (40)
For the fixed {VZH}, we have N.Q Np@Q
G P fL s 65 P Fo 0], Vie (D)
Q r :
~ ~ The constraints on z of problem (36) expressed compactly are
ZTr [(AVZH) B, (AVZH)] Az < b, where
q=1 N
N, Ne+1 Ne+N
N Zqul WZqPi,qTi,q b= total’ . P)ifotal7 Ttotal yree Ttotal p’ tcotal’
— Z e : + constant,  (35) , , .
ST (S a8 ) + o2, ~02\ Ty, —02 )", @)
and
~ T . ~ - -
where W, = Tr [(Avg“) Cig (AVZ“)] > 0, and mi 0 0
the constant term is unrelated to z. Thus, the maximization 0 :
problem of z becomes
: . MN_.+N, 0
fr— T
EQ wt P, T 4 0 .1“ 1 0 1 1y @
maxnmze Z L he va e Ny, Ty, MNe
(Za 1 @585, f+1P]) o :
: c . nJ ’I’lJ nJ
subject tor(z,F“_l) >e, Vji=1,...,J L Yo ®p c .
with
z;ML quSPOtal, Vie<p0 mi:[Mi,lv"'aMi,Q]a Vi:]-v"ch"’_Npﬂ (44)
q=
j FTo .
J— ~-0
ZMz oTig < Tipars Vi€ pp e = RO’ : ',—/"O’ 1— e ’L’ : ',—/"0 » VI (45)
q=1 Jj—1 J=j
J nl, = [M1 185 F1 S e Th
] ©e 155141 g l+1+1,1
> P < Pl (36) o
Jj=1 ce vMNC,Qaj,NCfNij,eHTNu,Q ) (46)
J o o— ~r rT c
Rewrite the objective function in (36) as Ry, = [MNC+171aj-Nc+1ch+1fj-€+1PNc+1717
N Q s Mn 4N, 1% N.+N, fN +N, f§,£+1PNC+Np71
Z P;quq Z Zk + d (4’7)
) ‘ e zp + 02
i=1 (Z] 1 % Jf J, o1 P2 ) + Ur i i=l i Therefore, problem (36) is equivalently recast into
(37)
. = cl'z+4;
maximize f (z) = —
. . . z — e, z+o,,;
SFor a minimax problem, the counterpart is usually called alternating i=1 ’

descent-ascent method. subject to Az < b, z>0, (48)
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which maximizes a sum of linear fractional function over a
convex set.

Several methods have been proposed in the literature
to solve this fractional programming problem [51]-[54].
Howeyver, in order to be within the framework of the alter-
nating ascent-descent method, an incremental update on the
variable z is necessary. In other words, a global solution
to problem (48) might violate the alternating ascent-descent
method and its theoretical guarantees. Therefore, within the
alternating ascent-descent framework, the update rule of z is

simply 2" = Pz (2™ + V. f (2")), where 7 is the stepsize
parameter,

i=1

eTz“ + 0

Jei-

(ei 2n 4 U%i)2

(Cszn —+ dz) €; , (49)

and Pz (-) represents the projection to the convex set Z =
{z| Az < b,z > 0}, which actually involves solving a convex
quadratic problem.

3) Computational Complexity and Convergence Analysis:
The proposed method for the power and time allocation is
summarized in Algorithm 3. The overall computational com-
plexity of Algorithm 3 is linear with the number of iterations.

Algorithm 3 Alternating Ascent-Descent Method to Power
and Dwell Time Allocation

IHPUt: {Bq} ’ {C’iﬂ} ’ {Ptzotal} ’ { otal}
Output: Allocation vector z

I:n«<—0

2: initialize a feasible 2"

3: repeat

4:  calculate Bg’” by (21)

s Vit (A BLA) /Tr[( "Bi"A) 1}
(Avg“) Ci (AV)
(39),

total’ {Mm} ) F?

i,q

7. Calculate c¢;,d;, e;,b, A by (38),
and (43) .

n N e z +o’ ci—(c; z"+d; )e;

8 Vof(2") < X = (ev ZMFU(z )’ )

9: 2"t — P (Zn +nV.f (Zn)) '

10 n+<—n+1

11: until convergence

6: wit — Tr [
41), “42)

T _n

For the convenience of analysis, we focus on the deter-
ministic cost on a per-iteration basis, which mainly comes
from the following sources: VZH, ng’q and z"*t!. The

computational cost of {V]*'} is linear with O (Q) due
to the matrix multiplication and inverse of (ATBg’”[X

a constant. Similarly, the computational of {w{fq} is also
linear with O (QN). The update rule of 2"*! involves the
projection operator Pz (+), which is, in fact, to solve a convex
quadratic problem. The MOSEK optimization package will
reformulate the problem into epigraph form by introducing an
additional slack variable. Consequently, there is a second order
cone constraint and the remaining constraints are linear. The
computational complexity of solving the reformulated problem
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is therefore upper bound by O ((NCQ + N,Q + J)3'5), the
same order as second-order cone programming. The conver-
gence of Algorithm 3 is stated by the following theorem.

Lemma 3: Assume {z"} to be the generated sequence of
Algorithm 3. Then, every limit point of the sequence {z"}is
the stationary point of problem (32).

Proof: See Appendix C. [ ]
The convergence of the combined algorithm ANCHOR to
solve problem (26) is stated in the following Lemma 4.

Theorem 1: Assume that Algorithm 2 outputs an (sub-)
optimal solution, then the sequence {g(z¢, Fy)} is non-
decreasing and converges to a finite value, where (z¢, F'y)
is generated by Algorithm 4 at the (-th iteration.

Proof: See Appendix D. [ ]

Algorithm 4 summarizes all steps of ANCHOR.

Algorithm 4 Alternating Allocation of Heterogeneous
Resources (ANCHOR)

Illpllt: Pes Ppr Pm, {Ptiotal} ’ { otal}
Qutput: Resource allocation vector z

1: 00

2: initialize a feasible z,

3: repeat

4. update Fy, , via Algorithm 2
5

6

7

otal7 {M ,q}

update z¢; via Algorithm 3
L—1l+1
: until convergence

C. Algorithmic Workflow

The ANCHOR algorithm is applied to allocate resources for
a fusion interval. It is expected that the optimized resource
allocation will improve the accuracy of the CM éfkﬂ and

its covariance matrix J_ vl (stk+ L) which further enhances
the tracking performance based on Kalman filter. At the k-th
fusion interval, s{_ is the filtered estimate of the target state
sgk of the last fusion interval and assumed to be known, and
8}, ., is the CM estimated based on the measurements yj.

Based on the system model as equation (3), we have

<4 _ <4
Stk+1\k - f (Stk\k7T0)

Chp =15+ FLCy Fi 50)
ggk+1\k+1 = ka+1uc + Ky (égkﬂ S?k+1\k)
Clitipsr = (I-Kji,) Chiip

where sf  ~and 5] are the predicted and filtered

estimate of the true target state, respectively, and Ck 1k
and C k141 are the corresponding covariance matrices, and
K7 | is Kalman gain with

1 -
Ky =Cliap |Claape + Iy (Sgk+1)i|

The filtered estimate égkﬂ‘kﬂ is the prior knowledge of the
Kalman filter for the next fusion interval. Note that the
initial state sj, =~ and its covariance matrix C|, are usu-

(51

ally estimated. The workflow of the resource allocation for
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Fig. 4. Resource allocation procedure for HRCN. The symbols represent
either the inputs or outputs of the related modules.
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Fig. 5.  Test scenario of the HRCN with three types of radars, which
coexist with communications BS and users, tracking two moving targets
simultaneously.

the HRCN 1is summarized in Fig. 4. We observe that the
entire resource allocation procedure proceeds in an iterative
closed-loop as the Kalman filtering process. As the fusion
interval elapses, the resource allocation iteratively improves
the Bayesian CRB matrix of Kalman filtering thereby leading
to an enhanced tracking performance in the sense of smaller
estimation covariance.

V. NUMERICAL EXPERIMENTS

We conducted extensive numerical experiments to evaluate
the performance of our proposed resource allocation algorithm
ANCHOR for the HRCN scenario. Throughout the experi-
ments, unless specified otherwise, we employ the following
parameter settings:

1) HRCN scenario settings: We consider a typical outdoor

scenario (Fig. 5), where target 1 and 2 start from

the locations (—2 km,—4 km) and (4 km,2 km)
and move with the velocities (50 m/s,50 m/s)
and (—25 m/s, —50 m/s), respectively. We deploy

heterogeneously-distributed radars to track the two
moving targets. Specifically, we set V., = 3 colocated
MIMO radars (MMRs), N,. = 3 phased array
radars (PARs) and N,,, = 2 mechanical scanning
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TABLE 11
INITIAL SETTINGS

Radar Type MMR PAR MSR
Index 1 2 3 4 5 6 7 8

Target 1 Initial time (s) 2 25 3 23 3 32 32 21
revisit interval (s) 2 2 2 3 2 2 25 25

Target 2 Initial time (s) 2 25 3 3 35 38 4 35
revisit interval (s) 2 2 2 3 2 2 25 25

c 1

S 2

g3

L 4

<s

36

57

% 8

2 9

“ 10 \ -
1 2 3 4 5 6 7 8

Radar Index

Fig. 6. Preassigned frequency allocations for the 8 radars, where each block
represents the bandwidth A f.

12

N

—©— Optimized Allocation
Uniform Allocation
Random Allocation

——Power and Time Allocation

4t : J
I— Frequency Allocation|

Iteration

Objective Value

Fig. 7. Comparison of allocation methods in terms of the improvement in
the objective value; the insets depict performance improvement with iterations
for allocating power-time (top) and frequencies (bottom) for a given outer
iteration index.

radars (MSRs), and their locations are randomly
generated in the region of interest. The duration of a
single fusion interval is 75 = 10 s. With respect to the
staring time ¢ = 0 of a fusion interval, the initial and
revisit time of these radars are provided in Table II. For
the HetNet, we consider only the downlink transmission
from a BS to J = 6 devices, which are randomly placed
within the BS coverage area. For the shared bandwidth
between radars and communications, assume that the
total bandwidth is B = 400 MHz available, for example,
in X-band and higher spectral bands) and the unit
interval is Af =4 MHz (i.e. B/Af = 100 frequencies
to be assigned). Fig. 6 demonstrates pre-assigned radar
frequencies, where each block represents a 40 MHz
frequency band.

2) Algorithmic parameter settings: We set Tax = 1000,
Timin = 0.1 and 67T = 1. For the alternating ascent-descent
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Fig. 8. Power allocation in MIMO radars for (a) Target 1 and (b) Target 2, where all powers under three allocation schemes are normalized by the counterpart
of uniform allocation for each radar. Time allocation in phased array radar for (c) target 1 and (d) target 2, where the allocated time is normalized similarly

as in uniform allocation.

method to power and dwell time allocation, both power
and dwell time are initialized using the uniform allocation
(e Pigr = Ptiotal/NC’ Pc],k = P/ J and T; g =
T} .1/ Np), and the stopping criterion is the increase of
the objective value is less than 1 x 10~%. The ANCHOR
algorithm stops when the objective value increase is less
than 1 x 10~ or the number of iterations is beyond 100.

3) System parameter settings: All interference channel
gains® and noise power are obtained by squaring the value
generated from the Gaussian distribution. In the Kalman
filter, justified by the fact that the tracking is along a series
of fusion intervals, the initial state 3?1 is set as the true
target state with Gaussian noise of standard deviation 5%
of the true value. The corresponding initial covariance
matrix C‘fll is usually set to the estimated covariance in
the previous fusion interval. However, this information is
not available to us and hence we set it to be 10-times
scaled version of the covariance matrix used in the state
model.

A. ANCHOR Performance Within a Fusion Interval

We first explore the performance of ANCHOR within a
fusion interval and subsequently consider its performance
across intervals.

1) Convergence and Optimized Objective Function:
We assess the performance in the k-th fusion interval (i.e. from
tr to tx41). Note that the Bayesian CRB matrix By, and the
Kalman estimation covariance matrix C';, should be available
as the inputs to the Bayesian tracking scheme in the k-th
interval. We initialize them with an estimate ( i.e. an amplified
version of the state covariance matrix), as is typical in Kalman
filtering given that they will converge quickly after the initial
phase [58]. Recall that the tracking performance depends on
the improvement on the Bayesian CRB, which is evaluated by

%We assume block fading for the interference channel gain, wherein it is
a constant over a fusion interval. However, it may be appropriately changed
depending on the actual operating band [55]-[57]. This also applies to other
interference channel gains.

Q 1

= n(xE (o, JA)
we compare the improvements of the objective value under
three resource allocation schemes for the k-th fusion interval
in Figure 7. For random allocation, we randomly generate the
allocated resources satisfying the constraints of problem (26).
The uniform allocation distributes the resources equally. The
optimized allocation is designed by our proposed algorithm
ANCHOR, in which the uniform allocation serves as initializa-
tion. Given ANCHOR is based on the alternating optimization
method solving two subproblems, we also demonstrate the
two nested iterations of the ANCHOR for the first outer
iteration. We note that, based on the two nested iterations,
the ANCHOR can increase the objective value monotonically
as the outer iteration index increases. Compared to the other
two allocations, the converged objective value of the optimized
allocation is much larger.

2) Radar Resource Allocation: Fig. 8 demonstrates the
allocated radar resources for three methods (random, uni-
form, and ANCHOR). All values are normalized by the
counterparts of the uniform allocation. Note that for the
PARs with the optimized allocation, only target 1 is tracked
by using radar 5 and 6. In fact, the designed dwell time
Ty, Ta2,k,T5,2,, and Tg 2, are close to zero numerically,
which physically means that the corresponding radars stop
scanning at some given time. While it is intuitive that the
tracking performance is improved by increasing the power
and dwell time as they potentially increase the SINR of the
receiving measurements. However, in an interference scenario,
we cannot increase all resources while satisfying various
constraints and maintaining lower mutual interference. Thus,
a trade-off is achieved via the optimized allocation (Fig. 8).

3) Communications Resource Allocation: Fig. 9 shows the
power and frequency allocation for the communications down-
link transmissions, where the throughput margin is defined
as the difference between the achieved and required through-
put. Note that the constraint parameters are set to satisfy
the uniform allocation in the simulations. Consequently, the
throughput margins of the uniform allocation in Fig. 9a

the objective function . Therefore,
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Power Allocation

User6.

(a) Allocation of communications power (left) and throughput margin (the
difference between the achieved and required throughput) (right).

Optimized Uniform Random
1 1 1
2 2 2
c 3 c 3 c 3
g 4 T 4 T 4
%5 zs | | 25
£ g £ g £ g
9 9 9
10. 10 10
123 4 5 6 41 2 3 5 6 123 4 5 6
User Index User Index User Index
(b) Frequency allocation to communications system.
Fig. 9. Resource allocation for communications downlinks.
TABLE III
RMSE AND ESTIMATED TARGET STATES
OVER 500 MONTE CARLO TRIALS
Allocation CRMSE (m) Target Estimated Target State
T
Optimized 12.8830 ! [~1.5,50, —3.5, 50]
2 [3.7497, —25.1,1.499, 50| 7
T
Uniform 873946 1 [—1.4998, 50, —3.5001, 50]
2 [-3.75,25, —1.5,50]T
T
Random 113.5374 1 [—1.4997,50.1, —3.5002, 49.9]
2 [3.75, —25,1.5001, —50] T

are all zero among the users. Interestingly, all users in the
random allocation have margins to their throughput thresholds.
Compared to the random allocation which only needs to satisfy
the constraints of the optimization problem, the ANCHOR
allocation optimizes the Bayesian CRB while being feasible
to the constraint set. In practice, if the throughput margin is
necessary, it is always achieved equivalently by increasing the
throughput threshold for the optimized allocation probably at
cost of a slight degeneration on tracking performance.

4) State Estimation Performance: For the three allocations,
we compare the tracking performance in Table III, where the
calibrated root mean square error (CRMSE) is

Q N,
1 ~q(n) 2
crmsE =3y (o fla (s -] ). o2
q=1 1

t \iT

with N; being the number of the Monte Carlo trials, and the
estimated target state is averaged over the IV, states. The true
target states at time {,4; are given by stlk+1 = [ — 1.5 km,
50 m/s, —3.5 km, 50 m/s] " [3.75 km, —25 m/s,

and ska =
1.5 km, —50 m/s}T. Although the averaged target states are
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Fig. 10. Average CRMSE of the first fusion interval over 15 different testing
scenarios.

estimated well for all the three allocations, the optimized
allocation achieves the smallest CRMSE on average, which
reflects the estimation stability over the 500 trials.

5) Performance Across Scenarios: To explore the statistical
stability of the proposed allocation algorithm, we demonstrate
the CRMSE performance over 15 different testing scenarios.
In each scenario, the radars are randomly placed to track
two targets with randomly generated initial states. The BS
is also randomly placed and the communications users are
within the BS coverage. The system parameters are initialized
correspondingly by the same distributions used in the previous
experiments. Fig. 10 shows the CRMSE of a single fusion
interval, where the initial By, and Cy ;. are randomly gen-
erated for different scenarios. Each CRMSE value is averaged
over 200 Monte Carlo trials. Clearly, over these scenarios,
the average CRMSEs for the optimized allocation are roughly
between 100 m and 800 m, which are further improved in the
subsequent fusion intervals.

B. ANCHOR Performance Across Fusion Intervals

We conducted the experiments over 10 consecutive fusion
intervals indexing from £ = 1 to £ = 10. Based on the allo-
cated resources, we update {BZ+1 }qu1 and {Cji1)k+1 }qul
of the k-th fusion interval as the inputs to the next interval.
To evaluate the efficacy of the consecutive tracking scheme,
we initialized By and C\; with a significantly amplified
version of the state covariance matrix as a rough guess on
the initial state. The tracking estimation is conducted based
on (50) and the performance is averaged over 200 Monte
Carlo trials. The trials are independent and each of them
run the 10 consecutive fusion intervals completely. Fig. 11
demonstrates the averaged values over multiple fusion inter-
vals. Starting with the same values, the optimized allocation
improves the objective value significantly compared to the
other two allocations. Besides, for the random allocation, it is
expected that the objective value fluctuates over the different
intervals.
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Fig. 11. Average performance over multiple fusion intervals. Left: Average
CRB; right: Average CRMSE.
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Fig. 12.  Average deviations of target location and velocity.

In terms of the average CRB, the average CRMSE perfor-
mance over 200 Monte Carlo trials is demonstrated in Fig. 11.
The CRMSE values of the three allocations at the first fusion
interval is extremely large and close to each other. Recall
that we set By and Cy|; with large values to represent a
rough initial guess, and thereby we infer that the first tracking
performance is heavily influenced by this “bad” initial guess
and the improvement brought by the optimized allocation
is negligible. Although the first tracking performance is not
usable, all three CRMSE curves monotonically decrease with
the fusion interval. This validates the efficacy of the Bayesian
tracking scheme. The optimized allocation achieves the small-
est CRMSE over all fusion intervals.

Fig. 12 shows the tracking performance by inspecting
the average deviations of location and velocity over all the
intervals. Each average deviation is obtained by calculating
the RMSE similar to (52) without matrix A. Compared to
the uniform and random allocations, the optimized allocation
consistently performs the best over all fusion intervals for
both the location and velocity derivations; this is consistent
with the result in Fig. 11 indicating the average CRMSE of
the optimized allocation as being the lowest. In addition, it is
interesting to note that the velocity derivation has a relatively
large fluctuation at the second fusion interval compared to
the monotonicity of the location derivation. To explain this
phenomenon, recall that each radar can only observe the
radial velocity in our system model and thereby an accurate
estimation on target velocity relies on the information fusion
from all radars. Each radar is expected to provide some
“unique” information about the velocity, which requires a
proper placement of the radars with respect to the tracking
target. Otherwise, the velocity ambiguity cannot be reduced
substantially and consequently leads to unsatisfying velocity
estimation.

VI. SUMMARY

We considered spectrum sharing between heterogeneously-
distributed JRC with the goal of tracking multiple radar
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targets while maintaining the throughput levels for the com-
munications downlinks. Within the asynchronous multi-target
tracking framework, we proposed a Bayesian CRB-based
metric for optimization, which further depends on the sys-
tem resources (i.e. radar and communications power, dwell
time, and shared bandwidth). The resulting resource allocation
problem was non-convex and involved discrete and continuous
variables. We solved this through our proposed ANCHOR
algorithm based on the alternating optimization framework
with guaranteed monotonicity. The frequency and power-
time were allocated alternately. Our numerical experiments
illustrated the key algorithmic and system aspects of resource
allocation. We demonstrated that, compared to the trivial
uniform and random allocations, the system performance is
significantly improved by properly allocating the accessible
heterogeneous resources of both radar and communications
through ANCHOR algorithm. This study is helpful in meeting
challenges of next-generation wireless systems where het-
erogeneous networks are envisaged such as different radio
access technologies (RATs) and cell-free massive MIMO
systems [59].

APPENDIX A
PROOF OF LEMMA 1

By definition, the FIM J (sgkﬂ) is Jys (sgkﬂ) =

T
|4 g

E [vsgk-%ﬂ Inp (yk|st’“+1)} [vszw—l Inp (yklst’“‘*l)}

Since the measurement y; follows a normal distribution with

q| 4 _ N M; g,k m . m
p (yklstk+1) - Hi:l Hm ! N(h (si,q,k’l) 7Ei,q,k)’ we

have

Ve Inp (yZIS?M)

N
i=1

HL (200 (vl —h(sl i) (53)

M q.1
m

=1

where ank is the Jacobian matrix of & (Squ) on Sgkﬂ
based on sf, = f (Sif’;,,wm _ tl”qk)
We have
. AT
E (b (7o) (0~ B (5 0) ]
" i =7 —
— i,q,k " p=p (54)
0 otherwise.

o . . q _

Hence, substituting (53) into Jy‘;i yields JyZ (stkﬂ) =
N M; g,k Pk Tk mT m -1 m
Zi:l Zm ! 2171 ac P‘7k+02, ) Hi,q,k( i,q,k) Hi,q,k"

J i,j° ¢

This completes the proof.

APPENDIX B
PROOF OF LEMMA 2

The inner minimization problem w.r.t. {V,} is
< T
. T % <
mlfl‘llrzl}}ze qul Tr (Vq A BqAVq)

subject to Tr (V) = 1,

Vg=1,...Q, (55)
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which is further decoupled into @ subproblems as
minimize Tr (VA" B,AV,)
VLI
subject to Tr (V) = 1. (56)
Problem (56) has the Lagrangian L (V,2,) =
Tr (VqTATBqAVq) + A\ (Tr(V,)—1). Following the
Lagrangian method yields

O G R"B,AV, + AT =0
oV
oL Tr (V 1=0 7
Ny r(Vy) —1=0,
which has the solution
~T ~\ 1
(A BqA)
V= - —= =0
Tr [( B,A) } .
—2
Ay = — T
Tr[(A BqA) ]

Substituting the expression of V; into the objective function
of problem (33), we have

Q Q

S ((vi) A BAV,) =Y __r
g=1

= T (AB;'AT) >

which is the objective function of problem (26). This com-
pletes the proof.

APPENDIX C
PROOF OF LEMMA 3

Define w(z,V,) = Tr (VqTATBqAVq) and @ (2) =
{mVHi Zqulw(z,Vq), which is the objective function

of problem (33). The function w(z,{V,}) is differen-
tiable in z and the feasible set Z is convex. Fur-
thermore, w(z,V,) is strongly convex in V, and
the set V, = {V,Tr(V,) =1,V, >0} is compact.
Thus, by applying the Danskin’s theorem [60], we have
Vi (z) = S0 0v,w(zV,y)|v,—v:. where V) =
arg min

q

{Tr (VqTATBq[XVq)} From this per-
Ti(V¢)=1,V4>0

spective, the update rules of Algorithm 3 can be merged into

2" = Pz (2™ — nVa (2")). By applying [61, Theorem 31]

with e = 0 (due to the availability of the optimal V'), we arrive

at the conclusion that the sequence {z"} will converge to the

stationary point of w (z) for z € Z.

APPENDIX D
PROOF OF THEOREM 1

At the /-th iteration, the objective value of problem
(26) is g (z¢, Fy). We have g (z¢, Fj) < g(ze,FEH) <
g(zul,FE +1)’ where the first inequality holds because
of Algorithm 2, and the second inequality holds because
Algorithm 3 converges to a stationary point. Thus, the
sequence {g (z¢, F7)} is non-decreasing. Since the objec-
tive function ¢ (z, F') is upper-bounded, the non-decreasing
{9 (z¢, F7)} will converge to a finite value.
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