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Abstract—Joint communication and positioning will be a crit-
ical driver in future wireless networks for emerging application
areas. Supporting mobility, Ad-hoc networks can freely and
dynamically self-organize an arbitrary and temporary network
topology without any pre-existing infrastructure. Combined with
millimeter-wave (mmWave), Ad-hoc networks can construct com-
munication links with less time and higher directivity due to
directional antennas and building blockage. The wide spectrum of
mmWave could provide a high-oriented channel for positioning,
which is significant for multi-user conditions. In this paper, we
concentrate on high-efficiency algorithms to allocate spectrum
and power to different services and achieve a performance
tradeoff between the communication and positioning process.
Besides, the severe interference between users would degrade
the actual system performance. To address these challenges, this
paper proposes an optimal clustering algorithm based on the
mmWave Line of Sight (LoS) probability to form two different
sub-nets for communication and positioning services, respectively.
Then, the available spectrum resources are divided into two
parts for the above sub-nets under the Filtered-Orthogonal
Frequency Division Multiplexing (F-OFDM) technique, which
could design sub-bands independently. Finally, we proposed an
optimal algorithm to allocate sub-bands and power to improve
the performance of the communication sub-net while guaran-
teeing the positioning performance in the corresponding sub-
net. Numeric simulation results demonstrate that the proposed
resource allocation algorithm could achieve better performance
both in the communication and position process.

Index  Terms—Joint communication and positioning,
Millimeter-wave, Clustering algorithm, Resource allocation, Ad
hoc network.

I. INTRODUCTION

OINT communication and positioning is expected to be a
J key technique in promoting the construction of connected
and autonomous vehicles (CAVs) networks [1], smart cities
[2], and the Internet of Things (IoT) [3]. With the ever-
increasing demand for precise positioning in many emerging
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applications, the Global Navigation Satellite System (GNSS)
with meter-level accuracy has become increasingly inadequate
in providing high performance, seamless, wide-area location
services [4], especially in indoor environments, valleys, and
other harsh environments. An Ad hoc network is a system of
wireless mobile nodes that can freely and dynamically self-
organize an arbitrary and temporary network topology with
less networking time consumption and no demand for pre-
existing infrastructures [5]-[7]. As a convenient infrastructure-
free communication tool, Ad hoc networks have also be-
come an important positioning solution in harsh environments.
Orthogonal Frequency Division Multiple Access (OFDMA)
technology can divide the total system bandwidth into a set
of orthogonal sub-carriers that can be allocated to multiple
users for simultanous transmissions [8]. Each wireless mobile
node in the OFDMA Ad hoc network can transmit signals
directly with other nodes without the eNB. With the enormous
available bandwidth, it is also attractive for Ad hoc networks
to operate in the mmWave frequencies. In addition, mmWave
Ad hoc systems may experience less interference due to
directional antennas and building blockage [9]. As two key
enablers for future wireless systems [10]-[14], the application
of mmWave and massive multiple-input multiple-out (MIMO)
technologies would confer higher multi-path resolution in both
time and angular domains and could enable high-accuracy
positioning [15]. Hence, combined with such technologies, it
would be beneficial to deliver flexible and thorough joint com-
munication and positioning services that could realize a high-
oriented position and high-rate communication simultaneously
based on mmWave Ad hoc networks [9], [16], especially for
Base Station (BS)-free scenarios [17].

In joint systems, the communication performance can be
improved at the cost of reducing the sensing performance [18],
which is the performance trade-off between two services. To
realize a trade-off between the communication and positioning
services, there would always be a resource competition in
joint communication and positioning. This emphasizes the
importance of efficient resource allocation algorithms when
the available resources are limited, such as time slot, frequency
spectrum, and power. In [19], the author states the relationship
between achievable position quality and data rate in different
beam training times. Based on [19], the author redistributes
the wireless transmission frame structure with the initial access
part, data transmission part, and position part [20]. In addition,
the optimal tradeoff between communication capability and
positioning quality is posed based on different mmWave beam



training strategies in [21], [22]. Nevertheless, they do not
consider the specific resource allocation algorithm but only the
beam training. In [23], [24], the authors propose an optimal
power allocation scheme to minimize the average positioning
error while satisfying the quality of services (QoS) demand
and power budget constraints. They achieve the tradeoff
between communication and positioning. However, they do
not consider other effect elements to acquire more general
conclusions. In [25], the author investigates different time-
frequency resource allocation strategies in an mmWave frame-
work considering communication and localization services
in a multi-user multi-carrier case. However, their resource
allocation algorithms regard the time-frequency block as the
minimum unit in lack of the element of sub-carrier and could
not fit the actual changing needs.

In addition to communication and positioning performance,
joint communication and positioning also needs to guarantee
the QoS demand for each user in a multi-user case. [26] in-
vestigates the channel width self-adaption scheme for OFDMA
multi-hop Ad hoc networks, which leads to rewarding resource
allocation. However, for quintessential Orthogonal Frequency
Division Multiplexing (OFDM) or OFDMA, there would be
only one default parameter setting mode in the air interface
technology, such as fixed cyclic prefix, sub-carrier interval, etc,
which makes them formidable to support diversified applica-
tion scenarios [27], [28]. Therefore, [29] proposes the concept
of F-OFDM, which is evolved from OFDM and extended to
be a more applicable technology in virtue of lower spectrum
leakage and smaller out-of-band interference by setting sub-
band filters at the transmitting and receiving terminals. And
[30] examines a multi-service resource allocation method in
the F-OFDM system. However, the author does not mention
joint communication and positioning. The growing number of
users will cause more serious multi-user interference, which
would significantly degrade communication and positioning
performance. In [31], the author studies beam selection and
power allocation problems, and achieves a large rate-accuracy
region compared to conventional schemes. However, it ignores
the interference between users. For this aspect, [32] made
researches on cluster schemes based on mmWave LoS prob-
ability to enhance the connectivity among a single cluster
against severe path loss from None Line of Sight (NLoS)
scenarios. Combined with optimal resource allocation algo-
rithms and effective clustering schemes, joint communication
and positioning based on mmWave Ad hoc networks and F-
OFDM could realize better comprehensive performance with
little interference.

The quality of experience in wireless networks highly de-
pends on both the accuracy of positioning awareness [33] and
the communication capability. To the best of our knowledge,
in the context of joint communication and positioning, there
is no existing work about addressing the demand for flexible
division of frequency spectrum and power which could achieve
positioning awareness and communication capability for the
mmWave Ad hoc system based on F-OFDM. Against the
existing approaches, the key contributions of this paper are
as follows:

o Considering to adapt to the different characteristics of

communication and positioning service, we establish a
joint communication and positioning system model based
on F-OFDM in mmWave multi-hop Ad-hoc networks.
According to the different service functions, we recon-
struct the integrated network into an independent com-
munication network and positioning network.

e We use the LoS probability between users to be the
similarity metric for clustering, and propose the modified
LoS-AP clustering algorithm for mmWave systems to
form two independent sub-nets for different demands of
communication and positioning services. And each sub-
net would be transferred into several non-intersecting and
non-overlapping clusters.

o We divide the feasible spectrum into two sub-nets based
on F-OFDM and investigate the joint resource allocation
problem in two sub-nets corresponding to sub-bands and
power. We could solve it with a modified Generalized
Benders Decomposition (GBD) algorithm, in which the
basic idea is to decompose the primal problem into two
iterative sub-problem. The proposed effective allocation
scheme could achieve a higher sum rate in the constraint
of positioning accuracy.

The rest of this paper is organized as follows: Section II
describes the mmWave channel property and comprehensive
system model. Section III introduces the performance metrics
and cluster methods. Section IV presents the optimization
problem and proposed transmission scheme. Section V shows
the simulation results. Finally, the conclusions are stated in
Section VI.

Notations: The transpose, conjugate, and conjugate trans-
pose are denoted by (-)T, (-)*, and (-)H, respectively. E {-}
denotes the expectation of any estimation variables.

II. SYSTEM MODEL

This section describes the mmWave channel model for
communication and positioning respectively, and the joint
communication and positioning system model in the mmWave
Ad hoc network based on F-OFDM. The mathematical repre-
sentations for mmWave received signal are also presented here,
which are prepared for defining performance metrics and the
proposed transmission scheme in the next section.

A. MmWave channel model

Accounting for the unfavorable drawbacks of NLoS scenar-
ios, the subsection would only consider LoS paths [34], [35].

1) Path loss model: In 3GPP, there are massive well-known
channel models broadly employed in industry, such as UMi,
UMa, etc [36]. They provide key channel parameters including
LoS probabilities, path loss models, path delays, and path
power levels. The Free Space Path Loss (FSPL) model usually
be used to describe the loss of LoS paths over distance at all
relevant frequencies [35]. As a standardized basic modeling
method, the FSPL model determine the path loss with distance
and frequency and can be written as:

FSPL (fc, di,j) =324 + 20 loglo (di,j) + 20 logw (fc) s
(1



where d;; and f_ are the Euclidean distance between node i
and j in 2-Dimension and the carrier frequency, respectively.
From (1), d; ; could be expressed as:

Loss;; —20log1g(fc)—32.4

dij =10 20 s (2)

where Loss;; is the mmWave path loss between node 7 and j.

According to the standard of 3GPP TR 38.901 for UMi
scenarios, mmWave LoS probability between node i and node
Jj could be presented by

d —d;;
LOS _ _ - 1 2.
P;7” = min (dz]7 1) (1 — exp (cl;))
+ ex —dis
P dy )

where P09 is the mmWave LoS probability, namely it

3)

could distinguish LoS path to some extent, d; and d are fit

parameters with constant values.

2) Positioning model: In the mmWave MIMO systems, it
is possible to estimate distances and angles accurately by
a large bandwidth and beamforming [37], [38]. Consider a
wireless mmWave downlink scenario consisting of a known
anchor node equipped with N; antenna elements and two
user nodes, each equipped with N, antenna elements. The
precoding vector of the anchor node for n-th sub-carrier is
denoted as f,, € CNt. Thus, these two user nodes’ positions
relative to the anchor node are illustrated in Fig.1, given as
P, = [p%,p4]" € R% Fig.1 also describes the LoS mmWave
channel parameters including ¢,, € [0,7), 0, € [0,7), and 7,
which are angles of arrival (AoA), angles of departure (AoD),
and time delay respectively.
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Fig. 1. Example of deployment with 1 anchor node and two user nodes at
location p; and p, respectively.

In fact, there are multi-path components (MPCs) in the
mmWave communication. However, when no prior knowledge
of range biases is available, NLoS signals make no contribu-
tion to the Equivalent Fisher’s Information Matrix (EFIM) for
the positioning [39]. So the positioning model only needs to
consider the LoS path.

Assume that the complex signal is transmitted across N
continuous sub-carriers centered around frequency f. with
bandwidth B. Then the NV,. X N, complex positioning channel
matrix for n-th sub-carrier between anchor node and u-th user
node is denoted by H Z,u and is formulated as in [40]:

H = V/Lossy e 5770 % ap o (6p.0) oy, (0p.a)

“4)
where Loss), , denotes the average path loss between anchor
node and u-th user node, and h,, € C is the channel
coefficient. Consider two uniform linear arrays (ULA) for
transmitting antenna and receiving antenna with an odd num-
ber of antenna elements. And the transmitting antenna array
response could be presented by

A

with Z = 2%d cos (0,,4,).

In (5), /\LC denotes the wavelength corresponding to the
center frequency of transmitted signals, and d is the inter-
element distance. Similarly, ar ., (¢p,.) could be derived by
exchanging 6, ,,, N; with ¢, ,, and N, in (5) respectively.

3) Communication model: Assumed that there are L MPCs
in the mmWave communication between user node u and i,
the N, x N; complex communication channel matrix for n-th
sub-carrier between user node u and i is denoted by H,,
and is formulated as:

. . T
L O]

&)

ar,u(fpu) =

n —
c,iu

L
Y l —j2nrl  nB l H l
LObbc’,iu Z hc,iue I e iu N AR iu ( c,iu) a‘T,iu (eczu) .
=1
(6)

in which the parameters are similar to that in the positioning
channel model. Therefore, for user node u’s transmitted signal
denoted by s, ., the corresponding user node i’s received
signal y7’, could be expressed as:

Yo = VPwlHY oS + 1, (7

where P, is the transmitted power with respect to the u-th user
node. w; € CVr denotes the beamforming vector in the i-th
user node. n is the additional white Gaussian noise (AWGN)
with zero mean and N, /2 variance.

B. Joint communication and positioning system model

The comprehensive system model in mmWave Ad hoc
system with F-OFDM is illustrated as Fig.2. In Fig.2(a), there
exist 18 unknown user nodes and 3 known anchor nodes,
among which user nodes would experience communication
and positioning services in the initial topological network.
When each node communicates with each other through F-
OFDM signal, the target nodes can also be located by receiving
F-OFDM signal from the anchor node, and the sub-bands used
for positioning service are different from that for communi-
cation service. Besides, the anchor nodes are only regarded
as indispensable for positioning the user nodes, as declared in
Section II-A.
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Fig. 2. Joint communication and positioning system model and communication and position sub-nets.

When the network only provides communication services,
Fig.2(a) can be simplified to Fig.2(b), all user nodes have the
same identity to send/receive communication signals. When
the network only provides the positioning service, Fig.2(a)
can be simplified to Fig.2(c), the nodes in the network are
distinguished as the anchor nodes and the target nodes which
need to be located. The target node receives the signal from
the anchor node and obtains its own location information
through the positioning algorithm and calculating the receiving
signal waveform parameters which are not the focuses of
this paper. In other words, the initial topological network is
divided into two sub-nets, the communication sub-net and the
positioning sub-net. Each sub-net includes several clusters. As
for Fig.2(b), all user nodes are clustering into 5 clusters on
account of the communication services. In each cluster in
Fig.2(b), the blue user nodes denote the cluster head node
to transmit information and control resource allocation in its
cluster and the yellow user nodes denote the gateway node
to forward information between different clusters. According
to Fig.2(c), the user nodes would be clustered around each
most suitable anchor node for the positioning services by the
proposed clustering algorithm which would be introduced in
Section IV in detail. And the anchor nodes play the role of
controlling resource allocation for positioning.

In [41], the author deduced the target node’s position from
the received signal sent by the anchor node, and show that the

positioning accuracy is determined by the network topology,
channel condition, signal waveform and transmission power. In
the resource-limited wireless positioning network, the network
topology and channel conditions are usually determined by the
external environment, so the reasonable resource allocation to
nodes including power, bandwidth and carrier frequency is
the key tool to improve positioning accuracy. In our network,
the sub-carriers and power should be mainly allocated to user
nodes and anchor nodes to process the communication and
position services. Assume that there are N sub-carriers, and
the transmit power is presented by Piy:q;. OWing to F-OFDM,
all sub-carriers could be composed into different orthogonal
resource blocks (RB) by sliding windows of variable length.
Subsequently, RBs would randomly constitute different sub-
bands, avoiding overlapping between the communication and
positioning spectrum to reduce the co-channel interference.
In Fig.3, after clustering, the user nodes in the same cluster
use the orthogonal sub-bands to reduce the interference be-
tween user nodes. In general, the same sub-bands could be
implemented in two or more clusters if and only if the two or
more point-to-point links in different clusters do not contain a
common node in the multi-hop communication process, while
the same sub-bands could be implemented in two or more
positioning clusters since positioning clusters are independent
and devoid of any links, which saves the resources in the same
conditions.
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Fig. 3. Frequency division multiplexing model in communication and position
sub-nets.

Finally, their sub-nets would have different sub-bands and
power allocation schemes to process communication and po-
sitioning services to improve comprehensive performance.

III. PERFORMANCE METRICS
A. Positioning accuracy

For an unknown user node, it is crucial to measure its
parameters and link with an adjacent anchor node, comprising
AoA, AoD, time delay, Cartesian coordinates, relative direc-
tion angle ., and channel coefficient. However, an angle
measurement is difficult and expensive, much less than the es-
timation process. Hence, consider y,, = [p%, py, v, H[Y, H}l]
be the vector including the estimation variables of u-th user
node to characterise the position error bounds. H, Hl are
the real and imaginary channel coefficients, respectively.

It is known that the mean squared error matrix of any
unbiased single parameter for deterministic parameters and
any other estimators of the random parameter is bounded by
Cramér—Rao Lower Bound (CRLB), which equals the inverse
of Fisher information matrix (FIM) as

E{ (i, — ) (=)' | = T3 ®)

where fi,, is the unbiased estimator of p,, and J, € R>*5
denotes the FIM for u,,, computed by

CPInf(y | pa)
TR T
where f (y|w,) is the likelihood function of the random
received vector y with p,, as a condition and expressed as:
L
S (ylpa) ocexp § 1= > (2% (CEY") - HCan) :
/2

J, = Eyluu [ ©)

(10)
where ¢, 2 H) ,w.f , o represents an equivalence relation
independent of constants.

The utilization of CRLB as a performance metric for posi-
tioning is desirable due to its tractability and its asymptotical
achievability in high SNR regimes [37], and the corresponding

FIM for (8) would be computed by (9) and (11), where the
values of the matrix entries are given in Appendix A.

N/2

Ju: Z Ju,na

n=—N/2

(1)

where J,, ,, is FIM of the n-th sub-carrier and is presented as
shown at the bottom of this page with the order of (12) [40].

In addition, we only consider the dominant LoS paths in
calculating (9) and (11) to reduce the complexity of inverting
the matrix for the derivation of CRLB. Although the MPCs
independently contribute to the FIM as N, and B increases
theoretically, it is demonstrated in [41], [42] that the CRLB on
the position is negatively affected only by the first-contiguous
MPCs if LoS paths are present together with MPCs, which
affirmed the feasibility of this computed strategies.

Hence, there are two relative concepts for characterizing
u-th user node’s positioning accuracy, Position Error Bound
(PEB) and Orientation Error Bound (OEB), which could be
expressed by [40]:

PEB, = \/trace (J;,11:2,1:2 (X)), (13)
OEB, = /J, 55 (Xn), (14)

where Xy € CM*M 5 defined as the block diagonal matrix
consisting of the matrix F',, over each sub-carrier with M =
Ny x N and F,, = f, fZ, expressed as

F,y
F,

Xy = 5)

Fy

B. Data rate

Within a channel coherence time 7., we assume that a
user only transmits signals to another user, i.e. point-to-point
communication. Based on Shannon Theory, all feasible LoS
paths have their optimal sub-bands bandwidth and transmitted
power owing to inequable channel gain, in the mmWave Ad
hoc network based on F-OFDM.

From the received signal in (7), the i-th user node received
signal-noise ratio (SNR) based on the signal transmitted by
the u-th user node could be presented as [31]:

1 & n 2
SNRu = FO Z P, ‘w?HC,zu-fn| |sn,u|2
n=mniy
— 1 <
N

1
= FOO’EWXNGC’W
1

Ny

n=mni

Pg,

(16)
with
Culsny il ads 17, (D)

a?,iu = [ Cu ‘Snl,ul a’g‘“,iu

2 2| H 2 H
Y~ Pulsnul® Losseu heul” |wiar | af i Frar



where ¢, = /Py, Lossc. iy |he.iul ‘wiHaR,m‘ )

The data rate for the u-th user node could be formulated as

R, = BS log, (1 + SNR,,), (18)

where BE denotes the allocated transmitted sub-bands corre-

sponding to Pf in the communication process.
Hence, the sum rate for U users, can now be expressed by
R= ZR ZBclog2 (14 SNR,,)

u=1

19)

U C
— C u
= u§:1Bu log, (1 + Ny )

In reality, the estimated channel state information (CSI) is
imperfect. In this case, the anchor node treats the estimated
channels as the true channels which could be indicated by the
design of f, and w;. Then Ny in (19) is assumed by treating
the interuser interference and the interference from the channel
estimation error as a part of the effective noise in (16) [31].

IV. PROPOSED TRANSMISSION SCHEME

This section presents an optimization problem for designing
sub-bands and power allocation schemes. Most joint communi-
cation and positioning scenarios must guarantee required posi-
tion accuracy while generating a high data rate for user nodes.
In this regard, the resource allocation problem considering
position accuracy and communication capability is formulated
first, and then the corresponding transmission schemes are
derived.

A. Problem formulation

Consider a mmWave Ad hoc network with F-OFDM con-
sisting of U user nodes and K anchor nodes. Each node is
equipped with an F-OFDM radio. The transmission range of
each node is set to be d*. And the problem formulation here
adopts the optimal beamformers design both for anchor nodes
and user nodes whatever the sub-bands are allocated in [19].
This could be expressed as a joint optimization problem with
two control variables, which could be presented by

£ {PEB,, OEB,, Pl BP} y (20a)
8¢ £ {R,, PP BC}u . (20b)
N (20c)

where PP and BF are denoted the allocated transmitted
power and sub-bands like P¢ and BS, but for the positioning

Utilizing (20), the feasible sets for the optimization problem
are expressed to consider the constraints as

SP £ (8P : PEB, <e/" vu (21a)
OEB, < 9B vy (21b)
U

> PP <Ph, 2lo)

u=1

U

> BF <Bf,, (21d)

u=1
PP ~0,vu, (21e)
BF = 0,Yu. } 1)
S £ {S° R, >R}, Vu (22a)

U
> PC< PG (22b)

u=1

U
> BS < BG,u (22¢)

u=1
PE = 0,Yu (22d)
BS =0,Vu } (22¢)
{SG : Phai + PSiar < Protal (23a)
Btotal + Btotal < Btotal } (23b)

The constraints in (21a) and (21b) are the requirements
of the PEB and OEB where the right values denote the
highest position error bound for all user nodes. Similarly, the
constraint in (22a) is the lowest data rate for all user nodes.
The power constraints are satisfied with (21c), (21e), (22b),
(22d), and (23a). And the remaining are constraints about sub-
bands allocation.

From (19), (20), (21), (22), and (23), the optimization
problem is formulatedUas

) o c c
P gl}gL?élg)léZgZ%Bu log, (1 + SNR,(P?)) (24)
subject to : SP c SP,
S€ c 8¢,
S¢ C S€.

Since the sub-bands could not be multiplexed by commu-
nications and positioning for a single user node, &7; could
be decomposed into two sub-problems. The first sub-problem
is for the positioning process, in which the requirements for
accuracy are satisfied with the minimum power and (nearly)
optimal sub-bands, expressed by

process. Py 1mir}siglize Piotai + Y Biotar (25)
?, (p;fap;) o, (plj,pz;j) @, (p;f-, au) @, (p;, Hf) @, (p;f, Hé)
O, (ptpY) P (phpY)  Op(plow) P (pUHE) @, (pY HE)

Jun=1| ®n(ow,p¥) &, (au,p;‘) D, () Py (au, Hf) d, (ozu7 H! , (12)
®, (Héapi;) o, (Hiaplyl) o, (quvo‘u) d,, (Hi, Hf) d, (H'I{’ Hi)



subject to : ST C SP.

After solving Problem &7, the remaining power and sub-
bands set for the communication process could be determined
owing to (23a) and (23b). Then the second sub-problem’s
objective is to maximize the data rate, as follows

U
Py mgg%rg(i}ze z:le log, (1 + SNRU(PHC)) (26)
u=
subject to : S€ C S€,
S¢ c s¢.

According to Problem &5, and &3, the next subsections
propose an optimal transmission scheme.

B. Clustering scheme

In the mmWave Ad hoc network, it is crucial to allocate
resources to nodes whose links are LoS to maximize data rate.
Hence, this subsection proposed a clustering scheme based
on LoS probability. The anchor nodes operate as the CHs
as Section II-B depicted for the positioning process, and the
accuracies should be coordinated. In addition, it is illogical
to perform intra-cluster positioning process, which means the
clustering scheme has little effect on the positioning process.
And for the communication process, it is indispensable to
design a cluster scheme to program the resource allocation in
communication links when allowed for resource multiplexing.

The clustering scheme is developed by the LoS probability,
and the objective is to maximize the LoS probabilities in the
topology, which is similar to the basic idea of the Affinity
Propagation algorithm (AP) [43]. AP algorithm inputs the
concrete similarity matrix, s(i, k) € RV*Y, which U equals
the overall number of users. The diagonal elements are defined
as p(i) and output the unique clustering result. Moreover, AP
would lead into two essential matrixes, namely responsibility
matrix (i, 7), and availability matrix a(, j), as follows

s(i k) —max{a, (i, 5) + (i)}, i #k
1=k
27
where the responsibility matrix elements are set zero before
iterations and denote how well-suited node k is to serve as the
CH of node i, taking into account other nodes for node i.

Tt—&-l(iak) = L o
p(k) — max (aH—l(Zv])v S(Za])) )

IZI;SII? {OaTt(jaj) +

> ma

J#k,i=k

> {max (0,77, k))}} :

J#Lk
(07 Tt(j? k)) 9

aty1(i,7) =

(28)
where the availability matrix elements denote how well-suited
node i regard node k as the CH and are initialized to be zero.

And the iteration processes of responsibility matrix and
availability matrix could be formulated as

rev1(iy k) = (1= B)rega (i, k) + Bre(i, k),
G,H_l(i, ]{3) = (1 — 5)at+1(i, k) + 6@15(1'7 k}),

where 8 € (0,1) represents a damping factor to promote
convergence. 3 is introduced to attenuate the attraction and

(29a)
(29b)

attribution information. In the iteration process, the responsi-
bility and availability matrix of the previous generation will
have an impact on that of the current generation, and the
weight of the influence is adjusted by 8. When the number
of clusters generated by our modified Los-AP algorithm keeps
changing during the iteration process, and the algorithm can
not converge, increasing [ can eliminate the oscillation and
improve the convergence rate.

Hence, we modify the input as the LoS probability between
nodes computed by (3) to maximize the LoS probability and
to allocate resources effectively, which the diagonal elements
are formulated as

p(i) = X - average {s(i, k)} (30)
where X is an impact factor for clustering radius to some
extent. And the constraints on clustering are the maximum
radius of final clusters which is less than or equal to the
transmission range of nodes, expressed by 7,4, < d*, where
d* is computed by (3) with a certain LoS probability 7.

The inter-cluster communication challenge could be settled
in this way. However, it is still unfeasible for communication
links between two different clusters, namely multi-hop com-
munication across clusters. The gateway nodes are chosen to
treat as relay nodes then.

For the above scenario, it is conceivable that the possibil-
ity of realizing multi-hop communications is related to the
clustering scheme because of the premise of the transmission
range d*. On account of it, clusters are considered as neighbors
when existing d; ; < d* and node i, node j are from different
clusters. And the gateway nodes are the nodes that have the
minimum value of d; ;, which numbers are no less than 1 in
each cluster. Likewise, the cluster would be considered a Sole
Cluster with no neighbors.

Assume G clusters after clustering comprising of U user
nodes. And the proposed clustering scheme for maximizing
the LoS probabilities through all user nodes is summarized in
Algorithm 1 and Algorithm 2.

C. Problem solved scheme

1) Positioning process: Since Problem £, is a mixed-
integer problem with non-convex constraints, which is difficult
to be directly solved. Instead, we simplify Problem %% by fix-
ing the totally allocated sub-bands and power for positioning.
In addition, the positioning accuracy constraints are satisfied
for each user node, which can simplify this problem further.

Then &2, is transformed to

@;a :minsi?lize BtIZtal (31a)
subject to : SP C SP, (31b)
Py = Piga /U, (3le)

U

where S £ {PEB,,OEB,, B} _, , and the constraints
set S'f could be expressed similarly by S'f =
{SF : (21a),(21Db)}. (31c) is the power constraint by equally



Algorithm 1 Modified LoS-AP algorithm

Require : s(i, k), for i,k =1,2,...,U and d*
Initialization : s(i, k) < (3) when ¢ # k,
p(i) < (30) when i = k,

Tmaxz = 00,
1: Set 1, and d* + (3),
2: while 7,4, > d* within max iterations do
3: Itertion index: ¢t = 1

4 Node index: u=v =0

5: Matrix reset: r; = a; =0

6: repeat

7 u<s=u+1

8 ri(i, k) « (27), (29a),

9: a: (i, k) < (28), (290),

10: until u = U

11: repeat

12: v<=v+1

13: Solve max {re(i, k) + a: (4, k)}
14: if kK =7 then set node i as CH,
15: else set node k as CH of node i,
16: end if

17: until v = U

18: if CH seletion changes then restart from 2;
19: elset <=t+1

20: Update 7,44

21: if 7,4 < d* then break,

22: else adjust p(7) by factor \,

23: end if
24: end if

25: end while
26: return clustering results and 7.

Algorithm 2 Gateway node seletion algorithm based on 7
Require : clustering results and 7,

1: while Sole Cluster exists within max iterations do

2 adjust p(¢) and turn to Algorithm 1

3: end while

4: if Sole Cluster does not exist then return,

5: else adjust 77 and turn to Algorithm 1

6: end if

7: return the optimal clustering results and gateway nodes
selection.

distributed and PF, , would be adjusted by the solution of
SF, which could be formulated as:

Z3), :minimize pE (32a)
b

subject to : Slf) C S'lf), (32b)

BE..., (32¢)

where Sb {PEBU,OEBU,PP } , and the constraints
set SE could be expressed practically by SFP £8P (32c) is
the sub-bands constraint which comes from Problem SF.
Since SF is a prototypical resource allocation problem that
could be solved by the Greedy Algorithm according to channel

gain, we could get optimal sub-bands allocation concerning
corresponding power when considering the resource multiplex-
ing in different clusters. Then for Problem SP . the objective
function is to minimize the power for the positioning process
in the constraint of sub-bands allocation given as Problem
SP. After solving Problem S, replace PL,,, with PP, in
Problem SF and start another iteration until reach the optimal
results. And the proposed scheme for the positioning problem

is summarized in Algorithm 3.

Algorithm 3 Proposed scheme for positioning process
Require : SP,SP

1: while Btlzml does not converge within max iterations do

2 Node index: v =0

3 repeat

4 u&su+1

5 BP + (31a),

6 until u = U

7 while P;: 1o does not converge within max iterations
do

8: repeat

9: Reset: u =0

10: u<su+t1

11: PP « (32a),

12: until v = U

13: end while

14: Replace PP, | with P otal?

15: end while

16: return PP . BP.

2) Communication process: Owing to M clusters for the
communication process, the comprehensive problem could be
decomposed into M clusters’ sub-problem. Then &?3 for m-th
cluster reduce to

Mn
Py : BS log, (1+ SNR, 33
f mgxnguze UZ; ogy (1 + (PS)) (33
subject to : SS C S,
S5 c S5
where S¢ £ {SC}ZZLW, = {SG}um"m and the

constraint set are expressed similarly as SC £ {Sc}u s
and SG £ {SG}m”

Since Problem @4 is a mixed-integer problem, we could
solve it with a modified GBD algorithm, in which the basic
idea is to decompose the primal problem into two iterative
sub-problem with strong constraints, as follows:

My

Py BS . 34
4, ma;clmlze uzml P (34a)
subject to : SC C Sn(’; s (34b)
SG css.. (34c)
constraints on b, (34d)

where S%a £ SC¢{R, BS}, SG, = { maaSTI;}’ and
A

the constraint sets could be expressed similarly as S%a =



SC{(21c),(21d)} and SG, £ SE{(23b)}. It should be
noted that the constraint (22a) denotes the lower bound of data
rate so that the resource allocated for the positioning process
should be considered again if Problem £, , has no optimal
solution. And (34d) are constraints on 1» which come from
P4 to cut the feasible solution space namely Benders cuts.
In other words, in the initialization period, we utilize a slack
variable 1 to represent log, (1 + SNR,(PF)), and the first
constraint of (34d) would be the relaxed feasible region of ).
Then in the following iteration period, the feasible region of
(34d) would be reduced according to the solution of Problem
Py, as follows:

Py PY))  (35a)

maximize ¥ =
SC

m,b

log, (14 SNR,(

subject to : SC C Sm by
s¢

m,b = S
[ON C C G 2
where Sm b Sm {Pu }’ Sm,b -

constraint sets could be expressed similarly as
S5 {(21b), (21d)} and SG , £ SG {(23a)}.

(35b)
(35¢c)

m,bs

{Sﬁ}b, Sﬁ},;gd th

m,b

Algorithm 4 Proposed scheme for communication process

by using the existing solver, e.g., the Simplex Method. By
solving Problem £, ., we could obtain the optimal value of
7). At this point, it is indispensable to examine whether this
judgment condition is established or not, as follows:

|UB — LB| < &€ (37)

where €€ denotes the convergence tolerance parameter. And
if (37) is satisfied, it means that Problem &7, has been
solved and completed. The next step would be to calculate
the communication problem for M clusters to acquire B
and Puc for each user node. If not, (34d) would add another
new constraint based on the solution of Problem &, .. The
comprehensive proposed solving scheme is summarized in
Algorithm 4.

V. SIMULATION RESULTS

In this section, we present simulation results with the
corresponding simulation settings listed in Table.l.

The center frequency and bandwidth are set to 38GHz and
200MHz, respectively. And the sub-carrier interval is set to
150MHz. Besides, the antenna arrays of the anchor nodes and
user nodes are located at the same height of 1.5m. The anchor
nodes use identical ULA which the inter-element distance
between the antennas is set to 2.5mm. The user nodes utilize

Require : PP otal? BP M, SC Sf,f and €€ the same configuration, but the number of antennas is different.
Inltlahzatlon LB = —00,UB = And N; and N, are set to 64 and 32 respectively. And the
1: Cluster index: m = 0 number of MPC is set to 1 to acquire the LoS dominant path.
2: repeat
3: m<m+1
. i _ C withi : H TABLE I
4: whlle(LU B — LB| > ¢ within max iterations do SIMULTION PAR AMETERS SETTINGS
5: — (34(1),
6: ¥ < (36a) Parameter Configuration Value
7 Upd-ate LB, UB, Center Frequency 38GHz
8: end while Bandwidh S00MH
9: if [UB — LB| > <€ then add constraints on (34d) andwidt z
10: end if Sub-carrier Interval 150kHz
11: until m = M Number of Anchor Node 4
12: return BE and PC for all user nodes. Number of User Node 30
o ) o Antennas Number in Anchor Node 64
In .addl.tlon, Py o is the Master problen’1, and.the ObJeCt.IVC Antennas Number in User Node 0
function in (33) on the master problem’s optimal solution
denotes the lower bound of the primal problem, LB, while SNR 10dB
Py is the Sub problem and its corresponding solution Transmit Power 30-52dBm
denotes the upper bound of the primal problem, UB. Spectrum Density of Noise -174dB/Hz
In Problem & ,, it is practicable to compute the solution Number of MPC 1

owing to constraint (34d) and the distribution of channel gain.
And the objective function of Problem £, is Monotonically
increasing, which means that Problem 22, could be trans-
formed into seeking the maximize value of SNR,(PS), as
follows:

Py maxémize 2% — 1 =SNR,(P%) (36a)
Sm,‘b

subject to : sf;j » €S54 (36b)

» C Sm by (360¢)

Since Problem £, . is an univariate maximize program-
ming with convex constraints, it could be efficiently solved

As Fig.4 shows, the 4 known anchor nodes and 30 un-
known user nodes are located at fixed positions in the two-
dimensional 100m x 100m area.

Fig.5 presents the clustering results for different cluster
algorithms with the basis of the fixed locations of user nodes
in Fig.4. And Fig.5(a) presents the final clusters with the
LoS probability n = 0.63 by Algorithm 1 and Algorithm 2,
while Fig.5(b) is formed with the LoS probability n = 0.77.
Fig.5(c) and Fig.5(d) are formed with the same conditions by
the AP algorithm and the K-means algorithm. And in Fig.5(d),
there exist 6 known virtual CHs, which is the predetermined
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Fig. 4. Initial network geometry with 4 known anchor nodes and 30 unknown
user nodes, and the four anchor nodes are located at (20,80), (25,25), (60,80),
(80,40) respectively.

condition of the K-means algorithm. According to Fig.5(a)
and Fig.5(b), there would be different cluster results with the
change of 7. Besides, there exists a Sole Cluster in Fig.5(b),
which means the corresponding clustering results are improper.
As for Fig.5(c), there would be 4 clusters which are less than
6 in Fig.5(a) and easier to suffer great interference between
users. And for Fig.5(d), there would be 6 virtual CH in the
topological network which is an additional cost for the systems
where the cluster number also should be set in advance.
In a word, Fig.5(a) presents the best clustering performance
compared with other algorithms, and we adopt it as the clusters
in the remaining simulation processes.

The goal of clustering algorithms is often to enhance
“intra-cluster similarity and inter-cluster dissimilarity”, so we
define the ratio of the intra-cluster distance Dj;, to the inter-
cluster distance D, in (38) as the criterion to compare the
effectiveness of different clustering algorithms, i.e., the Cluster
Validity Index.

Din _ 2 aec; iy lla —cil)?
Dout ZkK:1 Hck o C,||2

where Dj, denotes the sum of the distances from all cluster
member nodes to their CHs, D, denotes the sum of the
distances from all CHs to the average of all CHs, K is the
number of clusters, C} denotes k-th cluster and c¢; denotes
the CH of Cj. C is the average of all CHs and a denotes the
cluster member node.

Fig.6 indicates the Cluster Validity Index of three clus-
ter algorithms including the proposed cluster algorithm with
different 7, the AP algorithm and the K-means algorithm
with different number of user nodes. From the definition
of the Cluster Validity Index and (38), it is obvious that a
smaller value of D indicates a better clustering effect. In
Fig.6, under the same number of user nodes, the clustering
performance of the proposed algorithm is more effective than
two traditional clustering algorithms and the performance with
1n = 0.63 outperforms that with 7 = 0.77 in theory. Because

(38)

the clustering result of the proposed algorithm has the smaller
intra-cluster distance and the greater inter-cluster distance
compared with other algorithms as shown in Fig.5.

Fig.7 shows the contour plots of positioning performance
metrics for various locations of a single user node within the
topological network in Fig.4. In this simulation, the number
of user nodes is set to 1 to acquire all locations’ performance
in the two-dimensional area. Since U = 1 and its changing
location, there is no need to cluster for only one user, which
means that all resources could be allocated to this user in
the communication process or the positioning process. As for
Fig.7(a), the PEB is increasing with the distance between the
user node and anchor node adding, and the location of the
anchor node has the lowest PEB. According to Fig.7(b), the
distribution trend of OEB depends on the fixed location of
anchor nodes, while the OEB is also lower in diagonal direc-
tions from each anchor node. On account of the formulation
of PEB, it is proportional to the distance from the anchor node
as Fig.7(a) shows. And for the OEB, the performance is also
proportional to the distance from the anchor node.

Fig.8 presents the tradeoff between the sum rate and the
PEB constraint in different resource allocation algorithms and
different transmit power Pi,iq;. At first, it is clear that the
proposed scheme performs always better than the average
power algorithm in [44]. Then, as the PEB constraints are
tighter, the sum rate improves at a peak value at first and then
decreases to zero. Besides, both of the localization accuracy
and the achievable sum rate could be higher when the transmit
power improves. And the lower bound of PEB for the proposed
scheme is also lower than the average power algorithm. As for
the left part of the peak value, the sum rate increases when the
PEB decreases. Because the channel estimation is imperfect at
first, the channel estimation information would be more and
more precise with the tighter PEB constraints. And the sum
rate would reach the peak value when the channel estimation
is perfect. As the right part of the peak value, there only
exists competition between the communication and positioning
process under the perfect channel estimation. Hence, the sum
rate would decrease when the localization accuracy improves.
And in Fig.8, we would acquire effective information about
joint communication and position from the right part of the
peak value.

Fig.9 presents the tradeoff between the sum rate and the
PEB constraint in different resource allocation algorithms with
different antennas numbers in anchor node V; and antennas
numbers in user node N,. It is clear that the use of larger
N; and N, can improve both of the localization accuracy and
the achievable sum rate because the presence of antenna gain
could promote communication and positioning performance
simultaneously.

Fig.10 shows convergence behaviors of the proposed algo-
rithms. Fig.10(a) shows the maximum cluster radius 7,4, and
maximum transmission radius of nodes d* within Algorithm
1 and Algorithm 2, that is, the proposed clustering algorithm.
Fig.10(b) shows the value of |UB — LB| in Algorithm 3 and
Algorithm 4 within a few iterations, that is, the proposed
resource allocation algorithm. As for Fig.10(a), the emergence
of the inflection point means that there exists a Sole Cluster in
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VI. CONCLUSION

This paper has proposed a clustering scheme and resource
allocation scheme in mmWave joint communication and po-
sitioning Ad hoc networks with F-OFDM. The user-centric
design enables to premeditate the different degrees of demands
for communication and positioning services, to guarantee the

Fig. 5. Clustering results for different cluster algorithms within the fixed locations of user nodes.
7
Ml Proposed clustering scheme,n=0.63
» 6r B Proposed clustering scheme,n=0.77/]
2 AP algorithm
»5 5r T BK-means algorithm, K=6 n
2 —
54T |
G
>3 .
=
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=R 1
@)
1 . 4
0 B

30 35 40
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Fig. 6. Cluster Validity Index of different cluster algorithms with different
number of user nodes.

the final clusters in this iteration. Hence, the LoS probability
would be set afresh and continue the next iteration process.
It is observed that the overall iteration time is related to the
initial LoS probability. And for Fig.10(b), it proves that the
proposed resource allocation has good convergence and high
reliability.

data rate and positioning accuracy for the user nodes by
setting the same rate and accuracy constraints. In addition,
the proposed clustering scheme supplies flexibility in the
partition of the user nodes. Then the joint optimization of the
positioning and communication process is realized by taking
into account the LoS probability and distributing the remaining
spectrum resources. It is shown that the proposed scheme
could promote significantly the data rate and positioning
accuracy performance by efficiently exploiting and allocating
the wireless resources. From the results, we could conclude
that mmWave Ad hoc networks can efficiently satisfy the
users’ demands of the communication process and positioning
process with F-OFDM.
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APPENDIX
DERIVATION OF FIM IN (9)

Combined (8) and (9) with (10), it is easy to derive a
universal exemplar for matrix elements in J,, ,, as expressed

N/2

> (@)

n=—N/2

0 2 4 6 8 10 12 14
Itertion index
(b) The iteration graph of Algorithm 3 and Algorithm 4 jointly.

Fig. 10. Convergence behaviors of the proposed algorithms and Pj,rq; =
50dBm.

where ®(-) are elements in J,, and z,,y, =
{p¥, p4, o, HY, H]}. For the multiple sub-carrier case, we
exploit the symmetry of beamformers and transmitted data
considering f_,, = f,, and s_,, = s,, respectively to formulate
the FIM as in (8). Besides, the relative direction angle «,, is
equal to AoD 6, in geometry so that the transmitted antenna
array could be presented by a, and a, = da,/df. And d,
denotes the distance between user node and optimal anchor
node in 2-Dimension.



Hence, the components of the FIM in J,, are as follows.

D (pt,pt) = 4n? — |h |d0 X a,A3
+ |h2] do,ua}}Xa'uAg
+ |h2 | d2 uaHXauA2

® (py,py) _ B W\dwa X, a,A2

— 2| do,uaEXauAZAg
— |h2| do el Xa, A2 As,
= o, |hZ| douall X a, As,

—|nZ] do,uagxauA2A3
- |hi’ d2 uaHXauAgAg,
P (p;j,p;) =4m? = |h2|d0 uwGy, UX a,A?

—|nZ] do,uaEXauA?,,
+ |h2| do,ual X a, A3,

® (pl, o) = —\/0y |h2| doual X ay As,
@ (pu,HY) =0,
o (py, H,) =0,
d (au7pg) = \/07 ’hi| d2,ua5XauA2a
D (a,pt) = —/0u B3| daway XayAs,
o (aua au) = Oy |hu|2 d2,uan;IXau7
® (v, HYY) =0,
® (o, HY) =0,
o (HL,pt) =0,
O (HE, pt) =0,
@ (HF o) =0,
@ (HE H]) = 0udoual} Xan,
o (HE HI) =0,
o (H,p4) =0,
o (H{LPZ) = Oa
@ (H), ) =0,
@ (HL HE) =0,
o (HL, HL) = 0ndonalf X a,,
where )
dO,u = H’U)EIG/R7UH2,
H d H
diu = aRr Wy T W ARy
2
_ =z .,,H
do = Hdaw“ ARy )’
2P, T, Loss,

Oy = ,
No

(A.2a)

(A.2b)
(A.2¢)
(A.2d)
(A.2e)

(A.20)

(A.2g)
(A.2h)
(A.21)
(A.2)
(A.2k)
(A.21)
(A.2m)
(A.2n)
(A.20)
(A.2p)
(A2q)
(A.2r)
(A.2s)
(A.2t)
(A.2u)
(A.2v)
(A.2w)
(A.2x)
(A2y)

(A3)

(A.4)

(AS)

(A.6)

Ay = /o, cos(ay,) /e, (A7)
As = /o, sin(ay,) /dy, (A.8)
Az = /o, sin (ay,) /dy, (A.9)
N/2
X, = Y |sn | n2F,, (A.10)
n=—N/2
N/2
X= > sl (A11)
n=—N/2

And CRLB of variable p, could be expressed by J, L
which its first three diagonal elements are presented as follows

B -1
J = Q- {47?22 ‘h2’d a'X,a AQ}
u,1,1 N2 u| ®0,ully ATCuA3

Q- {12 doaixa, A7}

2
2

+Q- {\hﬁy do’ua.EXa'uA?}il ,

(A.12a)

-1
Ju,2,2

-1
12| d07uaEXTauA§}
(A.12b)

—1
Ju 33— {Uu |hu‘2 d2,ua5Xau} , (A.12¢)

with Q = 1/ (AlAg + A1A3).
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