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Subchannel and Power Allocation for D2D
Communication in mmWave Cellular Networks

Seung Geun Hong, Jinhyun Park, and Saewoong Bahk

Abstract: This paper investigates resource allocation for device-
to-device (D2D) communication in a millimeter wave (mmWave)
cellular network where D2D users communicate in the cellular
band. We formulate the optimization problem of subchannel and
power allocation, which aims to maximize the sum rate of D2D
transmitters while satisfying interference constraints at the base
station (BS). Since the problem is NP-hard, solving it requires a
huge amount of computation. Therefore we reduce its compu-
tational complexity by dividing it into two subproblems: a sub-
channel allocation problem and a power allocation problem. To
solve the subchannel allocation problem, we propose two heuris-
tic algorithms: the max greedy SNR scheme and the minimum in-
terference scheme. The max greedy SNR scheme achieves higher
sum rate and has lower computational complexity compared to the
minimum interference scheme. However it requires global channel
state information (CSI) of all nodes, which demands huge feedback
overhead. On the other hand, the minimum interference scheme
requires the location of each node. After subchannel allocation,
the BS finds the optimal transmit power of each D2D transmit-
ter by using the difference of convex (DC) programming. Simula-
tion results verify that our proposed subchannel allocation schemes
outperform the random subchannel allocation scheme, and the op-
timal power allocation results in the improved sum rate of D2D
transmitters.

Index Terms: Capacitated max cut, device-to-device communica-
tion, difference of convex programming, hungarian algorithm, in-
terference management, resource allocation, millimeter wave net-
work, power allocation, subchannel allocation.

I. INTRODUCTION

ECENTLY , the volume of local data traffic is explosively

growing due to various emerging technologies such as In-
ternet of Things (IoT), autonomous car, virtual reality (VR),
augmented reality (AR), ultra high definition (UHD) broadcast-
ing, etc. Furthermore, due to the proliferation of mobile devices
such as smartphones, tablets, etc., mobile data traffic also in-
creases dramatically. To meet such high demands, 5G systems
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should achieve very high spectral efficiency and data rates.

Device-to-device (D2D) communication is a promising tech-
nology to meet 5G requirements [1]-[7]. Because a D2D trans-
mitter communicates with its intended D2D receiver without go-
ing through a base station (BS), D2D communication can im-
prove spectrum utilization, reduce transmission delay, and of-
fload data traffic from the BS. D2D communication becomes a
key technology for 5G due to its various advantages. It has been
adopted in the 3rd Generation Partnership Project (3GPP) stan-
dard since Release 12.

In a cellular network with underlaid D2D communication,
D2D users are allocated the spectrum already allocated to the
cellular users, which causes mutual interference between D2D
and cellular communication. To reduce the mutual interference,
resource allocation, such as subchannel and power allocation, is
effective.

Resource allocation, which manages interference to improve
performance of users, has been widely studied for a cellular net-
work with underlaid D2D communication. In [8], a subchannel
allocation scheme is proposed and a low complexity spectrum
access scheme for D2D users is also proposed. In [9], subchan-
nel and power allocation schemes for full-duplex D2D commu-
nication are proposed under perfect channel state information
(CSI) and statistical CSI scenarios. In [10], a subchannel and
power allocation scheme is proposed, and allows D2D users to
be allocated multiple subchannels to improve the sum rate. In
[11], a subchannel allocation scheme is proposed, and allocates
either licensed or unlicensed bands to D2D users to increase sys-
tem capacity.

Allocating millimeter wave (mmWave) spectrum is a way of
improving performance of D2D communication [6], [12], [13].
Though there is a lot of free spectrum in mmWave bands, it has
not been used in the conventional communication due to vul-
nerability to blocking of mmWave signals [14]-[16]. The vul-
nerability in mmWave communication leads to very poor per-
formance, especially when the communication link is in the
non line-of-sight (NLOS). Apart from this, this characteristic
of mmWave signals brings advantages in D2D communication.
Since the distance of the link between a D2D transmitter and its
intended receiver is generally short, the probability of the link
being in the line-of-sight (LOS) is high, resulting in high signal
power at the D2D receiver [14]. Interference from other D2D
transmitters and cellular users can be also reduced at receivers
due to the vulnerability of mmWave signals. As a result, the
signal-to-interference-plus-noise ratio (SINR) at each receiver
can be improved.

Recently, a lot of research on using mmWave for D2D
communication is introduced. In [17]-[19], performance of
mmWave D2D communication, such as coverage probability,
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spectral efficiency, and energy efficiency, is studied. In [20]-
[22], mmWave networks with D2D relays are studied to im-
prove their connectivity and coverage. In [23]-[26], scheduling
of D2D users in mmWave networks is investigated in the per-
spective of spectral efficiency and energy efficiency.

Though mmWave D2D communication has been widely stud-
ied, there are few works on resource allocation for D2D commu-
nication in mmWave cellular networks. In [27], a relay selection
and power allocation scheme is studied for full-duplex relay-
assisted D2D communication in a mmWave cellular network.
In [28], a power control strategy for D2D pairs and a resource
management scheme for cellular users are studied for a multi-
tier heterogeneous network (HetNet) consisting of microwave
and mmWave BSs. To the best of our knowledge, there is no ex-
isting work dealing with subchannel and power allocation for
D2D communication in mmWave cellular networks. Since a
mmWave channel model is different from the existing models, a
new resource allocation is necessary to improve performance.

In this paper, we investigate resource allocation for D2D com-
munication in a mmWave cellular network consisting of a sin-
gle BS, multiple cellular users, and multiple D2D transmitter-
receiver pairs. We propose two heuristic algorithms which allo-
cate subchannels to D2D transmitters and find the optimal trans-
mit power of each D2D device to maximize their sum rate. The
contributions of this paper are as follows:

o We formulate the optimization problem of subchannel and
power allocation to maximize the sum rate of D2D trans-
mitters in a mmWave environment. To solve the problem
efficiently, we divide it into two subproblems of subchan-
nel allocation and power allocation.

o Assuming global CSI is available, i.e., impractical, we pro-
pose a heuristic subchannel allocation scheme based on the
greedy algorithm as a reference scheme. Then for prac-
tical consideration, we assume that only the location of
each node is available at the BS. To solve the reformulated
subchannel allocation problem, we propose a heuristic sub-
channel allocation scheme based on a max k-cut problem
and Hungarian algorithm.

o To maximize the sum rate, the BS finds the optimal trans-
mit power for each D2D transmitter by using a difference
of convex (DC) programming. For the given non-convex
power allocation problem, we transform it into a convex
problem and solve the problem repeatedly.

« Extensive simulation results under various system parame-
ters show performance improvement of the proposed sub-
channel allocation schemes and the optimal power alloca-
tion scheme compared to the random subchannel allocation
scheme and the equal power allocation scheme.

The rest of this paper is organized as follows. We describe
the system model of a mmWave cellular network with underlaid
D2D communication and formulate the optimization problem
of subchannel and power allocation in Section II. We propose
two heuristic algorithms for subchannel allocation in Section III.
Then we propose an algorithm for obtaining the optimal transmit
power of each D2D transmitter in Section IV. Simulation results
are shown in Section V, followed by the conclusions in Section
VI

II. SYSTEM MODEL

Consider an uplink mmWave cellular network with a BS, de-
noted by b, and K cellular users, each denoted by cx, k €
K = {1,---,K}, in a single cell with radius R, where I D2D
transmitter-receiver pairs, each denoted by t; — r;, i € T =
{1,---,I}, are underlaid. Assume that the BS is located at the
center of the cell, the cellular users and the D2D transmitters are
uniformly located in the cell, and 7, is uniformly located at a
distance dj, from t,.

Suppose that the whole spectrum is divided into N subchan-
nels, each with bandwidth B. Let A" = {1,---, N} denote the
set of subchannels. Assume a simple case that the number of the
cellular users and that of subchannels are the same, i.e., K = N.
Also assume that a different subchannel is allocated to each cel-
lular user and, without loss of generality, subchannel n, n € N,

is allocated to cellular user c,. Suppose that the BS allocates
a single subchannel to each D2D transmitter. Let pz(-"), 1 €T,
denote the allocation indicator for D2D transmitter ¢; on sub-
channel n, i.e.,

(n) _ J 1, if subchannel n is allocated to ¢;,
Pi = 0, otherwise.

A. Path Loss Model

ey

We define the LOS probability function pI;,y as the proba-
bility of the link between node z, x € {c1,-- G CK L, tr},
and node y, y € {b,r1,---, 71}, being in the LOS. Assume the
stochastic blockage model, where blockages are modeled as a
rectangle Boolean scheme, then the LOS probability between
node x and node y is given by [14], [29]

p{;y = exp(—edy ) 2)

where d,, is the distance between node  and node y, and ¢ is
the parameter determined by the density and the average size of
blockages, where the average LOS range is calculated as /2 /<.
The path loss from node x to node y is given by [15]

I Crd, %, with prob. plm‘yy, 3)
“Y | OndggN, with prob. 1 — pggyy,

where Cf1, and Cy are the intercepts of LOS and NLOS path
loss functions, and «f, and an are LOS and NLOS path loss
exponents, respectively.

B. Beamforming Model

Suppose thatnode =, z € {b,c1,- -, cx,t1, -~ tr,r1, -+, T}
has a uniform planar square antenna array with directional
beamforming applied [30]. The antenna gain of node x on sub-
channel n, n € N, is given by a function of off-boresight angle
0, € (—m, ] as

M,
My,

if 0,] < w,/2,
otherwise,

G (0,) = { 4)
where M, and m, are the main-lobe and side-lobe antenna
gains of node =z, respectively, and w, is the half-power
beamwidth of node x. Suppose that the beam of each trans-
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mitter is directed toward its intended receiver, and vice versa.
Since the beam direction of each D2D transmitter is fixed re-
gardless of the subchannel allocation, the antenna gain of each
D2D transmitter is the same for all subchannels, i.e.,

G (0:,) = G, (01,), Vi € T, ¥n € N, )

and it is the same for all the receivers.

C. Small-scale Fading Model

In mmWave networks, the Rayleigh fading model is not suit-
able when directional beamforming is applied [31]. Therefore,
we assume independent Nakagami fading for each link with
the fading parameters vy, and vn for LOS and NLOS paths,
respectively. Let hg;"z denote the small-scale fading coeffi-
cient from node xz, * € {c1,--+,¢k,t1, -+, tr}, to node y,
y € {b,r1,---,r1}, on subchannel n, n € A. Then we can
compute the variance of h&”ﬁ, containing the effect of beam-
forming as

Q) = G (02)GS (0y) Ly (©)

Since the antenna gains of each transmitter and receiver are the

same for all subchannels, their channel variances are also the
same for all subchannels, i.e.

O =, VneN, Vi,jeT. 7

tj,,?”j

D. Achievable Rate of a D2D Transmitter

Let P. and P;, denote the transmit power of cellular user
cn, n € N, and D2D transmitter ¢;, i € Z, respectively. When
transmitter ¢; is allocated subchannel n, the SINR of receiver r;
is given by

Py |h{™, |2
%E?) = (n) g t“(;;') (n) SN
PCn|hCnJ‘i 2+ Z Pj Ptj|ht_j,7“z‘ >+ 02
JET\{i}

where the first and second terms in the denominator of the right
hand side (RHS) are the interference from cellular user ¢,, and
other D2D transmitters, respectively, and o2 is the noise vari-
ance and assumed to be the same for all subchannels. The
achievable rate of D2D transmitter ¢; on subchannel n is given
by

Ri™ = logy(1+9(1"). ©)

E. Optimization Problem Formulation

We formulate an optimization problem of subchannel and
power allocation to maximize the sum rate of the D2D trans-
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mitters as
. (n) p(n)
P1: rg%x Z Zpi R, (10)
neN i€

subject to : Z pi") =1, VieT, (10a)

neN
0 S Pti S Pmax; Vi € Ia (10b)
ST PR < I, ¥R EN,  (100)

i€l
p™e{0,1}, VieI, VneN,  (10d)

where p = [p\V,-- . oV, P = [P, P, Puax is the
maximum transmit power of each D2D transmitter and supposed
to be the same for all D2D transmitters, and i, is the interfer-
ence constraint at the BS and supposed to be the same for all
subchannels. The constraint (10a) indicates that each D2D trans-
mitter is allocated a single subchannel. The constraint (10b) in-
dicates the power constraint of the D2D transmitters. The con-
straint (10c) indicates the interference constraint such that inter-
ference from D2D transmitters at the BS should be lower than
the interference threshold I;;, on each subchannel.

We can see that P1 is a mixed integer programming problem,
which is known to be NP-hard [32]. To handle the problem,
we divide it into two subproblems that are the subchannel allo-
cation problem and the power allocation problem. We allocate
subchannels to help maximizing the sum rate, and then, allo-
cate power to maximize the sum rate while satisfying the power
and interference constraints. In the following, we first propose
heuristic subchannel allocation algorithms that operate at the BS
in Section III, and find the optimal transmit power for each D2D
transmitter for the given subchannel allocation in Section IV.

III. SUBCHANNEL ALLOCATION
A. Problem Formulation

Suppose that the transmit power of each D2D transmitter is
given. We formulate the subchannel allocation problem that
aims to maximize the sum rate of the D2D transmitters as

P2: max Z Zpgn)Ri?), (11)
neN i€
N
subject to : Zpgn) =1, VieZ, (11a)
n=1
ST PL P < L, YneN,  (11b)
i€
p™e{0,1}, VieI, VneN. (llc)

Note that P2 is also NP-hard and the computational complexity
of the brute-force search is O(N7), which is too high to obtain
the solution. Therefore, the algorithm with low computational
complexity is necessary to obtain the solution of P2. In the
following subsections, we propose two heuristic subchannel al-
location algorithms, namely the greedy max SINR scheme and
the minimum interference scheme.
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Algorithm 1 Greedy Max SINR
1: Initialize

2 SetZ ={1,---,I}.

3: Set p\ = 0,Vi € T,VYn e N.

4 Set P = min{ P, I /|h{")|?}. Vi € T, Vn € N.

5 Calculate 1\ = Pt"'(‘:f:’)” ® ,Vie I, VneN.
Pe,, [hey)r; 12+ No

6:  while Z # () do

7: Select (i*,n*) = arg max 7"
i€Z, neN

8: Set pl) = 1.

9: Update 7 = 7\ {i*}.

10: Calculate 'yﬁf*) according to (8), Vi € 7.

11: end while

B. The Greedy Max SINR Scheme

To maximize the sum rate of D2D transmitters, their SINR
should be maximized. Assume that global CSI is available at
the BS, which means that the BS knows the exact channel coeffi-
cients between all nodes on each subchannel. We can maximize
the SINR of D2D transmitters via a greedy algorithm, which
does not guarantee an optimal solution but has low computa-
tional complexity, and provides a reasonable solution in most
cases [33]. The details of the algorithm are presented as fol-
lows.

Let Z = {1,--- I}, which is the set of D2D transmitters
not allocated subchannels yet. Set the transmit power of D2D
transmitter ¢;, Vi € Z, on subchannel n, Vn € N, as large
as possible according to the constraints (10b) and (11b) ignor-
ing the interference from other D2D transmitters, i.e., Pt(i") =

min {Pmax, Iin/ \hi"m?} Calculate the SNR of each D2D re-

ceiver on each subchannel. Since no D2D transmitter is allo-
cated a subchannel in this step, there is no interference from
other D2D transmitters. After setting up, do the following pro-
cedures. Find the largest SINR, and select the corresponding
D2D transmitter ¢;+ and subchannel n*. Allocate subchannel
n* to D2D transmitter ¢;- and eliminate ¢* in set Z. Update the
SINR of D2D receiver r;, Vi € f, on subchannel n* considering
the interference from the other D2D transmitters allocated sub-
channel n*. Repeat this procedure until set 7 becomes empty,
i.e., all D2D transmitters are allocated subchannels. The pseudo
code format of the algorithm is shown in Algorithm 1.

Algorithm 1 performs an initialization step and [ iteration
steps. In the initialization step, it calculates N/ SINRs. In
the 4-th iteration step, it calculates (I — i) SINRs. The to-
tal number of SINR calculations in the algorithm is given by
NI+Y'_ (I—i)=NI+(I*~1)/2. Since I > N, the com-
putational complexity of the algorithm becomes O(1?), which
is much lower than that of the brute-force search.

C. The Minimum Interference Scheme

In the greedy max SINR scheme, we assumed that global CSI
is available at the BS. Because the assumption of global CSI
causes enormous feedback overhead, we now assume that only
the location of each node is available at the BS via the global

positioning system (GPS) [34]. Although the BS does not know
exact channel coefficients, it can calculate the channel variances
between all nodes according to their locations. This means we
can not use the instantaneous sum rate in P2.

Our new objective function aims to maximize the average sum
rate of the D2D transmitters. We can obtain its maximum value
when the average interference of each D2D receiver is mini-
mized [8], [35]. Then we can reformulate P2 into a problem
that aims to minimize the interference from D2D transmitters to
D2D receivers as much as possible by using graph theory.

First, we construct a graph G; = (Z,FE;), where T =
{1,---,1} is the vertex set representing the D2D transmitters
and E is the edge set representing the average power of mutual
interference between two vertices. The edge set is given by

Ey ={(i,5)I(i,j) € T%}.

Note that the average interference power from D2D transmitter
t; to D2D receiver rj, Vi,j € I, 1 # j, is P, (Y, ;. If the
transmit power of each D2D transmitter is set to the same, i.e.,
Vi,j € I, P;, = P, the weight of an edge (7, j) representing
the mutual interference power between vertices ¢ and j can be
expressed as

R Qtﬂj + Qtjﬂ”m
Wi,j = 0
)

Note that Wi, j = Wy ;-

Next, we partition the vertex set Z into N disjoint subsets,
ZW ..., Z(N) The BS allocates subchannel n, n € N, to D2D
transmitter t;,1 € Z,if1 € T (") To minimize the average inter-
ference from D2D transmitters to D2D receivers, we assign the
vertices to the subsets such that the sum of the weights of the
edges connecting vertices in different subsets is maximized. In
other words, we express the objective function of the optimiza-
tion problem as

12)

if i # j,

ifi =j. a3

max Z Wi 7. 14
IO, (V) “J (14

iez(™
jGI(m)
n<m

Additionally, we consider three more constraints to improve
overall performance. First, we try to assign subchannels fairly
to D2D transmitters. If subchannels are not fairly allocated to
D2D transmitters, sometimes many D2D transmitters can be as-
signed to one particular subchannel. Then they will be allocated
a small transmit power in the power optimization step due to
the interference constraint (10c), which results in performance
degradation. To prevent this, we add a new constraint of fair
allocation as follows:

\J{[J < |I(n)| < "]{[" ,VneN, (15)

where | x| denotes the largest integer less than or equal to  and
[x] denotes the smallest integer greater than or equal to .
Second, we use a new interference constraint. Because global
CSI is not available at the BS, the interference constraint (11b)
is meaningless since it assumes the exact values of channel co-
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efficients. Therefore we consider a new constraint limiting the
interference to the BS. In the mmWave network, the BS suffers
strong interference when its receive beam toward the interferer
is in the main-lobe. To avoid this strong interference, we re-
strict subchannel n, n € N, to be allocated to D2D transmitter
t;, © € I, if the receive beam of the BS on subchannel n to-
ward D2D transmitter ¢; is in the main-lobe. In this way, we set
B; as the set of subchannels restricted to be allocated to #;. A
constraint of D2D transmitter ¢; restricted to be allocated sub-
channels in B; is given by

™ =0, ¥neB;, Viel. (16)
If D2D transmitter t;, j € Z, is restricted to be allocated all
subchannels, i.e., B; = N, it cannot be allocated any subchan-
nel, which conflicts with the constraint (11a). To prevent this,
set B; = () if D2D transmitter t; is restricted to be allocated all
subchannels.

Third, to avoid strong interference from cellular users to D2D
receivers, similar to before, we restrict subchannel n, n € N, to
be allocated to D2D transmitter ¢;, ¢ € Z, if the transmit beam
of cellular user c,, toward D2D receiver r; is in the main-lobe.
In this way, we set C; as the set of subchannels restricted to be
allocated to t;. A constraint of D2D transmitter ¢; restricted to
be allocated subchannels in C; is given by

™ =0,Vnec, Viel. (17)
Similar to the constraint (16), set C; = 0, j € Z, if D2D trans-
mitter ¢; is restricted to be allocated all subchannels.

From the graph G; = (Z, E1) and the new constraints (15),
(16), and (17), we reformulate P2 as

P3 B > wiy, (18)
iez(™
jeztm™
n<m
subject to : U M =17, (18a)
neN
2N 20" =0, Vn,m e N, n<m, (18b)
I I
<z < |
o<t men.  as
i¢IM vneB, U G, Viel, (18d)

where the constraints (18a) and (18b) are equivalent to the con-
straint (11a) such that each D2D transmitter should be allocated
a single subchannel, and the constraint (18d) comes from the
constraints (16) and (17).

Since P3 is known as NP-hard, solving it directly is ineffi-
cient [36]. Thus we try to solve P3 in two steps. In the first
step, we find groups of the D2D transmitters without consider-
ing what subchannels will be allocated to them, i.e., ignoring the
constraint (18d). In the second step, we match a subchannel to
each group considering the constraint (18d).

Step 1: Let 70" m e N, be the group of the D2D transmit-
ters allocated the same subchannel, which can be any subchan-
nel, not necessarily to be m. We formulate the problem of D2D
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grouping as

P4:  ma i i 19
f(l),...,)i(w) Z Wiy (19
iez(™
jez®
m<l
subject to : U 7m =7, (19a)
meN
Zm M IO =0, Ym,l e N, m < L, (19b)

H]J < |7 < Lﬂ , Vm e N. (19c)

We can see that P4 is a capacitated max k-cut problem [37].
Though it is also an NP-hard problem, a near optimal solution
can be obtained by a heuristic algorithm with low computational
complexity in [37]-[40]. Before presenting the details of the
algorithm, we define the sum of the weights of edges connecting
a vertex 7, ¢ € Z, to the vertices in the subset 7(m) ag

W; F(m) = E Wi, 5 -

jezom)

(20)

The details of the algorithm are presented as follows.

Assign vertex i, Vi € Z, to Zm) ym e N, arbitrarily while
satisfying the constraint (19c). Determine if there exist a pair of
vertices i € 2™ and j € ZW, m, 1 € N, m # 1, such that

W; Gmy) +W; 5 > W zay F W, gomy = 2wig. (21)

If such a pair of vertices exist, reassign vertex ¢ to ZM and ver-

tex j to Z("™). Repeat this procedure until there is no pair of

vertices satisfying (21). After this, if all subsets do not have

the same size, i.e., Im,l € N,|Z(™| > [ZW], we addition-

ally perform vertex movement procedures. For any vertex sets

satisfying |Z(™| > |Z(W], check whether there exists a vertex
i € T(™ such that

wiyi-(m) > wi,f(l) . (22)

If such a vertex exists, reassign vertex ¢ to yAON Repeat this

procedure until there is no vertex satisfying (22). The pseudo
code format of the algorithm is shown in Algorithm 2.

We can obtain a suboptimal solution of T (M) Ym e N, via
Algorithm 2. The computational complexity of the algorithm is
known as O(I?Wgym ) in [40], where

Wsum = Z Lﬂwi,jJ

1,j€TL

(23)

and 8 = 1/ min; jez,izj wi ;-

Step 2: In this step, we match subchannels n, Vn € N, to
the sets f(m), ¥Ym € N, in a one-to-one manner. If the set
7(m) m € N, is matched to subchannel n, n € A/, the D2D
transmitters in the set Z(™) will be allocated subchannel n. Let
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Algorithm 2 Minimum Interference: Grouping D2D Transmit-
ters
1: Initialize

2: Arbitrarily assign vertex i, Vi € Z to Z™), m € N/,
while satisfying the constraint (19c¢).
3:  while

JieZm 35 eIW mleN,m#l,
W, em) T W5 70y > W, 50y T W Gm) — 2w, ; do

4: Reassign vertex i to Z® and vertex jto Zm),
5. end while
6: if all subsets do not have same size then
7: while
for any m, ! € N satisfying Z(™ > 7M1,
i € j(m), wij(m) > wii(,) do
8: Reassign vertex i to Z(1).
9: end while
10: end if

Cm,n denote the matching indicator for Z(m) as follows:

Covm = 1, if the set Z(™ is matched to subchannel 7,
™10, otherwise.

(24)
Due to the characteristic of the one-to-one matching, the follow-
ing two equalities should be satisfied:

D lnm=1,YmeN, (25)
neN
> lnm=1,neN. (26)
meN

We construct a bipartite graph Go = (U, V, Es) to formulate
the problem, where U = {uq,---,uy} and V = {v1,---,un}
are disjoint vertex sets representing the group of the D2D trans-
mitters and subchannels, respectively, and F is the edge set
where each edge connects a vertex of U to a vertex of V, i.e.,

Ey = {(m,n)|(um,v,) €U xV} (27)

Let 51-(”), i € Z,n € N, denote the indicator for confining D2D
transmitter ¢; to subchannel n, i.e.,

n 1,
51():{07

We set the weight of each edge (m,n) as the number of D2D
transmitters restricted to be allocated subchannel n in the set

i'(m), ie.,
ieZ(m)

iftneB, U ¢,

otherwise.

(28)

(29)

To satisfy the constraint (18d), the set f(m), m € N, is
matched to subchannel n, n € A/, only if there is no D2D trans-
mitter restricted subchannel n in the set Z(™). In other words, if
Cm,n = 1, then W,,, , = 0. Therefore, the sum of (y, ., Wi, 1, 18
zero for all m,n € N\ since either the value of Cmyn OF Wi i
zero. Since Cpy Wi, > 0, it is sufficient to minimize the sum

of Cm,nWin,n to satisfy the constraint (18d). We formulate the
problem of subchannel matching as

P5 : min manWmn 30
in Y GuaWon, (30)
m,nEN
subject to : Z Cmn = 1, vYm e N, (30a)
neN
> =1, VneN,  (30b)
meN
Cmom € {0,1}, Ym,n € N, (30c)
where ¢ = [(11, -, {nv,~n]. We can see that P5 is a minimum

weight matching problem. Its optimal solution can be obtained
by the Hungarian algorithm [41], [42].

The computational complexity of the Hungarian algorithm is
known as O(N?) in [42]. The overall computational complex-
ity of the minimum interference scheme becomes O (I 2 Weum +
N3). Since the following inequality holds,

Wsum = Z Lﬁwi’jj
i,j€L
S Y e Yo
1,J€L,i#j i,j€L,i=j
=I’-1>N, 31)

the overall computational complexity of the minimum interfer-
ence scheme is O(I%wgym), which is larger than that of the
greedy max SINR scheme but much lower than that of the brute-
force search.

After determining the matching indicator ¢, we determine the
set of D2D transmitters allocated subchannel n as

IW, i &, =1,
I i g, =1,

7 = 2 VneN. (32
i-(N)v if £N7n =1,

IV. POWER ALLOCATION

Suppose that after allocating subchannels, the BS collects lo-
cal CSI on each subchannel to allocate transmit power to each
D2D transmitter. That is, for subchannel n, the BS collects the
channel coefficients between the BS and cellular user u,,, D2D
transmitter ¢; and D2D receiver r;, the BS and D2D transmit-
ter ¢;, cellular user u,, and D2D receiver r;, Vi,j € 1 (), We
formulate the optimization problem of power allocation as

. (n)
PG : max S > R, (33)
neN jez(n)
subject to : 0 < Py, < Ppax, VieZ, (33a)
S PP < Iw, VYneN. (33b)

i€Z(n)

In P6, we obtain the optimal transmit power of each D2D
transmitter on subchannel n, n € N, independently of the
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power allocation on other subchannels because the D2D trans-
mitters allocated to subchannel n do not suffer interference from
other D2D transmitters allocated other subchannels. Therefore,
we can divide P6 into N subproblems which independently op-
timize the transmit power of each D2D transmitter on each sub-
channel. We formulate the power allocation problem on sub-
channel n as

P7 : max RrR™, (34)
P) °
i€Z(n)
subject to : 0 < Py, < Py, Vi€ ZM, (34a)
> PR < L, (34b)

i€Z(n)

where P (™) is the transmit power vector of the D2D transmitters
in the set Z(™). Note that PP7 is not convex since its objective
function is not convex. To tackle this problem, we rewrite the
objective function as

> R’

i€Z(n)
P W& 2+ Y Pylhi™, > + No
- 2 n n
et P hi 2+ Y Pylh™ 12+ N
JETM\{i}
= Y (fi(P™) = gi(P™)), (35)
i€Z(n)
where

[P =log, [ P10, 12+ S P, 2 + No

jEL(M)
(36)
and
gi(P™)=log, [ P, [n{, 2+ > Py |h{™, * + No
FETM\ {3}
37

Since f;(P() and g;(P(™) are the logarithmic functions of
affine functions, they are concave functions. To solve P7, DC
programming can be applied, which uses the first order Taylor
series approximation with an iterative method [43]. Let n; be the
index of the I-th D2D transmitter in the set Z("). The gradient
of g;(P(™) is given by

! hi

vgi (P(n)) — ~ ny 3T - gl
gpcnwh&n?m 24 5 Pylh{") 2 +No
e FET\{i}

(38)
where €] is a row vector with its [-th element one and the others
zero. Let P((In) denote the transmit power vector at the g-th iter-
ation. We can write the first order Taylor series approximation

of g;(P™) at point P{" as

gi(P™) ~ g;(P{) + Vg;(P()(P™ —PIHT . (39)
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Algorithm 3 Power Allocation
1: Initialize

2: Set a small positive variable € > 0.
3 Set P(()”), VYn € N, as any value satisfying

the constraints of P6.

4: forn=1:Ndo

5 Initialize

6: Setg = 0.

’ Caleulate R” = ;i ((PG") — g:(PE™)).

8 repeat

9 Find the optimal transmit power P* by solving
P8.

10: Update g =g+ 1

11: Update PSI") = P*.

12: Caleulate R = 3™,z (fi(PYY) — gi(PYY)).

13: until |Rén) - R((;ZI <e.

14: end for

By using the approximation of the objective function, we re-
formulate P7 as

. (P™Y _ g (P
P8:max 3 (fi(P™) - gi(P{)
i€Z(m)
n n n)\T
= Vgi(P{) (P —P)T) - (40)
subject to : 0 < Py, < Ppax, Vi€ ™), (40a)
7 PP < L. (40b)

ieZ(n)

Since P8 is convex, we can solve this by using any convex
solver. Using the solution of P8 and an iterative algorithm, we
can allocate the optimal transmit power to each transmitter. The
details of the algorithm in the pseudo code format, given in Al-
gorithm 3, are presented as follows.

Set a small positive variable ¢ > 0 to check the conver-
gence of the sum rate. Set the initial transmit power P(()”),
Vn € N, as any value in the feasible region satisfying the
constraints (33a) and (33b). After setting up, do the following
procedures on subchannel n, Vn € A. Set the iteration num-
ber ¢ = 0 and calculate the sum rate of the D2D transmitters
R(()”) = > iczom (fi(P?) — g;(P?)). In the g-th iteration step,
find the optimal transmit power P* by solving P8. Increase
the iteration number g by one and update the transmit power as
Pé”) = P*. Calculate the sum rate of the D2D transmitters
R =S o (i(PSY) — gi(PY™)). Repeat the procedures
until the sum rate converges, i.e., |R? — RI7!| <ee.

Now, we check the convergence of Algorithm 3. Since g;(P)
is concave, the following inequality always holds:

gi(P) < gi(P)) + V(P (PG — PUI)TL 41
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Table 1. Parameters used in the simulation.

Parameter Value
Cell radius 1000 m
Distance between a D2D pair (dy,) 10 m
Subchannel bandwidth (B) 100 MHz
Number of subchannels (V) 10
Number of cellular users (K) 10
Number of D2D users (/) 30
Transmit power of a cellular user (P, ) 23 dBm
Maximum transmit power of a D2D 23 dBm
transmitter (P ayx)

Half-power beam width 30°
Main-lobe gain 10 dB
Side-lobe gain -10 dB
Average LOS range (v/2/¢) 100 m
LOS path loss exponent (ar,) 23
NLOS path loss exponent () 3.86
Intercept of LOS path loss (CY,) 1
Intercept of NLOS path loss (Cn) 1

Nakagami parameter for LOS path (vr,) 3
Nakagami parameter for NLOS path (v1,) 2

Noise spectral density (Np) -174 dBm/Hz
Noise figure (F') 5dB
Noise variance (62 = BNy F) -89 dBm
Interference threshold in dB (It / o2) 10dB
Using (41), we can obtain following inequality:
RiM
= > (fi(P{) — g:i(P{M))
i€Z(n)
> Y (F(PY) = gi(P) + V(P (P — PV
z'eI(">
© S (PP —g @)+ Ve @)@ - P)T
i€Z(n)
ST (@) - gy = R 42)
i€eT(m)

where in (a) we use that P(n) is the solution of P8 for (g — 1)-th
iteration. From this, we can see that R( ™) is increased or un-
changed in each iteration. Since Rfl ™) does not converge to in-
finity, the inequality |R{"™ — R((;i)1| < eis always satisfied after
some iteration. This proves the convergence of Algorithm 3.

V. SIMULATION RESULTS

In this section, we use MATLAB with the Monte Carlo
method to obtain simulation results. We assume the mmWave
carrier frequency of 38 GHz and use the simulation parameter
from [31], Unless it is specified, simulation parameters are set
according to Table 1.

In the legends of figures, greedy max SINR and minimum in-
terference indicate that subchannels are allocated to D2D trans-
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—&— Minimum interference, optimal power
||--Z£+-- Minimum interference, equal power
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Fig. 1. Sum rate of D2D transmitters versus maximum transmit power.

mitters according to the algorithms in Sections III.B and III.C,
respectively, and random allocation indicates that subchannels
are randomly allocated to D2D transmitters. Optimal power in-
dicates that the transmit power is allocated to D2D transmit-
ters according to the algorithm in Section IV and equal power
indicates that the transmit power is equally allocated to D2D
transmitters with the maximum power satisfying the interfer-
ence constraints at the BS.

Fig. 1 shows the sum rate of the D2D transmitters accord-
ing to the maximum transmit power at each D2D transmitter. It
shows that the sum rate of the D2D transmitters increases with
the maximum transmit power. For the same power allocation
scheme, two proposed subchannel allocation schemes outper-
form the random subchannel allocation scheme, and the greedy
max SINR scheme achieves the highest sum rate. For the same
subchannel allocation scheme, naturally the optimal power allo-
cation scheme outperforms the equal power allocation scheme.
It shows that the gap between the optimal and equal power al-
location schemes with the same subchannel allocation scheme
increases with the maximum transmit power. This is because
when the maximum transmit power is high, the equal power al-
location scheme is more affected by the interference constraint
than the power constraint while the optimal power allocation
scheme has more options.

Fig. 2 shows the sum rate of the D2D transmitters according
to the interference threshold. It shows that the sum rate increases
with the interference threshold. The sum rates of the optimal and
equal power allocation schemes with the same subchannel allo-
cation scheme converge as the interference threshold increases.
This indicates that without the interference threshold, allocating
the maximum transmit power to each D2D transmitter is an op-
timal strategy in a mmWave network, which is different from a
conventional network [44]. This is because that, in the mmWave
network, signals are vulnerable to blockages which reduce the
interference received at each D2D receiver while its desired sig-
nal is rarely affected by blockages due to its short distance.

Fig. 3 shows (a) sum rate and (b) individual rate of each D2D
transmitter according to the number of D2D pairs. The sum
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Fig. 2. Sum rate of D2D transmitters versus interference threshold.

rate of the D2D transmitters increases with the number of D2D
pairs. Since the sum rate is proportional to the number of D2D
transmitters, it is hard to interpret the effects of the number of
D2D pairs in the graph. Therefore, we add a graph of the in-
dividual rate in the figure. The individual rate of each D2D
transmitter decreases with the number of D2D pairs. Without
the optimal power allocation scheme, it shows that the sum rate
of the minimum interference scheme is little higher than that of
the random subchannel allocation scheme. However, when the
transmit power is optimally allocated, the minimum interference
scheme outperforms the random subchannel allocation scheme.

Fig. 4 shows the sum rate of the D2D transmitters accord-
ing to the number of subchannels. It shows that the sum rate
of the D2D transmitters increases with the number of subchan-
nels. In the minimum interference scheme, when the number of
subchannels is close to that of D2D pairs, the sum rates of the
optimal and equal power allocation schemes are getting close.
This is because most of subchannels are allocated only to a sin-
gle user when the number of subchannels is large due to the
fair allocation constraint (15). When the number of subchan-
nels increases, the sum rate of the random subchannel allocation
scheme with optimal power allocation is getting close to that of
the minimum interference scheme with optimal power alloca-
tion. This indicates that the minimum interference scheme is
inefficient when the numbers of subchannels and D2D transmit-
ters are similar.

Fig. 5 shows the sum rate of the D2D transmitters accord-
ing to the NLOS path loss exponent. Due to the vulnerability
to blockages of mmWave signals, they have a high NLOS path
loss exponent while conventional microwave signals have a low
NLOS path loss exponent. The high NLOS path loss exponent
can be regarded as mmWave networks while the low NLOS paht
loss exponent as conventional networks. The sum rate of D2D
transmitters increases with the NLOS path loss exponent. This
indicates that D2D communication has advantages in mmWave
networks compared to conventional networks.

Fig. 6 shows the sum rate of the D2D transmitters according
to the average LOS range. This figure compares the sum rate
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Fig. 3. Sum rate of D2D transmitters and individual rate of each transmitter
versus the number of D2D pairs: (a) sum rate and (b) individual rate.

of the D2D transmitters in rural and urban environments. The
large value of the average LOS range indicates a rural environ-
ment while the small value indicates an urban environment. It
shows that the sum rate is maximized for the value of average
LOS range 100 m, and an urban environment achieves higher
sum rate than a rural environment. This is because in a rural en-
vironment, most of the paths become LOS which results in large
interference.

Fig. 7 shows the average running time for each scheme ac-
cording to the number of D2D pairs. Note that the vertical axis
is in log scale. It shows that the random allocation is fastest
while minimum interference schemes is slowest. We can see that
this results well match with the computational complexity de-
rived in Section III. Though the minimum interference scheme
is slowest, it just needs only one second to perform algorithm
for 100 D2D pairs, which is fast enough. Brute-force search can
be regarded as performing random allocation N times, which
is much slower than the minimum interference scheme and this
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confirms the superiority of the proposed algorithm.

VI. CONCLUSION

In this paper, we proposed two subchannel allocation schemes
and an optimal power allocation scheme for multiple D2D pairs
underlaid in an uplink mmWave cellular network. We formu-
lated an optimization problem to allocate subchannels and trans-
mit power, which aims at maximizing the sum rate of D2D trans-
mitters. We decomposed the problem into two subproblems: a
subchannel allocation problem and a power allocation problem.
To solve the subchannel allocation problem, we considered two
heuristic algorithms of the greedy max SINR scheme and the
minimum interference scheme. Different from the greedy max
SINR scheme which needs global CSI, the minimum interfer-
ence scheme uses only the location of each node, which is prac-
tical. After subchannel allocation, we performed the transmit
power allocation by using DC programming.
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Fig. 6. Sum rate of D2D transmitters versus the average LOS range.
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Fig. 7. Average running time for each scheme versus the number of D2D pairs.
The CPU used in the simulation is Intel Core i7-3770.

Through simulation, we confirm that the two proposed sub-
channel allocation schemes outperform the random subchan-
nel allocation scheme and the power allocation helps to achieve
higher sum rate. Moreover, the minimum interference scheme
with optimal power allocation is efficient when the number
of D2D pairs is large compared to that of subchannels. We
also revealed that D2D communication has more advantages in
mmWave networks than in conventional networks, and its per-
formance is better in an urban environment compared to a ru-
ral environment. In future work, we will allocate resources to
not only D2D transmitters but also cellular users, extend our
scheme to a case with multi-cell environments, and allow each
D2D transmitter to be allocated multiple subchannels to improve
performance.
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