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Abstract—This paper considers a scenario in which multiple
device-to-device (D2D) users can reuse the uplink resources of
a cellular network to transmit directly to their corresponding
receivers. The aggregated interference from the D2D users is
limited by applying a threshold on the allowable interference
in the base station. The problem is solved under two types of
constraints, namely, the peak interference and average interference constraints. In the former, we assume that full channel
state information (CSI) is available at the base station, and we
optimize the allowable transmit power for the D2D users so that
the number of coexisting D2D communications is maximized. We
further deﬁne a quality-of-service constraint for the D2D users.
In practice, however, it is difﬁcult to have complete CSI at the
base station as it imposes heavy signaling overhead. Therefore,
in the latter scenario, we assume that no knowledge about the
location of D2D users and their CSI are available at the base
station. This approach does not impose any signaling overhead.
Our results show that even with no CSI knowledge, we are
able to improve the system performance in terms of throughput
by allowing coexisting D2D communications while satisfying the
cellular user’s constraints.

I. I NTRODUCTION AND R ELATED W ORK
Spectrum sharing is one way of reusing spectrum in both
temporal and spatial domains and has been frequently used to
improve the spectral efﬁciency of wireless networks. Deviceto-device (D2D) communication has recently been proposed
as an underlay for cellular networks to improve the spectrum
reuse. In the D2D mode, transmission is done using a direct
link from one device to another device as opposed to the
traditional cellular mode in which all transmissions go through
base stations (BS) [1]–[3].
D2D communications provide potential gains for cellular
networks. First, since D2D users reuse resources of cellular
users, the network can achieve a reuse factor less than one.
This potentially leads to an increase in network capacity
[4] as well as a decrease in the load of base stations. In
addition, proximity of users results in power saving for both
base stations and mobile terminals. Higher data rates can
also be achieved due to using just one hop in D2D mode.
Moreover, D2D communication may extend cell coverage [3].
However, since both cellular and D2D users employ the same
set of network resources, their achievable gains depend on
the level of interference from and to the D2D users. Therefore, interference management, mode selection, and efﬁcient
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resource scheduling are important for implementation of D2D
communications [5]. In order to manage the interference of
D2D links to the cellular network, one approach is to limit
the maximum transmit power of the D2D users as considered
in [6] and [7]. Another approach is minimizing the received
interference while maximizing the number of D2D links in the
cell [8]. Proper pairing for maximizing the network capacity
while minimizing the interference is considered in [9].
D2D communications can reuse resources in the downlink,
the uplink, or both. This paper will focus on reusing uplink
resources because reusing downlink resource may lead to regulatory issues [10]. Our objective is to maximize the number
of D2D users that can simultaneously share the resources of
one cellular user so that the spectrum reuse is optimized. The
problem is formulated under two different constraints for the
cellular users. First, we investigate this problem under the
peak interference constraint where instantaneous channel state
information (CSI) is available. The optimal number of active
D2D users is found for this problem. Next, we formulate
the problem under the average interference constraint where
no knowledge of the location of D2D users and their CSI
is available. We derive an upper bound on the number of
D2D users that can transmit simultaneously with no CSI
knowledge. The immediate beneﬁt of such a solution is that
the BS can estimate the allowable number of coexisting D2D
communications without requiring any CSI, and therefore, if
any new D2D pair is discovered, the BS can determine if
this user can be scheduled in the resource of the cellular
user. Furthermore, we also consider quality-of-service (QoS)
requirements for D2D users.
In our previous work [11], we have investigated the tradeoff between CSI signaling overhead and overall system performance in terms of the cell sum throughput for a similar
scenario, but under a more restrictive assumption that the
received interference power in the BS from all active D2D
users are equal. In this work, we will ﬁnd the optimal solution
for the problem of admission and power control for D2D
users with QoS requirements under the peak interference
constraint. Moreover, in our second scenario under the average
interference constraint and no CSI, an upper bound on the
number of D2D users that can be scheduled is derived.
The rest of this paper is organized as follows: Section II
presents our system model. In Section III, the problem of
power and admission control for D2D users under the peak
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III. P EAK I NTERFERENCE C ONSTRAINT
We assume that the CUE transmits with power p0 . The
SINR constraint for the cellular user is written as
γ0 ≥ γ0th ,
Fig. 1.

System model with one cellular and multiple D2D users.

interference constraint is formulated, and in Section IV the
problem is analyzed under the average interference constraint.
The performance of the system under both constraints are
evaluated in Section V. Finally, the paper is concluded in
Section VI.
II. S YSTEM M ODEL
We consider a single-cell cellular network with one cellular
user equipment (CUE) communicating with the BS as depicted
in Fig. 1. In addition, there are K other users in the cell that
can communicate directly with their corresponding receivers
in the D2D mode. We assume that the D2D communications
use uplink resources of the network. Both cellular and D2D
users are distributed uniformly over the cell area.
When a user is operating in the D2D mode, it reuses the
resources of the network and causes interference at the BS for
the CUE transmission over the same channel in the uplink. We
assume more than one D2D user can transmit simultaneously.
Therefore, the aggregated interference from the active D2D
users at the BS is an important issue. Besides, the interference
caused by the cellular user to the D2D resources degrades the
performance of D2D communications. Thus, D2D users that
cannot fulﬁll the QoS requirements should not use the D2D
mode.
The goal is to maximize the number of active D2D users
in the cell while ensuring that the aggregated interferences
to both cellular and D2D users meet their QoS requirements.
To model the active D2D users, we deﬁne a binary random
variable xk ∈ {0, 1}, k ∈ {1, . . . , K}, where xk = 1 corresponds to the event that the kth D2D user is active; xk = 0,
otherwise. Let Gij denote the instantaneous channel gain from
the ith transmitter to the jth receiver with i, j ∈ {0, 1, . . . , K},
where i, j = 0 corresponds to the CUE and the BS, and
the D2D users otherwise. The instantaneous channel gain
accounts for the path loss, ḡij , and Rayleigh fading, |hij |2 ,
with E[|hij |2 ] = 1, i.e.,
Gij = ḡij |hij |2 .

(1)

where γ0th is a pre-determined threshold for the CUE’s instantaneous SINR. The SINR constraint in (4) can equivalently be
written as the aggregated peak interference constraint,
K


k=1

γk =  K

p0 G00
σ02

xk pk Gk0 +
xk pk Gkk

k =k

,

xk pk Gk k + p0 G0k + σk2

(5)

with Ith = p0 G00 /γ0th −σk2 . This constraint protects the cellular
receiver from the active D2D users’ interference.
Users have a choice to be active in either the D2D mode or
conventional cellular mode. They often require certain QoS,
which can be written in terms of individual SINR constraints
as
xk pk Gkk + (1 − xk )Mk
≥ γdth , ∀k ∈ {1, . . . , K}.
K
2
x
p
G
+
p
G
+
σ
0 0k
k
j=1,j=k j j jk
(6)
The term (1 − xk )Mk in the numerator is to overcome the
issue of infeasibility of the optimization problem because of
inactive D2D users. That is, we choose the coefﬁcient Mk in
such a way that when user k is not scheduled, i.e., xk = 0, the
corresponding SINR constraint is satisﬁed and does not make
the problem infeasible. Therefore, we have [12]
⎛
⎞
K

th ⎝ d
c
2⎠
Gjk + Pmax G0k + σk , (7)
Mk ≥ γd Pmax
j=1,j=k
c
Pmax

d
Pmax

where
and
are the maximum transmit powers of the
cellular and D2D users, respectively.
The ﬁnal constraints are to limit the maximum transmit
power of the active D2D users, i.e.,
d
,
xk pk ≤ Pmax

∀k ∈ {1, . . . , K}.

(8)

Our objective is to maximize the number of active D2D
users. In the above constraints, the multiplication of the optimization variables, i.e., the term xk pk , makes these constraints
nonlinear. To overcome this issue, we deﬁne a new variable
pxk = xk pk . Since xk ∈ {0, 1}, the variable pxk should
d
also satisfy pxk ≤ Pmax
. Therefore, the new deﬁnition does
not change any of the constraints except for removing their
nonlinearity. We can formulate our optimization problem as

(2)
,

xk pk Gk0 ≤ Ith ,

k=1

Deﬁne the cellular user’s and the kth D2D user’s signal-tonoise-plus-interference ratio (SINR), respectively, as
γ0 =  K

(4)

(3)

where pj , j ∈ {0, 1, . . . , K}, are the transmit powers, and σj2
is the receiver noise power.
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max 

pxk ∈R+
xk ∈{0,1}

∀k

K


xk

(9)

k=1

subject to
pxk Gkk + (1 − xk )Mk
≥ γdth ,
K

pxj Gjk + p0 G0k + σk2

∀k ∈ {1, . . . , K},

j=1,j=k

(10a)

IEEE ICC 2014 - Wireless Communications Symposium

K


pxk Gk0 ≤ Ith ,

(10b)

k=1
d
pxk − Pmax
≤ 0,

∀k ∈ {1, . . . , K}.

(10c)

Note that this approach requires complete CSI of all users.
The problem (9)–(10) is a mixed integer programming (MIP)
problem. However, the constraint (10a) can be rewritten as a
linear constraint. Deﬁning Ajk as

−Gkk if j = k,
Ajk 
(11)
γdth Gjk if j = k,
and Bk as
Bk  Mk − γdth p0 G0k − γdth σk2 ,

(12)

the above optimization problem can be recast as a mixed
integer linear programming (MILP) problem:


max 
pxk ∈R+
xk ∈{0,1} ∀k

K


xk

to be reliably detected. Using this policy, the transmit power
pk of the kth D2D user is
pr
pk = k ,
(15)
Gkk
where prk = Γk σk2 is the received power at the kth D2D
receiver and Γk is its desired SNR based on the required
data rate. The value of prk is channel-independent. Assuming
all D2D users have the same rate requirement and the same
receiver noise, i.e., Γk = γdth and σk2 = σ 2 , we have
prk = γdth σ 2  pr ,

We use average interference constraint as the QoS constraint
for the CUE. That is, we change the constraint (10b) to

(13)
Ep,G

k=1

K


xk pk Gk0 ≤ Ith .

(17)

k=1

Using channel inversion as the power control policy, we have
pxj Ajk + Mk xk ≤ Bk ,

∀k ∈ {1, . . . , K},

(14a)
EG

j=1
K


(16)

The transmit power pk in (15) depends on the channel between
the D2D transmitter and its own receiver, and is independent
of the interference channels.

subject to
K


k ∈ {1, . . . , K}.

xk pr

k=1

pxk Gk0 ≤ Ith ,

(14b)

k=1
d
≤ 0,
pxk − Pmax

K


∀k ∈ {1, . . . , K}.

(14c)

The solution to the above MILP problem can be found using
optimization solvers, and can also be veriﬁed by a greedy
enumeration approach.

So far, we have assumed that the positions and instantaneous
CSI for all D2D users are known, based on which we could
determine the optimal number of active D2D users with
respect to their QoS as well as the CUE’s. However, having
all this information at the BS requires heavy signaling and
power consumption in the transmitters, and may not always
be possible due to delay constraints. Therefore, the question
is if it is possible to estimate the number of D2D users that
can be active and simultaneously share the spectrum with one
CUE without the knowledge of users’ positions and their CSI.
Since the location of D2D users are unknown to the BS,
the distance between a D2D transmitter to the BS as well as
its corresponding receiver is a random variable. Therefore, the
distance-dependent path loss is not a deterministic function
anymore and only statistics of the path loss model are desirable. The transmit power of the D2D user is also affected by
this assumption and becomes a random variable as well, since
we use power control in order to assure the link quality and to
manage the interference in the shared environment. There may
be different power control policies [13]. We consider a classic
power control policy, the channel inversion, which assumes
constant received power in the receiver in order for the signal

≤ Ith .

(18)

Gk0
Since the ratio G
is a random variable, the left hand side
kk
of (18) is a weighted sum of, and therefore, a linear function
in the random variables. Thus, by the Jensen’s inequality for
convex functions [14], we can write
K


xk pr EG

k=1

IV. AVERAGE I NTERFERENCE C ONSTRAINT

Gk0
Gkk

Gk0
Gkk

≤ Ith .

(19)

In (1), the path loss between a user and the BS is modeled as
0
ḡk0 = c0 d−α
k0 where c0 and α0 are known path loss coefﬁcient
and exponent, respectively. The path loss between a D2D
transmitter and its receiver is modeled similarly with cd and
αd . Then, we can lower bound the left hand side of (19) as
K


xk pr EG

k=1

= pr

K


Gk0
Gkk

(a)

= pr

K


xk EG [Gk0 ] EG

k=1


xk EG ḡk0 |hk0 |2 EG

k=1

1
Gkk

1
ḡkk |hkk |2

K


p r c0 
1
1
0
=
xk Ed d−α
Eh |hk0 |2 Ed −αd Eh
k0
2
cd
|h
d
kk |
kk
k=1

(b)

(c)

≥

(d)

=

K


p r c0 
1
0
d
xk Ed d−α
Eh |hk0 |2 Ed [dα
k0
kk ]
cd
Eh [|hkk |2 ]

p r c0
cd

k=1
K



0
d
Ed [dα
xk Ed d−α
k0
kk ] ,

(20)

k=1

where (a) is due to the fact that the channel for D2D
communication and the interference channel to the BS are
independent; (b) follows from the independence of path loss
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d
Ed [dα
kk ] =

=−

d
dα
kk f (dkk ) ddkk





 kk 
d2
d2
αd +2
− 2 F1 12 , αd2+3 ; αd2+5 ; 4Rkk2 dkk +(αd +2) 2 F1 − 21 , αd2+3 ; αd2+5 ; 4Rkk2 dkk −2(αd +3)R cos−1 d2R
2dkk

π(αd + 2)(αd + 3)R3

and fading gain; (c) followsfrom the Jensen’s inequality; and
(d) follows since Eh |hij |2 = 1.

0
d
Deﬁning β  Ed d−α
Ed [dα
k0
kk ], from the average interference constraint in (19) and the bound in (20), we obtain an
upper bound on the number of active D2D users as
L

K


xk ≤

k=1

cd Ith
.
c0 p r β

(21)

The bound in (21) is function of β which in turn relies
on the distributions of the distance of the D2D transmitters to
their receivers as well as to the BS. These two distributions are
dependent on the cell topology. Here, we consider a circular
cell which is a good approximation for both hexagonal and
0
, the distribution of the
square cell. To calculate Ed d−α
k0
distance between a D2D user and the BS is needed. We assume
that users are uniformly distrusted over the cell area with
distance dmin ≤ dk0 ≤ R from the BS, where R is the cell
radius. The lower bound on the distance is enforced so that the
path loss model is valid. Then, the probability density function
(PDF) of dk0 is
2dk0
f (dk0 ) =
,
(22)
R2
from which we have the PDF of the random variable y = d−1
k0
as [15]
 
1
1
g(y) = 2 f
.
(23)
y
y
We calculate

0
= Ey [y α0 ] =
Ed d−α
k0
=



1/dmin

1/R

y α0 g(y) dy



2
−(α0 −2)
−(α0 −2)
,
d
−
R
R2 (α0 − 2) min

(24)

for α0 > 2.
The PDF of the distance between two D2D nodes in
a circular cell can be derived using the disk line picking
described in [16, Ch. 6] as



d2kk
dkk
4dkk
2d2kk
−1
cos
1
−
, (25)
f (dkk ) =
−
πR2
2R
πR3
4R2
with Dmin ≤ dkk ≤ Dmax . Therefore, we can obtain the term
d
Ed [dα
kk ] from (26) on top of the page, in which 2 F1 (a, b; c; z)
is the Gaussian hypergeometric function. The integral in (26) is
calculated numerically in the range [Dmin , Dmax ]. Due to the
channel inversion policy, the maximum allowed distance Dmax
between a D2D transmitter and its receiver has noticeable
impact on the interference at the BS.

(26)

The value of β in (21) is therefore depends on the path loss
exponents and the cell radius, and can be computed from (24)
and (26). Then, we have
L≤

Ith
cd
 Lub .
c0 pr β(R, α0 , αd )

(27)

In the upper bound, Ith is determined by the CUE’s QoS
requirement. To see how Lub changes in parameters αd , the
path loss exponent between two devices, α0 , the path loss
exponent between BS and a device, and R, the cell radius, we
plot the normalized Lub for a ﬁxed CUE. The left plot in Fig. 2
depicts the decreasing behavior of Lub in αd when α0 = 3.67
and R = 200. The reason for this exponential decrease is that
increasing αd results in more loss between D2D transmitters
and receivers and due to the channel inversion power control
policy, D2D transmitters increase their transmit power, thus
create more interference at the BS. The behavior of Lub is
inverse in α0 as shown in the middle plot of Fig. 2 for αd = 4.
Increasing α0 makes the channel between the D2D transmitter
and the BS worse, which leads to less interference at the
BS. Therefore, more D2D users can be active. If both path
loss exponents are the same (i.e., αd = α0 ), we observe in
the right plot of Fig. 2 that the number of active D2D users
will decrease with a lower slope as the path loss exponents
grow larger. This shows that the increase in the D2D transmit
power due to the channel inversion policy which leads to
additional interference at the BS is slightly compensated by the
degradedness of the channel to the BS. Fig. 3 shows that more
D2D communications are possible if the cell size is increased
with a ﬁxed CUE, since in larger cells the probability that
D2D users are spatially separated from the CUE is higher.
Using the bound in (27), the BS can estimate the maximum
number of D2D users that can be active simultaneously
without requiring CSI knowledge of the D2D users. That is,
it can randomly allow L = min{Lub , K} D2D users to
transmit on the uplink resource of the CUE. D2D users employ
channel inversion as their power control policy and due to
their lack of CSI knowledge, each active D2D user selects a
random value as their channel gain based on the convolution
of path loss distribution and fading gain distribution which
can be computed numerically. This approach is also beneﬁcial
when a new D2D pair is discovered and the BS wants to
determine if this user can be scheduled in the resource of the
cellular user. The trade-off on the performance is that with
this approach only the average interference constraint can be
guaranteed and not the instantaneous QoS for the CUE as well
as D2D users. In the next section, we study the CUE’s outage
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probability deﬁned as
Pout = Pr



K



xk pk Gk0 > Ith

,

(28)

k=1

and show that the outage is actually very small.
V. P ERFORMANCE E VALUATION
We evaluate the performance of our model under peak and
average interference constraints by means of Monte-Carlo simulations. We consider a circular cell layout of radius R. The BS
is located in the center of the cell. In each realization, one CUE
and K D2D transmitters are generated randomly with uniform
distribution over the cell area with radius dk0 ∈ [dmin , R]
from the BS. D2D receivers are generated with distance
dkk ∈ [Dmin , Dmax ] from their corresponding transmitters. We
c
ﬁx the transmit power of the CUE to pc = Pmax
. The channel
model accounts for the effects of path loss and multi-path
fading. The path-loss parameters are based on the non-lineof-sight (NLoS) scenario in [17]. The simulation parameters
are given in Table I.
To solve the MILP optimization problem in (13)–(14), we
used the GNU linear programming kit (GLPK) solver [18]
which uses the branch-and-cut algorithm. We use this solution
as a benchmark for our second approach in which no CSI from
D2D users is needed. We use K = 8, γ0th = 4 dB, and γdth = 2
dB in the following simulation results unless otherwise stated.

Parameter

Value

c ,Pd
Pmax
max

24 dBm
350 m
4, 8 dB
2 dB
−107 dBm
2 GHz
5 MHz
40 m
10 m
10 m
4
3.67
28.03 dB
30.55 dB
10000

R
γ0th
γdth
σ2
fc
B
Dmax
Dmin
dmin
αd
α0
cd
c0
MC

Fig. 4 depicts the cumulative distribution function (CDF)
of the cell sum rate in three approaches: conventional cellular
transmission with no D2D communications, cellular transmission coexisting with multiple D2D users under peak interference constraint (PIC) where full CSI is known at the BS, and
D2D communications under average interference constraint
(AIC) in which no CSI is available. In our simulations, we
assumed that if the CUE is in outage without any D2D
communication, i.e., Ith < 0, it does not transmit, and we
removed these instances from the CDF plot. It can be observed
that it is beneﬁcial in terms of the cell sum rate that multiple
D2D users share the spectrum with the CUE. Furthermore,
the ﬁgure shows that our proposed approach based on AIC
can still improve the system performance even though it does
not require CSI knowledge from D2D users and the decision
is based on randomness of the interference sources.
Fig. 5 shows the average number of active D2D users versus
different number of available D2D users in the cell under PIC
and AIC. As it can be seen, the number of active D2D users is
higher in AIC case as this approach does not take into account
the interference between D2D users and only guarantees the
QoS for the CUE. In Fig. 6, the outage probability of the CUE
at the BS caused by D2D transmissions under AIC is depicted.
It is observed that the outage probability is low even though
no signaling information is used in the decision process.
VI. C ONCLUSIONS
We studied the problem of spectrum sharing between a
cellular user in the uplink and multiple D2D users under
two different constraints: the peak and average interference
constraints. In the former, we assumed that full CSI knowledge
is available at the BS, based on which we obtain the optimal
number of coexisting D2D communications while preserving
certain QoS for both CUE and D2D users. In the later scenario,
the locations of D2D users are assumed to be unknown and
random along with their CSI. We ﬁnd the upper bound on the
number of D2D users that the system can accommodate based
only on the average interference constraint. The proposed
approach provides us with an important result that if a D2D
pair requests to use the same resource of the cellular system,
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the BS, without any knowledge about the user’s location,
can decide if it can admit the user. We evaluated both
approaches using Monte-Carlo simulations. Our results show
a great potential for multiple coexisting D2D communications
in the resource of one CUE. Moreover, we show that without
imposing any signaling overhead in the decision process, it
is possible to improve the system performance in terms of
throughput while keeping the outage probability small.
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Fig. 4. CDF of the cell sum rate for different scenarios with K = 8, γ0th = 4
dB, and γdth = 2 dB.

14

AIC, CUE thrs. = 4 dB
PIC, CUE thrs. = 4 dB
AIC, CUE thrs. = 8 dB
PIC, CUE thrs. = 8 dB

Avg. active D2D users (L)

12

10

8

6

4

2

0

2

4

6

8

10

12

14

16

Available D2D users (K)
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