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Abstract—We study the problem of interference management
for device-to-device (D2D) communications where multiple D2D
users may coexist with one cellular user. The problem is to
optimize the transmit power levels of D2D users to maximize
the cell throughput while preserving the signal-to-noise-plus-
interference ratio (SINR) performance for the cellular user. This
is the so-called multi rate power control problem. We investigate
the problem under two assumptions, the availability of the
instantaneous or average channel state information (CSI) at the
base station. In the first case, D2D transmit power levels adapt to
fast fading, whereas in the second case, they only adapt to slow
fading. In the latter assumption, the cellular user has a maximum
outage probability requirement. With numerical results, we study
the trade-off between the signaling overhead, that is frequent
CSI feedbacks, and the overall system performance, that is
the maximum achievable cell capacity, for D2D communications
underlying cellular networks.

I. INTRODUCTION AND RELATED WORK

In conventional cellular networks, mobile users communi-

cate to each other via a base station. However, when mobile

transmitters and receivers are close, it can be beneficial if they

communicate directly, i.e., using the so-called device-to-device

(D2D) communication mode [1]. Exploiting this proximity

gain leads to a higher power efficiency and data rate for

both the network and mobile users [1]–[3]. Users in the D2D

mode can transmit either in a separate frequency band or via

spectrum sharing as long as the cellular users are protected

against interference. In this work, our focus is on spectrum

sharing using the uplink resources to increase cell capacity.

The achievable capacity gain of the network in the presence

of D2D communications is assured by power control and

proper mode selection. These schemes manage the interference

from the D2D users to the cellular users and vice versa. The

work in [4] and [5] control the interference of the D2D links to

the cellular users by limiting the maximum transmit power of

the D2D users. Authors in [6] aim at minimizing the maximum

interferences from both cellular users to D2D users and from

Part of this work has been performed in the framework of the FP7 project
ICT-317669 METIS, which is partly funded by the European Union. The
authors would like to acknowledge the contributions of their colleagues in
METIS, although the views expressed are those of the authors and do not
necessarily represent the project.

D2D users to cellular users by means of power control. In

[7], authors employ the interference-limited area knowledge

for D2D receivers to maximize the network capacity with

multiuser MIMO, and any cellular users in the vicinity of

the interference-limited area is not scheduled. Mode selection

that takes into account the effect of interference in spectrum

sharing has been addressed in [8], where the goal is to find

the best mode to maximize sum rate. Authors in [9] combine

the mode selection with power control.

The existing scenarios in literature have investigated the

coexistence of only one D2D user with a cellular user in

a single frequency band [4], [5], [9], [10], while by proper

power control and efficient mode selection multiple D2D users

can communicate in one cell for higher network throughput.

Therefore, in our work, we assume that more than one D2D

user may reuse the spectrum to improve capacity. We fix

the cellular user’s transmit power and optimize the transmit

powers of active D2D users. The cellular user has a quality-of-

service (QoS) requirement. Furthermore, we assume that the

received interference power from the D2D users at the base

station should be the same for all users. This assumption forces

the D2D users close to the cell center to communicate via the

base station in order to decrease the received interference. We

formulate this problem as a multi-rate power control problem

under the assumption of the availability of instantaneous or

statistical channel state information (CSI). In most power

control schemes, the powers are updated every instance the

fading state of the channel changes [11]. This is the underlying

assumption in our first scenario, where we obtain the exact

maximum number of active D2D users for the maximum cell

throughput while preserving the cellular user’s QoS require-

ment. However, this scenario requires frequent CSI feedbacks

in order to update the powers, which leads to significant

signaling overhead and power consumption. Therefore, in the

second scenario, the amount of required information for D2D

power allocations is decreased. We assume only statistical

CSIs based on the location of D2D users. Hence, the transmit

power updates only follow the path loss while certain outage

probability is allowed for the cellular user. Based on these

two formulations, we investigate the trade-off between the



available CSI information, the number of served D2D links,

and the maximum achievable cell capacity.

II. SYSTEM MODEL

We consider a single-cell cellular network with one cellular

user (CUE) communicating with the base station. In addition,

there are K other users in the cell that are in the D2D mode

and can communicate directly with their receivers. The D2D

users utilize the uplink resources of the cellular network. We

assume more than one D2D user may transmit simultaneously.

The overall network performance depends on the transmit

powers of active users. In this model, the transmit power of

the cellular user is fixed, but the power levels of D2D users are

optimized to control the interference. To this end, the received

interference power from all D2D users are assumed to be the

same at the base station. This means that the D2D users that

are far away from the base station can communicate directly

without causing much interference to the infrastructure link

and the ones that are close to the cell center may communicate

via the base station instead.

To model the active D2D users, we define a binary random

variable xk ∈ {0, 1}, k ∈ {1, . . . ,K}, where xk = 1 corre-

sponds to the event that the kth D2D user is active, otherwise

xk = 0. 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 cellular user and the

base station, and the D2D users otherwise. The instantaneous

channel gain accounts for the path loss, ḡij , and Rayleigh

fading, |hij |
2, with E[|hij |

2] = 2σ2 = 1, i.e.,

Gij = ḡij |hij |
2.

Define the cellular user’s and the kth D2D user’s signal-to-

noise-plus-interference ratio (SINR) as

γ0 =
p0G00

∑K
k=1 xkpkGk0 +N

, (1)

γk =
xkpkGkk

∑K
k′=1,k′ 6=k xk′pk′Gk′k + p0G0k +N

, (2)

where pj , j ∈ {0, 1, . . . ,K}, are the transmit powers, and N is

the receiver noise power. Then, the corresponding achievable

rates are R0 = log2(1 + γ0) for the cellular link and Rk =
log2(1 + γk) for D2D link k measured in [bps/Hz], and the

objective is

max
pk,xk

R0 +

K
∑

k=1

xkRk. (3)

III. PROBLEM FORMULATION

We formulate the problem based on two different con-

straints, namely, instantaneous SINR constraint, and outage

constraint. The former requires that the instantaneous channel

gains of all D2D users to be available at the base station in

every transmission time slot, thus, imposing a high signaling

overhead among network entities. The latter, however, only

requires average channel gains of the D2D users that only

depend on the path loss. Since the positions of D2D users

do not change rapidly, frequent channel feedbacks are not

necessary and signaling overhead is reduced.

A. Instantaneous SINR constraint

In order to protect the cellular user, a pre-determined

threshold, γ th
0 , for the instantaneous SINR should be met, i.e.,

γ0 ≥ γ th
0 . (4)

As there is a limit on the transmission power of mobile

devices, we also have

0 ≤ pk ≤ Pmax, ∀k ∈ {1, . . . ,K}. (5)

We assume that the CUE transmits with its maximum power,

i.e., p0 = Pmax. In order to control the interference, we assume

that the instantaneous received power, p̄, at the base station

from all the active D2D users are the same and we have

p̄ = pkGk0, ∀k ∈ {1, . . . ,K}. (6)

Here, the common received power accounts for the effects of

path loss and fading. Let A , {k|xk = 1, k ∈ {1 . . . ,K}}
define the set of active D2D links, with cardinality |A| =
L. First assume L is known. The SINR constraint in (4) can

equivalently be written as

p0G00

p̄
∑K

k=1 xk +N
=

p0G00

p̄L+N
≥ γ th

0 . (7)

Therefore, the maximum tolerable received interference power

from each D2D transmitter is upper bounded by

p̄ ≤
1

L
(
p0G00

γ th
0

−N). (8)

Substituting (8) in (6) for k ∈ A, we obtain the transmit

powers of the D2D users.

The remaining question is the optimal L. The maximum

acceptable p̄ from (8) is a function of L, the number of active

D2D users. Therefore, in the next step, the number of active

D2D links that maximizes (3) is found. The optimal solution

to the multi-rate power control problem is obtained by a

brute-force enumeration algorithm. The enumeration algorithm

works as follows:

1) First, all possible combinations of active and inactive

D2D links are determined. At most K D2D users can

be admitted which use the CUE’s spectrum. The total

number of combinations is 2K .

2) In the next step, we sort all combinations in a descending

order, based on the number of active links.

3) Then, for each combination of active users, the power

control problem in (5) and (8) is solved. Using the

obtained transmit powers, rate of the CUE and every

D2D links are determined from their resulting SINRs in

(1) and (2).

4) Finally, among all possible combinations, the one which

maximizes the cell sum rate in (3) is chosen as the

optimal solution.

There are instances when, without any interference from the



Algorithm 1: Low complexity heuristic

Data: K: number of D2D users, {Gij}: channel gains.

Output: {p∗

k} for k ∈ {1, . . . ,K}: allocated power to the D2D users, L∗:

optimal nr. of active D2D users, {x∗

k}: optimal combination of active

D2D users.

begin

L∗ ←− 0
p∗

k ←− 0 ∀k
xk(1)←− 1 ∀k
for q = 1 : K do

L←−
∑

k xk(q) % nr. of active users

if p0G00/N ≥ γ th
0

then

Compute p̄ from (8)

Compute pk(q) from (6) ∀k : xk(q) = 1
if pk(q) > Pmax then

pk(q)←− Pmax

end

else

pk(q)←− Pmax

R0 ←− 0
end

Compute the SINRs from (1) and (2)

Determine the corresponding CUE and D2D data rates

k′ ←− arg mink γk

xk(q + 1)←− xk(q) ∀k 6= k′

xk′(q + 1)←− 0
end

Find the max. sum rate and the corresponding combination index q∗

x∗

k ←− xk(q
∗)

L∗ ←−
∑

k xk(q
∗)

p∗

k ←− pk(q
∗)

end

D2D users, the cellular user is in outage, i.e.,

p0G00

N
≤ γ th

0 . (9)

In such a case, the achievable rate of the CUE is zero. As we

do not consider any QoS requirements for D2D users, they

can be active with maximum power pk = Pmax.

This approach enumerates over all 2K possible cases of

active D2D links which is difficult to handle if the number

of D2D users is high. Therefore, we develop a heuristic

algorithm, depicted in Algorithm 1, in order to reduce the

complexity and solve the problem in a manageable time. In

this algorithm, the power control multi-rate problem is initially

solved for L = K active links. In the next step, the D2D user

with the lowest SINR is dropped [12] and the same problem is

solved with the remaining L = K−1 active links. In this way,

the algorithm only requires K iterations in total, resulting in

a very low complexity. However, the low complexity comes

at the price of obtaining a sub-optimal solution. In section IV,

the performance of the sub-optimal algorithm is compared to

the optimal enumeration approach.

B. Outage constraint

In this section, we assume that the power updates of the

D2D transmitters are not instantaneous and do not follow fast

fading. That is, the power allocations can only compensate for

slow fading, and we have

p̄ = pkḡk0 ∀k ∈ {1, . . . ,K}. (10)

Hence, the received SINR of the cellular user is

p0G00

p̄
∑K

k=1 xk|hk0|2 +N
=

p0G00

p̄
∑L

ℓ=1 |hℓ0|2 +N
≥ γ th

0 , (11)

where L is the number of active D2D users. Then, the outage

probability for the cellular user is

Pout = Pr

(

p0G00

p̄
∑L

ℓ=1 |hℓ0|2 +N
≤ γ th

0

)

. (12)

To compute the outage probability, we first introduce the

following lemma [11].

Lemma 1. Suppose zc and z1, . . . , zL are independent expo-

nentially distributed random variables with means 1/λc and

1/λℓ for ℓ = 1, . . . L. Then, we have

Pr

(

zc
∑L

ℓ=1 zℓ + 1
≤ b

)

= 1− e−bλc

L
∏

ℓ=1

1

1 + bλc

λℓ

.

Proof: Setting Q = b
(
∑L

ℓ=1 zℓ + 1
)

, we have

Pr (zc ≥ Q) = E [Pr (zc ≥ Q) |z1 . . . zL]

= E
[

e−λcQ|z1 . . . zL
]

=

∫ ∞

z1=0

· · ·

∫ ∞

zL=0

e−λcQ
L
∏

ℓ=1

λℓe
−λℓzℓdz1 · · · dzL

= e−bλc

L
∏

ℓ=1

∫ ∞

zℓ=0

λℓe
−(bλc+λℓ)zℓdzℓ

= e−bλc

L
∏

ℓ=1

λℓ

bλc + λℓ
.

Therefore,

Pr (zc ≤ Q) = 1− Pr (zc ≥ Q)

= 1− e−bλc

L
∏

ℓ=1

1

1 + bλc

λℓ

.

The outage probability in (12) can be rewritten as

Pout = Pr

(

Γ0
∑L

ℓ=1 Γℓ0 + 1
≤ γ th

0

)

(13)

where

Γ0 =
p0G00

N
, Γℓ =

p̄|hℓ0|
2

N
. (14)

Both Γ0 and Γℓ are exponentially distributed with density

functions

f0(γ) =
1

γ̄0
e−

γ
γ̄0 , fℓ(γ) =

1

γ̄d
e
− γ

γ̄d , (15)

and means

γ̄0 = E[Γ0] =
2σ2p0ḡ00

N
, (16)

γ̄d = E[Γℓ] =
2σ2p̄

N
. (17)



TABLE I
SIMULATION PARAMETERS.

Description Parameter Value

Max. UE TX power Pmax 24 dBm
Cell Radius R 200 m

CUE SINR threshold γ th
0 0, 2, 4, 6 dB

Noise power N −107 dBm
Carrier frequency fc 2 GHz
System Bandwidth B 5 MHz

D2D pair distance Dd
4− 40 m

Min. D2D Tx distance from BS D′

min 10 m
Min. D2D CUE distance from BS Dmin 10 m
Monte-Carlo simulation runs MC 5000

Then, based on Lemma 1, the outage probability is derived as

Pout = 1− e
−

γth
0

γ̄0

( γ̄0

γ th
0

γ̄d +
γ̄0

γ th
0

)L

. (18)

To allow D2D users be active in the cell based only on

the average channel gains, a certain outage probability for the

base station should be ensured, i.e.,

Pout ≤ pth
out, (19)

with pth
out > 0. Using (16)–(19), we can calculate an upper

bound on the allowable received interference power, p̄, at the

base station from each active D2D user as

p̄ ≤
p0ḡ00

γ th
0











e−
γth
0

γ̄0

1− pth
out





1

L

− 1







+

, (20)

where [z]+ = max{z, 0}. Now based on (5) and (10), the

transmit power for all active D2D users is determined.

To find the optimal solution for the problem (3) based on

the availability of average channel gains with the constraints

(5) and (19), we can follow a similar enumeration approach

as before with the corresponding power update steps in (20)

and (10).

IV. PERFORMANCE EVALUATION

We evaluate the performance of our model as described in

Sec. II by means of Monte-Carlo simulations. We consider a

circular cell layout with radius R. The base station is located in

the center of the cell. In each realization, one CUE and K D2D

transmitter-receiver pairs are generated randomly with uniform

distribution over the cell area. The channel model accounts for

the effects of path loss and multi-path fading. The path loss

model is implemented based on the model described in [13].

Simulation parameters are given in Table I.

In Fig. 1, we compare the performance of the heuristic

algorithm in Algorithm 1 to the brute-force enumeration

approach. It can be seen that the heuristic algorithm follows

the brute-force enumeration closely with a significantly lower

complexity. The figure also depicts the increase in the cell

sum rate compared to the case where there is no D2D
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Fig. 1. Performance of the heuristic approach compared to the enumeration
with K = 10 and γth

0
= 2 dB.

communications. Fig. 2 shows the average number of active

D2D users versus different number of available D2D users

(K) in the cell for different approaches. It is observed that

with a higher number of available users, more D2D links can

be active without degrading the CUE’s performance. The gap

between the performance based on the instantaneous CSI and

the average CSI stems from the fact that in the latter case,

due to the lack of instantaneous knowledge, the D2D users’

transmit powers are overestimated resulting in fewer number

of active users. Similar results hold for the average cell sum

rate shown in Fig. 3 for two extreme cases of cellular QoS

constraints. Fig. 4 shows the cell sum rate under different

CUE’s SINR thresholds for the setup with instantaneous and

average CSI. Here, we can observe a trade-off between the

performance of the network and the amount of available CSI.

Better performance requires more frequent CSI feedbacks and

consequently high signaling overhead. In Fig. 5, we can see the

average cell sum rate under different probabilities of outage

thresholds for the cellular user when only average CSI is

available. The more restriction on the outage probability, the

less increase in the cell capacity compared to the scenario

without D2D communications.

V. CONCLUSIONS

We have studied the coexistence of multiple D2D users with

one cellular user. We have formulated the problem of sum rate

maximization under SINR constraint of the cellular user. In

order to protect the cellular receiver, we have assumed that

the received interference power from all D2D users at the

base station are the same. This assumption encourages the

D2D users that create less interference to transmit when they

reuse the uplink resources of the network. The D2D users

closer to the cell center communicate via the base station as

they cause more interference. We have investigated the in-

terference management schemes with the availability of either

instantaneous CSI or average CSI. The simulation results have

shown that multiple D2D links can share the spectrum with

one cellular link without degrading its performance. We have

also observed the trade-off between the signaling overhead
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and the performance of the network. In our future work, we

will try to improve the performance of the interference control

scheme when only the average CSI is available in a multi-cell

scenario.
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