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Abstract—In this paper, we consider a single-cell system
where the same radio resources are simultaneously used by a
cellular user and a pair of device-to-device (D2D) terminals. The
optimization objective is to minimize the sum transmission power
of the system while satisfying the user specific minimum rate
constraints. We propose joint power control and beamforming
algorithms to solve the power minimization problem optimally
both in uplink and downlink. In the uplink, the optimal transmit
powers for the cellular and D2D users are obtained via fixed-
point iterations, whereas the linear minimum mean squared error
receiver is used for optimal reception at the base station (BS).
In the downlink, the problem is equivalently reformulated as a
second-order cone program (SOCP). As a result, the optimal
transmit beamformer for the cellular user and the optimal
transmit power for the D2D user can be efficiently computed
via standard SOCP solvers. Simulation results demonstrate that
the sum power performance can be significantly improved as
compared with the conventional cellular system. Results also
illustrate that the power consumption of the network is highly
affected by the locations of the cellular and D2D users, and
whether the resources are shared in the uplink or downlink.

I. INTRODUCTION

Device-to-device (D2D) communications amongst cellular
users that are in the vicinity of each other is introduced as
a promising approach to provide high data rate, low latency
and low power communication [1]. These benefits are mainly
due to short distance and direct communication between D2D
users. In addition, it offers data offloading and improves cell
coverage [1]–[3]. To summarize, D2D communication can im-
prove the spectral and energy efficiency of cellular networks.
Thus, the idea of network assisted D2D communications
underlaying cellular networks has recently attracted a lot of
attention in wireless communication research community, see
for example [1]–[3], and the references therein. Nevertheless,
it also introduces new challenges for cellular networks, i.e.,
extra interference is generated between D2D and cellular
communication that are sharing the same resources [1]. Mode
selection, power control and scheduling are proposed as effi-
cient techniques to control the generated interference towards
the cellular system [1].

Power control in cellular network with an underlaying
D2D connection was considered in [4] to manage the extra
interference. In [5], a novel power control mechanism was
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presented which exploits two new methods for power control
(i.e., D2D backoff and cellular boosting). These two methods
were used to decrease interference by controlling the transmit
power of D2D transmitter. There are some works that define
proper area for D2D communications according to the fixed
interference to signal ratio, e.g., in [6] the area is called
interference limited area which let users communicate in D2D
mode if there is not any active cellular user. In [7], the authors
proposed a heuristic interference management approach for
the downlink resource sharing in D2D underlaying cellular
networks. In order to mitigate the interference and improve
the throughput, two different interference limited areas were
defined for the D2D transmitter and receiver. Most of the
previous works in the literature consider only single antenna
cases with power control either in uplink or downlink phase.

In this paper, we propose sum power optimization schemes
with joint power control and beamforming mechanisms for
a cellular system with underlaying D2D communications in
uplink and downlink. We consider a single-cell system which
consists of a multi-antenna base station (BS) communicating
with a cellular user, and an underlaying D2D pair, which
exploits the same radio resources. The optimization objective
is to minimize the total transmission power of the system
while satisfying the predefined per user rate targets. In the
uplink resource sharing case, a joint uplink power control
and receive beamforming algorithm is proposed to solve the
power minimization problem. The optimal uplink powers for
the users are obtained via fixed-point iterations, whereas the
optimal receive beamforming at the BS is achieved by using
the linear minimum mean square error (MMSE) receiver. In
the downlink resource sharing case, a centralized algorithm
is proposed to solve the sum power optimization problem
by reformulating it as a second-order cone program (SOCP),
and solving it efficiently via standard SOCP solvers. As a
result, the optimal transmit power for the D2D user and
the optimal transmit beamformer for the cellular user are
obtained. The proposed algorithms are controlled by the BS,
and thus, it is required that the BS has the knowledge of all
the channels in the system. The performance of the proposed
algorithms is compared with the conventional cellular case via
numerical examples. The paper is organized as follows. The
system model, problem formulation and proposed algorithms
are described in Sections II, III and IV, respectively. Sections V
and VI present numerical results and conclusion, respectively.

CROWNCOM 2014, June 02-04, Oulu, Finland
Copyright © 2014 ICST
DOI 10.4108/icst.crowncom.2014.255360



drx 

cu 

dtx 

BS 

gdtx,drx 

Interference 
Desired Signal 

𝐡cu 

(a) Uplink communication.

drx 

cu 

dtx 

BS 

gdtx,drx 

Interference 
Desired Signal 

𝐡cu 

𝐡drx 

(b) Downlink communication.

Fig. 1. Uplink and downlink communication scenarios with underlaying D2D pair.

II. SYSTEM MODEL

Let us consider a single-cell network with a cellular user
and a single D2D pair. In this system, each user is equipped
with a single antenna, whereas the BS has T antennas. The
BS is in charge of controlling the cellular user and the
underlay D2D communication. Furthermore, the cellular user
and D2D pair have equal priority in the system. D2D underlay
communication is considered in both uplink and downlink.
These systems are illustrated in Figs. 1(a) and 1(b). We denote
the cellular user, D2D transmitter and D2D receiver by cu, dtx
and drx, respectively.

In the uplink phase, the received signal vector ybs at the
BS is given by

ybs =
√
pcuh

H
cudcu +

√
pdtxh

H
dtxddtx + nbs (1)

where pcu is the uplink transmit power of the cellular user,
hcu ∈ C1×T is the channel vector between the cellular user
and the BS and dcu is the data symbol for the cellular user.
Similarly, pdtx is the transmitted power of the D2D transmitter,
hdtx is the channel vector from the D2D transmitter to
the BS and ddtx is the data symbol transmitted from the
D2D transmitter. The vector nbs indicates the additive white
Gaussian noise with zero mean and variance N0 per element.
The estimated data symbol d̂cu of the cellular user at the BS
after applying receive beamforming is expressed as

d̂cu = wH
cuybs (2)

where wcu ∈ CT is the uplink receive beamforming vector for
the cellular user. The received signal ydrx at the D2D receiver
in the uplink phase is written as

ydrx =
√
pdtxgdtx,drxddtx +

√
pcugcu,drxdcu + ndrx (3)

where gdtx,drx ∈ C is the channel response between the D2D
transmitter and the D2D receiver, gcu,drx is the channel from
the cellular user to the D2D receiver and ndrx is the additive
white Gaussian noise sample with zero mean and variance N0.

In the downlink phase, the received signal ỹcu at the cellular
user can be written as

ỹcu = hcumcudcu +
√
p̃dtxgdtx,cuddtx + ncu (4)

where mcu ∈ CT is the downlink transmit beamforming
vector for the cellular user, dcu is the data symbol for the
cellular user, p̃dtx is the power of the D2D transmitter, gdtx,cu
is the channel from the D2D transmitter to the cellular user and
ncu is the white Gaussian noise sample for the cellular user.

The received signal ỹdrx at the D2D receiver in the downlink
phase is expressed as

ỹdrx =
√
p̃dtxgdtx,drxddtx + hdrxmcudcu + ndrx (5)

where hdrx is the channel vector from the BS to the D2D
receiver.

III. PROBLEM FORMULATION

In this work, the optimization objective is to minimize
the sum transmission power of the whole system while the
user specific rate targets are satisfied. It is assumed that both
cellular and D2D links have equal rate targets for the uplink
and downlink communications. Consequently, the optimization
problem can be separated between the uplink and downlink.
The resulting optimization problem for the uplink phase can
be written as

min.
pcu,pdtx,wcu

pcu + pdtx

s. t. log2

(
1 +

pcu|wH
cuh

H
cu|2

pdtx|wH
cuh

H
dtx|2 +N0

)
≥ Rcu

log2

(
1 +

pdtx|gdtx,drx|2

pcu|gcu,drx|2 +N0

)
≥ Rdrx

(6)

Note that the receive beamforming vector is normalized, i.e.,
‖wcu‖2 = 1. The fixed values Rcu and Rdrx are the minimum
rate targets for the cellular and D2D users, respectively. Note
that the rate constraints in (6) can be equivalently mapped into
the signal-to-interference-plus-noise ratio (SINR) constraints.
The resulting equivalent uplink optimization problem is given
by

min.
pcu,pdtx,wcu

pcu + pdtx

s. t.
pcu|wH

cuh
H
cu|2

pdtx|wH
cuh

H
dtx|2 +N0

≥ γcu

pdtx|gdtx,drx|2

pcu|gcu,drx|2 +N0
≥ γdrx

(7)

where γcu = 2Rcu−1 and γdrx = 2Rdrx−1 are the fixed SINR
targets. Similarly, the optimization problem for the downlink
communication phase is formulated as

min.
p̃dtx,mcu

‖mcu‖22 + p̃dtx

s. t.
|hcumcu|2

p̃dtx|gdtx,cu|2 +N0
≥ γcu

p̃dtx|gdtx,drx|2

|hdrxmcu|2 +N0
≥ γdrx.

(8)



IV. PROPOSED ALGORITHMS

A. Uplink Communications

In this section, we propose a joint power control and receive
beamforming algorithm to optimally solve the uplink sum
power minimization problem (7). The proposed algorithm is
derived by setting the Lagrangian of (7) to zero (w.r.t. wcu)
and then performing some rearranging, similar to that in [8].
After these steps, the optimal powers of the cellular user and
D2D transmitter can be iteratively calculated via the following
fixed-point iterations

pcu[t+ 1] =
γcu

hcu

(
N 0I + pdtx[t]hHdtxhdtx

)−1
hHcu

(9)

pdtx[t+ 1] =
γdrx

gdtx,drx

(
N0 + pcu[t]gHcu,drxgcu,drx

)−1

gHdtx,drx

.

(10)
Following the proof in [8], it can be shown that (9) and (10) are
standard functions, which converge to the optimal solutions.
The optimal receive beamformer at the BS can be calculated
by using the (scaled) linear MMSE receiver [9]:

wcu =
ŵcu

‖ŵcu‖2
, ŵcu =

(
N0I + pdtxh

H
dtxhdtx

)−1
hHcu.

(11)
The proposed uplink power control and receive beamforming
approach is summarized in Algorithm 1.
Algorithm 1 Uplink power control and receive beamforming

1: Set t = 0. Initialize pcu(0) and pdtx(0)
2: Repeat
3: Calculate the transmit powers pcu(t+1) and pdtx(t+1)

using (9) and (10), respectively. Set t = t+ 1
4: Until stopping criterion is satisfied.
5: Calculate the receive beamformer wcu using (11).

B. Downlink Communications

In this section, an optimal centralized approach is proposed
to solve the downlink sum power minimization problem (8).
By denoting p̂dtx =

√
p̃dtx, and following similar procedure as

in [10], (8) can be equivalently reformulated as the following
convex SOCP

min. q

s. t.
∥∥∥∥p̂dtxgdtx,cu√

N0

∥∥∥∥
2

≤
√

1

γcu
hcumcu∥∥∥∥hdrxmcu√

N0

∥∥∥∥
2

≤
√

1

γdrx
p̂dtxgdtx,drx∥∥∥∥mcu

p̂dtx

∥∥∥∥
2

≤ q

(12)

where the optimization variables are q, p̂dtx, and mcu. The
problem (12) can be solved using standard SOCP solvers
via centralized processing if global channel state information
(CSI) is available at the BS. As a result, we obtain optimal
transmit power for the D2D user and the optimal transmit
beamformer for the cellular user.

C. Practical Considerations

This section addresses the main (physical layer) implemen-
tation aspects of the proposed algorithms, such as the acquire-
ment of global CSI and the required over-the-air signaling
for the power control. In the uplink, the proposed approach
(i.e., Algorithm 1) requires global CSI to be available at the
BS. It is assumed that the BS can measure its local uplink
channels, i.e., the channels from the cellular user and the D2D
transmitter. In addition, the D2D receiver can also estimate its
local channels, i.e., the channels from the D2D transmitter
and the cellular user. These scalar channels should be then
send to the BS via over-the-air signaling. Having the global
CSI, the BS can perform the iterative power control step in
Algorithm 1. The resulting optimal uplink powers need to be
signaled to the cellular user and D2D transmitter over-the-air.
After this, the cellular user and D2D transmitter can use the
optimal powers for uplink transmissions. At the BS, the linear
MMSE receiver is used for the optimal reception. This power
control and beamforming design can be seen as a centralized
processing case since the BS is responsible for the power
computations relying on the global CSI.

In the downlink phase, the power minimization problem can
be solved in a centralized manner. The original problem is
reformulated as a convex problem, which can be solved via
centralized processing if global CSI is available at the BS.
Assuming time-division duplexing (TDD) mode, the BS can
acquire its own local downlink channels from the uplink phase
due to the channel reciprocity. In addition, the channels from
the D2D transmitter to the D2D receiver and to the cellular
user need to be delivered to the BS via over-the-air signaling.
After this phase, the BS can compute the optimal transmit
beamformer for the cellular user and the optimal power for the
D2D transmitter. Over-the-air signaling is again used to deliver
the power information to the D2D transmitter. Finally, the BS
and the D2D transmitter can transmit with optimal parameters.
For both uplink and downlink communication phases, in order
the obtain the optimal solution and satisfy the rate targets, the
global CSI needs to be perfect and all the channels have to be
static for the whole process.

V. NUMERICAL RESULTS

We consider a single-cell network with a BS serving a
single cellular user and an underlaying D2D pair. It is assumed
that all the users are located on the cell-edge having fixed
distances from the BS. The channel vectors between the
BS and users are generated by applying a simple distance
dependent pathloss model. The channel between the BS and
the cellular user is given by hcu =

√
(R/r0)−αh̄cu, where

R is the cell radius, α is the pathloss exponent and r0 is
the far field reference distance. The vector h̄cu consists of
i.i.d. complex random elements that are generated from the
Gaussian distribution, each with zero mean and unit variance.
The same model is used to generate the channels from the
BS to the D2D transmitter and receiver, i.e., hdtx and hdrx,
respectively. Moreover, the similar model is also considered
for the channels between the cellular and D2D users. Precisely,
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Fig. 2. A single-cell simulation model.

the channel from the D2D transmitter to the D2D receiver
is given by gdtx,drx =

√
(Ldtx,drx/l0)−αḡdtx,drx, where

Ldtx,drx is the distance between the D2D transmitter and
receiver, l0 is the far field reference distance and ḡdtx,drx is
the i.i.d. complex scalar channel generated from the Gaussian
distribution with zero mean and unit variance. The channels
gdtx,cu and gcu,drx are also generated using the same pathloss
model. The simulation model is depicted in Fig. 2.

The sum power performance of the proposed algorithms is
compared with the conventional cellular system. In the con-
ventional cellular scenario, the D2D transmitter and receiver
are assumed to be regular cellular users which aim to commu-
nicate with each other via the BS. Specifically, the other user
is transmitting data to the BS in the uplink phase, whereas
the other one is receiving data from the BS in the downlink
phase. Thus, for a fair performance comparison, the rate target
(both in uplink and downlink) of the conventional cellular
case (i.e., Rc) should be twice the rate target of the direct
D2D communication case, i.e., Rc = 2Rdrx. Furthermore, the
rate targets are equivalently mapped into the SINR targets as
described in section III. For notational simplicity, it is assumed
that the resulting SINR targets are the same for the cellular
users in the conventional cellular case and for the cellular user
in the D2D communication scenario, and this target is denoted
by γ. In all the simulation cases, the average sum power results
are achieved by averaging over 1000 channel realizations.

We first study the effect of varying D2D distance on the sum
power performance. In this simulation scenario, the distance
between the cellular user and D2D receiver is considered
constant at Lcu,drx = 27m. As illustrated in Fig. 3(a), the
locations of the D2D receiver and the cellular user are fixed
and only the D2D transmitter is moving towards the cellular
user. Fig. 4 shows the sum power versus the D2D distance
for 0dB SINR targets. The sum power performance of the
D2D and conventional cellular systems are compared in uplink
and downlink communication phases. The simulation results
demonstrate significant improvement in sum power perfor-
mance of both uplink and downlink underlay in comparison
with the conventional cellular system. The performance gain
is around 5 dB for short D2D distance. However, decreasing
the distance between the cellular user and D2D transmitter
degrades the performance more rapidly in downlink than in
uplink. For this setting, the D2D underlay has no gain when
the D2D distance is over 13 meters in the downlink and 22
meters in the uplink. This is due to the fact that in the downlink
case, when the source of interference for the cellular user (i.e.,
the D2D transmitter) is getting closer, the BS needs to use
more power to satisfy the SINR target of the cellular user

TABLE I
MAIN SIMULATION PARAMETERS.

Parameters Value
Cell Radius R = 400 m

Noise Spectral Density N0 = −174 dBm
Pathloss Exponent α = 4

Number of BS Antennas T = 4
Number of User’s Antennas 1

Number of Channel Realizations 1000
Reference Distances r0 = 1 m, l0 = 1 m
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Fig. 5. Individual transmitter powers versus D2D distance.
and simultaneously the BS generates more interference to the
D2D receiver. Thus, the D2D transmitter needs more power
to guarantee the SINR target of the D2D receiver. However,
in the uplink case, the distances between the source and
the destination of the interferences are remaining the same.
Thus, the main reason for the sum power increase is the
increase in pathloss due to the longer distance between the
D2D transmitter and receiver. Fig. 5 shows the individual
transmitter powers versus the D2D distance. The simulation
set-up is the same as for Fig. 4, except now only the D2D
communication scenario is considered. Results show that the
increase of the D2D distance only increases the power of the
D2D transmitter. In the downlink phase, the power of the D2D
transmitter is increasing faster than that of the BS for short
D2D distances (i.e., 1-10 meters). The opposite is happening
when the D2D distance is longer (i.e., 13-25 meters).

In the second scenario, we study the effect of distance
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Fig. 3. Simulation models for the first and second scenarios.
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Fig. 6. Sum power versus distance between cellular user and D2D receiver.

between the cellular user and D2D pair on the sum power
performance. As depicted in Fig. 3(b), the cellular user
moves along the cell circle towards the D2D receiver from
a distance of 50m, crosses over the D2D pair and arrives
to a point which is 50m away from the D2D receiver in
opposite direction. Fig. 6 shows the sum power versus the
distance between the cellular user and D2D receiver for 0dB
SINR targets. The performance of the D2D communication
scenario is compared with the conventional cellular system
both in uplink and downlink phases. The results show that
the locations of the cellular user and D2D pair play important
roles for the resource sharing between them. There are four
different areas that can be defined from the Fig. 6. First, the
cellular user is far enough from the D2D pair. Therefore, the
generated interference between them is negligible. Since both
uplink and downlink resource sharing are beneficial in this
area, it is referred to as open-sharing-area (OSA). Second,
the cellular user is close to the D2D receiver. Therefore, the
D2D receiver experiences high level of interference, making
it a disadvantageous scenario for the uplink resource sharing.
Hence, only the downlink resource sharing adds sum power
gain to the system. This area is referred to as uplink-exclusive-
area (UL-EA). Third, the cellular user is located between the
D2D pair. Neither the uplink nor the downlink resource sharing
is beneficial in this area. This area is referred to as D2D-
exclusive-area (DEA). Fourth, the cellular user is moving away
from the D2D transmitter. In this area, the uplink resource
sharing adds sum power gain to the system. Nevertheless, the
downlink resource sharing is not advantageous because the
source of interference for the cellular user (i.e., the D2D trans-
mitter) is close, making it a disadvantageous scenario for the
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Fig. 7. Individual transmitter powers versus distance between cellular user
and D2D receiver.

TABLE II
CHARACTERISTICS OF FOUR D2D RESOURCE SHARING AREAS.

Region D2D Feasibility Uplink Downlink

D2D-exclusive-area x x x

Uplink-exclusive-area X x X

Downlink-exclusive-area X X x

Open-sharing-area X X X

downlink resource sharing. The aforementioned area is defined
as downlink-exclusive-area (DL-EA). Table II summarizes the
characteristics of the four D2D resource sharing areas.

Fig. 7 illustrates the individual transmit powers of the
cellular user and the D2D transmitter versus the distance
between the cellular user and the D2D receiver for uplink
and downlink communications. The simulation set-up is the
same as Fig. 6, but only the D2D communication scenario
is considered herein. Results show that, in the uplink case,
the transmission power of the cellular user slightly increases
when the cellular user is in DEA, and for the rest of locations it
remains approximately fixed. On the contrary, the transmission
power of the D2D transmitter is varying significantly while
the distance between the cellular user and the D2D receiver
is varying. When this distance is short, the source of the
interference for the D2D receiver is closer than the desired
transmitter. Therefore, the D2D transmitter needs to transmit
with higher power level to satisfy the SINR target. In the
downlink, the BS is the source of interference towards the
D2D receiver. Since the BS is in charge of designing the
transmission parameters, this interference can be controlled
efficiently due to the transmit beamforming capabilities of the
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BS. Hence, the transmission power of the D2D transmitter
does not vary significantly in UL-EA, DL-EA and OSA, but
when the cellular user is located in the DEA, the transmission
power of D2D transmitter slightly decreases. This is due to the
fact that the transmit beamforming of the BS is close to the
zero-forcing (ZF) beamforming. Thus, the generated interfer-
ence towards the D2D receiver is close to zero. Consequently,
the D2D transmitter can transmit with slightly lower power.
However, the interference experienced by the cellular user is
increasing when the cellular user moves towards the D2D
transmitter. Thus, the BS needs to use higher transmission
power in order to meet the SINR target of the cellular user.

In the third scenario, we study the effect of the different
target SINRs on the achievable power gain. In this simulation
setting, the D2D distance is fixed at 10m and the distance
between the cellular user and D2D receiver is fixed at 27m.
Fig. 8 shows the sum power versus the SINR target. The sum
power performance of the underlay D2D and conventional
cellular systems are compared in uplink and downlink phases.
The results demonstrate that the power gain from the D2D
communication decreases when the SINR target increases.
Furthermore, for this specific simulation setup, the required
sum power in the D2D uplink is lower as compared with the
D2D downlink. It can be seen that when the SINR targets
increase, the sum power gain decreases for both downlink
and uplink, but the degradation of the downlink power gain
is faster than the uplink power gain. Hence, for the SINR
targets higher than 10dB, the sum power performance in the

downlink phase of the D2D communication case is worse
than that in the conventional cellular case. In Fig. 9, the
individual transmitter powers are plotted against the SINR
target. Results show that the transmit powers of the D2D
communication are much lower in comparison with the powers
in the cellular communication. Moreover, the used power of
the D2D transmitter is significantly lower in the downlink than
in the uplink. This again is due to the transmit beamforming
performed at the BS.

VI. CONCLUSION

In this paper, the sum power minimization problem was
studied for a cellular system with an underlaying D2D com-
munication. Optimal algorithms were proposed for both uplink
and downlink resource sharing cases. The proposed algorithms
are benchmarked against the conventional cellular network via
numerical examples. The single-cell simulation model consists
of a cellular user and a single D2D user pair, which share the
same cellular spectrum. The simulation results show that the
proposed algorithms can reduce the power consumption of the
network by 5dB at best as compared with the conventional cel-
lular system. The results also show that the locations of the cel-
lular user and D2D pair play important roles for the resource
sharing between them. Based on these results, four resource
sharing areas, namely, D2D-exclusive-area, uplink-exclusive-
area, downlink-exclusive-area, and open-sharing-area, for D2D
communication are defined. As a future work we focus on
developing decentralized strategies which are more amenable
to practical implementation.
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