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Abstract—This paper considers the mode selection problem
for network-assisted device-to-device (D2D) communications with
multiple antennas at the base station. We study transmission in
both dedicated and shared frequency bands. Given the type of
resources (i.e., dedicated or shared), the user equipment (UE)
decides to transmit in the conventional cellular mode or directly
to its corresponding receiver in the D2D mode. We formulate
this problem under two different objectives. The first problem is
to maximize the quality-of-service (QoS) given a transmit power,
and the second problem is to minimize the transmit power given a
QoS requirement. We derive closed-form results for the optimal
decision and show that the two problem formulations behave
differently. Taking a geometrical approach, we study the area
around the transmitter UE where the receiving UE should be to
have D2D mode optimality, and how it is affected by the transmit
power, QoS, and the number of base station antennas.

I. INTRODUCTION

Emerging multimedia services and applications introduce
new traffic types and user behaviors [1]. To address the higher
demands imposed on wireless networks, more spectrally effi-
cient and energy efficient approaches should be developed.
Device-to-device (D2D) communication underlaying cellular
networks is proposed to improve cell spectral and energy
efficiency of the network [2], [3]. In D2D transmission mode,
user equipments (UEs) communicate directly to their intended
receivers as opposed to the conventional cellular mode where
they communicate through the base station (BS). D2D mode
can bring proximity gains and reduce the transmission time.

Users in the D2D mode can transmit either in a separate
frequency band or via spectrum sharing with cellular users.
In the former case, D2D communications do not interfere
with cellular users. This case is interesting due to its potential
applications, such as public safety and multicasting for local
multimedia services and robustness to infrastructure failure.
On the other hand, spectrum sharing can be employed to
efficiently utilize the resources which allows for better area
spectral efficiency [4]. The gain from spectrum sharing can
be assured if the interference is controlled by proper mode
selection and resource management. However, depending on
the network topology and channel conditions, it may not
always be beneficial to choose the D2D mode for a UE.
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The studies [5] and [6] consider the mode selection problem
with power control for one D2D user and one cellular UE
(CUE) in a single antenna system. This problem corresponds
to a choice between orthogonal resources, spectrum sharing,
and conventional cellular transmission for the UE with D2D
capability. In [5], the problem is formulated for two cases:
greedy sum rate maximization where the CUE and D2D
users are competing entities and sum rate maximization under
a rate constraint for the CUE. Both problems are solved
under power/energy constraints. In [6], a similar scenario is
considered where the cell sum rate in single- and multi-cell
scenarios is studied under a rate constraint that gives priority
to the CUE. Moreover, [7] considers a scenario in which
the position of the D2D transmitter and receiver are fixed,
while the CUE’s position can change. Two uplink transmission
scenarios are investigated. In the former, the D2D user and the
CUE share the spectrum if the D2D’s signal-to-interference-
and-noise ratio (SINR) exceeds a pre-defined threshold. In the
latter, the CUE can also use a relay to reduce its power while
sharing the spectrum with the D2D user. In both cases, the
D2D user’s power is fixed and the interference from the D2D
user to the BS is assumed negligible.

In this paper, we consider network-assisted D2D communi-
cations where the network helps the devices to perform peer
discovery, radio resource management, and resolve security
issues [1], [3]. Therefore, all UEs have the same priority in the
network regardless of their mode of operation (i.e., cellular or
D2D mode). This is different from prior works in which D2D
users have lower priority and thus underlay cellular networks
or, similarly, are considered secondary entities in a cogni-
tive radio system. Network-assisted D2D communications can
guarantee certain quality-of-service (QoS) levels for all UEs.

We define the mode selection problem as follows: given the
type of resources, i.e., dedicated or shared, the UE decides
which operation mode to select, i.e., the D2D or cellular mode.
Furthermore, we take into account the effects of multiple
antennas in the BS as it is an important feature of LTE and
IMT-Advanced systems that enables simultaneous scheduling
of spatially separated users [1], [8], [9]. The mode selection
problem is formulated with two objectives: maximizing the
QoS for a given transmit power, and minimizing the power for
a given QoS. Our closed-form results show that the optimal
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Fig. 1. Illustration of the system model where UE; communicates with UEq,
either via the BS (cellular mode) or by direct transmission (D2D mode).

decision based on these two formulations behaves differently.
Using a geometrical approach, we study how the area of
optimality for D2D transmission mode is affected by the
transmit power, QoS, and the number of antennas at the BS.

II. PROBLEM FORMULATION

We consider a cellular network where the single-antenna
UE; would like to communicate with the single-antenna UE,
located in the same cell. The BS of this cell is equipped with
an array of /N antennas and takes care of the radio resource
management. In the conventional cellular mode, UE; first
transmit its data to the BS using uplink resources and then
the BS forwards the data to UEy using downlink resources.
However, when UE; and UE5 are close to one another there is
an alternative option: the BS allows UE; to transmit directly
to UE, in a D2D mode. This scenario is illustrated in Fig. 1.
The main question that this paper tries to answer is: When is
D2D mode preferable over cellular mode?

To make a fair comparison, the same amount of resources
is allocated to each mode. We stress that UE; transmits the
whole time when in D2D mode as compared to half the time
in cellular mode. This important difference is illustrated in
Fig. 2. The D2D mode only uses uplink resources, while
cellular mode uses both uplink and downlink resources. This
has no importance in time-division duplex (TDD) systems,
because the ratio of uplink to downlink resources is flexible.
Our analysis is also applicable in frequency-division duplex
(FDD) systems, except in extreme high-traffic situations.

A. System Model

Let hy € CV*1 denote the channel between UE; and the
BS, while hy € CV*! is the channel between the BS and
UEs. Also let w; € CV*! and wy € CV*! denote the unit-
norm receiver and transmit beamforming vectors, respectively.
The direct link between the UEs is g € C. See Fig. 1.

For fixed channel realizations, Gaussian codebooks, and
perfect channel knowledge at the BS and UEy, the achievable
spectral efficiencies (in bits per channel use) are
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for cellular mode and D2D mode, respectively. The transmit
power of UE; is pyg, while the transmit power of the BS is

Cellular | yplink transmission | Downlink transmission
mode
D2D Direct device-to-device transmission
mode (using uplink resources)

Fig. 2. By cutting out the middleman (the BS), D2D mode can effectively
use twice the amount of resources for data transmission than cellular mode.

pes. The parameter x decides whether the UE and BS can
double the energy per channel use in cellular mode (k = 2),
since they only transmits half of the time, or if the energy
is fixed (k = 1). The additive circularly-symmetric complex
Gaussian noise has variance o2, i € {UE, BS}. The term I
is the estimated interference power at UEy in the downlink.
The terms I;, i € {UE,BS} are the estimated interference
powers at UEs and the BS in the uplink, which are created by
other cellular or D2D users’ transmissions when the allocated
resource is shared. Consequently, there is no interference when
dedicated resources are reserved for D2D communications.

Assumption 1. The BS has much larger power resources and
interference rejection capability than UE;, thus it can make
logy (14 7% [hgf wo|?) > logy (14 225, |h{f wy |?) for any
UEtTOUE Iss+ogg

h;, hs. Consequently, we assume that (1) can be replaced by
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In other words, we assume that the uplink transmission is the
limiting factor in the cellular mode.

There are two main approaches to optimize the resource
allocation of the transmission. The first one is to maximize
the spectral efficiency, or QoS, under a given transmit power
pue = pyg- This is stated mathematically as

maximize R
) (P1)
subjectto max (Rceu(p{“JE), Rpop (pGE)) > R.

Alternatively, one can minimize the transmit power required

to maintain a given QoS level R*. This is stated as
minimize
PuE

subjectto max (Rcell (puk), Rpap (pUE)) > R*.

As shown in [8], the optimization problems (P1) and (P2)
are tightly connected [8]: let the optimal solution to (P1) with
transmit power p{jp be denoted R*, then the optimal solution
to (P2) with the QoS level R* is exactly p{jp. Nevertheless,
we show that these optimization problems behave differently in
terms of when D2D mode is preferable over cellular mode, and
vice versa. The analysis is provided in the next two sections.

PUE
(P2)

III. MAXIMIZE SPECTRAL EFFICIENCY: D2D OPTIMALITY

The optimization problem (P1) can be solved directly by
computing max (Reen(p{g), Roop(pip)) and assigning this
value to R. What we would like to derive is a condition
on when Rpop(p{ip) > Reen(pg); that is, when D2D mode
is preferably from a QoS viewpoint. First, the optimization
problem (P1) is solved when a dedicated resource is available
for the UE, then we extend the results for spectrum sharing.



A. D2D Optimality with a Dedicated Resource

In the dedicated resource scenario, we assume the use of
optimal maximum ratio combining for reception at the BS in
cellular mode: w}RC = ||h1|| Therefore [|hifw;|? = ||hy|%

Based on Assumption 1, D2D optimality is equivalent to
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Since x € {1,2}, the condition (4) is trivially satisfied
whenever the direct channel is stronger than the channel to
the BS (i.e., when [g|* > |[hi[|*). However, the second term
in (4) implies that D2D mode can be optimal also when the
direct channel is weaker than than the channel to the BS, given
that p{j is large enough. To understand when this occurs, we
solve (4) as a quadratic equation in |g|?, which gives

2
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The inequalities (4) and (5) provide two equivalent closed-
form necessary and sufficient conditions for optimality of D2D
mode in (P1). The following theorem provides a sufficient
condition that is more amenable to explicit analysis.

Theorem 1. The solution to (P1) is achieved by D2D mode if

[y [|* <
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Proof: The right-hand side of (5) satisfies
2
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thus the condition (6) always implies that (5) is satisfied. H
Several important conclusions are drawn from Theorem 1.
Firstly, increasing the UE power p{jp makes D2D mode
attractive also for weaker direct channels. This is explained
by the fact that we then operate in the concave regime of the
log,(1 + SNR)-formula where it is costly to compensate for
the % prelog-factor of cellular mode by increasing the power.
Secondly, the channel gain |h;||? should be proportional to
the squared channel gain (|g|?)? to choose cellular mode.

Remark 1 (Implementation Guidelines). The condition in
Theorem 1 provides a simple mean to implement network-
assisted D2D communication. Whenever a BS observes that
UE; and UEsy are in the same cell, UE; is informed about
it. UE; will now listen to the uplink pilot signals sent by
UE; and thereby obtain |g|?. The channel gain [/h;[|? is
obtained in the conventional way used for cellular mode.
Thus, UE; can evaluate either (4), (5), or (6) and decide
which mode is preferable for the moment. The fact that (6)
only provides a sufficient condition can actually be a feature,
because it removes special cases when D2D mode is only
slightly better than cellular mode but not enough to motivate
the extra overhead signaling.

B. D2D Optimality with a Shared Resource

So far, we have considered a scenario in which a dedicated
channel is allocated to the UE. However, if the user shares
the spectrum with other UEs which are spatially separated,
there are manifold gains in cell spectral efficiency. To address
spectrum sharing, it is assumed that each receiver can measure
the interference power and treat the interference as noise.

Let Iy = Ips+0ag and Inop = Iyg + 0. In order to solve
the optimization problem (P1), we follow the same approach as
in Section III-A. The equivalent of D2D condition (4) becomes

2 Ia | o ple lu
———lgl 5
# Ipop Iy
Besides the conclusions in Section III-A, (8) shows that D2D
mode is optimal when the interference received at UEs is

much smaller than the one received at the base station, i.e.,
Ipop < Iy. By solving (8) as a quadratic equation, we have

g2 > \/|h1 w1 2[5k (Isz)2 B
pUE ul p[*jE
Similar to Theorem 1, a simple sufficient condition for D2D
mode optimality is

[hi'wy|? <
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(10)

An important conclusion from (10) is that UEs is more
sensitive to interference when operating in the D2D mode.
Therefore, the allocation of dedicated resources for D2D
mode is of interest in rescue operations or local entertainment
services. Such services might operate with multi-casting. It
is straightforward to extend our optimality conditions to the
multi-cast scenario by replacing |g|> by mingex |gx|?, where
KC is the set of users that should receive the signal. However,
we do not discuss this case further due to space limitations.

IV. MINIMIZE TRANSMIT POWER: D2D OPTIMALITY

In the following, we derive D2D optimality conditions for
the optimization problem (P2). We observe that the spectral
efficiencies Reen(pur) and Rpap(pug) increase monotonically
with pyg, thus (P2) is solved when the QoS constraint holds
with equality. The smallest transmit power that achieves R*
can be computed explicitly for each mode.

A. D2D Optimality with a Dedicated Resource

Based on Assumption 1, we have in cellular mode that

1 pUER 2 2R* Ths
2 o2 o2 [hy?r
(11)

The corresponding expression for D2D mode is

pUE 2 * R* i

log, | 1+ lgI* ) =R = pue= (2" —1); 5. (12)
UE |91

The solution to (P2) is obtained by taking the smallest value of

(11) and (12). In other words, D2D mode is optimal whenever



the required UE power for D2D mode in (12) is smaller than
the power of cellular mode in (11). This is equivalent to

. o? o2
(" - )7 < )
l9I? ([ha |2
and gives the following the conditions for D2D optimality.

Theorem 2. For a given R* > 0, the solution to (P2) is
achieved by D2D mode if and only if

(QR*_

(13)

! ﬁw e
2R 41 10

Hence, D2D mode is optimal for the QoS level R* if and only
if

9> > 3 (14)
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Proof: The condition in (14) is achieved directly from
(13) by noting that 2R*_—11 _ e ;)*(ER D — 92R" 4 1 The
QoS condition in (15) is achieved by solvmg (14) for R*. m

This theorem proves that D2D mode is optimal whenever
the rate is above the threshold in (15). Somewhat surprisingly,
this means that D2D mode is always optimal if we let R* —
o0, irrespective of how weak the direct channel is but possibly
at the expense of spending a lot of power. The threshold is
negative for |g|? > k|/hy||? thus D2D mode is always optimal
when the direct channel is stronger than the channel to the
BS—this is consistent with our observations in Section III-A.

B. D2D Optimality with a Shared Resource

In the case of spectrum sharing, the solution to (P2) for a
given R* is achieved by D2D mode if and only if

1 I
2> P20 1w 16
|g|_2R*+1I| 1%k (16)
Equivalently, D2D mode is optimal for the QoS levels
ID2D |h{{W1|2I€ )
R* > lo — 1. 17
= 22 ( Iul |g|2 ( )

V. GEOMETRICAL INSIGHTS

To gain some geometrical insights on the optimality of D2D
mode, we now consider a simple path-loss model

(18)
(19)

where dg,d;, are the distances between UE; and UE,
and between UE; and the BS, respectively. Furthermore,
Cg,Ch, by, by, > 0 are some arbitrary path-loss parameters.

l91? = cydy
[he[? = Neydy,

A. Maximize Spectral Efficiency

Plugging this path-loss model into the optimality condition
for D2D mode (6) for (P1) with dedicated resources yields

dg ™ - N ofgVECh
b — 2 *
d, E2 O98sPUE Gy

where it is clear that increasing p{j; will make D2D mode
more probable. This effect is counteracted by increasing the

(20)

number of antennas /N, which is explained by the array gain
that is achieved by coherent beamforming at the BS.

For a fixed distance dj, between UE; and the BS, we can
compute the circular area A around UE; where UE, (or all
receivers in multi-casting) should be to enable D2D mode.
From (20), we have the optimality condition

2 i (Pt TBsC B
A =mdy < mdy, < N (03g)%ken .

This area increases with the distance from the BS (e.g.,
linearly for by, = bg), thus D2D mode is more probable in
large macro cells and/or when UE; is located at the cell edge.
Moreover, the area grows with the transmit power as (pj;)'/%
and decreases as 1/N'/% with the number of antennas.

In the shared spectrum case, we assume zero-forcing (ZF)
beamforming at the BS to cancel the interference: Igs = 0.
This comes at the expense of the average SNR loss |hfw|? =
NMhy |2 = (N — M)epd, ™, where M (M < N) is the
number of interferers. The 1nterference experienced by UEs
and its distance from UE; depend on its coordinates (., y).
Then, from (10) we have the D2D optimality condition

e2y)

dl;lh
(Tr,yr)

* 2 .2
Pur93sCy
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B. Minimize Transmit Power

To gain some geometrical insight for (P2), we substitute (18)
and (19) into (15). Then, we have the optimality condition

by *
dg U_gscg(QR +1) (23)
dZ”' - U%E Nepw

For a fixed dj,, The circular area around UE; where UE, (and
other potential multi-cast receivers) should be is
2

2by 2 R* by
T (OBs ¢ 27 +1)\ ™
Amni il (Clses@ 1)

24
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The area of D2D mode depends on three factors: de"/ b
(2" 4 1)%/%, and N?/%s. The area increases by the ﬁrst two
factors but is inversely proportional to the last factor. In the
shared spectrum case with ZF reception at the BS, the D2D

mode is optimal if the interference in the UEy is bounded as
2% + ogse,  dy
(N = M)sen dg (ar,y,)

VI. NUMERICAL STUDY

Ipop(2r,yr) < (25)

In this section, we evaluate the optimal mode selection for
different system parameters by using Monte-Carlo simulations.
A single circular cell with radius R is considered where the BS
is located in the middle. The distance of the D2D transmitter
UE; from the BS is fixed to R/2. Different locations for the
D2D receiver are considered with a minimum distance dnin
from UE; and from the BS. The simulation parameters are
given in Table I. The channel model accounts for the effects
of path-loss and multi-path fading. The path-loss parameters



TABLE I
SIMULATION PARAMETERS.

8001

600 -

4001

200

Description Parameter Value
UE transmit power PUE 15 dBm
QoS R* {2,4,6,8} bpcu
Nr. of antennas at BS N {2,8,100}
Nr. of interferers M 7

Cell radius R 500 m
Noise power No —107 dBm
Noise figure at UEs F 5dB
Carrier frequency fe 2 GHz
System bandwidth B 5 MHz
Min. D2D receiver distance dmin 10 m
Path-loss exp. UE<+UE by 4
Path-loss exp. BS<+UE bn, 3.67
Path-loss coeff. UE«<+UE cg 28.03 dB
Path-loss coeff. BS«+>UE ch 30.55 dB
Monte-Carlo realizations MC 10000

are based on the non-line-of-sight (NLoS) scenario in [10]. We
assume Rayleigh block-fading channels where the channels are
constant during one time slot, but vary between different time
slots. Each receiver knows its channel. The average UE power
is the same in both modes (i.e., x = 2) in our simulations.

A. Dedicated Resource Scenario

The scenario when dedicated resources are allocated to
UE; is considered in Fig. 3. The top plot shows results for
(P1) and the bottom plot considers (P2). The dashed circles
in Fig. 3 depict the D2D optimality areas derived in (21)
and (24), respectively. While these expressions only consider
path-losses (i.c., the average channel gains), the corresponding
probabilistic areas obtained under Rayleigh fading are also
illustrated in Fig. 3. We observe that the optimal area for D2D
mode is much larger when the objective is maximizing the QoS
as in (P1), as compared to minimizing the transmit power as
in (P2). This is explained by the fact that the solution to (P1)
operates at full power and thus D2D transmission has the huge
benefit of using all its resources for UE transmission, instead
of half of them as in cellular mode.

To dig deeper into the results, Fig. 4 shows the radius of the
D2D optimality area for (P1) versus the number of antennas
and different transmit powers. As proved in the analytical part,
the area of optimality increases with the power. However, the
area is reduced as the number of antennas is increased. In
Fig. 5, for (P2), the D2D optimality region also becomes small
if the QoS constraint is small and when the number of antennas
is large. This confirms our analytic results as well.

B. Spectrum Sharing Scenario

In the spectrum sharing scenario, in addition to UE;, there
exist M interfering UEs equally distanced from the BS on a
circle of radius R/2. For the D2D receiver, we considered a
grid of possible positions separated by 5m in the cell area.

Fig. 6 and Fig. 7 show the optimal mode of each receiver
position based on the bounds derived in (22) and (25) using
only path-loss information. In the presence of interference, the
D2D optimality region in (P1) is larger than the corresponding
region in (P2). In order to combat the interference, the D2D
transmitter needs to increase the power. Therefore, in (P2),

E o
=
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=400
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-800
-600 -400 -200 0 200 400 600 800 1000
z [m]
500 0
400 0.0003
300+ 0.001
200+ 0.0026
100 0.008
—
IEI 0 0.0227
=

-100 0.0704

-2001 0.2038
=300 0.4695

-400 0.8148

-500 ’
-500 0 500

T |m
Fig. 3. Probability of D2D mode ([)pti]mality for (P1) (top) and (P2) (bottom)
with N = 8, p{jp = 15 dBm, R* = 4, and d;, = 250 m. The color shows
the probability for D2D mode optimality when the receiving UE is at different
locations. The black circle is the cell boundary and the dashed blue one is
the boundary of D2D optimality area based on only path-loss information.

it may be better to communicate through the BS rather than
direct transmission. Note that the interference at the BS and
D2D receiver have the same importance in (P2).

Figs. 8-9 consider fading channels. The probability of D2D
mode optimality is higher when the receivers are farther away
from the sources of interference and closer to their transmitter
as it is shown in Fig. 9. The areas with distance less than d i,
to the D2D transmitter and the BS are excluded.

VII. CONCLUSIONS

We investigated the problem of mode selection for network-
assisted D2D communications in single-cell scenarios with
multiple antennas at the BS. We formulated the problem with
two objectives: (P1) maximize QoS or (P2) minimize power.
We derived closed-form conditions for the optimality of D2D
mode in both cases. The analytic results are evaluated and
illustrated by means of Monte-Carlo simulations. Our results
show that the two problems have distinct differences in the
resulting area of optimality for the D2D mode. Increasing
the transmit power in (P1) or the QoS in (P2) increases the
area of D2D optimality, because the D2D mode then benefits
greatly from its better pre-log factor. However, increasing the
number of antennas has the opposite effect. The results are
easily extended to multi-casting scenarios.
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