Int. J. Communications, Network and System Sciences, 2009, 3, 169-247 .::? Scientific
doi:10.4236/ijcns.2009.23019 Published Online June 2009 (http://www.SciRP.org/journal/ijcns/). ** Research

Device-to-Device Communication Underlaying Cellular
Communications Systems

Pekka JANIS', Chia-Hao YU?, Klaus DOPPLER?, Cassio RIBEIRO?®, Carl WIJTING?,
Klaus HUGL?, Olav TIRKKONEN?, Visa KOIVUNEN"

'Department of Signal Processing and Acoustics, Helsinki University of Technology, Espoo, Finland
Department of Communications and Networking, Helsinki University of Technology, Espoo, Finland
*Nokia Research Center, Nokia Group, Helsinki, Finland
Email: pekka.janis@tkk.fi
Received December 9, 2008; revised March 14, 2009; accepted March 18, 2009

ABSTRACT

In this article we propose to facilitate local peer-to-peer communication by a Device-to-Device (D2D) radio
that operates as an underlay network to an IMT-Advanced cellular network. It is expected that local services
may utilize mobile peer-to-peer communication instead of central server based communication for rich mul-
timedia services. The main challenge of the underlay radio in a multi-cell environment is to limit the inter-
ference to the cellular network while achieving a reasonable link budget for the D2D radio. We propose a
novel power control mechanism for D2D connections that share cellular uplink resources. The mechanism
limits the maximum D2D transmit power utilizing cellular power control information of the devices in D2D
communication. Thereby it enables underlaying D2D communication even in interference-limited networks
with full load and without degrading the performance of the cellular network. Secondly, we study a single
cell scenario consisting of a device communicating with the base station and two devices that communicate
with each other. The results demonstrate that the D2D radio, sharing the same resources as the cellular net-
work, can provide higher capacity (sum rate) compared to pure cellular communication where all the data is
transmitted through the base station.
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1. Introduction decreasing infrastructure costs and direct connectivity
that supports peer-to-peer communication between local
services and the end users. In fact already today mobile
phones act as web server (see http://mymobilesite.net/)
and offer direct connectivity, e.g. using Bluetooth tech-
nology.

In this article we propose to facilitate the local peer-to-

Major effort has been spent in recent years on the devel-
opment of next-generation wireless communication sys-
tems that will bring higher data rates and system capacity
to end users and network operators. Examples of such
next-generation systems are 3GPP Long Term Evolution

(LTE) and WiMAX (see http://www.3gpp.org/ and http: peer communication by a Device-to-Device (D2D) radio
/lwww.wimaxforum.org/). that operates as an underlay network to an IMT-Ad-

Currently the evolution of such systems has been vanced cellular network. This D2D radio is a potential
started under the scope of IMT-Advanced. In addition to key enabler for low cost, seamless and high capacity
traditional performance targets of high data rates and local connectivity. We assume the infrastructure network
better coverage, the success of IMT-Advanced systems to be a cellular network based on Orthogonal Frequency
will depend on their ability to enable new services. It is Division Multiple Access (OFDMA) technology. The

expected that local services will contribute significantly cellular network operates in licensed bands, and it is im-
to the growth of mobile communications. The wide- portant to guarantee that D2D transmissions will not
spread development of local services will be enabled by generate harmful interference to cellular users. Similar
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problems are observed in the context of cognitive radios
[1-3], where the cellular usage is the primary service.

In order to control the interference from D2D connec-
tions to the cellular network, we propose that the Base
Station (BS) is able to control the maximum transmit
power and the resources to be used for each D2D con-
nection. Note that such a scenario is different from pure
ad-hoc networks, without coordination from an infra-
structure network, e.g. [4,5]. Further, we present a novel
power control mechanism for D2D connections that
share cellular uplink resources. The mechanism limits
the maximum D2D transmit power, utilizing cellular
power control information of the devices in D2D com-
munication. The performance of D2D and cellular com-
munications is evaluated by means of system simulations
that include interference from multiple cells.

Secondly, we study a single cell scenario consisting of
a device communicating with the BS and two devices
that communicate with each other. We consider three
modes of operation: D2D communication can share ei-
ther uplink (UL) or downlink (DL) resources with the
cellular network or use exclusive resources. If direct
communication between the terminals is not beneficial,
the two devices communicate through the BS of the cel-
lular network. In semi-analytical studies we show that
the D2D radio, sharing the same resources as the cellular
network, can provide higher capacity (sum rate) than
pure cellular communication through the BS.

This article is organized as follows: In Section 2 we
present the motivation for mobile D2D communications
with an example application and give a brief overview of
the state of the art in D2D communication. In Section 3
we present the power control mechanism for the coexis-
tence of D2D and cellular transmissions. In Section 4 we
describe the simulation methodology and present the
simulation results. In Section 5 the semi-analytical
analysis is described and results are presented. In Section
6 we present results on indoor D2D connections sharing
the DL resources with a metropolitan area network. In
Section 7 we summarize our results and the conclusions
are given.

2. Mobile Device-to-Device Communication

Next generation mobile communication systems such as
3GPP LTE and WiMAX are optimized for wide area and
metropolitan area operation. In recent years local area
networks based on WLAN have been increasingly popu-
lar, as they enable access to the internet and to local ser-
vices with low cost APs and cheap and fast access to
wireless spectrum in the license exempt bands. However
only a licensed band can guarantee a controlled interfer-
ence environment and local service providers might pre-
fer to pay a small amount of money to get access to li-
censed spectrum when the license exempt bands get
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crowded. Cellular operators may offer such cheap access
to spectrum with controlled interference enabled by D2D
communication as underlay to the cellular network.

This concept is illustrated in Figure 1, where UE de-
notes User Equipment. The BS allows UE2 and UE3 to
communicate directly to each other while keeping some
control over the D2D link to limit the interference to the
cellular receiver. As an example, consider the case where
a media server is put up at a rock concert from which
visitors can download promotional material using the
D2D connection. At the same time, the cellular network
can handle phone calls and internet data traffic without
the additional load that would be caused by traffic from
the media server. The D2D operation itself can be trans-
parent to the user. She simply enters a URL, the network
would detect traffic to the media server and hand it over
to a D2D connection. The same application could also be
enabled by a media server with built in WLAN AP or
Bluetooth. However in that case the user has to define
the WLAN AP or perform Bluetooth pairing which can
be tedious especially if a secure connection is required.

Compared to other local connectivity solutions based
on for example Bluetooth or WLAN the D2D communi-
cation supported by a cellular network offers additional
compelling advantages. First the network can advertise
local services available within the current cell. Thus for
automated service discovery, the devices do not have to
constantly scan for available WLAN AP or Bluetooth
devices. This is especially advantageous when consider-
ing that the constant scanning of Bluetooth devices or
WLAN APs is often switched off to reduce the power
consumption. Secondly, the cellular network can distrib-
ute encryption keys to both D2D devices so that a secure
connection can be established without manual pairing of
devices or entering encryption keys.

UE 1
() 0
BS / &

UE2 UE 3

Figure 1. lllustration of D2D communication as an underlay
network to an infrastructure network. UE1 is a cellular
user whereas UE2 and UE3 are D2D users. D denotes the
distance between D2D nodes and BS, and L denotes the
D2D link distance.

Int. J. Communications, Network and System Sciences, 2009, 3, 169-247



DEVICE-TO-DEVICE COMMUNICATION UNDERLAYING CELLULAR COMMUNICATIONS SYSTEMS 171

Several wireless standards have addressed the need for
D2D operation in the same band as the BS, also called Ac-
cess Point (AP) or central controller. Examples of such
standards are Hiperlan 2 [6], TETRA [7], and WLAN.

In all these standards D2D communication is assumed
to occur on separate resources. For example, in standards
employing Orthogonal Frequency Division Multiplexing
(OFDM) as the physical layer, like Hiperlan 2, User
Equipments (UE) involved in D2D communications are
not allowed to share the same OFDM symbol with UEs
communicating to the infrastructure network. This re-
striction limits the interference. However it leads to inef-
ficient utilization of resources, especially for large sys-
tem bandwidths. The resource utilization is even more
inefficient in TETRA, where several frequency channels
are country-wide reserved solely for D2D communica-
tion; reducing the resources available for cellular com-
munication when no D2D communication is present.

In WLAN the UE senses the medium and transmits if
the resources are free. A drawback of such a scheme is
that the AP does not have a direct possibility of control-
ling the D2D links and providing assistance, which could
prove highly beneficial for the network [8].

3. D2D Power Control when Sharing
UL Resources

Since the D2D communication takes place as an under-
lay communication to the cellular OFDMA network, the
interference from D2D communication to the cellular
network has to be coordinated and the BS should be
aware of ongoing D2D connections. The UEs in D2D
connections are still associated to the BS and can receive
for example cellular calls. Thus, we propose that the
D2D link initialization and the allocation of OFDMA
Resource Block (RB) to the D2D links is managed by the
BS. Therefore, there is an immediate opportunity for the
BS to reduce the interference between the cellular and
D2D links. Such a scheme for sharing UL resources is
proposed in this section. The power level of D2D trans-
mitters is chosen based on the cellular UL power control
information to limit the interference to the cellular BS.
The easiest way to restrict the D2D interference would
be to mandate a predefined maximum power level to the
D2D transmitters, and this level could be chosen such
that the expected degradation in the cellular links stays at
a tolerable level. However, such an approach would have
to be designed for the worst case scenario and would
lead to inefficient use of resources. As the D2D trans-
mitter may be arbitrarily close to the cellular receiver,
the power level thus determined is likely to be inade-
quate for establishment of reliable D2D links, other than
for extremely short range communication. On the other
hand, the power level of the D2D transmitter could be
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substantially higher if the network would have some
means to determine how close the D2D transmitter is to
the cellular receiver.

In fact the cellular BS has just the required informa-
tion for controlling the interference from D2D transmit-
ters to the cellular BS in case the D2D links share UL
resources with the cellular network. The UL power con-
trol in a cellular network aims at reducing the dynamic
range of signals received from multiple devices, i.e. to
reduce the near-far effect. The BS may use the cellular
UL power control framework in setting the D2D transmit
power. To be more specific, let us consider the SINR of
the UL cellular transmission in an isolated cell with ideal
transceivers and flat fading channel. In this case the ex-
pression for the cellular UL SINR may be written as

Re,
f=g
Pc, + o,

)

where P; and P, denote the transmit powers of the cellu-
lar and D2D UEs, ¢; and ¢, the corresponding link gains

to the base station, and o, the additive white Gaussian

noise power. The base station has full control over the
powers P, and P, in Equation (1), given the limitations
on the transmit power range of the terminal and on the
dynamic range of the power control specified for the
radio interface.

Equation (1) implies that in case of ideal UL power
control without the presence of a D2D transmitter (P,=0)
and a target SNR of P/o,, the cellular power control
target is P,c,=P.

In order to keep the interference to UL transmissions
under control, the BS can signal the D2D transmitter to
apply a power level such that P,c,=P/B, where B is a
backoff parameter. For large values of the backoff pa-
rameter B, D2D transmissions cause very low interfer-
ence to UL transmissions. However, a large B implies a
reduced range for the D2D link itself. We can avoid this
limitation on the range of the D2D link by incorporating a
power boosting factor « to the transmit power of the
UL transmitter that compensates for the remaining inter-
ference from D2D transmissions. In this case, Equation (1)
is modified to

(;:v: aPlCI
2
P, + o,

O]

The power boosting value « is defined such that the re-
ceived SINR from UL transmission in Equation (2) is equal

to the target SNR, ie. £'=P/o, . Hence, substituting
Pc, =P and P, =P/B into Equation (2), we obtain

a =

+1 3
57 ®)

Naturally, in case of no UL transmissions, the D2D
transmitter does not need to apply a power backoff, i.e.
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B =1. Conversely, no power boosting is needed in case
of no D2D transmissions. In fact, in cases when only a
subset of the RBs is used by D2D traffic, the power
boosting is only applied to those UL transmissions that
share the RBs with a D2D pair. As a result, the received
UL power is non-uniform over the system bandwidth,
which tends to increase the inter-RB interference caused
by power amplifier nonlinearities and limited receiver
dynamic range. Moreover, UL transmissions are not per-
fectly orthogonal due to the effects of non-ideal synchro-
nization and wireless propagation environment. There-
fore we limit the boosting values to 10dB, which we as-
sume to be still manageable.

4. Numerical Results on Coexistence of D2D
Communication and Cellular Network

In this section we study the coexistence of D2D commu-
nication links with an interference-limited cellular local
area network. The D2D pair is sharing either UL or DL
resources with the cellular links. The aim is to find out
the achievable D2D link quality when giving priority to
the cellular links. The study is carried out by static sys-
tem simulations and empirical SINR distributions for
both the cellular and D2D links are evaluated.

4.1. Scenario and Channel Model

The scenario and network layout resembles a local area
indoor scenario, illustrated in Figure 2. Nine BS serve a
whole floor of 100m times 100m. The scenario incorpo-
rates small room, corridor like longer rooms and a large
open area in the center. Similar elements can be typically
found in shopping malls or office areas.

Mean downlink SINR [dB]

y location, [m]

30 40 50

5—050 -40 -30 -20 -10 O 10 20
x location, [m]
Figure 2. The simulated scenario for coexistence studies.
The triangles represent the locations of base stations and
the black horizontal and vertical lines represent walls. The
color indicates the mean DL SINR without D2D interfer-
ence as a function of location.
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We have used the channel and propagation models
defined in WINNER [9] scenario Al (indoor/office)
for our studies. Links in the same room have a distance
dependent probability for Line-Of-Sight (LOS) condi-
tions.

In the channel model, for the LOS and Non-Line-
Of-Sight (NLOS) propagation conditions, the path-loss
exponent is 1.87 and 3.68, respectively, and the shadow
fading standard deviation is 3dB and 4dB, respectively.
In addition, each wall introduces an additional attenua-
tion of 5dB. Frequency selective fading is also modeled,
with a resolution of 2MHz.

The cellular UEs are uniformly distributed over the
area and the locations of the D2D pairs are independent
from the cellular UEs. The D2D pairs are generated with
the restriction that the D2D link must reside within a
single room.

4.2. System Model

We assume that the network operates on a 100MHz band
using Time Division Duplexing (TDD). The base sta-
tions have acquired frame-synchronism and use the same
split between UL and DL resources, such that there is no
interference from neighboring cell DL transmission to
UL transmissions or vice versa. The modulation scheme
allows Frequency Division Multiplexing (FDM) trans-
missions from the BS to several UEs simultaneously, as
well as Frequency Division Multiple Access (FDMA) for
several UEs to the BS. Specifically, the 100MHz band is
split into five orthogonal RBs of 20MHz.

4.2.1. Scheduler for Cellular Transmissions

Each BS randomly selects five UEs to be scheduled,
from those UEs that are not in D2D mode. For each UE
it tries to allocate the RB with best SNR or the RB with
second best SNR. If these are not available, the first free
RB is allocated. In case there are less than five UEs as-
sociated to the BS, the remaining free RBs are allocated
to a UE with allocation in the adjacent RB. Hence, the
network is fully loaded at every time instant. Since the
channel is assumed reciprocal, the same frequency re-
sources that are used for UL are also used for DL.

4.2.2. UL Power Control

For each BS, the total transmitted power is 25dBm,
which is evenly distributed over all sub-bands, i.e.
18dBm for each 20MHz band. For the UE, the uplink

power control aims a target SNR of P/ O'VZV, limited by
the maximum transmit power of 18dBm for the UE.
With these settings, in the studied scenario about 10% of
the UEs utilize maximum output power. When the UL
power boosting defined in Section 3 is used, the portion
of UEs reaching maximum transmit power increases to
40%.
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4.2.3. SINR Calculations
The SINR of each 2MHz sub-band for a transmission
originating from node n and received by node m is cal-
culated as

Pncn,m
On+on +on +lg + . RC,

Snm =

where lx is the power of all out-of-band emissions at

the receiver, and Uvzv, O'%x, and Géx are the thermal
noise power, the transmitter in-band distortion, and the
receiver Analog-to-Digital Converter (ADC) noise floor,
respectively, integrated over the 2MHz sub-bands. The
thermal noise power is derived from the noise figure de-
fined in LTE specifications for UE and BS [10]. With the
chosen transmit power levels our network scenario is
clearly interference-limited.

4.3. Network Simulation Description

The simulation arrangement is as follows. A large
number of random independent snapshots of network
operation, called drops, are modeled. For each drop, a
set of cellular and D2D UEs are independently placed
in the scenario. The path-loss and shadow fading val-
ues of each link are then determined and each cellular
and D2D UE is associated with the BS to which it has
the strongest link. Each cell has 5 cellular UEs and 5
D2D pairs, and the D2D transmissions are multiplexed
to 5 sub-bands. This way we can ensure that each cel-
lular transmission is interfered by exactly one intracell
D2D link and vice versa. After all transmissions are
scheduled, the transmit powers of the D2D transmitters
are determined as in Section 3 and the SINR is com-
puted as in Subsection 4.2.3.

4.4. Results and Discussion

In this section we present the simulation results on the
SINR distributions for the cellular UL, cellular DL, and
the D2D links. A wide range of transmit power levels
without power control for the D2D link was simulated
along with an UL power control based D2D case. The
settings for the power control case have been chosen
such that for 95% of the cellular links the SINR degrada-
tion is less than 3dB. This was achieved with a power
backoff of B=5 dB, for a UL power control target
SNR of 13dB. From Equation (3), this implies an UL
power boost o =8.64 dB.

From Figure 3(a) and 3(b), we observe that the maxi-
mum allowed D2D transmit power should be limited to
-10dBm in DL and -24dBm in the UL phase of the frame,
assuming that a 3dB degradation of the cellular SINR at
the 5-th percentile of the SINR CDF would be still toler-
ated. Assuming as well that a D2D link with SINR >0
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dB is usable, we observe from 3(c) and 3(d) that the frac-
tion of usable D2D links is =45% in DL phase and =33%
in UL phase.

However, if the UL-based D2D power control scheme
is applied, the percentage of usable links rises to 73% in
UL phase while still maintaining the same cellular per-
formance as for -24dBm D2D transmit power, as ob-
served in Figure 3(b) and 3(d).

As it can be appreciated from Figure 3 and from the
discussion above, when the D2D transmit power is set to
a fixed level such that the degradation to the cellular per-
formance remains tolerable, D2D performance is slightly
better when it uses DL resources than when it uses UL
resources. This may sound counter-intuitive since, due to
the fact that the BS's constant transmit power is signifi-
cantly higher than the mean UL transmit power, the in-
terference to the D2D links is higher in the DL than in
UL phase. On the other hand, due to the same reason the
cellular DL transmissions can tolerate much higher D2D
transmit powers than the cellular UL transmissions. In
the UL phase, the D2D transmit power must be set such
that even in the event of a D2D transmitter being close to
the BS the cellular performance does not degrade too
much. Since UL power control guarantees that all UEs
experience similar SINR in their UL transmissions re-
gardless of their position in the network, this becomes a
very strict requirement.

The proposed UL-based power control scheme effec-
tively removes this restriction, resulting in significant
improvement on the D2D performance. A similar power
control scheme is not applicable in DL since the BS
might schedule resources shared with D2D links to mul-
tiple cellular UEs. Each of these candidate cellular UEs
would have to set a power control target to the D2D
transmitters, implying significant overhead.

5. Resource Allocation Analysis

In the preceding sections we considered the coexistence
of a D2D underlay and cellular network. Specifically, we
demonstrated that it is possible to allow D2D communi-
cation to share the cellular resources and at the same
time guarantee that the performance of the cellular
communication links is not sacrificed, thus taking an
approach where the cellular communication has priority.
In this section we take a different viewpoint where nei-
ther the cellular nor the D2D communication have prior-
ity over the other. This gives insight on the maximum
benefits in terms of overall performance that D2D un-
derlay communication can provide.

We assume the Channel State Information (CSI) of all
the involved links is available at BS so that the resource
allocation decision of D2D users can be controlled cen-
trally by the BS. The scenario where at most one cellular
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Figure 3. Empirical SINR CDFs in the local area scenario with various D2D transmitter power levels. The UL and DL SINR
without D2D is shown for reference. The D2D SINR distributions are shown conditioned on the link distance being less than 8

meters. Each D2D link is within a single room.

user and one D2D communication pair will share the
same radio resource is considered. Despite its simplicity,
this scenario captures the minimum requirement for cel-
lular communication and D2D communication to share
the same resource.

In general, D2D communication causes no interfer-
ence to the cellular users if they occupy separate re-
sources. However, resource usage efficiency can be
higher if the same resource is shared at the same time.
We may achieve higher overall system performance if
D2D and cellular communications co-exist in the same
radio resource. We will discuss four different resource
allocation modes including both separate and non-sepa-
rate sharing schemes. They are illustrated in Figure 4 and
detailed below:

* DL resource sharing (DLre): D2D communication

happens in DL resources so that all the DL resources
of the cellular user are interfered.

Copyright © 2009 SciRes.

* UL resource sharing (ULre): Similar to DLre, D2D
communication happens in UL resources, and all the
UL resources of the cellular user are interfered.
Separate resource sharing (SEPre): D2D communica-
tion takes half of the available resources from the cel-
lular user, either from DL or UL resource. There is
no interference between cellular and D2D communi-
cation.
Cellular mode sharing (CellMod): The D2D users
communicate with each other through the BS that
acts like a relay node. They take half of the available
resources either from the DL or the UL resources of
the cellular user. Note that this mode is conceptually
the same as traditional cellular system and is used as
a reference.

In the following, we consider a normalized isolated
circular cell (with radius equal to 1) as illustrated in

Int. J. Communications, Network and System Sciences, 2009, 3, 169-247
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A
S
UE1 UE1
UE1 UE1 (507 S0
M - UE2 - UE3
D2D D2D D2D UL (25%)
(50%)
DLre ULre SEPre CellMod

Figure 4. lllustration of resource allocation of considered
resource sharing methods. In DLre and ULre modes, the
cellular user and the D2D users operate in the same re-
source. In SEPre and CellMod modes, the cellular user and
the D2D users occupy different resources.

Figure 1, and discuss the best resource allocation scheme
out of the four possible modes. We assume one cellular
user (UE1) and two D2D users (UE2 and UE3) sharing
the available radio resources. For simplicity, we consider
only distance-dependent pathloss, but no fading. Spe-
cifically, we consider the single-slope pathloss model [11]
with pathloss exponent 4:

P(d,)
d4

where P(d) denotes the received power at the distance

P(d) =

4)

d from the transmitter and P(d,) is the received
power at reference distance d,, . To adapt the normalized

cell considered in our environment, we simply replace
P(d,) with the transmit power. This channel model

enables a one-to-one mapping between the distance of a
channel link and the received signal strength. In addition,
since the considered channel model provides the mean
channel condition in a fading channel, the trend pre-
sented in this simplified model is consistent with the case
where a more complex model is applied. We assume the
distance between the D2D users and the BS to be D
and the distance between the two D2D users to be L.
Assuming no power control, the transmit power is fixed
to unity for the cellular transmission in UL and DL, and
for the D2D user transmissions. Note that the per-RB
transmit powers used in Section 4 are according to this
scheme-the BS and the UE have the same (maximum)
power spectral density. Under this channel model and the
geometric constraint of the D2D users, the resource allo-
cation decision depends on the cellular user (UEI) posi-
tion only, under a given setof D and L.

The interference caused by D2D users may come from
any D2D users depending on which one is transmitting at
the moment. Here, we assume the worst interference
condition where the interference from D2D communica-
tion is caused by the user creating stronger interference.

Copyright © 2009 SciRes.

The AWGN noise power is assumed to be the same as
the signal power received at the cell border (i.e.
SNR=0dB at the cell edge). The metric for determining
the resource sharing mode is the sum rate of the connec-
tion between UE2 and UE3, and of the cellular connec-
tion between BS and UEI. The sum rate takes into ac-
count either DL or UL resources depending on which
one is shared with the D2D users. The sum rate is calcu-
lated by the Shannon capacity formula [12] according to
the following equations

P
Ry .. =log,| 1+ 2
o gz( maX(Plz, P )+ N, j

+10g2[1+

P
max(P,,P, )+ N,

P
R —log,|l4+—t22
Dlse g{ max(P,,P, )+ Noj

+ 10g2(1 +

P
max(Plz, P )+ N,

1 P 1 P
R =—log,| 1+—2 |+ —log,| 1+—-
SePre = gz[ Noj > gz( Noj

Reeiivod = E'z{logz(l +N_2j+ log{l +N_3B
0 0
+llog2 1+i I
2 N,

where P, denotes the received power of the link be-

tween BS and UEi , and P

of the link between UEi and UE j. N, is the noise
power at the receiver. The received power in each link is
calculated by Equation (4).

The resource allocation scheme which gives the best
sum rate is selected for each UE1 position according to

Rmax = maX(RUch’ RDch’ RSEPrc b RCC]]MOd) (5)

It should be noted that, without any further constraint,
it may happen that either the cellular or the D2D connec-
tion is compromised in order to maximize the sum rate.
For example, under the condition that UEI is very close
to BS, it is likely that the connection between the BS and
the UE1 dominates the selection of the resource allocation
scheme. The selected scheme might give the D2D connec-
tion little transmission rate. Similarly, when the D2D users
are very close to each other and dominate the sum rate, the
transmission rate of UE1 may be very limited.

Figure 5 shows the share of cell area where one spe-
cific resource allocation scheme is selected as the best
one, under different values of D and L. The curves

denotes the received power
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Figure 5. Share of cell area where one specific resource
allocation scheme is selected as the best one, for different
values of D (the distance between BS and the D2D pair) and
L (the distance between the two D2D users). D2D commu-
nication is always beneficial for the system except for the
case when the D2D users are at opposite sides with respect
to BS (i.e. D=0.3 and L=0.6), where none of ULre, DLre and
SEPre resource allocation schemes occupies significant
percentage area.

corresponding to CellMod mode are missing because it is
selected only under the condition that the two D2D users
are at opposite sides with respect to BS (L~2D). In

this special condition, the CellMod mode is the favorable
resource sharing scheme. This can be observed from
Figure 5 by noticing that the share of all curves with
L=0.6 goes to approximately 0 at D =0.3. However,
except for this particular case, D2D communication is
always beneficial for the system.

When the D2D users are further away from BS (i.e.
when D is large), the percentage area where the cellu-
lar user experiences strong interference reduces. It sug-
gests the benefit of using non-separate resource sharing
schemes (ULre or DLre) which provide higher resource
usage efficiency. When D is small, it is more benefi-
cial to use either ULre or SEPre depending on the value
of L. In small D and small L scenario, the signal
strength between the D2D users is very strong. The ULre
mode outperforms DLre mode in this case because the
interference observed by the D2D users is smaller in
ULre mode, which significantly improves channel qual-
ity of D2D communication.

Figure 6 shows the rate ratio of D2D communication
to the CellMod mode under the parameter D =0.7 and
L=0.2. The two circular spots give the position of two
D2D users. The cellular user is at one given position in
the cell, and the color at that position represents the rate
gain from D2D communication, which is the rate ratio
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Figure 6. Rate ratio to CellMod mode with D=0.7 and L=0.2.
The two circular spots denote the position of D2D users.
The cellular user is at a given position in the cell and the
background color at the position displays the rate ratio of
the best resource sharing scheme to the CellMod mode.

between the rates obtained from the best resource
sharing scheme and the CellMod mode. The area out-
side the unit circle is out of the considered cell and
should not be considered. The gain is significant and
depends on the position of the cellular user. In Figure 7,
we illustrate the rate gain averaged over the considered
single-cell with respect to different geometry of D2D
users. It is clear that, in average, the larger D and the
smaller L are beneficial for the system performance.
Consistent with Figure 5, the rate gain vanishes when
the D2D users are at opposite sides of BS (e.g.
D=03 and L=0.6).

rate ratio

0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 7. Average rate ratio over CellMod. The rate ratio is
obtained by comparing the rate obtained from the best re-
source sharing scheme and the rate obtained from the
CellMod mode. For different values of D and L, the rate
gain is averaged over the whole cell.
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6. Indoor D2D as Underlay to a Metropolitan
Area Network

In the previous sections we have demonstrated that D2D
communication can take place in an interference-limited
network as well as the potential gains from D2D com-
munication in a single cell. Now we consider D2D as an
underlay to a metropolitan area network.

The cellular BS are deployed outdoors and outdoor
cellular users share downlink resources with indoor D2D
connections. The BSs are deployed in a multi-cell envi-
ronment and the results are obtained from the center cell.
The BS deployment is modelled by the well known
Manhattan grid and follows the UMTS 30.03 recommen-
dation [13] and the corresponding channel and path-loss
models can be found in [9]. The D2D pairs are randomly
generated within the same building block and the path-
loss between them is below 90dB which corresponds

1
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(a) Empirical CDF of cellular SINR for different D2D transmission

power. There is no visible impact from the D2D communication on
the SINR of the cellular network.
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transmission power.

Figure 8. SINR of cellular and D2D connections sharing the
cellular downlink resources.
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to a distance of up to 25m. The penetration loss of at
least 14dB through the outside wall of the building and
the favorable propagation between outdoor BS and cel-
lular devices in the same street isolates the indoor D2D
connections from the outer cellular network.

Both the cellular devices and the D2D devices operate
with full buffers, i.e. both the cellular network and the
D2D devices utilize the full bandwidth with 100% load.
A single OFDMA resource block (RB) is shared by one
cellular user and one D2D pair in the cell.

The transmit power of the cellular BS is set to 37dBm
and the transmit power of the D2D devices was limited
to 20dBm. Figure 8 illustrates the potential for D2D
connection with different transmit power in such a sce-
nario. The cellular SINR is not affected by the indoor D2D
connections even when they transmit with 20dBm. About
90% of the D2D connections experience a higher SINR
than 0dB which we see as a lower threshold where D2D
communication makes sense. In general the BS will also
serve indoor users and the example might be overly opti-
mistic. Nevertheless the BS can for example allocate only
part of the downlink resources to D2D connections and
schedule only outdoor cellular users in these resources.
The BS can for example classify outdoor users based on
path-loss, spatial signature or location information.

7. Conclusions

In this paper we analyze Device-to-Device (D2D) com-
munications underlaying a cellular network. We show
that given proper power control and coordination
mechanisms it is possible to have D2D connections that
reuse cellular band and still cause only minimal interfer-
ence to the cellular network.

We propose a power control scheme for the D2D links
that share uplink resources with a cellular network. In
this case the maximum power that can be used for the
D2D link is defined by taking the cellular uplink power
control information as reference. We evaluate the pro-
posed power control scheme in system simulations. The
results show that by properly defining the maximum
power on the D2D link a good D2D link SINR is
achieved while at the same time the impact on the cellu-
lar network is minor. Thereby D2D communication can
take place in interference-limited networks with full load,
where a cognitive radio would not be able to detect a
white space.

Further, we performed semi-analytical studies on a
single-cell scenario to analyze how much gain can be
expected from D2D communications. We considered
several allocation strategies, including traditional cellular
communications. The results show that significant gains
in sum rate can be achieved by enabling D2D communi-
cations compared to the conventional cellular system.
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Finally, we showed in system simulations that indoor
D2D communication causes negligible interference to
outdoor cellular users in the downlink of a metropolitan
area network.
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