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Resource Sharing Optimization for
Device-to-Device Communication
Underlaying Cellular Networks
Chia-Hao Yu, Klaus Doppler, Cássio B. Ribeiro, and Olav Tirkkonen

Abstract—We consider Device-to-Device (D2D) communication
underlaying cellular networks to improve local services. The
system aims to optimize the throughput over the shared resources
while fulfilling prioritized cellular service constraints. Optimum
resource allocation and power control between the cellular and
D2D connections that share the same resources are analyzed
for different resource sharing modes. Optimality is discussed
under practical constraints such as minimum and maximum
spectral efficiency restrictions, and maximum transmit power
or energy limitation. It is found that in most of the considered
cases, optimum power control and resource allocation for the
considered resource sharing modes can either be solved in closed
form or searched from a finite set. The performance of the D2D
underlay system is evaluated in both a single-cell scenario, and a
Manhattan grid environment with multiple WINNER II A1 office
buildings. The results show that by proper resource management,
D2D communication can effectively improve the total throughput
without generating harmful interference to cellular networks.

Index Terms—Cellular networks, device-to-device, D2D, peer-
to-peer, resource sharing, underlay.

I. INTRODUCTION

THE increasing demand for higher data rates for local
area services and gradually increased spectrum conges-

tion have triggered research activities for improved spectral
efficiency and interference management. Cognitive radio sys-
tems [1] have gained much attention because of their poten-
tial for reusing the assigned spectrum among other reasons.
Conceptually, cognitive radio systems locally utilize “white
spaces” in the spectrum for, e.g., ad hoc networks [2][3]
for local services. Major efforts have been spent as well on
the development of next-generation wireless communication
systems such as 3GPP Long Term Evolution (LTE)1 and
WiMAX2. Currently, the further evolution of such systems
is specified under the scope of IMT-Advanced. One of the
main concerns of these developments is to largely improve
the services in the local area scenarios. Device-to-Device
(D2D) communication as an underlaying network to cel-
lular networks [4][5] can share the cellular resources for
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better spectral utilization. In addition to cellular operations
where the network services are provided to User Equipment
(UE) through the Base Stations (BSs), UE may communicate
directly with each other over D2D links while remaining
control under the BSs. Due to its potential of improving local
services, D2D communication has received much attention
recently [6][7][8][9][10][11][12][13][14][15][16].

The idea of enabling D2D connections in cellular networks
for handling local traffic can be found in, e.g., [17][18][19],
where ad hoc D2D connections are used for relaying pur-
poses. However, with these methods the spectral utilization
of licensed bands cannot be improved as D2D connections
take place in license-exempt bands. Furthermore, ad hoc D2D
connections may be unstable as interference coordination is
usually not possible. In [20], non-orthogonal resource shar-
ing between the coexisting cellular and ad hoc networks
is considered. As the operations of both types of networks
are independent (with independent traffic loads), interference
coordination between them considers only the density of
transmitters. Recent works on D2D communication assume
the same air interface as the underlaying cellular networks.
In [21], the cellular resources are reused by D2D connections
in an orthogonal manner, i.e., D2D connections use reserved
resources. Although orthogonal resource sharing eases the task
of interference management, better resource utilization may
be achieved by non-orthogonal resource sharing. In [4][5], a
non-orthogonal resource sharing scheme is assumed. Cellular
users can engage in D2D operation when it is beneficial for
the users or system. Further, D2D power control when reusing
Uplink (UL) cellular resources, where cellular signaling for
UL power control can be utilized, is addressed to constrain
the interference impact to cellular operations.

To better improve the gain from intra-cell spatial reuse of
the same resources, multi-user diversity gain can be achieved
by properly pairing the cellular and D2D users for sharing the
resources [8][9][10]. In [10], the resource allocation scheme
over multiple cellular users and D2D users considers the
local interference situations, making it possible for inter-cell
interference avoidance. Interference randomization through
resource hopping is considered in [11]. This provides more
homogeneous services among users in challenging interfer-
ence environments, e.g., when one cellular connection shares
resources with multiple D2D pairs at the same time. Integra-
tion of D2D communication into an LTE-Advanced network is
investigated in [13][14], where schemes for D2D session setup
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and interference management are proposed. The results show
that D2D underlay communication applied to LTE-Advanced
networks can increase total throughput in the cell area. Jus-
tifications for applying the D2D underlay communication to
licensed bands, from the perspectives of users and cellular
operators, can be found in [14].

Major efforts so far have been put to demonstrate the benefit
of local D2D connections without generating much interfer-
ence penalty to cellular users. However, the performance of
D2D connections can be improved with slightly more D2D-
oriented considerations. In [15], the interference from a BS to
a D2D connection is avoided by aligning transmissions from
the BS on the null space of the interference channel to the D2D
connection. In [16], D2D users reuse UL cellular resources and
full duplexing BSs are assumed. Accordingly, an interference
retransmission scheme at BSs is proposed for assisting the
interference cancelation at D2D users. In [15][16], improved
D2D performance is shown with slight impact to cellular users.

Different standards addressing the need for D2D operation
in the same band as infrastructure-based operators can be
found, such as HiperLAN2, TETRA and Wi-Fi. In HiperLAN2
and TETRA systems, D2D communication takes place in
reserved resources. This restriction limits the interference
from D2D connections and is beneficial for severely mutually
interfered situations. However, dedicated resources also lead
to inefficient utilization of resources in situations with weak
mutual interference. For the part of Wi-Fi technology that is
based on IEEE 802.11 standards, users can sense and access
the radio medium only if the channel is free. Accordingly
the access points do not have full control over the resources.
Wi-Fi technology supports a Wi-Fi direct mode that allows
direct D2D connection between peers. However, Wi-Fi direct
mode requires users to manually pair the peers, as is the
case for Bluetooth technology. In the proposed D2D underlay
communication, the pairing can be handled by BSs and thus
provides new use cases and better user experiences [5][14].

In this article, we analyze the resource sharing in a D2D
communication underlaying cellular system. Cellular BSs are
assumed capable of selecting the best resource sharing scheme
for cellular and D2D connections. No specific assumptions
on the background cellular networks are made. The alterna-
tives addressed are 1) non-orthogonal sharing: both cellular
traffic and D2D traffic use the same resources, 2) orthogonal
sharing: D2D communication uses dedicated resources, and
3) cellular operation: the D2D traffic is relayed through the
BS. We assume that the cellular network performs radio
resource management for both the cellular and the D2D
connections. The system aims to optimize the total throughput
over the shared resources while fulfilling possible spectral
efficiency restrictions and power constraints. We analyze two
optimization cases. In greedy sum-rate maximization, cellular
and D2D communication are treated as competing services.
The maximization is subject to a maximum power or energy
constraint. In sum-rate maximization with rate constraints, we
prioritize the cellular users by guaranteeing a minimum trans-
mission rate. Furthermore, we set an upper limit to the spectral
efficiency to consider practical limitations in Modulation and
Coding Schemes (MCS). Naturally, a maximum transmission
rate is thus constrained by the highest MCS.

It is noted that the resource sharing schemes considered here
is not for harvesting multi-user diversity gain as addressed
in [8][9][10]. Instead, our resource sharing schemes are to
further optimize the resource usage among cellular and D2D
users that have been allocated with the same resources. Similar
problem is also considered in [6][7], where resource sharing
mode selection and transmit power allocation are considered
jointly to fulfill some target Signal-to-Interference-plus-Noise
Ratio (SINR) values for each link. Our works differ from those
in [6][7] in that we consider more extensive set of resource
sharing modes and the target for optimization is throughput,
rather than SINR targets. The non-orthogonal resource shar-
ing problem has been discussed in different contexts [22],
[23]. There, authors consider power allocation of two-user
interference channel in a two-cell network, under a maximum
transmit power constraint. It is shown that the optimal power
allocation scheme resides on a finite set of possible solutions.
Our work extends the throughput-maximizing power control
in [22][23] by giving a minimum service guarantee to the
prioritized user and introducing a maximum transmission rate
constraint. Moreover, we consider the selection of resource
sharing methods subject to power and energy constraints.

Part of this work has been published in [24], where optimal
power control in the non-orthogonal sharing is analyzed and
evaluated in a single-cell scenario. In this work, we further
apply sum-rate optimization to orthogonal sharing and cellular
modes, to enable a fair comparison between different modes.
We generalize the power constraint by separately considering
it in the time and frequency domains for the orthogonal sharing
and cellular operation modes. Moreover, we apply our analysis
to a Manhattan grid with WINNER II A1 [25] office buildings
to evaluate the performance in a multi-cell scenario. As a
WINNER II A1 office is a well-known indoor scenario with
widely accepted channel models, it provides a realistic simula-
tion environment for evaluating the results. These generalized
considerations give an extensive and complete set of results on
the considered problem of resource sharing mode selection.

The remainder of this article is organized as follows:
In Section II we present the system model, the considered
resource sharing modes, and the optimization constraints. In
Section III we solve the optimal power control problem of the
non-orthogonal resource sharing method. In Section IV and
Section V, we present the results of optimal radio resources
allocation for the two orthogonal resource sharing modes. In
Section VI we evaluate the performance improvement from the
D2D underlay communication in both single cell and multi-
cell scenarios. We conclude this work in Section VII.

II. SYSTEM MODEL

We study the resource sharing between two types of com-
munication, traditional cellular communication between a BS
and a user, and direct D2D communication. We assume that
a BS scheduler knows about the D2D communication need
based on communication request between two potential D2D
users, and the BS decides to offload that traffic to a direct
D2D connection. Based on handover and other measurements
provided by the cellular and potential D2D users, the BS may
select by which way to reuse the resources of a specific cellular
link for serving the D2D communication need.
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Fig. 1. D2D communication as an underlay network to a cellular network.
UE1 is a cellular user whereas UE2 and UE3 are in D2D communication.

We consider the case where one cellular user (UE1) and
two D2D users (UE2 and UE3) share the radio resources. We
assume that inter-cell interference is managed efficiently with
inter-cell interference control mechanisms based on power
control or resource scheduling. Thus we can assume individual
power constraints for transmitters, based on which further
optimization on power and resource allocations is performed
for better intra-cell spatial reuse of spectrum enabled by
D2D underlay communication. Fig. 1 illustrates the considered
scenario, where 𝑔𝑖 is the channel response between the BS and
UE𝑖, and 𝑔𝑖𝑗 is the channel response between UE𝑖 and UE𝑗 .
The D2D pair can communicate directly with coordination
from the BS. The channel response can include the path loss,
shadow and fast fading effects. Channel State Information
(CSI) of all the involved links is assumed at the BS for co-
ordination. To acquire full CSI, in addition to normal cellular
measurement and reporting procedures, a method is required
for the D2D transmitter to transmit probe signals, which are
then measured at the D2D receiver and the interference victim,
and reported to the BS. For more details, see [13].

A. Resource Sharing Modes

The sharing of resources between D2D and cellular con-
nections is determined by the BS. If D2D users are assigned
resources that are orthogonal to those occupied by the cellular
user, they cause no interference to each other and the analysis
is simpler. On the other hand, the resource usage efficiency
can be higher in non-orthogonal resource sharing. Here, we
consider three resource allocation modes:

∙ Non-Orthogonal Sharing mode (NOS): D2D and cellular
users re-use the same resources, causing interference to
each other. The BS coordinates the transmit power for
both links.

∙ Orthogonal Sharing mode (OS): D2D communication
gets part of the resources and leaves the remaining part
of resources to the cellular user. There is no interference
between cellular and D2D communication. The resources

allocated to D2D and cellular connections are to be
optimized.

∙ Cellular Mode (CM): The D2D users communicate with
each other through the BS that acts as a relay node.
The portion of resources allocated to each user is to be
optimized. Note that this mode is conceptually the same
as a traditional cellular system.

Here, we optimize the transmission in all of these modes,
to understand what can be optimally reached in a D2D system
based exclusively on NOS, exclusively on OS, or on an opti-
mal mode selection. In particular, optimizing the cellular mode
allows a fair comparison between a pure cellular network and
a D2D enabled cellular network. Resource sharing may take
place in either UL or Downlink (DL) resources of the cellular
user. For each UL and DL resource, the BS selects one out of
the three possible allocation modes to maximize the sum rate.
With non-orthogonal sharing, the source and the receiver of the
interference may be different when sharing the cellular user’s
UL and DL resources. We indicate non-orthogonal sharing of
the cellular user’s UL and DL resources by NOSul and NOSdl,
respectively.

We define the sum rate of the D2D and the cellular
connections by applying the Shannon capacity formula. To
maximize the sum rate of the two connections when sharing
UL or DL resources of the cellular user, the BS selects the
resource allocation mode according to

𝑅DLmax = max(𝑅NOSdl, 𝑅OSdl, 𝑅CMdl),

𝑅ULmax = max(𝑅NOSul, 𝑅OSul, 𝑅CMul),
(1)

where 𝑅NOSul and 𝑅NOSdl are the sum rate when non-
orthogonally sharing the UL and DL resources of the cellular
user, respectively, 𝑅OSul and 𝑅OSdl denote the sum rate when
the D2D pair shares orthogonally the UL and DL resources
of the cellular user, respectively, and similarly for 𝑅CMul and
𝑅CMdl. It is noted that when the cellular mode is chosen, we
need both the UL and DL transmissions for D2D communi-
cation. Hence, cellular mode is used for both UL and DL if
selected.

Decisions on the used D2D mode are taken at the BS
subject to existing channel and buffer status information. In
the extreme case, mode selection can be done at the same
frequency as allocation decisions. Preferably, however, the
D2D pair is semi-statically configured to a resource sharing
mode. In a packet switched radio access network, actual
transmission conditions would be governed by short-term
scheduling decisions made by the BS. A control channel
would be used by the BS to inform the UE about scheduling
decisions. D2D users in the cellular mode are served as
normally scheduled shared channel users. In the orthogonal
sharing mode, the D2D traffic would be explicitly scheduled
by the BS. In the non-orthogonal sharing mode, the D2D
pair would be allowed transmission with specific parameters
always when specific shared channel resources are allocated
to a specific cellular user with whom the D2D pair shares the
channel resources. This is subject to potential delay issues for
sharing DL resources – the D2D transmitter needs to be able
to configure its transmission rapidly after reading a DL control
channel allocation for the paired cellular user.
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Fig. 2. Resource allocation in non-orthogonal and orthogonal sharing modes.

B. Optimization with Power and Energy Constraints

It is possible to maximize the sum rate of the considered
resource sharing modes by optimizing the power or resource
allocation. When sharing resources non-orthogonally, opti-
mization can be conducted in power domain only. On the other
hand, to optimize the sum rate of the orthogonal sharing and
cellular modes, resource allocation can be manipulated.

When optimizing the resource allocation, two constraints
will be discussed. We assume that in the orthogonal sharing
and cellular modes, all transmitters use their maximum power
when transmitting. As there is no intra-cell interference in
these two modes, the maximum sum rate is achieved with
our system setting where inter-cell interference is assumed
managed properly. Depending on the domain of resource
allocation, this may lead to different types of constraints. One
alternative is that the power density per resource does not
depend on the resource allocation size. This would be the case,
e.g., if resources are shared in the time domain, and we call
this a power constraint. In the other alternative, the energy
used for transmission is fixed, and the power density per
resource depends on the resource allocation. This corresponds
to a case where resources are allocated in the frequency
domain, and each transmitter concentrates all the power in the
available bandwidth. We call this an energy constraint. Using
the energy constraint may lead to higher spectral efficiency, as
multiple transmitters may simultaneously use their maximum
transmit power, leading to a higher total energy usage.

With non-orthogonal sharing, the interference caused by
D2D connection depends on which one of the D2D users is
transmitting. Unless stated otherwise, we assume the worst-
case interference condition where the interference from D2D
connection is caused by the user that could create the strongest
interference. If there is a clear definition on the D2D trans-
mitter, one can modify the interference condition accordingly.

We denote the power of the Additive White Gaussian
Noise (AWGN) at the receiver by 𝑁0, the common maximum
transmit power by 𝑃max, and the assigned transmit powers of
the cellular and the D2D links by 𝑃c and 𝑃d, respectively. The
sum rate equations for non-orthogonal sharing can be found
by summing up rates from the cellular link and the D2D link:

𝑅NOS(𝑃c,𝑃d)=log2(1+Γc(𝑃c,𝑃d))+log2(1+Γd(𝑃c,𝑃d))

=log2
(
(1+Γc(𝑃c,𝑃d))(1+Γd(𝑃c,𝑃d))

)
, (2)

where Γc(𝑃c, 𝑃d) = 𝑔1𝑃c/(𝑔dc𝑃d + 𝐼𝑐) and Γd(𝑃c, 𝑃d) =
𝑔23𝑃d/(𝑔cd𝑃c + 𝐼𝑑).We have denoted by 𝑔cd the channel

Fig. 3. Resource allocation in cellular mode with maximum power con-
straint (TDD/TDMA), and with maximum energy constraint for cellular DL
resources (TDD/FDMA).

response of the interference link from the cellular connection
to the D2D connection, and vice versa for 𝑔dc. We used 𝐼𝑐
and 𝐼𝑑 to indicate the interference-plus-noise power at the
receiver of the cellular link and the D2D link, respectively.
The interference power 𝐼𝑐 and 𝐼𝑐 models inter-cell interference
according to our system setting. Denote 𝑅 as the general
term for rate, e.g., 𝑅NOS in (2). Strictly speaking, 𝑅 is not
a rate but a spectral efficiency. When multiplied with system
bandwidth, we get a rate. As we restrict the spectral efficiency
𝑅 to be with respect to the system bandwidth and the system
bandwidth is not altered by resource allocation strategies, all
𝑅s in this paper are in one-to-one correspondence with rates.
The resource allocation of the non-orthogonal sharing mode is
illustrated in the left half of Fig. 2. To simplify the notation,
from now on we assume that all receivers experience the same
interference-plus-noise power 𝐼0. However, for performance
evaluation, we shall then replace 𝐼0 with the experienced
interference-plus-noise power of different receivers.

For the remaining two modes, we can control the portion
of the resources used to serve the D2D and the cellular users,
and we may apply either power or energy constraints.

With orthogonal resource sharing, the sum rate expressions
with power/energy constraints are

𝑅OS-𝒫(𝛼) = 𝛼 log2(1+𝛾1)+𝛼′ log2(1+𝛾23), (3)

𝑅OS-ℰ(𝛼)=𝛼 log2(1+
𝛾1
𝛼
)+𝛼′ log2(1+

𝛾23
𝛼′ ), (4)

where 𝑅OS-𝒫 and 𝑅OS-ℰ are the sum rate with maximum power
constraint and maximum energy constraint, respectively, 0≤
𝛼≤1, 𝛼′=1−𝛼, 𝛾1=𝑔1𝑃max/𝐼0, and 𝛾23=𝑔23𝑃max/𝐼0. The
right half of Fig. 2 illustrates the resource allocation of the
orthogonal sharing mode. When sharing resources in time (or
frequency) domain, the power (or energy) constraint is used.

In cellular mode, in addition to the division of resources
𝛼 between the cellular user and the two D2D users, we may
optimize the division of resources 𝛽 between the UL and DL
phases of the cellular relaying service replacing the D2D link.
Thus one D2D user will first convey the data to the BS before
the BS can relay it to the other D2D user. It implies that D2D
UL phase has to happen before D2D DL phase. We assume
that the cellular service is realized by flexible switching Time-
Division Duplexing (TDD), so that UL and DL resources
are using the same frequency and the switching between UL
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Fig. 4. Resource allocation in cellular mode with maximum energy constraint
for cellular UL resources (TDD/FDMA).

and DL may be optimized. If Time Division Multiple Access
(TDMA) is used we have a resource allocation as illustrated
in Fig. 3, and the power constraint is applied. The sum rate is

𝑅CM-𝒫(𝛼, 𝛽) = 𝛼 log2(1 + 𝛾1)

+ 𝛼′ min
(
𝛽 log2(1 + 𝛾2), 𝛽

′ log2(1 + 𝛾3)
)
,

(5)

where 𝛽′=1−𝛽 and 𝛾𝑖=𝑔𝑖𝑃max/𝐼0 for 𝑖=1, 2, 3.
If Frequency or Code Division Multiple Access (FDMA

or CDMA) is used, we may apply the energy constraint—
when transmitting, all transmit power is concentrated to the
resources used. However, difference exists for DL and UL
resources. When the cellular user is an UL user, we can have
a resource allocation as illustrated in Fig. 4. The sum rate is

𝑅CMul-ℰ(𝛼, 𝛽) = 𝛼𝛽 log2(1 + 𝛾1/𝛽)

+ min
(
𝛼𝛽′ log2(1 + 𝛾2/𝛽

′), 𝛼′ log2(1 + 𝛾3)
)
.

(6)

If the cellular user is a DL user, a resource allocation
scheme similar to Fig. 4 would not lead to using the energy
constraint. As there is only one transmitter in the DL phase,
manipulation of resource allocation from time to frequency
domain would not result in increasing the energy consumption,
implying the same situation as in maximum power-constrained
case. Therefore 𝑅CMdl-ℰ(𝛼, 𝛽) = 𝑅CM-𝒫(𝛼, 𝛽).

C. Optimization with Spectral Efficiency Constraints

Practical considerations of communication systems require
setting a highest achievable spectral efficiency due to the
limitation caused by the supported MCSs. In addition, cellular
communication might need to be protected in the presence
of D2D underlay system. We consider two different sets of
constraints in spectral efficiency. In the first case, the BS
simply runs a greedy sum-rate maximization. In the second
case, the cellular user has priority over D2D users in the sense
that the BS gives a guaranteed minimum rate 𝑅𝑙 bps, with
respect to total bandwidth to be shared, to the cellular user. A
cellular user is in outage if the rate is smaller than 𝑅𝑙 bps. In
the second case an upper limit on the link spectral efficiency,
𝑟ℎ bps/Hz, is further assumed. The link spectral efficiency is
the spectral efficiency experienced on resources utilized by a
link, so resulting rate depends on the resource allocation.

We consider the rate constraints in the Signal to Interference
plus Noise Ratio (SINR) domain by assuming that an SINR
higher than a maximum value, 𝛾ℎ, does not increase the

throughput when the link spectral efficiency is limited to 𝑟ℎ
bps/Hz, and a spectral efficiency of 𝑟𝑙 bps/Hz is achievable for
an SINR no lower than a minimum value, 𝛾𝑙. The assumption
is in line with stat-of-the-art link adaptation technique with
a limited amount of MCSs [26]. The throughput cannot be
further improved by increasing SINR if the current SINR
is high enough to support the highest MCS. On the other
hand, there is a lower limit on SINR to support the stable
transmission using the lowest MCS. The value 𝑟𝑙 bps/Hz here
reflects the cellular service guarantee 𝑅𝑙 and is the spectral
efficiency required for the cellular link in non-orthogonal
sharing mode. A higher link spectral efficiency of at least
𝑟𝑙/𝛼 bps/Hz is needed in the bandwidth assigned to cellular
user in the orthogonal sharing and cellular modes with power
constraint, and 𝑟𝑙/(𝛼𝛽) bps/Hz in the bandwidth assigned to
the cellular user in cellular mode with energy constraint.

In the following, we assume that 𝑃max is large enough
to compensate for 𝑔1 in the cell area to fulfill the lowest
rate constraint. In many cases, the transmit power will be
limited and a minimum transmission rate without outage
cannot necessarily be guaranteed in, e.g., Rayleigh fading
channels.

Based on the analysis presented below, the algorithmic
complexity of the mode selection can be estimated. For the
power and rate constrained variant, which is shown to be better
in Section VI, the worst case of one mode selection decision
for one set of D2D pair and a cellular user requires 9 base-2
logarithms, 14 divisions, 23 multiplications and 30 additions.

III. OPTIMIZATION FOR NON-ORTHOGONAL SHARING

A. Greedy sum-rate maximization

Without giving priority to either cellular or D2D com-
munication, the optimal power allocation for greedy sum-
rate maximization is a feasible solution to the optimization
problem

(𝑃 ∗
c , 𝑃

∗
d ) = arg max

(𝑃c,𝑃d)∈Ω1

𝑅NOS(𝑃c, 𝑃d), (7)

Ω1 = {(𝑃c, 𝑃d) : 0 ≤ 𝑃c, 𝑃d ≤ 𝑃max},
where Ω1 defines the feasible set of (𝑃c, 𝑃d). According to the
results in [22], binary power control is enough for the above
optimization problem. Thus, the optimal power allocation is
searched over the following 3 possible sets ΔΩ1 = {(𝑃c, 𝑃d) :
(0, 𝑃max), (𝑃max, 0), (𝑃max, 𝑃max)}.

B. Sum-rate Maximization Subject to Rate Constraints

Following [24], the results above can be generalized to a
situation where there is priority for the cellular user and an
upper limit on the spectral efficiency of all users. In this case,
we have the following optimization problem

(𝑃 ∗
c , 𝑃

∗
d ) = arg max

(𝑃c,𝑃d)∈Ω2

𝑅NOS(𝑃c, 𝑃d), (8)

Ω2 = {(𝑃c, 𝑃d) : 0 ≤ 𝑃c, 𝑃d ≤ 𝑃max,

𝛾𝑙 ≤ Γc(𝑃c, 𝑃d) ≤ 𝛾ℎ,Γd(𝑃c, 𝑃d) ≤ 𝛾ℎ},
(9)

where Ω2 defines the feasible set of (𝑃c, 𝑃d).
In [23] it is shown that the optimal power allocation

(𝑃 ∗
c , 𝑃

∗
d ) resides on the boundary ∂Ω2 of the feasible set Ω2,

indicating that (𝑃 ∗
c , 𝑃

∗
d ) has at least one binding constraint.
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From [22] we learn that 𝑅NOS(𝑃c, 𝑃max) and 𝑅NOS(𝑃max, 𝑃d)
are both convex functions. The maximum value for each of
the functions resides on the boundary of the feasible region of
the other variables. Accordingly, we conclude that the optimal
power allocation for (8) is bound to one of the SINR con-
straints in (9), or resides on one of {(𝑃max, 0), (𝑃max, 𝑃max)}.
Note that (0, 𝑃max) is not possible for a positive 𝛾𝑙. In the
following, we further show that the optimum power allocation
(𝑃 ∗

c , 𝑃
∗
d ) cannot lie on the lower boundary or the interior

of the binding constraint set. Without loss of generality, we
consider a binding constraint set ˆ∂Ω2 = Ω1 ∩ {(𝑃c, 𝑃d) :
Γc(𝑃c, 𝑃d) = 𝛾𝑙}.
Lemma 1. In the set ˆ∂Ω2, for 𝑃max > 𝛾𝑙𝐼0/𝑔1, the maximum
of the rate function 𝑅NOS(𝑃c, 𝑃d) defined in (2) lies on the
point(
min(

𝛾𝑙 ⋅ (𝑃max𝑔dc + 𝐼0)

𝑔1
, 𝑃max),min(

𝑃max𝑔1 − 𝛾𝑙𝐼0
𝛾𝑙𝑔dc

, 𝑃max)

)
.

Proof: Given that 𝑃max > 𝛾𝑙𝐼0
𝑔1

, the set ˆ∂Ω2 is not an
empty set. From Γc(𝑃c, 𝑃d)=𝛾𝑙, we have

𝑃d =
𝑃c ⋅ 𝑔1 − 𝛾𝑙𝐼0

𝛾𝑙𝑔dc
.

Consider
𝑅𝑎𝑟𝑔(𝑃c) =

(
1 + Γc(𝑃c, 𝑃d)

)(
1 + Γd(𝑃c, 𝑃d)

)
,

and take the first derivative with respect to 𝑃c, we have

∂𝑅𝑎𝑟𝑔(𝑃c)

∂𝑃c
=

𝑔23𝐼0(1 + 𝛾𝑙)(𝑔1 + 𝑔cd𝛾𝑙)

𝑔dc𝛾𝑙(𝐼0 + 𝑔cd𝑃c)2
≥ 0. (10)

Since (10) is non-negative and the logarithm is a monotoni-
cally increasing function, 𝑅NOS(𝑃c, 𝑃d) is increasing in the set
ˆ∂Ω2. The maximum of 𝑅NOS(𝑃c, 𝑃d) inside ˆ∂Ω2 happens at

either 𝑃c=𝑃max or 𝑃d=𝑃max. Replace 𝑃c=𝑃max or 𝑃d=𝑃max

into Γc(𝑃c, 𝑃d) = 𝛾𝑙, the results follow directly.
We denote the intersection of 𝑃c = 𝑃max with Γc = 𝛾𝑙,

Γc = 𝛾ℎ and Γd = 𝛾ℎ by 𝑋1𝑙, 𝑋1ℎ and 𝑋2ℎ, respectively,
and the intersection of 𝑃d = 𝑃max with Γc = 𝛾𝑙, Γc = 𝛾ℎ and
Γd = 𝛾ℎ by 𝑌1𝑙, 𝑌1ℎ and 𝑌2ℎ, respectively. Additionally, we
denote 𝐶1=(𝑃max, 0), 𝐶2=(𝑃max, 𝑃max), and the intersection
between Γc = 𝛾ℎ and Γd = 𝛾ℎ by 𝑋 . According to the
results of [22][23], and our Lemma 1, we know that the
optimal power allocation can reside only on corner points of
the feasible region Ω2. Thereby, we conclude that the optimal
power allocation to (8) with feasible region Ω2 resides in the
set ΔΩ2={𝑋,𝑋1𝑙, 𝑋1ℎ, 𝑋2ℎ, 𝑌1𝑙, 𝑌1ℎ, 𝑌2ℎ, 𝐶1, 𝐶2}.

Some of the points in ΔΩ2 are mutually exclusive because
they cannot fulfill the maximum transmit power constraint
simultaneously. We summarize the optimal power allocation:

∙ If 𝑋 is feasible, (𝑃 ∗
c , 𝑃

∗
d ) = {𝑋}.

∙ Otherwise, the optimal power allocation (𝑃 ∗
c , 𝑃

∗
d ) is

searched in the only feasible set among:
𝛿Ω1 = {𝑋1ℎ, 𝐶2,max𝑥(𝑌1𝑙, 𝑌2ℎ)},
𝛿Ω2 = {𝑌1ℎ,max𝑥(𝑌1𝑙, 𝑌2ℎ)},
𝛿Ω3 = {𝑋1ℎ,min𝑦(𝑋1𝑙, 𝑋2ℎ)},
𝛿Ω4 = {𝐶1,min𝑦(𝑋1𝑙, 𝑋2ℎ)},
𝛿Ω5 = {𝐶1, 𝐶2,max𝑥(𝑌1𝑙, 𝑌2ℎ)}.

Here the operator max𝑥 selects the element with the largest
x-coordinate value, and likewise for the operator min𝑦 . As an
illustration, the feasible region Ω2 when the optimal power
allocation (𝑃 ∗

c , 𝑃
∗
d ) falls within 𝛿Ω1 is shown in Fig. 5.

Fig. 5. Feasible power allocation region Ω2 when the optimal power
allocation (𝑃 ∗

c , 𝑃
∗
d ) falls within 𝛿Ω1.

C. Simple Power Control Based on Cell Statistics

In order to properly assess the performance improvement
from optimized power and resource allocation, we also con-
sider a reference case where the instantaneous CSI is not avail-
able at the BS. Without instantaneous CSI for optimization,
the system can only plan the system using the cell statistics.
One straightforward way for preventing D2D underlay com-
munication from generating too much interference to cellular
communication is to reduce D2D transmit power [27].

We use non-orthogonal sharing exclusively. To protect cellu-
lar connections, we assume that a minimum cellular rate needs
to be achieved at a target outage probability. Specifically,
for a minimum cellular rate requirement 𝑅𝑙 bps, cellular
communication uses the maximum transmit power, while the
D2D power is reduced for achieving a 0.05 cellular outage
probability (i. e. the probability that the cellular rate < 𝑅𝑙 bps
is 0.05). Here, 0.05 outage probability is taken as it reflects
the situations of cell-edge users [28].

IV. OPTIMIZATION FOR ORTHOGONAL SHARING

A. Optimization Subject to Maximum Power Constraint

In this section, the optimization of orthogonal resource
sharing will be discussed using (3).

1) Greedy Sum-rate Maximization: To maximize the sum
rate, according to (3) we allocate all resources to the type of
communication dominating the performance, resulting in

𝛼 =

{
1 if 𝛾1 ≥ 𝛾23,

0 if 𝛾1 < 𝛾23.
(11)

The optimized sum rate is thus

𝑅OS-𝒫(𝛼) =

{
log2(1 + 𝛾1) if 𝛾1 ≥ 𝛾23,

log2(1 + 𝛾23) if 𝛾1 < 𝛾23.
(12)

Note that the optimized 𝑅OS-𝒫(𝛼) is simply a subset of the
corresponding case for non-orthogonal sharing.

2) Sum-rate Maximization Subject to Rate Constraints:
With a cellular service guarantee, we need to avoid allocating
all the resources to D2D users. When the D2D link is stronger
than the cellular link, we allocate enough resources to the
cellular user to fulfill the cellular service guarantee and give
the remaining resources to the D2D users to maximize the
sum rate. Therefore

𝛼 =

{
1 if 𝛾1 ≥ 𝛾23,

min( 𝑟𝑙
log2(1+min(𝛾1,𝛾ℎ))

, 1) if 𝛾1 < 𝛾23,
(13)
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where we have considered the upper limit on the spectral
efficiency. This results in a sum rate of

𝑅OS-𝒫(𝛼) = 𝛼 log2
(
1 + min(𝛾1, 𝛾ℎ)

)
+ 𝛼′ log2

(
1 + min(𝛾23, 𝛾ℎ)

)
.

(14)

B. Optimization Subject to Maximum Energy Constraint

In this section, we discuss the maximization of (4).
1) Greedy Sum-rate Maximization: It can be easily verified

that 𝑑𝑅OS-ℰ(𝛼)
𝑑𝛼

∣∣∣∣
𝛼=

𝛾1
𝛾1+𝛾23

= 0. (15)

By further noticing that 𝑅OS-ℰ(𝛼) is a concave function,
which can be proven by checking the negativity of its second
derivative within the range 0 ≤ 𝛼 ≤ 1, we conclude that
𝛼∗ = 𝛾1

𝛾1+𝛾23
is the global maximum solution. The resulting

sum rate is
𝑅OS-ℰ(𝛼) = log2(1 + 𝛾1 + 𝛾23) (16)

2) Sum-rate Maximization Subject to Rate Constraints: In
Section IV-B1, the spectral efficiency for the cellular and D2D
links is the same at 𝛼= 𝛼∗. As long as the cellular service
guarantee is satisfied at 𝛼∗, 𝛼∗ is a global maximum, although
it might not be unique when the upper limit constraint on the
spectral efficiency 𝑟ℎ is active.

On the other hand, if the cellular service guarantee is not
fulfilled at 𝛼∗, it is not a solution to the problem anymore.
The rate of the cellular link is an increasing function of 𝛼
and therefore, 𝛼 should be increased in order to increase
the cellular link rate. However, by concavity, 𝑅OS-ℰ(𝛼) is a
decreasing function for the region 𝛼 ≥ 𝛼∗. In other words,
the parameter 𝛼 should be kept as close to 𝛼∗ as possible for
maximizing the sum rate. If 𝛼∗ does not satisfy the cellular
service rate guarantee, we should increase 𝛼, starting from
𝛼∗, to a new value of 𝛼 that satisfies the cellular link rate
guarantee. Hence

𝛼 =

{
𝛼∗ if cellular rate at 𝛼∗ ≥ 𝑟𝑙,

min(𝛼𝑐, 1) otherwise,
(17)

where 𝛼𝑐 is the solution to
𝛼𝑐 log2

(
1 + min(

𝛾1
𝛼𝑐

, 𝛾ℎ)
)
= 𝑟𝑙.

The resulting sum rate is

𝑅OS-ℰ = 𝛼 log2
(
1 + min(

𝛾1
𝛼
, 𝛾ℎ)

)
+ 𝛼′ log2

(
1 + min(

𝛾1
𝛼′ , 𝛾ℎ)

)
.

(18)

V. OPTIMIZATION IN CELLULAR MODE

A. Optimization Subject to Maximum Power Constraint

In this section, we discuss the optimization of (5).
1) Greedy Sum-rate Maximization: Denoting

𝐶𝑑1 = log2(1 + 𝛾2), 𝐶𝑑2 = log2(1 + 𝛾3),

the optimum 𝛽 for maximizing min(𝛽𝐶𝑑1, 𝛽
′𝐶𝑑2) is obtained

by equating the two arguments [29]. Thus 𝛽∗ = 𝐶𝑑2

𝐶𝑑1+𝐶𝑑2
, and

𝐶𝑑 ≜ min
(
𝛽∗𝐶𝑑1, (1− 𝛽∗)𝐶𝑑2

)
=

𝐶𝑑1𝐶𝑑2

𝐶𝑑1 + 𝐶𝑑2
. (19)

As in Section IV-A1, all resources are allocated to the
connection that dominates the performance

𝛼 =

{
1 if log(1 + 𝛾1) ≥ 𝐶𝑑,

0 otherwise.
(20)

Therefore, the sum rate is

𝑅CM-𝒫(𝛼) =
{
log2(1 + 𝛾1) if log(1 + 𝛾1) ≥ 𝐶𝑑,

𝐶𝑑 if log(1 + 𝛾1) < 𝐶𝑑.
(21)

2) Sum-rate Maximization Subject to Rate Constraints:
Denoting

𝐶𝑙
𝑐 = min(log2(1 + 𝛾1), 𝑟ℎ), 𝐶𝑙

𝑑𝑖 = min(𝐶𝑑𝑖, 𝑟ℎ), for 𝑖 = 1, 2

The optimum 𝛽 that maximizes min(𝛽𝐶𝑑1, (1 − 𝛽)𝐶𝑑2) is

𝛽𝑙 ≜ 𝐶𝑙
𝑑2

𝐶𝑙
𝑑1+𝐶𝑙

𝑑2

, and

𝐶𝑙
𝑑 ≜ min(𝛽𝑙𝐶𝑑1, (1− 𝛽𝑙)𝐶𝑑2) =

𝐶𝑙
𝑑1𝐶

𝑙
𝑑2

𝐶𝑙
𝑑1 + 𝐶𝑙

𝑑2

.

As in Section IV-A2, if the cellular link is stronger than
D2D link, we allocate all resources to cellular communication
to maximize the sum-rate. On the other hand, if the D2D link
is stronger, we allocate enough resources to the cellular link to
satisfy the cellular service guarantee and leave the remaining
resources for D2D communication. This gives us

𝛼 =

{
1 if 𝐶𝑙

𝑐 ≥ 𝐶𝑙
𝑑,

min( 𝑟𝑙
𝐶𝑙

𝑐
, 1) otherwise.

(22)

The resulting sum rate is

𝑅CM-𝒫(𝛼, 𝛽) = 𝛼𝐶𝑙
𝑐 +𝛼′𝐶𝑙

𝑑. (23)

B. Optimization Subject to Maximum Energy Constraint

In this section, we consider only the case with an UL
cellular user, based on (6). If the cellular user is a DL user,
the problem reduces to the one discussed in Section V-A.

1) Greedy Sum-rate Maximization: With a greedy sum-rate
maximization criterion, the optimization problem becomes

max
0≤𝛼,𝛽≤1

𝑅CMul-ℰ(𝛼, 𝛽). (24)

We can simplify this two-dimensional optimization to an one-
dimensional one by noticing that the D2D rate is maximized
when the D2D UL and D2D DL rates are equal. By equating
the two arguments in the min(⋅) operator in (6), we express
𝛼 as a function of 𝛽 by

𝛼(𝛽) =
log2(1 + 𝛾3)

𝛽′ log2(1 +
𝛾2

𝛽′ ) + log2(1 + 𝛾3)
. (25)

Replacing (25) into (24), the optimization problem simplifies
to

max
0≤𝛽≤1

log2(1 + 𝛾3)
𝛽 log2(1 +

𝛾1

𝛽 ) + 𝛽′ log2(1 +
𝛾2

𝛽′ )

𝛽′ log2(1 +
𝛾2

𝛽′ ) + log2(1 + 𝛾3)
. (26)

Finding a global maximum to (26) is analytically not
tractable and requires, e.g., a numerical search for the optimal
value of 𝛽.
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2) Sum-rate Maximization Subject to Rate Constraints: A
similar argument as in Section V-B1 applies here. With rate-
constrained sum-rate maximization, the optimization problem
becomes

max
(𝛼,𝛽)∈Ω𝑙

𝑅CMul-ℰ(𝛼, 𝛽),

Ω={𝛼𝛽 log2
(
1+min(

𝛾1
𝛽
, 𝛾ℎ)

) ≥ 𝑟𝑙, 0 ≤ 𝛼, 𝛽 ≤ 1},
(27)

where
𝑅CMul-ℰ(𝛼, 𝛽) = 𝛼𝛽 log2

(
1 + min(

𝛾1
𝛽
, 𝛾ℎ)

)
+min

(
𝛼𝛽′ log2(1 +min(

𝛾2
𝛽′ , 𝛾ℎ)),𝛼

′ log2(1+min(𝛾3, 𝛾ℎ)
)
.

By equating the rates of the D2D UL and DL links, we find
a relationship between 𝛼 and 𝛽,

𝛼(𝛽)=
log2(1+min(𝛾3,𝛾ℎ))

𝛽′log2(1+min(𝛾2

𝛽′ ,𝛾ℎ))+log2(1+min(𝛾3,𝛾ℎ))
. (28)

The simplified optimization problem is then
max
𝛽∈Ω

𝑅cellular(𝛽) +𝑅d2d(𝛽),

Ω={𝑅cellular(𝛽) ≥ 𝑟𝑙, 0 ≤ 𝛽 ≤ 1},
(29)

where
𝑅cellular(𝛽)=𝛼(𝛽)𝛽 log2

(
1+min(

𝛾1
𝛽
, 𝛾ℎ)

)
,

𝑅d2d(𝛽)=𝛼(𝛽)𝛽′ log2
(
1+min(

𝛾2
𝛽
, 𝛾ℎ)

)
.

Eq. (29) is not analytically tractable. A numerical line
search or other suitable optimization algorithm is required for
finding the global maximum.

VI. NUMERICAL RESULTS

In this section, we evaluate the performance of the D2D
communication underlaying cellular networks. A single-cell
scenario is first considered, and then a more realistic Manhat-
tan grid scenario with multiple office buildings is used. We
apply the selection of the resource sharing modes from the
three possible modes presented in Section II for sharing both
UL and DL resources. The optimization of the transmit powers
in the non-orthogonal sharing mode, the resource sharing
factors in the orthogonal sharing mode and the cellular mode
are as given in Section III, Section IV, and Section V. For the
two considered scenarios, we use different rate constraints to
make our results more insightful.

A. Single-cell Scenario

We assume a circular cell with radius normalized to 1. We
restrict the distance between the BS and the D2D users to
be 𝐷 and the distance between the D2D users to be 𝐿 to
enable a clear presentation of the results, i.e., the position of
D2D users is fixed. Meanwhile, we assume the cellular user is
uniformly distributed in the cell area at random. The statistics
are collected over multiple realizations of the position of the
cellular user. For simplicity, we consider the single-slope path
loss channel model 𝑃 (𝑑) = 𝑃 (𝑑0) ⋅𝑑−𝑛, where 𝑃 (𝑑) is the
received power at distance 𝑑 from the transmitter, 𝑃 (𝑑0) is the
received power at reference distance 𝑑0, and 𝑛 is the pathloss
exponent. We assume 𝑛=4 for all the links. As we consider
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Fig. 6. D2D transmit power reduction for achieving a 5 percentile cellular
outage (i. e. cellular rate < 1 bps/Hz) probability.

a normalized cell, we simply replace 𝑃 (𝑑0) by the maximum
transmit power 𝑃max.

We adjust 𝑃max with respect to the noise power 𝑁0 to
result in a Signal-to-Noise Ratio (SNR) of 0 dB at the cell
border. Note that in the single-cell case, 𝐼0 = 𝑁0 We assume
𝛾𝑙 = 0 dB and 𝛾𝑟 = 20 dB, mapping to rate constraints of
𝑅𝑙 = 1 bps and 𝑟ℎ = 6.66 bps/Hz according to the Shannon
capacity formula. Optimization cases subject to greedy sum-
rate maximization and rate-constrained sum-rate maximization
are considered. We compare the results with the rate obtained
using cellular mode. To facilitate the discussions, we show
in Fig. 6 the D2D power reduction needed for achieving 5%
cellular outage probability, when using only the cell statistics
for interference coordination as stated in Section III-C. Further
discussions related to Fig. 6 can be found in [27].

Fig. 7 illustrates the averaged rate ratio between sum
rate obtained from the best resource allocation and the rate
obtained from using the cellular mode all the time. The cellular
user’s UL and DL resources are considered simultaneously.
For a given value of 𝐷 and 𝐿, the depicted rate ratio is the
averaged ratio over multiple realizations of the cellular user.
We consider resource allocation with a maximum transmit
power constraint (Fig. 7(a)) and a maximum transmit energy
constraint (Fig. 7(b)). Rate ratio curves of using D2D power
reduction given by Fig. 6 are also shown with dotted curves,
with the same upper limit on the spectral efficiency. Note that
the cellular outage probability in rate-constrained optimization
is zero for the greedy and rate-constrained cases, whereas there
is a 5% cellular outage probability in the D2D power reduction
scheme.

From Fig. 7(a), the sum rate improvement over the cellular
mode in greedy sum-rate maximization is significant, espe-
cially when the D2D link distance 𝐿 is small. This is because
a small D2D link distance 𝐿 implies a stronger D2D link in
most of the cell area compared to the cellular link. In addition,
we observe increasing gain as 𝐷 increases. Since we restrict
all users to be within the single cell, the area with strong
D2D interference decreases for D2D pairs close to the cell
border and the gain increases. The gains reduce when intro-
ducing prioritized cellular communication and rate constraints
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Fig. 7. Averaged Rate Ratio between sum rate obtained from the best re-
source allocation and from using the cellular mode exclusively, under greedy-
sum rate maximization, rate-constrained sum-rate maximization and the D2D
transmit power reduction scheme are shown. Fig. 7(a): in situation with
maximum transmit power constraint. Fig. 7(b): in situation with maximum
transmit energy constraint.

as can be observed by comparing the “greedy” curves and
“rate-constrained” curves. However, even when guaranteeing
cellular service rate, the sum-rate of a D2D underlay system
outperforms the cellular mode. Similar observations can be
made in Fig. 7(b) where we have a maximum transmit energy
constraint. In addition, further gains in rate constrained cases
are seen because of additional freedom for manipulating the
power under a maximum transmit energy constraint.

With D2D power reduction scheme, (i.e., dotted curves),
additional performance loss from the rate-constrained cases
are observed. For some locations of the D2D pairs, we have
worse sum-rate performance than in the cellular mode. This
can be explained by the fact that the reduced transmit power
does not represent an optimization but a restriction. As shown
in Fig. 6, the D2D transmit power is reduced significantly in
order to control the impact of D2D interference to cellular
communication. D2D communication with restrictive transmit
power is only beneficial when the D2D link quality is good
enough to compensate for rate loss of the cellular user.

Fig. 8. Layout of the Manhattan grid environment with four WINNER II
A1 office buildings. Red dots represent pico-cell BSs.

It is noted that the probability of selecting the cellular mode
is very low except when the BS is between the D2D pair, e.g.,
𝐷=0.3 and 𝐿=0.6. In such case, the results show 0.3−0.4
and 0.6−0.7 probability of selecting the cellular mode with
maximum energy constraint and maximum power constraint,
respectively. Due to the space limit, further discussions on the
percentile of different resource allocation schemes are referred
to, e.g., [24].

B. Manhattan grid with WINNER A1 office buildings

1) Path loss model: The motivation for D2D comes from an
urge to improve local services [5]. Accordingly, an appropriate
scenario for D2D evaluation would be an indoor scenario. For
this, we consider a scenario with a number of multiple-floor
buildings in a Manhattan grid, see Fig. 8, where both the
BSs and UE are inside the buildings. The buildings model
modern office buildings comprising of rooms and corridors.
Propagation inside the buildings is modeled according to the
WINNER A1 model of [25], and propagation between the
buildings is modeled as the Manhattan-grid path loss model
B1 of [25]. Distance dependent path loss is calculated from
the parameters 𝐴,𝐵,𝐶 as
𝑃𝐿 = 𝐴 log10(𝑑) +𝐵 + 𝐶 log10(𝑓𝑐/5) +𝑊𝐿+ 𝐹𝐿, (30)

where 𝑓𝑐 is the carrier frequency, 𝑊𝐿 is the wall loss, and
𝐹𝐿 is the floor loss. In addition to distance-dependent path
loss, shadow fading is also considered according to [25].

As we are interested in the results of a large system, we con-
sider wrap-around boundary conditions in all directions. The
modeled system thus consists of a Manhattan grid of very tall
buildings, and is essentially three-dimensional. We consider a
fraction of system bandwidth, with three uniformly distributed
active users in each cell that will share the resources. Among
the three users, the two with stronger mutual link gain are
defined as a D2D pair and the remaining one as a cellular user.
With D2D pairs determined in such manner, the generated
scenario resembles realistic D2D use cases more. Within the
D2D pair, a D2D transmitter and a D2D receiver are defined
at random. The most important characteristics of the path loss
model, and parameters determining the thermal noise level
are summarized in Table I. It is noted that we consider the
pico-cellular scenario for performance evaluation because it
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TABLE I
WINNER II A1 PATH LOSS MODEL AND NOISE LEVEL PARAMETERS

WINNER II A1
Building dimensions 100 m x 50 m
Room dimensions 10 m x 10 m
Corridor width 5 m
Room height 3 m
BS height 2 m
UE height 1 m
Floors 3
Buildings in Manhattan grid (XP) 2 x 2
Street width 20 m
Boundary conditions floor direction wrap-around
Boundary conditions in XP direction wrap-around
Antenna patterns omni directional
Carrier frequency 2.6 GHz
Line-of-sight (LOS) in same room/corridor
LOS path loss 𝐴 = 18.7, 𝐵 = 46.8, 𝐶 = 20
Corridor-to-room path loss 𝐴 = 36.8, 𝐵 = 43.8, 𝐶 = 20
Room-to-room path loss 𝐴 = 20, 𝐵 = 46.4, 𝐶 = 20
LOS shadow fading std. 3 dB
Corridor-to-room shadow fading std. 4 dB
Room-to-room shadow fading std. 6(light walls) or 8(heavy walls) dB
Street canyon path loss 𝐴 = 25, 𝐵 = 29.75, 𝐶 = 20
Inner wall loss 5 dB per wall
Outer wall loss 14 + 15(1 − cos 𝜃) dB
Floor loss 17 + 4(𝑁floors − 1) dB

Noise Level Parameters
Transmit power 𝑃 20 dBm
Noise figure 9 dB
Signal bandwidth 1.25 MHz
Noise power density -174 dBm/Hz
BW efficiency 0.85

provides an environment with strong inter-cell interference.
This makes intra-cell spectral reuse (which is what D2D
underlay communication tries to achieve) more challenging
than it is in a micro-cellular case.

2) Distributed resource sharing mode selection with inter-
ference averaging: To apply our results to a multi-cell envi-
ronment, we assume a distributed and asynchronous scheme
on the selection of resource sharing modes. The mode selec-
tion is made locally by each cell without central control. The
mode selection of different cells is done one by one so that
no cells would do the mode selection at the same time. (In
reality, this can be achieved by setting a random timer for
each cell. As the interference from far away cells is weak,
this scheme shall work well if nearby cells do not conduct the
mode selection at the same time.) For each cell, the throughput
using different resource sharing modes is estimated first. The
mode giving the best own cell performance is selected. With
the asynchronicity, every cell is able to learn its interference
situation before reacting to it. The process continues until
convergence or a maximum number of iterations is reached.

We apply a randomization mechanism to select transmission
resources within cells so that the interference from different
transmitters in one cell can be averaged when observed by
other cells. Nevertheless, it is still possible to divide resources
orthogonally among different transmitters in a cell. This
simplifies the evaluation in orthogonal sharing and cellular
modes where the interference generated to other cells varies
over resources, as different resources are used by different
transmitters. In [11], it was shown that interference random-
ization can improve the robustness of D2D underlay networks.

Depending on the multiple access scheme, interference
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Fig. 9. Cell throughput distributions with greedy sum-rate maximization in
the Manhattan grid scenario. Our proposed scheme (Opt. sel.), pathloss-based
selection (PL sel.), and pure cellular mode (CM) are considered.

randomization can be achieved in different ways. If CDMA is
used, where we are subject to a maximum energy constraint,
we assume cell-specific scrambling codes and orthogonal
intra-cell channelization codes. In Orthogonal Frequency Di-
vision Multiple Access (OFDMA), we assume a cell-specific
mapping from virtual resources, assigned to users, to the phys-
ical subcarrier resources. Interference randomization can then
be achieved by having a different mapping in different cells.
Examples to such mappings are subcarrier permutation [30]
and pseudo-random hopping [31]. With TDMA where one
may be subject to a maximum power constraint, one can
assume that there is similar kind of permutation on time
slots so that the physical resources that a transmitter uses are
varying. Alternatively, one can assume that the time period for
a slot or a frame is different for different cells.

3) Simulation results: We apply our method assuming a
network which is static until the selection of the resource
sharing modes converges or a maximum number of iterations
is achieved. Statistics are gathered over different network
realizations. As this scenario is more interference-limited, we
use 𝑅𝑙 = 0.3 bps and 𝑟ℎ = 6 bps/Hz as rate constraints to
better present the differences between the studied cases.

For comparison, we consider the mode selection method
for D2D underlay networks considered in [32][7][12] and
denote it by pathloss-based selection. In pathloss-based selec-
tion, only two modes are considered: non-orthogonal resource
sharing and cellular mode. If the path loss between the D2D
pair is less than the minimum of the path losses between the
D2D users and the BS, non-orthogonal resource sharing is
used. Otherwise, cellular mode is used. It is noted that the non-
orthogonal sharing in pathloss-based mode selection is differ-
ent from our NOS mode in that there is no power optimization
on the cellular and D2D transmitters. The maximum transmit
power is simply used. To increase fairness of comparison, we
have improved the cellular mode used in PL-based selection
in the same way as discussed in Section II-A.

Fig. 9 illustrates the Cumulative Distribution Functions
(CDF) of cell throughput with greedy sum-rate maximization.
In addition to the proposed mode selection (Opt. sel. curves),
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Fig. 10. Cell throughput distributions with sum-rate maximization subject
to rate and maximum power constraints in the Manhattan grid scenario. The
results attained by the proposed mode selection (Opt. sel.) and the three
distinctive modes are presented.

the results from pathloss-based mode selection (PL sel. curves)
and pure cellular mode transmission (CM curves) are given.
Our scheme outperforms the pathloss-based selection scheme
due to the extra efforts on the power optimization in non-
orthogonal sharing mode and the additional consideration
on the orthogonal resource sharing mode. The interference
penalty is observed when applying the energy constraint.
With the maximum energy constraint, energy is concentrated
on assigned frequency bands to enhance the signal power,
but it also increases the interference towards other cells. In
an interference-limited scenario, the interference penalty may
outweigh the gain from the increased signal power.

Fig. 10 illustrates the CDFs of per cell throughput with
sum-rate maximization subject to rate and maximum power
constraints. In addition to the proposed mode selection method
(Opt. sel. curves), results of exclusively using the three dis-
tinctive modes are presented. Since the non-orthogonal sharing
mode allows more total transmit power than the orthogonal
sharing mode, one observes slight interference penalty of
the non-orthogonal sharing mode at the lower SINR regime.
However, as SINR increases, the orthogonal sharing mode
starts to suffer from inefficient use of the spectrum.

Comparison of maximum power-constrained CM curves in
Fig. 9 and Fig. 10 shows that it is more beneficial to have
rate constraints than none, before the limit on the highest
spectral efficiency becomes effective. This could be explained
also from the perspective of interference penalty. As the BSs
in WINNER II A1 building is deployed in a coordinated
manner, there is strong interference between cells situated in
the same quarter but neighboring floors. With greedy sum-rate
maximization and power constraint, the resources are allocated
entirely to either cellular connection (BS-UE1 link in Fig. 1)
or BS-assisted D2D connection (UE2-BS-UE3 in Fig. 1). As
the selection is based on the link gains between users and the
BS, this indicates that the selected type of connection holds
the feature that the selected users are closer to the BS. Thus,
the selected users tend to cause/experience more interference
in floor dimension in UL/DL cellular resources. On the other

hand, when there exists rate constraints, the lower limit on
the cellular transmission rate is fulfilled irrespective of the
position of the cellular user. For the situations when the D2D
users are closer to the BS, part of the resources still have to
be allocated to the further away cellular user. This indicates
lower interference caused/experienced to/from other cells.

VII. CONCLUSIONS

In this article, we analyzed D2D communication underlay-
ing a cellular network. We considered selecting between a
cellular mode, and orthogonal and non-orthogonal resource
sharing modes where radio resources are shared between
cellular and D2D communication. The analysis focuses on
the optimized sum rate by power control and resource alloca-
tion subject to spectral efficiency restrictions, and maximum
transmit power or energy constraints. With non-orthogonal
sharing, we showed that the optimal power allocation resides
on a finite set of feasible solutions in all considered cases.
With orthogonal sharing and cellular modes, we solved the
optimum radio resource allocation between D2D and cellular
connections in closed form, except for the cellular mode when
constrained by a maximum transmit energy.

The D2D underlay system is evaluated in a single cell
scenario, and a Manhattan grid environment with WINNER II
A1 office buildings placed inside. In the single cell scenario,
our analysis is applied directly. The numerical results show
substantial gain from D2D communication handling local
traffic. Even with prioritized cellular communication, the gain
is still prominent. By comparing with a reference scheme
where a D2D transmit power reduction is determined based
on cell statistics, one may observe the gain from interference
coordination with the knowledge of instantaneous CSI.

In the Manhattan grid environment, we apply our analysis
to each cell in a distributed and asynchronous manner. D2D
operation is still beneficial in cellular networks. We compared
our resource sharing method with those obtained by applying
the pathloss-based selection method. The results showed that
our resource sharing method provide gain over the pathloss-
based selection method. With such challenging interference-
limited scenario, we observe an interference penalty of apply-
ing excessive power on exclusively assigned frequency bands,
(i.e., under maximum energy constraint). Also, it is seen that
the use of non-orthogonal sharing mode exclusively provides
most of the gain. The biggest difference with an exclusively
NOS and exclusively OS scheme is at the higher ends of
cell throughput, where the upper limitation of the spectral
efficiency imposed by the limited amount of the supported
MCSs constrains the rate of OS mode.
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[7] S. Hakola, T. Chen, J. Lehtomäki andki, and T. Koskela, “Device-to-
device (D2D) communication in cellular network–performance analysis
of optimum and practical communication mode selection,” in Proc. IEEE
Wireless Communications and Networking Conference, 2010.

[8] P. Janis, V. Koivunen, C. Ribeiro, J. Korhonen, K. Doppler, and
K. Hugl, “Interference-aware resource allocation for device-to-device
radio underlaying cellular networks,” in IEEE 69th Vehicular Technology
Conference Spring 2009.

[9] M. Zulhasnine, C. Huang, and A. Srinivasan, “Efficient resource alloca-
tion for device-to-device communication underlaying LTE network,” in
IEEE 6th International Conference on Wireless and Mobile Computing,
Networking and Communications, 2010.

[10] S. Xu, H. Wang, T. Chen, Q. Huang, and T. Peng, “Effective interference
cancellation scheme for device-to-device communication underlaying
cellular networks,” in Proc. IEEE Vehicular Technology Conference Fall,
2010.

[11] T. Chen, G. Charbit, and S. Hakola, “Time hopping for device-to-
device communication in LTE cellular system,” in Proc. IEEE Wireless
Communications and Networking Conference, 2010.

[12] H. Xing and S. Hakola, “The investigation of power control schemes
for a device-to-device communication integrated into OFDMA cellular
system,” in IEEE 21st International Symposium on Personal Indoor and
Mobile Radio Communications, 2010.

[13] K. Doppler, C.-H. Yu, C. B. Ribeiro, and P. Janis, “Mode selection
for device-to-device communication underlaying an LTE-Advanced net-
work,” in IEEE Wireless Communications and Networking Conference,
2010.

[14] K. Doppler, M. Rinne, C. Wijting, C. Ribeiro, and K. Hugl, “Device-
to-device communication as an underlay to LTE-Advanced networks,”
IEEE Commun. Mag., vol. 47, no. 12, 2009.

[15] P. Janis, V. Koivunen, C. Ribeiro, K. Doppler, and K. Hugl,
“Interference-avoiding MIMO schemes for device-to-device radio un-
derlaying cellular networks,” in Proc. IEEE International Symposium
on Personal, Indoor and Mobile Radio Communications, 2009.

[16] H. Min, W. Seo, J. Lee, S. Park, and D. Hong, “Reliability improvement
using receive mode selection in the device-to-device uplink period
underlaying cellular networks,” IEEE Trans. Wireless Commun., 2010.

[17] H. Wu, C. Qiao, S. De, and O. Tonguz, “Integrated cellular and ad hoc
relaying systems: iCAR,” IEEE J. Sel. Areas Commun., vol. 19, no. 10,
Oct. 2001.

[18] H. Luo, R. Ramjee, R. Ramjee, P. Sinha, L. E. Li, and S. Lu, “UCAN:
a unified cellular and ad-hoc network architecture,” in Proc. ACM
MOBICOM, 2003.

[19] Y.-D. Lin and Y.-C. Hsu, “Multihop cellular: a new architecture for
wireless communications,” in Proc. IEEE INFOCOM, vol. 3, Mar. 2000.

[20] K. Huang, V. Lau, and Y. Chen, “Spectrum sharing between cellular
and mobile ad hoc networks: transmission-capacity trade-off,” IEEE J.
Sel. Areas Commun., vol. 27, no. 7, 2009.

[21] F. H. Fitzek, M. Katz, and Q. Zhang, “Cellular controlled short-range
communication for cooperative P2P networking,” in Proc. Wireless
World Research Forum 17, Nov. 2006.

[22] A. Gjendemsjo, D. Gesbert, G. E. Oien, and S. G. Kiani, “Optimal
power allocation and scheduling for two-cell capacity maximization,”
in International Symposium on Modeling and Optimization in Mobile,
Ad Hoc and Wireless Networks, Apr. 2006.

[23] V. Chandrasekhar and Z. She, “Optimal uplink power control in two-
cell systems with rise-over-thermal constraints,” IEEE Commun. Lett.,
vol. 12, no. 3, Mar. 2008.

[24] C.-H. Yu, K. Doppler, C. Ribeiro, and O. Tirkkonen, “Power optimiza-
tion of device-to-device communication underlaying cellular communi-
cation systems,” in Proc. IEEE International Conference on Communi-
cations, June 2009.
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