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Abstract—Relay-aided cooperative communication is a critical
component of next generation cellular networks as it improves
coverage and boosts system capacity. In this paper, we use
stochastic geometry to study the performance of partial decode-
and-forward (PDF) relaying through another idle user in uplink
cellular communication. We analytically derive the average inter-
cell interference power caused by system-wide deployment of this
PDF relaying. This interference analysis provides the basis for
quantitatively evaluating performance impacts of user-assisted
relaying in cellular networks. We show that user-assisted relaying
can significantly improve per-user transmission rate despite of
increased inter-cell interference. This throughput gain further
increases with higher idle-user density.

Keywords- user-assisted relaying; partial decode-and-forward;
stochastic geometry.

I. INTRODUCTION

Mobile operators driven by the increasing customer de-
mand for new and better services place pressing require-
ments on the underlying wireless technologies to provide high
data rates and wide coverage. Next generation networks that
promise higher data rates and multifold increase in system
capacity include 3GPP Long Term Evolution Advanced (LTE-
A) and the emerging 5G systems. Ubiquitous coverage de-
mands that services have to reach users in the most unfavorable
channel conditions. An approach to improve performance in
a poor coverage area is the use of relay-aided cooperative
communication techniques. The latest release of the LTE
standard allows the deployment of wireless relays to help the
cell-edge mobiles.

Several modes of relay-aided communication have been
proposed in the literature, including fixed relay station, mobile
relay station, and using other user equipment (UE) as relay
nodes [1]–[3]. Most existing results are derived for the first
two modes of fixed and mobile relay stations. For example,
simulation is used to compare the difference between relaying
network architectures with mobile or fixed relay stations and
contrast their performance gains in [1]. The resource allocation
for uplink OFDMA-based cooperative relay networks has been
studied in [2]. The third mode of relaying through other idle
UEs (or user-assisted relaying) has only been studied through
system simulations for decode-and-forward relaying in [3].
User-assisted relaying, nevertheless, provides more flexibility
than fixed relaying in expanding the base station (BS) coverage
into obscured areas especially where there is high density of
idle UEs. The issue of battery power drainage of mobile UEs
due to their cooperation in relaying other users data to the
base station has also been examined through the emerging
energy harvesting techniques [4]. In this paper, we analyze the
performance of user-assisted relaying when deploying system-
wide in a cellular network.

For cellular network analysis, stochastic geometry has
been shown to be analytically tractable and capture some of
the main performance trends. Stochastic geometry is used to
develop a tractable model for downlink heterogeneous cellular
networks which is comparable to the grid model and actual 4G
deployment data in [5]. This model is further used to analyze
downlink coordinated multipoint beamforming in which each
user equipped with a single antenna can be served by either
one or two base stations connected over backhaul links of
infinite capacity in [6]. A user decides whether to connect
to one or two base stations based on geometric policies
taking into account its relative distances to the two closest
base stations. In [7], Poisson spatial distribution is used to
develop an analytic interference model for multi-cell multiple-
input multiple-output cellular networks and derive its downlink
average capacity.

Stochastic geometry is also used to analyze the perfor-
mance of decode-and-forward relaying techniques in uplink
cellular networks under the specific setting of a fixed number
of relays deployed at a fixed distance from the BS with equal
angular separation in each cell in [8].

In this paper, we study the performance of a partial
decode-and-forward (PDF) relaying scheme in uplink cellular
networks modeled using stochastic geometry. We consider the
policy where each active UE selects the closest idle UE to relay
its message to the destination and we assume that all nodes are
equipped with a single antenna. We provide the geometric basis
for a rigorous analysis of performance metrics such as outage
probability or the throughput for the whole cellular system
in contrast to the standalone analysis in [9]. We show that
user-assisted relaying is able to achieve on the average 15%
throughput gain over direct transmission when the density of
idle UEs is twice that of the active UEs. This gain increases
with higher density of idle users.

This paper is organized as follows: Section II describes the
system model and the considered relaying scheme. Section III
describes the network geometric model. Section IV provides
the interference analysis and the derivation of cooperation
probability. Then, Section V shows the numerical results.
Finally, Section VI presents our conclusion.

II. SYSTEM DESCRIPTION

A. System Overview

In this section, we give an overview of the system under
consideration and the network description. We consider a
cellular system which consists of multiple cells, each cell has a
single base station and each base station serves multiple users.



Each of the users uses a distinct resource block, subsequently,
no intra-cell interference is present. We assume that each user
is served by the single base station that is closest to that user.
Within this system, we study the impact on performance of
the cooperation technique in which a user can partially relay
its message to the base station through an idle user using the
PDF relaying scheme described in Section II-C. In this work,
we consider specifically the policy that the active user chooses
the idle user that is closest to perform as a relay.

B. Relaying vs. Direct Transmission Channel Model

In this section we describe the channel model for the PDF
relaying scheme proposed in [9] and show the modifications to
account for the effects of interference in network deployment.
We consider the relay channel shown in Fig. 1 in which a
source S conditionally decides to exploit the help of a relay
R to communicate a message to the destination D or directly
convey its message to the destination, depending on the relative
quality of the source-to-relay and source-to-destination links.

1) Physical Channel Model: In the relaying case, we use
half-duplex time-division transmission over two phases with
equal durations, and assume flat fading over the two phase
period. We model the received signal at the ith relay and
destination, respectively, during the first phase as

Y br,i = h(i)sr x
b
s,i + Ibr,i + Zbr,i (1)

Y bd,i = h
(i)
sdx

b
s,i + Ibd,i + Zbd,i (2)

where b stands for broadcast transmission where the source
broadcasts to both the relay and destination. The signals xbs,i
and xms,i, are the transmitted codewords from the source in
the first and second phase; xmr,i is the transmitted codeword
from the relay in the second phase; Ibr,i and Ibd,i represents the
interference received at the ith relay and destination during the
first phase; Zbr,i and Zbd,i are i.i.d CN (0, σ2) that represent the
noise at the ith relay and destination; and h(i)sr = ejθi1 |h(i)sr | and
h
(i)
sd = ejθi2 |h(i)sd | are the complex channel gains that captures

both the small and large scale fading of the source-to-relay
and source-to-destination channels with uniformly distributed
phases θi1 and θi2 ∼ U [0, 2π], respectively.

Also, we model the received signal at the ith destination
during the second phase as

Y md,i = h
(i)
sdx

m
s,i + h

(i)
rdx

m
r,i + Imd,i + Zmd,i (3)

where m denotes multiple access transmission where both
the source and the relay send information to the destination;
h
(i)
rd = ejθir |h(i)rd | captures the small scale and path loss

fading of the relay-to-destination channel with phase shift θir;
Imd,i represents the interference received at the ith destination
during the second phase, respectively; and Zmd,i ∼ CN (0, σ2)

represents the noise at the ith destination.

In the direct transmission case, we model the received
signal at the ith destination as

Yd,i = h
(i)
sdxs,i + Id,i + Zd,i (4)

where Id,i represents the average interference received at the
ith destination during the transmission period; and Zd,i ∼
CN (0, σ2) represents the noise at the ith destination.
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Fig. 1. Relay channel model

We assume that Ibd,i, I
m
d,i, and Id,i have similar statis-

tics and are independent of each other which is justified in
Section III. Moreover, given the knowledge of all the nodes
locations, we make use of the fact that interference at either
the relay or destination is the sum of an infinite number
of independent signals transmitted by an infinite number of
sources that are distributed in the infinite 2-D plane and use
the law of large numbers to approximate the interference as
a complex Gaussian distribution. Also, since the transmitted
codewords are realization of a complex Gaussian with zero
mean, it is justified to set the first moment of interference to
zero. To fully characterize interference as a complex Gaussian
distribution, we derive the second moments of the terms Ibd,i,
Imd,i ∼ CN (0, σ2

d), and Ibr,i ∼ CN (0, σ2
r) as an average over all

the locations realizations of both active and relay nodes using
tools of stochastic geometry in Section IV.

Also, the codeword xms,i = xm1
s,i +xm2

s,i represents the super-
position of a common message codeword xm1

s,i and a private
message codeword xm2

s,i which assume Gaussian distribution
with zero mean and variances defined as follows:

E
[∣∣xms,i∣∣2]=E

[∣∣xm1
s,i

∣∣2 +
∣∣xm2
s,i

∣∣2] = Pm1
s,i + Pm2

s = Pms,i,

E
[∣∣xmr,i∣∣2]=Pmr,i, E

[∣∣xbs,i∣∣2]=P bs,i, E
[
|xs,i|2

]
=Ps,i. (5)

Moreover, the power allocation to each of the codewords has
to satisfy the following constraints

α1P
b
s,i + α2P

m
s,i = Ps,i, α2P

m
r,i = Pr,i, (6)

where Ps,i and Pr,i represent the total power allocated to the
source and relay nodes within a single transmission period. α1

and α2 = 1 − α1 represent the portions of the transmission
time allocated to the first and second phases, respectively.

2) Model Reformulation into Standard Form: The afore-
mentioned model in Section II-B1 in case of relaying can
be reformulated to capture the effects of interference into the
channel fading as follows

Ỹ br,i = h̃(i)sr x
b
s,i + Z̃br,i, Ỹ bd,i = h̃

(i)
sdx

b
s,i + Z̃bd,i,

Ỹ md,i = h̃
(i)
sdx

m
s,i + h̃

(i)
rdx

m
r,i + Z̃md,i, (7)

where the new channel fading terms can be defined as

h̃(i)
sr =

h
(i)
sr√

σ2
r + σ2

, h̃
(i)
sd =

h
(i)
sd√

σ2
d + σ2

, h̃
(i)
rd =

h
(i)
rd√

σ2
d + σ2

, (8)

and the equivalent noise terms Z̃br,i, Z̃
b
d,i, and Z̃md,i are all i.i.d

CN (0, 1).

On the other hand, in the direct transmission case, the
received signal at the ith destination during the whole trans-
mission period can be remodeled as

Ỹd,i = h̃
(i)
sdxs,i + Z̃d,i, (9)



where the new channel fading is assumed to be the same as for
the relaying case due to the equivalent interference assumption
and Z̃d,i ∼ CN (0, 1) is the noise at the ith destination.

C. Relaying Scheme Description

In this section, we describe the half-duplex partial decode-
and-forward (PDF) relaying scheme presented in [9]. In this
scheme, each transmission block is divided into 2 phases. In
each block, the source S uses superposition coding and splits
its information into a cooperative part, U bs,i sent in the 1st

phase and Um1
s,i sent in the 2nd phase, and a private part

V m2
s,i sent in the 2nd phase. The common and private parts

are transmitted at rates C1 and C2, respectively. The relay R
decodes U bs,i in the 1st phase and sends Umr,i = Um1

s,i in the 2nd

phase. At the end of the 2nd phase, the destination D utilizes
the received signals in both phases to decode both parts using
joint maximum likelihood (ML) decoding rule.

Using Gaussian signaling, S and R constructs their trans-
mit signals in the 1st and 2nd phase, respectively, as follows

xbs,i =
√
P bs,iU

b
s,i, xbr,i =

√
Pmr,iU

m1
s,i , (10)

xms,i =
√
Pm1
s,i U

m1
s,i +

√
Pm2
s,i V

m2
s,i . (11)

Using the ML decoding rule, we obtain the following achiev-
able rate which ensures reliable decoding at R and D:

R ≤ min(C1 + C2, C), (12)

where

C1 = α1 log

(
1 +

∣∣∣h̃(i)
sr

∣∣∣2 P bs,i), C2 = α2 log

(
1 +

∣∣∣h̃(i)
sd

∣∣∣2 Pm2
s,i

)
,

C = α1 log

(
1 +

∣∣∣h̃(i)
sd

∣∣∣2 P bs,i) (13)

+ α2 log

(
1 +

∣∣∣h̃(i)
sd

∣∣∣2 Pm2
s,i +

(∣∣∣h̃(i)
sd

∣∣∣√Pm1
s,i +

∣∣∣h̃(i)
rd

∣∣∣√Pmr,i)2).
The proposal in [9] is to adapt the scheme to the channel con-
figuration to obtain two transmission cases: Direct transmission
whenever |h̃(k)sr |2 ≤ |h̃(k)sd |2 and PDF relaying otherwise.

III. NETWORK GEOMETRIC MODEL

In this section, we describe the geometric model of the
uplink cellular network under study. We assume that the
users that will contend for the same resource block causing
interference on each other are distributed on a two-dimensional
plane according to a homogeneous and stationary Poisson point
process (p.p.p.) Φ1 with intensity λ1. We also assume that
Φ1 is independent of another p.p.p. Φ2 with intensity λ2 that
represents the distribution of another set of UEs that are in
an idle state and can participate in relaying the messages
transmitted by UEs in Φ1. Furthermore, under the assumption
that each BS serves a single mobile in a given resource block,
we follow the same approach in describing BSs distribution
as proposed in [10] where each BS is uniformly distributed in
the Voronoi cell of its served UE.

A. Out-of-Cell Interference Model

Using the system and relay scheme description in Section
II, we can express out-of-cell interference at the destination
and the relay, respectively, as follows

Id,i=
∑
k 6=i

[
Akh

(k,i)
sd xbs,k + (1−Ak)(h

(k,i)
sd xms,k + h

(k,i)
rd xmr,k)

]
Bk

+h
(k,i)
sd xs,k(1−Bk), (14)

Ir,i=
∑
k 6=i

[
Akh

(k,i)
sr xbs,k + (1−Ak)(h(k,i)sr xms,k + h(k,i)rr xmr,k)

]
Bk

+h(k,i)sr xs,k(1−Bk), (15)

where the summation is over all the active users. Here, h(k,i)sd

and h
(k,i)
rd , respectively, are the channel fading from the kth

UE in Φ1 and the associated relaying UE in Φ2 to the BS
associated with the ith UE in Φ1. h(k,i)sr and h(k,i)rr , respectively,
are the channel fading from the kth UE in Φ1 and the
associated relaying UE in Φ2 to the relaying UE associated
with the ith UE in Φ1.

The Bernoulli random variable Ak ∼ Bern (ρ1) captures
the transmission phase of the kth UE in Φ1 with probability
ρ1, where Ak = 1 is used to indicate that interference at the
ith destination results from the kth UE transmission during the
first phase, and Ak = 0 indicates that this interference results
from the kth UE and its associated relay transmission during
the second phase. Here we assume ρ1 = 0.5 and α1 = α2 =
0.5 to make Id,i, Ibd,i, and Imd,i have equivalent statistics.

Bk ∼ Bern (ρ2) is another Bernoulli random variable that
captures the transmission strategy of the kth UE in Φ1 with
success probability ρ2 where Bk = 1 is used to indicate the kth
UE decision to exploit the help of another idle UE and apply
the relaying transmission strategy. The cooperation probability
ρ2 will be computed later in Section III-B.

The channel fading terms can be split into their small scale
and path loss fading components as∣∣∣h(i)

sd

∣∣∣2 = g
(i)
sd ‖zi‖

−α
2 ,

∣∣∣h(i)
sr

∣∣∣2 = g(i)sr ‖yi‖−α2 ,∣∣∣h(i)
rd

∣∣∣2 = g
(i)
rdD

−α,
∣∣∣h(k,i)
sd

∣∣∣2 = g
(k,i)
sd ‖zk‖

−α
2 , (16)∣∣∣h(k,i)

sr

∣∣∣2 = g(k,i)sr ‖zk − yi‖−α2 ,
∣∣∣h(k,i)
rd

∣∣∣2 = g
(k,i)
rd ‖zk‖

−α
2 ,∣∣∣h(k,i)

rr

∣∣∣2 = g(k,i)rr ‖zk − yi‖−α2 , (17)

with

D2 = ‖zi‖2 + ‖yi‖2 − 2‖zi‖‖yi‖ cosψ0, (18)

where we use the law of cosines to obtain Eq. (18); zk and yi
are vectors representing the 2-D locations of the UEs in Φ1

and Φ2, respectively; and ψ0 ∼ U [0 : 2π] is a uniform random
variable that represents the angle between the two vectors zi
and yi connecting the ith UE to its base station and relaying
node, respectively. Note that in Eq. (17) we use the out-of-cell
interference approximation and set the location of out-of-cell
source interferer and its associated relay to be the same as
also done in [6]. g(k,i)sd , g

(k,i)
rd , g

(k,i)
sr , and g(k,i)rr are all i.i.d. ∼

exp(1) and represent the channel small scale fading.
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Fig. 2. System model

B. Cooperation Policies

We identify two cooperation policies E1 and E2 that
defines whether a UE selects the relaying strategy or the
direct transmission strategy. E1 is an ideal policy that requires
the active user to know the instantaneous channels to the
closest idle user and to the base station, which can be defined
according to the scheme described in [9] as

E1 =

{∣∣∣h̃(k)
sr

∣∣∣2 ≥ ∣∣∣h̃(k)
sd

∣∣∣2} (19)

'
{
gsrr

−α
2

σ2
r
≥ gsdr

−α
1

σ2
d

}
, (20)

where r1 = ‖zi‖2 and r2 = ‖yi‖2 which denote the source-
to-destination and source-to-relay distances, respectively, as
shown in Fig. 2. This event identifies whether an idle UE will
be associated as a relay for the kth UE and participate in
transmission, and hence cause interference.

In an interference limited scenario, we can ignore the effect
of the noise variance σ2 and hence follows Eq. (20) from
which we can conclude that when the interference powers at
the relay and at the destination are approximately the same,
the cooperation event depends mainly on the distances from
the source to relay and to the destination. Taking this fact into
account and averaging out the effects of small scale fading, we
identify a geometric cooperation policy E2 as an approximate
to the cooperation event in Eq. (20) as follows

E2 =
{
r1 ≥ r2, D ≤ r1

}
. (21)

Policy E2 is more practical than policy E1 in the sense that
it only requires the active UE to know the distances to the
nearest idle user and to the base station. It is worth noting that
different network aided positioning techniques can be used by
BSs to obtain information about UEs locations as surveyed in
[11]. The extra condition D ≤ r1 ensures the elimination of all
the cases that will result in an infinite interference at the relay.
This approximation is also useful in simplifying the analysis
to follow in Section IV. In the numerical results section, we
will verify the validity of this approximation.

IV. COOPERATION AND INTERFERENCE ANALYSIS

In this section, we analytically derive the cooperation
probability and the average out-of-cell interference power at
both the relay and destination.

A. Cooperation Probability

Here we analytically derive the cooperation probability for
the geometric policy E2. For the ideal policy E1, analytical
evaluation of the cooperation probability is complicated, hence
we use numerical simulations instead, then incorporate the ob-
tained probability into further analysis of system performance.
We perform the analysis at a random BS assuming that it is
associated with the ith UE. We assume that randomly picking
this BS is equivalent to selecting a point uniformly distributed
in the R2 plane as done in [10]. Under this assumption,
the distribution of the distance r1 between the ith UE and
its associated BS can be shown to be Rayleigh distributed
directly from the null probability of a two dimensional p.p.p.
distribution.

Moreover, we can assume due to the stationarity of the
Poisson point processes and the independence of Φ2 from BSs
distribution that the location of the UE associated with the
BS under study represents the origin (typical) point of Φ2.
Then, each UE in Φ1 chooses the closest UE in Φ2 to assist
it in relaying its message to the serving BS. Hence, similar to
source-to-destination distance, the distribution of the source-
to-relay distance r2 between the ith UE and its associated
relaying UE can be shown to be Rayleigh distributed directly
from the null probability of a two dimensional p.p.p.. Thus,
we have

fr1(r1) = 2πλ1r1e
−λ1πr

2
1 ,

fr2(r2) = 2πλ2r2e
−λ2πr

2
2 . (22)

The probability of event E2 in (21) which represents the
cooperation probability ρ2 can be evaluated as

ρ2= P{E2} = P
{
r1 ≥ r2, r2 ≤ 2r1 cosψ0

}
=

∫ −π/3
−π/2

E1dψ0 +

∫ π/2

π/3

E1dψ0 +

∫ π/3

−π/3
E2dψ0,(23)

where

E1 = 2πλ1λ2

∫ ∞
0

∫ 2r1 cos psi0

0

r1r2e
−π(λ1r

2
1+λ2r

2
2)dr2dr1

=
2λ2 cos

2 ψ0

π(λ1 + 4λ2 cos2 ψ0)
, (24)

E2 = 2πλ1λ2

∫ ∞
0

∫ r1

0

r1r2e
−π(λ1r

2
1+λ2r

2
2)dr2dr1

=
λ2

2π(λ1 + λ2)
, (25)

Substituting Eqs. (24) and (25) into Eq. (23), we obtain

ρ2 =

∫ −π/3
−π/2

2λ2 cos2 ψ0

π(λ1 + 4λ2 cos2 ψ0)
dψ0

+

∫ π/2

π/3

2λ2 cos2 ψ0

π(λ1 + 4λ2 cos2 ψ0)
dψ0 +

λ2
3(λ1 + λ2)

. (26)

B. Average Out-of-Cell Interference Power

To derive interference second moments, we first use the
interference expression in Eq. (15) to express the interference
power at the ith destination as in Eq. (27). θk2,i and θkr,i are
realizations of independent and uniformly distributed random
variables. We use the approximation described in [6] where



Qd,i =
∑
k 6=i

[
Ak

∣∣∣h(k,i)
sd

∣∣∣2 P bs,k + (1−Ak)
(∣∣∣h(k,i)

sd

∣∣∣2 Pms,k + ∣∣∣h(k,i)
rd

∣∣∣2 Pmr,k + 2
∣∣∣h(k,i)
sd

∣∣∣ ∣∣∣h(k,i)
rd

∣∣∣√Pm1
s,k P

m
r,k cos (θk2,i − θkr,i)

)]
Bk

+
∣∣∣h(k,i)
sd

∣∣∣2 Ps,k(1−Bk). (27)

Qd,i =
∑
k 6=i

[
Ak

∣∣∣h(k,i)
sd

∣∣∣2 P bs,k + (1−Ak)
(∣∣∣h(k,i)

sd

∣∣∣2 Pms,k + ∣∣∣h(k,i)
rd

∣∣∣2 Pmr,k)]Bk + ∣∣∣h(k,i)
sd

∣∣∣2 Ps,k(1−Bk). (28)

LJd,i
(
s, ‖zk‖2

)
= ρ2

(
ρ1LG

(
s‖zk‖−α2 P bs,k

)
+ (1− ρ1)LG

(
s‖zk‖−α2 Pms,k

)
LG
(
s‖zk‖−α2 Pmr,k

))
+ (1− ρ2)LG

(
s‖zk‖−α2 Ps,k

)
. (30)

Qr,i =
∑
k 6=i

[
Ak

∣∣∣h(k,i)
sr

∣∣∣2 P bs,k + (1−Ak)
(∣∣∣h(k,i)

sr

∣∣∣2 Pms,k + ∣∣∣h(k,i)
rr

∣∣∣2 Pmr,k)]Bk + ∣∣∣h(k,i)
sr

∣∣∣2 Ps,k(1−Bk). (33)

interference is considered in expectation over the reception
angles and since Eθk2,i,θkr,i [cos (θk2,i − θkr,i)] = 0, we can
approximately rewrite the interference power at the ith des-
tination as in Eq. (28). This approximation implies even
though the out-of-cell source-relay pair transmits coherently
(i.e. beamform) to its own destination, the two signals go
through different fading channels to the cell under considera-
tion and appear independent of each other.

Next, we use the Laplace transform of interference power
to characterize the second moment of interference as

LQd,i(s)=EQd,i
[
e−sQd,i

]
=exp

(
−2πλ1

∫ ∞
‖zi‖2

(
1− LJd,i (s, r)

)
rdr

)
, (29)

where the last equality follows from the Laplace functional ex-
pression for p.p.p. using polar coordinates; LG(s) = 1/(1 + s)
is the Laplace transform of an exponential random variable
G ∼ exp(1) and LJd,i (s, ‖zk‖2) is expressed as in Eq. (30).

The second moment of interference at the destination can
be computed from LQd,i(s) as follows

σ2
d = E [Qd,i] = −

∂LQd,i(s)
∂s

∣∣∣∣
s=0

=
2πλ1ζ

α− 2
‖zi‖2−α2 ,(31)

where

ζ = ρ1ρ2P
b
s,k + ρ2(1− ρ1)

(
Pmr,k + Pms,k

)
+ (1− ρ2)Ps,k. (32)

Similarly, we can write the interference power at the ith
idle UE as in Eq. (33) and its Laplace transform as in Eq.
(34).

LQr,i(s)=exp

(
−λ1

∫ 2π

0

∫ ∞
‖zi‖2

(
1− LJr,i (s, r, θ)

)
rdrdθ

)
, (34)

where LJr,i (s, ‖zk‖2, θk) is defined as in Eq. (35) in the
following page. The term ‖zk − yi‖2 can be written in terms
of ‖zk‖2 and θk using the law of cosines and the distance D
defined in Eq. (18) as

‖zk − yi‖22 = ‖zk‖22 +D2 − 2‖zk‖2D cos θk. (36)

Then, we can write the second moment of interference at the
idle UE acting as a relay as follows

σ2
r=E [Qr,i] = −

∂LQr,i(s)
∂s

∣∣∣∣
s=0

=λ1ζ

∫ 2π

0

∫ ∞
‖zi‖2

(
r2 +D2 − 2rD cos θ

)−α/2
rdrdθ,(37)

where ζ is defined as in Eq. (32).
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V. NUMERICAL RESULTS

In this section, we present the numerical results where we
use λ1 = 1; Ps,i = Pr,i; P bs,i = Pms,i; and Pm1

s,i and Pm2
s,i

are numerically allocated optimally to maximize the rate. We
use the average rate as a performance metric. We note that
the expressions in (13) are convex in the interference powers,
which are random based on active and relay users locations.
For our analytic results we use the expected value of the
interference powers to evaluate these rate expressions, while
in simulation we take the expected value after evaluating the
rate expressions for each set of locations and fading channels.
Hence, we expect the analytic results to be a lower bound to
the simulation results. This is shown in the average rate per
user in Fig. 3 and the rate cumulative distribution function
in Fig. 4. This gap between simulation and analytic results is
tremendously improved in our future work by considering the
first two moments of interference power distribution in analysis
instead of only its mean. We also show in Figs. 3 and 4 that
the results of the average rate per user in the network when



LJr,i
(
s, ‖zk‖2, θk

)
= ρ2

(
ρ1LG

(
s‖zk − yi‖−α2 P bs,k

)
+ (1− ρ1)LG

(
s‖zk − yi‖−α2 Pms,k

)
LG
(
s‖zk − yi‖−α2 Pmr,k

))
+ (1− ρ2)LG

(
s‖zk − yi‖−α2 Ps,k

)
, (35)
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using the geometric cooperation policy E2 in (21) approaches
that of the ideal cooperation policy E1 in (20) which validates
our choice of E2.

In Fig. 5, we validate our choice of the Rayleigh distribu-
tion to model the distance r2 of the source-to-relay link where
λ2 = 2. In Fig. 6, we compare the average rate per user of
the PDF relaying scheme to the direct transmission when we
increase the idle UEs density from λ2 = 2 to λ2 = 8. It shows
that the throughput gain increases substantially (from 15% to
24%) by increasing the idle user density. This improvement
can also be observed through the increase in cooperation
probability in Fig. 7. Note that in our setup, each UE selects the
closest idle UE to act as a relay without considering the relay-
to-destination link quality. Hence the potential performance
gain via relaying can increase further when taking into account
specific link qualities. Also the rates shown in Figures 3 and
6 are averaged over all locations of both the active and relay
users; the specific rate gain varies with location and can be
significantly higher for certain parts of the cell.

VI. CONCLUSION

In this paper, we analyze system-wide performance impact
of deploying user-assisted partial decode-and-forward relaying
in a cellular network. Using a stochastic geometry model for
user and base station locations, we analytically derive the
cooperation probability and the average interference power
generated to the relayed user and destination base station. This
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Fig. 7. Cooperation event probability vs. the density of idle UEs

analysis provides the basis for evaluating system performance
metric such as outage, coverage and throughput. Numerical
results verify our analysis and show that user-assisted relay-
ing can significantly improve the per-user transmission rate,
despite increased out-of-cell interference. The throughput gain
increases with higher idle user density.
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