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Abstract—We consider two-hop Device-to-device (D2D) relaying in multi-cell downlink networks. D2D relaying is envisioned to be a promising cell coverage extension technique,
which can provide improved cell-edge performance without
a dense infrastructure deployment. Relaying complicates the
resource allocation and interference management in multi-cell
networks. We ﬁrst study the aggregate co-channel interference
characteristics when D2D relaying is applied. A ﬂuid network
model is used to analyze the inter-cell interference in a multicell network with a minimum inter-base station distance. We
develop a model for capturing the interaction between relaying
decisions made in the own cell and inter-cell interference created
to other cells. We investigate network steady state, and optimize
key parameters for network-level management. Both simulation
and analysis results are provided to help to understand the
performance of D2D relaying.
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Fig. 1. Inter-cell D2D interference caused by D2D relaying.

I. I NTRODUCTION
Network-assisted Device-to-device (D2D) relaying is a promising way to provide continuous throughput performance
for mobile users in cellular networks [1]–[3]. The underlying idea is to exploit the availability of potential proximal
D2D connections to setup beneﬁcial multi-hop transmissions
to/from base stations (BS). In [4], outage performance in a
two-hop cellular network was analyzed. It was shown that
outage gain provided by D2D relaying increases exponentially
with the density of available relays. While standardization of
D2D communication has been recently started, relay selection
and interference management problems for D2D relaying
have not been investigated properly in multi-cell networks.
In the literature, D2D relaying has been addressed without
considering the complicated interference between D2D relaying and cellular transmissions in multi-cell networks. In [5],
uplink D2D relay selection was studied in a single cell,
considering intra-cell interference from D2D transmission to
cellular uplink. Cooperative D2D Communication in singlecell downlink (DL) was investigated in [6], assuming that D2D
relays can perform interference cancellation to combat intracell interference. When D2D relaying uses the same channel
as cellular DL transmissions, a new type of interference
generated by D2D relays emerges. It is caused to other D2D
or cellular receivers in neighboring cells. The inter-cell relayto-relay interference problem has been considered in [7] for
a multi-cell network with ﬁxed relays in planned positions.
However, limited work has been done to investigate the intercell interference problem in a multi-cell network implementing
D2D relaying.
Compared to a multi-hop cellular network with ﬁxed relays,
a multi-hop cellular network with mobile D2D relaying is

more difﬁcult to manage. Firstly, the active UEs and potential
D2D relays are randomly distributed inside multiple cells. A
BS controller needs to select a proper D2D relay for a UE
who can beneﬁt from 2-hop relaying, and to allocate proper
resources to the D2D links. The following questions have to
be addressed: 1) when to relay for a UE? 2) how to select
a relay for a UE? and 3) how to allocate resources for a
D2D relaying transmission? Secondly, in a multi-cell network
where all cells adopt similar relaying strategies, D2D relaying
decisions made in one cell would affect a neighbor cell’s
decision through changing the interference power distribution.
A similar phenomenon is well known in the context of cellular
power control (see e.g. [8]), but it has not been considered in
the context of relaying. The neighbor cells would react to this
change of interference by changing their relaying decisions.
Accordingly, there is a feedback loop between the cells in the
network, where decisions affect each other. This may lead to
oscillatory behavior and to network instability.
It is the objective of this paper to study the interaction
between cells in a network with D2D relaying, and to provide
tools for a network controller to set parameters to prevent
oscillatory behavior and instability. We consider two-hop
relaying for downlink communication. The interference characteristics for a multi-cell network with 2-hop D2D relaying
depends on how much trafﬁc is ofﬂoaded to two-hop relaying
from one-hop DL transmissions, and the distribution of the
selected D2D relays. Furthermore, the distribution of the
selected relays depends on the distributions of BSs and celledge UEs (which are identiﬁed by a network controller).
We study the characterization of the inter-cell interference in
multi-cell networks with D2D relaying, based on a ﬂuid model

D2D (2nd hop) transmissions, according to the achievable
rates on the two hops. The BS-to-relay link uses a fraction
β of the time and the D2D link uses a fraction 1 − β. This
factor will affect the interference spillage to neighboring cells.
III. I NTERFERENCE C HARACTERIZATION
A. DL Interference from Neighbor BSs without D2D relaying

Fig. 2. A simpliﬁed model used in the analysis.

of the network, and devise advanced relaying management
methods based on this characterization.
II. S YSTEM M ODEL
We consider a system where D2D relaying happens in multiple cells using the same channel. D2D relaying transmissions
in neighboring cells will affect each other if they use the
same radio resources, e.g. a common sub-channel. The system
model considered is depicted in Fig. 1. There are multiple
active user equipments (UEs) inside each cell. UEs in a cell
are orthogonal, so that there is a transmission to a UE per
sub-channel and there is no intra-cell interference. The UEs
close to the BS will use direct one-hop DL transmission, while
two-hop D2D relaying may be used for DL transmission to
cell-edge UEs. Pathloss is modeled by two gain functions,
b (x) for BS-to-UE links and d (x) for D2D links. Both
are monotonically decreasing functions of distance x, with
different pahtloss exponents η and ηd ,
b (x) = Kb x−η and d (x) = Kd x−ηd .

(1)

We assume that UEs are uniformly distributed in the cells and
BSs are equipped with omnidirectional antennas. Without loss
of generality, our analysis focuses on the cell with BS0 located
at the origin of the 2-D plane. We assume that all cells are
similar. Each cell is modeled as a circular area with radius
Rc . There is a ring of radius Rr (0 < Rr < Rc ), and UEs
at distance larger than Rr would be served by D2D relaying.
The D2D relays are assumed to reside in an annulus of inner
radius r1 and outer radius r2 . To simplify analysis, D2D relays
are assumed to be uniformly distributed inside this annulus.
There is a homogeneous network of other cells around the
cell at origin. The transmit power of all BSs is Pb , and relays
transmit with power Pd . We assume that there is a minimum
distance D between the BS of interest and the neighboring
BSs. To proceed with analysis, we assume that interfering BSs
are uniformly distributed in the 2-D plane outside the circle of
radius D with BS density ρbs . Fig. 2 demonstrates the network
model used for analysis.
We assume that the D2D relay operates in a half-duplex
mode. For an active UE with two-hop D2D relaying, the time
resource is divided between the BS-to-relay (1st hop) and

We consider a UEd located at distance d from the BS0 .
When D2D relaying is not adopted, the interference to UEd
comes only from interfering BSs. We can use the ﬂuid model
proposed in [9] to estimate the aggregate DL interference
for UEd . As in Campbell’s theorem [10], this ﬂuid model
transforms an expectation of a random sum over the discrete
point process (PP) to an integral involving the PP intensity in
the distribution area. In the ﬂuid model, each area element
dA contains ρbs dA BSs which contribute to the aggregate
DL interference. We approximate the integration area by an
annulus centred at UEd , with inner radius as D − d and
outer radius ∞. Assuming the path loss exponent η > 2, the
aggregate DL interference is derived using the method in [9]:
2πρbs Pb Kb
(D − d)2−η .
(2)
η−2
B. Distribution of D2D Interference from One Neighbor Cell
Idl (d)

=

To derive the interference distribution from D2D relaying,
we ﬁrst ﬁnd the distance distribution between UEd and the
interfering D2D relay in a neighboring cell. As shown in
Fig. 3, the interfering D2D relay is uniformly distributed in
the annulus with inner radius r1 and outer radius r2 . The
probability density function (p.d.f) of the random distance X
between UEd and the interfering D2D relay can be calculated
using the Crofton ﬁxed points theorem [11]:
⎧
if x ∈ (0,y−r2 )∩(y+r2 , ∞),
⎪
⎨0,
fX (x|y,r1 ,r2 ) = fc (x|y, r2 ), if x ∈ [y−r2 ,y−r1 ]∩[y+r1 ,y+r2 ],
⎪
⎩ r22
r2
[f (x|y, r2 )− r12 fc (x|y, r1 )], otherwise.
r 2 −r 2 c
2

1

2

(3)
Here, fc (x|y, r) is the p.d.f for the distance between a random
point inside a circle (with radius r) and a ﬁxed point (outside
this circle) with distance y to the center of the circle,
 2 2 2  2
2 r −(y−x)2
2x
−1 x +y −r
≈
,
fc (x|y, r) = 2 cos
πr
2xy
πr2
(4)
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Fig. 3. Distance distribution for inter-cell D2D interference.
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Fig. 4. Analysis and simulation for p.d.f of D2D interference.

with y−r ≤ x ≤ y+r. The interference power Id (x) = Pd d (x)
is a monotonically decreasing function of distance x. The distribution function of D2D interference from one neighboring
cell is
∂Id−1 (z)
. (5)
∂z
Assuming the interference as a function of distance to be
Id (x) = Pd Kd x−ηd , the inverse function is Id−1 (z) =
gd (z|y, r1 , r2 ) = −fX (Id−1 (z)|y, r1 , r2 )

∂I −1 (z)

−

1

−1

y
d
ηd
( PdzKd )−1/ηd and d∂z = −1/η
. Fig. 4 shows
P d K d ( Pd K d )
the analytical p.d.f and the normalized histogram of a Monte
Carlo simulation result for the D2D interference from one cell.
The D2D interference distribution is long-tailed.

C. Distribution of aggregate D2D and DL interference
We assume that there is a probability pr that a D2D relay
is transmitting in a given interfering cell. This D2D relaying
activity factor is determined by the relaying strategy, such as
β, Rr , r1 and r2 . The interference experienced by UEd from
a neighboring cell (either from a BS or a D2D relay) is a
random variable
I(d, yi ) = (1 − Xi )Ib (yi ) + Xi Id (yi ).

(6)

Here yi is the distance from BSi to UEd , and Xi ∼ B(1, pr )
is a Bernoulli random variable indicating whether neighboring
cell i is using D2D relaying or not. If shadow fading is ignored
we have a deterministic value Ib (yi ) = Pb (yi ), whereas
Id (yi ) ∼ gd (z|yi , r1 , r2 ) is the D2D interference coming from
the relay in cell i. The p.d.f of I(d, yi ) is
f (x|d, yi ) = (1−pr )δ (x − Pb (yi )) + pr gd (x|yi , r1 , r2 ),
(7)
where δ(·) is the Dirac delta function. The ﬁrst moment of
I(d, y) is
E[I(d, y)] = (1−pr )Pb (y) + pr E[Id (y)],

(8)

where E[Id (y)] is the average D2D interference from one cell,
E[Id (y)] =

Pd Kd (Φ(y, r2 )−Φ(y, r1 ))
r22 −r12



(9)

Nb

(1−Xi )Ib (yi )+
i=1

40

2

with Φ(y, r) = r2 y −η 2 F1 η2 , 1+η
; 2; yr 2 , and 2 F1 (a, b; c; z) is
2
the hypergeometric function.
If we consider the Nb closest interfering cells, then the total
aggregate interference from these cells is:
Nb

Xi Id (yi ) =
i=1

I(d, yi ) (10)
i=1

where I(d, yi ) ∼ f (x|d, yi ). I(d) is a random variable
dependent on pr and the distribution of yi , i = 1, 2, ..., Nb .
The Nb distances are not independent since the interferences
are experienced at a speciﬁc UE and the positions of the
Nb neighboring BSs are spatially correlated if there is a
minimum distance between interfering BSs. Different models
for BS positions result in different joint distance distribution
functions. Common models for BSs are the triangular lattice,
square lattice, Poisson Point Process (PPP), Matérn hardcore
point process etc. For analysis, we consider the network model
depicted in Fig. 2 by assuming that the interfering BSs are
uniformly and independently distributed outside the circle of
radius D for the cell of interest. Using the ﬂuid model, we
have:
Md (D−d)2−η (φ(r2 ) − φ(r1 ))
(r22 − r12 )(η − 2)
(11)


η+1
r2
,
;
2;
and
the
constant
where φ(r) = r2 2 F1 η−2
2
2
(D−d)2
Md = 2πρbs Pd Kd . If there is no D2D relaying (with pr = 0),
the average interference is Idl (d). When D2D relaying is
employed, some transmit power is ofﬂoaded from BS to D2D
relays which are distributed around the BS. The ofﬂoaded
power will cause random interference to UE receivers in neighboring cells. The p.d.f of I(d) depends on several parameters
including pr , Pd , r1 and r2 . When pr , Pd and r2 increase,
the variance of I(d) increases. The p.d.f of I(d) is hard to
derive since it involves an inﬁnite number of convolutions over
surface elements. For a given network of BSs, one can use the
joint p.d.f for Nb closest BSs to ﬁnd the distribution of I(d).
Numerical simulation results will be provided in section V.
E[I(d)] ≈ (1−pr )Idl (d) + pr

IV. I NTERFERENCE - AWARE D2D RELAY SELECTION AND
D2D RESOURCE ALLOCATION
To enable D2D relaying in cellular networks, D2D discovery, relay selection and resource allocation must be considered. We assume that UEs can perform channel measurements
and report the channel information to the serving BS. A
realtime controller located at the BS is responsible for relay
selection and resource allocation for D2D relaying operations
in its cell. We assume that a coordinated controller gathers
information from the BSs on their interference measurements,
and accordingly designs the relaying probabilities to be used
in the network. The BS controller has the responsibility to
keep the probability of relaying at the target value.
In this section, we discuss the details of the D2D relaying
operation, including D2D channel spectral efﬁciency, relay
selection and resource allocation. We assume that the BS
controller has the knowledge of D2D channel pathloss for

close UE pairs, and the aggregate interference from other
BSs. We assume that the same DL D2D relaying strategy is
applied in all cells, i.e. the same probability of D2D relaying,
the same principle of relay selection and the same resource
allocation scheme. The relaying decisions in one cell are made
according to the current observed network state (e.g. aggregate
interference for UEs and distribution of relay candidates in
the cell). The aggregate interference for UEd is determined
by (11), and is close to (1 − pr )Idl (d) if transmit power of
BS is much larger than the transmit power of D2D relays.
In an interference-limited network, when D2D transmission
probability pr increases, the time-domain activity of BSs will
decrease and the average aggregate interference will decrease
since interference coming from BSs is larger than from relays
on average.
A. Estimation of Optimal Relay Position for UEd
To perform relay selection and resource allocation, an
important task of the BS controller is to estimate the BS-torelay and D2D spectral efﬁciencies. Assuming that Idl (d) for
UEd is known by the BS0 , the direct DL spectral efﬁciency
for UEd can be estimated from the Shannon formula and the
ﬂuid network model as


Pb Kb d−η
,
(12)
Cdl (d) = log2 1+
E[I(d)]+σ 2
where σ 2 is the noise power. Assuming that there is a large
number of potential relay candidates, a cell-edge UE can
always ﬁnd a D2D relay which is close to the optimal relay
position. In a circular homogeneous geometry, the best relay
is on a radial line segment connecting the UE to the BS, at
distance dr from BS0 . With UEd at d, we have 0 < dr < d.
The estimated BS-to-relay spectral efﬁciency is Cdl (dr ) and
the D2D spectral efﬁciency between the optimal relay at dr
and UEd is:


Pd Kd (d−dr )−ηd
(13)
Cd2d (d, dr ) = log2 1+
E[I(d)]+σ 2
The maximum end-to-end two-hop spectral efﬁciency is determined by the harmonic mean of Cd2d (d, dr ) and Cdl (dr ),
leading to the end-to-end throughput Ce2e (d, dr ) = βCdl (dr )
with the D2D activity factor
β=

Cd2d (d, dr )
.
Cdl (dr )+Cd2d (d, dr )

(14)

For each value of d, there is an optimal relay position dopt (d)
which maximizes the end-to-end throughput. If the system is
interference-limited, we have
dopt (d) = arg max Ce2e (d, dr ) 
0<dr <d

where K =

Pd Kd D −ηd
Pb Kb D −η

.

2ηd −ln(K)
d,
2η+2ηd

(15)

B. Estimation of Optimal D2D Relay Transmission Probability
In a multi-cell network, D2D relaying decisions made in a
cell (which determines the pr in the cell) will affect the neighboring cell’s decisions, and vice versa. The neighboring cells
affect each other in an iterative way in a feedback loop driven
by changes in aggregate interference, depending on pr in each
cell. In the equilibrium state of a homogeneous network, all
cells should have the same D2D relaying probability pr , and
the same radiuses r1 and r2 . With the optimal relay selection
considered here, these numbers can be characterized in terms
of a single radius Rr . A UE at distance d greater than Rr
would use two-hop relaying. We assume that active UEs and
D2D relay candidates are uniformly distributed in cells and
that a cell edge UE with d > Rr can always ﬁnd a relay which
is close to the optimal relay position for it. The distance of the
optimal relay helping a UE at Rr would be r1 , and the distance
of the relay helping a cell-edge UE at distance Rc would be
r2 . The D2D activity factor pr depends on the probability
that the active UE is a in the relaying region (d > Rr ), and
the ratio (1 − β) of D2D transmission time. The relationship
between D2D transmission probability pr and Rr is:
pr = P (d > Rr )E[1−β]
≈ P (d > Rr )E[
Rc2 −Rr2
.
Rc2

Cdl (dopt (d))
]
Cdl (dopt (d))+Cd2d (d, dopt (d))

(16)

1
2
In the equilibrium, Rr and pr satisfy:
=

Cdl (Rr ) = Ce2e (Rr , dopt (Rr ))

(17)

There is no close form solution for Rr (and hence for pr )
constrained to (17) with general η. Given speciﬁc values of
the network parameters, one can use a ﬁxed-point method to
search for Rr (and hence for pr ), as shown in Algorithm 1.
After ﬁnding the equilibrium of Rr , we also get r̂1 = dopt (Rr )
and r̂2 = dopt (Rc ) which are the estimated inner and outer
borders for the annulus where selected D2D relays are distributed.
Algorithm 1 Searching for Rr and pr in equilibrium state
Initialization of Rr and pr , using Rr = Rc and pr = 0.
Calculate Cε = Cdl (Rr ) − Ce2e (Rr , dopt (Rr )) using (12),
(14).
while |Cε | > do
R2 −R2
Rr ← Rr + Cε Δ, pr ← c2R2 r .
c
Calculate Cε = Cdl (Rr )−Ce2e (d, dopt (Rr )).
end while
V. S IMULATION R ESULTS
In this section, we consider two multi-cell networks for DL
D2D relaying, i.e., a triangular lattice (hexagonal cells) and
a square lattice (square cells). Detailed parameters are listed
in Table I. Both networks have a minimum inter-BS distance
D = 500 m and the cell radius used in the analysis is Rc =
250 m.
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Given the details of network parameters in Table I, Rr and
pr in equilibrium state can be estimated using Algorithm 1.
An update step size Δ = 10 and terminating condition =
10−3 bit/s/Hz are used. The search starts at Rr = Rc with
no D2D relaying allowed (i.e. pr = 0). As Rr decreases,
UEs at distance larger than Rr start to adopt two-hop D2D
relaying. The average interference decreases as pr increases.
Fig. 5 shows that Algorithm 1 converges to Rr = 166 m,
pr = 0.28 for the hexagonal network, and to Rr = 170 m,
pr = 0.27 for the square cells. The estimated radiuses for the
relay annulus are r̂1 = 94 m, r̂2 = 142 m for hexagonal cells
and r̂1 = 96 m, r̂2 = 142 m for square cells.
B. Analysis and Simulation Results on Aggregate Interference
We simulate the DL D2D relaying in the two network
scenarios according to Table I. Relay selections and resource
allocation for D2D relaying are based on the actual interference measurements. Simulations are carried out in an iterative
way. There are Nu = 10 active UEs in each cell, TDMA and
OFDMA are used to support multiple UEs. Each active UE in
a cell obtains 1/Nu of radio resources to ensure proportional
fairness. Each active UE gets one resource with a speciﬁc
label. This resource is used either for direct transmission to
the user, for transmission to the relay, or for D2D relaying
transmission. Without interference coordination, each active
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UE will get a random resource. For each label, there is one
active UE using this resource in a cell and this UE will be randomly distributed inside the cell. The transmissions (including
DL and D2D) using the same resource in multiple cells would
interfere each other. Each active UE located at distance larger
than Rr from its serving BS would select the best relay from
the relay candidates for its DL transmission. Fig. 6 shows the
distribution of the selected D2D relays for 100 realizations
of network instances, which justify the assumption of relay
annulus. However, the actual outer annulus radiuses are larger
than the estimated r̂2 . The reason is that a cell edge UE can
not always ﬁnd a best relay close to the optimal relay position
due to the ﬁnite density of relay candidates.
To understand the aggregate interference powers at a speciﬁc distance d from the serving BS, we generate 10 sample
UE receivers randomly at each distance. Fig. 7 shows the
average DL interference (without D2D relaying), total D2D
interference and aggregate DL and D2D interference at different distances from the serving cell. Compared with the DL
interference without D2D relaying, D2D interference is much
smaller on average. The aggregate DL + D2D interference
with D2D relaying is also smaller than the DL interference
without D2D relaying. Fig. 8 shows the interference distribution for cell-edge UEs located at d = 240 m to the
serving BSs in the hexagonal network. It shows that the major
part of interference is from neighboring BSs. The probability
that D2D interference dominates is quite small (< 5%). The
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Fig. 6. Distribution of selected D2D relays over multiple realizations.

TABLE I
N ETWORK PARAMETERS .
Parameter
System bandwidth
Minimum distance between BSs
Cell radius
BS density of triangular lattice
BS density of square lattice
Active UEs in each cell
Potential relays in each cell
PL model of cellular link
PL model of D2D link
TX power of BS
TX power of UE
Thermal noise power density
Noise ﬁgure
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the hexagonal network.

aggregate DL interference distribution is concentrated while
the aggregate D2D interference distribution is long-tailed.
C. Throughput performance of D2D relaying
Fig. 9 shows the CDFs of UE throughput performance for
different D2D relaying strategies in the hexagonal network.
The performances in a square network is similar, and thus
is omitted. We use the optimal Rr = 166 m according to the
analysis, and compare it with other values of Rr . D2D relaying
helps to boost the performance of cell-edge UEs compared
with the strategy that no D2D relaying is used. What’s more,
the setting of Rr = 166 m from the analytical equilibrium
network state yields the best cell-edge performance compared
to smaller or larger settings. For Rr = 200 m, fewer cell-edge
UEs adopts two-hop relaying, which increases the aggregate
interference as the relaying probability pr is smaller compared
to Rr = 166 m. For Rr = 125 m, more UEs would use D2D
relaying and the sum throughput for all active UEs is better
than Rr = 166 m. However, a portion of cell-edge UEs will be
affected by the increasing inter-cell D2D interference, which
makes the cell-edge performance lower than the strategy with
Rr = 166 m.
VI. C ONCLUSION
We have considered two-hop D2D relaying to enhance endto-end throughput in multi-cell downlink networks. We ﬁrst
study the characteristics of the aggregate co-channel interference when D2D relaying is applied in the networks. A ﬂuid
network model is used to analyze the inter-cell interference. To
capture the complicated interference interaction in the multicell networks with D2D relaying, we have proposed an analytical model with several parameters, including a minimum
relaying distance and a relaying probability. These parameters
are optimized for network-level management. Simulation and
analytical results are provided to understand the interference
characteristic and throughput performance when D2D relaying
is applied. The analytical model based on the ﬂuid model provides a good approximation for the interference experienced in
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Fig. 9. CDF of UE DL throughput in hexagonal network.

homogeneous networks with and without D2D relaying. The
analytical optimization of network parameters, based on this
model, works as a good tool for network-level D2D relaying
management.
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