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Abstract—The performance of relay deployments depends sig-
nificantly on the capacity of the wireless relay link between a
relay node (RN) and its serving base station (BS). Exploiting the
deployment flexibility of RNs, relay site planning (RSP) can be
utilized to overcome the limitations of the relay link. In particular,
RSP is carried out by selecting RN deployment locations from a
discrete set of alternatives considering the signal-to-interference-
plus-noise ratio (SINR) on the relay link as the selection criterion.
In this paper, we present an analytical framework for RSP that can
be used for planning and dimensioning of two-hop cellular relay
networks operating over composite fading/shadowing channels
in the presence of cochannel interference. Nakagami–lognormal
distribution is used to model the relay link, whereas the access
link between a mobile terminal (MT) and its serving RN is mod-
eled by Rician–lognormal distribution. As these composite models
do not have closed-form distribution functions, we utilize mix-
ture gamma (MG) distribution to accurately approximate them.
Further, the total cochannel interference in the considered mul-
ticellular system is approximated using the moment-generating
function (MGF) matching method. Accordingly, we present
closed-form expressions for the distributions of relay-link SINR,
link rates, and end-to-end rate. In addition, RSP is shown to
effectively decrease the amount of fading (AoF) and, thus, mitigate
the detrimental effects of composite fading/shadowing. Thorough
results reveal significant performance improvements, which justify
the use of RSP in cellular relay networks.

Index Terms—Cochannel interference, composite fading/
shadowing, fourth-generation (4G) wireless networks, location
selection, network planning, relay deployments.

I. INTRODUCTION

R ELAYING is considered an integral part of fourth-
generation (4G) radio access networks, namely IEEE

802.16m and Third Generation Partnership Project (3GPP)
Long-Term Evolution (LTE) Release 10 and beyond (LTE-
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Advanced). These two technologies fulfill the requirements
of International Mobile Telecommunications Advanced (IMT-
Advanced) specified by the International Telecommunication
Union-Radiocommunication sector (ITU-R) for 4G networks
[1] and, thus, have recently been accorded the official designa-
tion of IMT-Advanced.

The motive behind choosing relaying as an enhancement
technology to current radio access networks has been well
elaborated in the literature. According to previous technical
studies, relay nodes (RNs) promise to increase the network
capacity or, alternatively, extend the cell coverage area [2]–[8].
Relaying is also regarded as a cost-efficient technology. In-
stalling RNs involves lower operational expenditure [9] and
provides faster network upgrade when operators aim to improve
the quality of service [10]. The cost efficiency of RNs is further
investigated in [11] and [12].

A. Motivation for the Work

The performance of inband RNs was investigated in [6]
from both coverage extension and system capacity perspectives.
Inband RNs utilize the same frequency band on both the access
link between an RN and a mobile terminal (MT) and the
relay link between a base station (BS) and an RN and, hence,
operate in half-duplex mode to avoid self-interference. Therein,
the limitations of the relay link were highlighted, and it was
shown that there is a potential for significant gain if these
limitations are relaxed. One approach to address such a problem
is characterized by relay site planning (RSP) techniques. In this
context, the deployment flexibility of RNs can be exploited
to enhance the system performance by means of improving
the relay link through RSP. We emphasize that the discussion
on RSP modeling has also been carried out in standardization
[13], [14]. Consequently, a certain planning bonus has been
added to the relay-link channel model in 3GPP evaluation
guidelines [15].

Performance evaluation of RSP within the LTE-Advanced
context was first given in [16]. The study investigated the effect
of RSP on the relay-link signal-to-interference-plus-noise ratio
(SINR) via system-level simulations considering shadowing
only. Performing RSP, random deployment of RNs is eluded,
and an RN site is chosen from a set of different possible
locations to optimize the relay-link quality. Motivated by this
study, a basic analytical model for RSP was deduced in [17],

0018-9545/$31.00 © 2012 IEEE
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where a single dominant interfering BS was considered. In
addition to the simplified SINR model, the channel model
in [17] considers lognormal shadowing on the relay link and
Rayleigh fading on the access link. Nevertheless, composite
fading/shadowing, where multipath fading is superimposed on
shadowing, is frequently experienced particularly in scenarios
with low or no mobility [18], [19]. In addition, given the
full-frequency reuse in 4G cellular networks, cochannel in-
terference is another vital factor to be taken into account for
accurate performance analysis. However, difficulties arise when
considering cochannel interference as interfering signals from
different BSs are also subject to composite fading/shadowing
and are correlated due to shadowing.

B. Contributions

In this paper, we build upon the concepts presented in [16]
and [17] to deduce a comprehensive analytical model for the
impact of RSP on the performance of relay deployments, which
explains and justifies its gains on the relay link and on the end-
to-end user rate. The main contributions of this paper are then
summarized as follows.

• We deduce closed-form expressions for the SINR distribu-
tion of the relay link, the rate distributions of the relay and
access links, and the end-to-end rate distributions. We also
consider the impact of resource allocation and access-link
limitations. Results show a clear gain on the relay link,
which results in a higher achieved end-to-end rate when
the system is limited by the relay link. The gains, however,
reduce when the channel quality of the access link between
the RN and the user deteriorates.

• A key performance measure in communications over fad-
ing channels is the amount of fading (AoF), which reflects
the severity of the fading [19]. In this paper, we show how
RSP can effectively decrease AoF on the relay link under
various channel conditions in relay deployments.

Before deducing closed-form expressions, we carry out
an extensive study on suitable composite fading/shadowing
models. Contributions from this investigation are outlined as
follows.

• We model the SNR on the relay and access links by
Nakagami–lognormal and Rician–lognormal composite
distributions, respectively, which are the two common
models in the literature [18]–[21]. As these composite
distributions do not have closed-form expressions, we
utilize mixture gamma (MG) distribution [22] to ac-
curately approximate them. Specifically, we adopt the
Nakagami–lognormal model provided in [22] and derive
the Rician–lognormal model in terms of MG distribu-
tion, and demonstrate their accuracy. We note that, in
[22], it is shown that MG distribution can approximate
Nakagami–lognormal more accurately than other existing
models such as generalized-K and G distributions, without
involving special functions. In addition, a key advantage
of MG distribution is that it provides a unified framework,
e.g., its cumulative distribution function (cdf), moment-
generating function (MGF), and moments are readily

available once the probability density function (pdf) is
derived.

• The total cochannel interference on the relay link is char-
acterized by a sum of Rayleigh–lognormal (also known
as Suzuki) random variables (RVs) since RNs are not ex-
pected to have line-of-sight (LOS) links toward interfering
BSs. Nevertheless, an exact closed-form expression for the
sum of multiple Suzuki RVs is not available. Therefore,
we adopt the MGF-matching method proposed in [23],
where the sum of independent Suzuki and/or lognormal
RVs is accurately represented by a single lognormal RV.
Yet, in cellular networks, shadowing toward different BSs
is typically correlated [24]. Thus, we also resolve this
issue regarding the constraint on the independence of
interferers. Moreover, the MGF-matching method requires
an iterative solution of a system of nonlinear equations,
where a properly selected initial value is essential. If the
initial value is not feasible, iterations admit only slow
convergence or become divergent [25]. In this paper, we
tackle this challenge by using the so-called Wilkinson
preconditioning, which we first proposed in [26]. In ad-
dition, we give guidelines on how to relax problems that
may arise in the numerical solution when experienced low
signal levels can necessitate accuracy that is too high in
the computational environment.

• The SINR derivation becomes cumbersome when the ef-
fect of thermal noise is taken into account and the mean
received power levels from different interferers are not
equal (see [27] and [28] and references therein). The
effect of the thermal noise, however, becomes significant
in noise-limited scenarios such as suburb environments.
Further, interferers imposed by different BSs may have
different mean received power levels. Herein, we also
derive generic SINR distributions covering such cases.

The remainder of this paper is organized as follows.
Section II presents the channel models. In Section III, the
modeling of RSP and adopted assumptions are summarized. In
Section IV, the impact of RSP is analyzed along with SINR,
AoF, and rate derivations. Performance results and evaluations
are provided and discussed in Section V. Finally, Section VI
concludes this paper.

II. CHANNEL MODELS

Shadowing is usually modeled by a lognormal distribution
with standard deviation σ and mean μ. The standard deviation
σ defines the severity of shadowing, where σ = 0 implies that
shadowing is absent. The parameters of lognormal distribution
are often given in decibels, and the mappings σ = λσdB and
μ = λμdB with λ = ln(10)/10 can be utilized for the con-
version. In addition, the small-scale multipath fading is often
characterized by Nakagami distribution with the fading param-
eter (0.5 ≤ mCL ≤ ∞) on a communication link (abbreviated
by CL in this notation), Rician, or Rayleigh distribution. The
fading parameter of Nakagami distribution inversely reflects
the severity of the multipath fading, i.e., as mCL → ∞, the
fading effect diminishes yielding a nonfading channel. Fur-
thermore, Nakagami distribution yields Rayleigh distribution
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Fig. 1. Exemplified relay deployment and RSP model.

when mCL = 1 and can be used to approximate the Rician
distribution when mCL > 1 [18]. However, depending on the
channel parameters, such an approximation can be inaccurate,
particularly on the tails of cdf [18, Sec. 1.2.3], [29], which are
important, e.g., for the analysis of outage probability.

The channel models to be derived pertain to a two-hop half-
duplex decode-and-forward relay deployment where end-to-
end performance is also degraded by interference on the relay
link. Fig. 1 presents an exemplified schematic of the relay
deployment, where an MT is connected to RN A on the access
link and is communicating via this RN with BS A. In the
illustration, two neighboring BSs B and C interfere with the
serving BS transmission on the relay link.

In the following, we first outline MG distribution and model
the composite SNR distributions on the relay and access links
in terms of MG distribution. The instantaneous SNR and the
average SNR are denoted by γ and γ̄, respectively.

A. MG Distribution

The pdf of the instantaneous SNR is approximated by MG
distribution consisting of N Gamma components as [22]

fγ(x) =

N∑
i=1

wigi(x) =

N∑
i=1

αix
βi−1e−ζix, x ≥ 0 (1)

where wi = αiΓ(βi)ζ
−βi

i with Γ(·) being the gamma func-
tion, gi(x) = ζβi

i xβi−1e−ζix/Γ(βi) is a standard Gamma dis-
tribution, and αi, βi, and ζi are the parameters of the ith
Gamma component. Furthermore, αi = θi/C, where C =∑N

i=1 θiΓ(βi)ζ
−βi

i is a normalization factor to ensure that∑N
i=1 wi = 1 as

∫∞
0 fγ(x) = 1. Accordingly, θi is also a pa-

rameter of the ith Gamma component. The number of com-
ponents N determines the accuracy of the approximation and
can be obtained by matching the first r moments of the
approximation and the target distribution [22]. That is, we
select N such that the approximated distribution and the exact
distribution have the same nearest integer values for the first
r = 3 moments.

Next, the cdf of the approximation is given as

Fγ(x) =

N∑
i=1

αiζ
−βi

i γ(βi, ζix) (2)

where γ(a, b)
Δ
=

∫ b

0 ta−1e−tdt is the lower incomplete gamma
function [30, eq. (8.350.1)], which is available in mathematical
software packages such as Mathematica and Matlab.1

In addition, the rth moment of MG distribution of the instan-
taneous SNR is given as

E(γr) =

N∑
i=1

αiΓ(βi + r)ζ
−(βi+r)
i (3)

where E(·) denotes the statistical expectation. The AoF can be
then calculated from the first and the second moments of the
SNR as [19]

AoF =
var(γ)
[E(γ)]2

=
E(γ2)− [E(γ)]2

[E(γ)]2
=

E(γ2)

[E(γ)]2
− 1 (4)

where var(·) denotes variance. Further, the MGF of MG dis-
tribution, which is evaluated as Ψγ(s) = E(e−sx), is of the
following form:

Ψγ(s) =
N∑
i=1

αiΓ(βi)(s+ ζi)
−βi . (5)

The key advantage of the MG distribution is that, once the
parameters of the ith gamma component, i.e., θi, βi, and ζi,
are determined, the performance metrics are readily available
[22] or can be easily derived.

B. SNR Distribution on the Relay Link

The instantaneous SNR on the relay link is modeled by a
gamma–lognormal distribution with pdf [19], [22], i.e.,

fγ(x) =

∞∫
0

xmRL−1e−
mRLx

γ̄y

Γ(mRL)

(
mRL

γ̄y

)mRL e−
(ln y−μ)2

2σ2

√
2πσy

dy (6)

where mRL is the fading parameter of Nakagami distribution
on the relay link (abbreviated by RL in this notation). The
approximation for the gamma–lognormal distribution in terms
of MG distribution is derived using a series expansion based on
Gauss–Hermite integration [22]. Then, the parameters of the ith
gamma component are expressed as

θi =

(
mRL

γ̄

)mRL wie
−mRL(

√
2σti+μ)

√
πΓ(mRL)

βi =mRL, ζi =
mRL

γ̄
e−(

√
2σti+μ) (7)

where ti andwi are the abscissas and weight factors of theN th-
order Hermite integration, respectively, and are tabulated forN
up to 20 in [32, Tab. 25.10].2

1The Matlab implementation of this function, which is gammainc [31],
deviates from the definition given here and thus should be modified as Γ(a)
gammainc (b, a).

2The abscissas and weight factors can be also generated via various online
tools such as in [33] for N up to 100.
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Fig. 2. CDFs of SNR on the relay link for the exact distribution and MG and
lognormal approximations. The average SNR is γ̄ = 10 dB, and the number of
components in the MG model is N = 24 for mRL = 1 and σdB = 8 dB and
isN = 22 formRL = 5.76 and σdB = 6 dB. The plots of the approximations
and the exact distribution overlap for mRL = 5.76 and σdB = 6 dB.

The AoF for the SNR distribution on the relay link can be
then easily obtained through (3), (4), and (7). A simplified
expression of the AoF follows as [34]:

AoF =

√
π(mRL + 1)

mRL

∑N
i=1 wie

2
√
2σti(∑N

i=1 wie
√
2σti

)2 − 1. (8)

For certain ranges of parameters, namely mRL = 1 and
σdB > 6 dB, or mRL > 2 and any σdB, the Nakagami–
lognormal distribution can be also approximated by a lognor-
mal distribution [18]. The mean and the standard deviation of
the approximating lognormal distribution are given by

μapprox
dB =λ−1 [ψ(mRL)− ln(mRL)] + μdB

σapprox
dB =

√
λ−2ζ(2,mRL) + σ2

dB (9)

where ψ(·) and ζ(·, ·) are the Euler’s psi function and
Riemann’s zeta function, respectively [30].

In Fig. 2, the cdfs for the exact distribution, MG, and
lognormal approximations are plotted on a lognormal proba-
bility paper to compare the accuracy of the approximations.
Note that, on the lognormal probability paper, the cdf of the
lognormal distribution is a straight line. Two sets of channel
parameters are considered. For the first set, i.e., mRL = 1 and
σdB = 8 dB (Rayleigh–lognormal), it can be seen that the MG
distribution accurately follows the exact distribution; however,
the approximating lognormal distribution deviates from the
exact distribution, particularly on the tails of the cdf. For the
second set of parameters, i.e., mRL = 5.76 and σdB = 6 dB,
it is observed that both approximations yield high accuracy.
The reason is that, for mRL = 5.76, the effect of shadowing is
dominating, whereas the multipath fading is not severe; hence,
the exact distribution can be well characterized by a lognormal
distribution. For a comparison of the accuracy of the MGmodel
with other approximations, see [22].

C. SNR Distribution on the Access Link

A relay cell is typically characterized by small coverage area
due to lower transmit power levels relative to the BSs [6], [15].
Accordingly, we assume that a direct LOS component along
with many weak non-LOS (NLOS) scatter components exist
on the propagation paths between an RN and an MT on the
access link. Furthermore, the LOS component may be partially
or completely blocked by surrounding objects, e.g., trees and
buildings, which implies random shadowing [19]. Therefore,
we model the access link by Rician–lognormal distribution.

Let χ = S2 be the power envelope of the shadowed Rician
fading channel. The pdf of χ is given by [19, eq. 2.67]

fχ(x) =

(
2b0mAL

2b0mAL +Ω

)mAL 1
2b0

e−x/2b0

×1F1

(
mAL; 1;

1
2b0

(
Ω

2b0mAL +Ω

)
x

)
(10)

where Ω is the average power of the LOS component, 2b0 is
the average power of the scatter component, and 0≤mAL≤∞
describes the severity of shadowing on the access link (ab-
breviated by AL in this notation). For mAL = 0, the LOS
component is completely obstructed (Rayleigh distribution),
and for mAL = ∞, the LOS component is not obstructed
(Rician distribution). Furthermore, 1F1(·; ·; ·) is the confluent
hypergeometric function [30, Sec. 9.2]. After applying the

change of variable γ
Δ
= Aχ with A = γ̄/2b0 +Ω, the pdf of

the composite SNR distribution attains the following form:

fγ(x) =
1
A

(
2b0mAL

2b0mAL +Ω

)mAL 1
2b0

e−x/A2b0

×1F1

(
mAL; 1;

1
2b0

(
Ω

2b0mAL +Ω

)
x

A

)
. (11)

Using the series expansion of 1F1(·; ·; ·) given by
[30, eq. 9.210.1]

1F1(a; b; z) =

∞∑
i=0

(a)i
(b)i

zi

i!
=

∞∑
i=1

(a)i−1

(b)i−1

zi−1

(i− 1)!
(12)

where (·)i is the Pochhammer symbol, and substituting
(1)i−1 = Γ(i), we can express (11) as

fγ(x) =
1
A

(
2b0mAL

2b0mAL +Ω

)mAL 1
2b0

e−x/A2b0

×
∞∑
i=1

(mAL)i−1

Γ(i)

(
1
2b0

(
Ω

2b0mAL +Ω

))i−1
xi−1

(i− 1)!
.

(13)

Via a finite number of summands (cf. N in Section II-A) in
(13), the pdf can be accurately approximated. Accordingly, we
can approximate fγ(x) in (13) using the MG distribution in (1).

Substituting the Rician K factor K
Δ
= Ω/2b0 and utilizing the
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relationship (i− 1)! = Γ(i), we obtain the parameters of the ith
gamma component as

θi =
1+K

γ̄

(
mAL

mAL +K

)mAL (mAL)i−1

(Γ(i))2

×
(

K(1+K)

γ̄(mAL +K)

)i−1

βi = i, ζi =
1+K

γ̄
. (14)

The AoF of the SNR distribution on the access link can be
deduced using (3), (4), and (14). After some algebraic manipu-
lations, we obtain the simplified AoF expression as follows:

AoF =
1
C

(mAL +K)mAL−1K

mAL
mAL

×
∑N

i=1
(mAL)i−1Γ(i+2)

(Γ(i))2

(
K

mAL+K

)i

(∑N
i=1

(mAL)i−1Γ(i+1)

(Γ(i))2

(
K

mAL+K

)i
)2 − 1 (15)

where C is the normalization factor, as discussed in
Section II-A. It is worth noting that the AoF expressions both
on relay link (8) and access link (15) are independent of the
mean SNR γ̄.

The derivation of the cdf from the pdf of the original model
given in (10) requires complicated algebraic manipulations.
Recently, in [21], a highly accurate closed-form expression for
the power envelope χ has been deduced for any positive real
fading parameter, herein mAL. Again, considering the transfor-

mation γ
Δ
= Aχ, the cdf of the composite SNR distribution is

obtained as

Fγ(x) =
(1+K)mmAL

AL

(mAL +K)mAL

x

γ̄

×Φ2

(
1−mAL,mAL, 2,−(1+K)

x

γ̄
,− (1+K)mAL

mAL +K

x

γ̄

)
(16)

where Φ2(·, ·, ·, ·, ·) is the bivariate confluent hypergeometric
function of type 2 given by [30, eq. 9.261.2]3

Φ2(β, β
′, γ, x, y) =

∞∑
m=0

∞∑
n=0

(β)m(β′)n
(γ)m+nm!n!

xmyn. (17)

As it is seen through (16) and (17), the cdf expression includes
a double infinite sum that can be approximated by a finite
number of m∗ × n∗ summands. Moreover, the accuracy of this
approximation is not proportional to the number of summands,
and the number of summands should be carefully determined
depending on the channel parameters to prevent numerical
instabilities leading to Fγ(x) > 1. For further details regarding
multivariate confluent hypergeometric series, see [35] and [36].

The cdfs of the approximations and the actual distribution
are shown on a lognormal probability paper in Fig. 3, where

3In this definition of Φ2 an indexing error is corrected.

Fig. 3. CDFs of SNR on the access link for the exact distribution, MG, and
Φ2- and Lν

n(·)-based approximations. The average SNR is γ̄ = 10 dB, and
the number of components in the MG model is N = 3 for frequent heavy
shadowing and is N = 19 for infrequent light shadowing model, whereas Φ2-
based approximation requires m∗ × n∗ = 322 summands. The plots of the
approximations and the exact distributions overlap.

the plots of approximations and actual distributions overlap.
Two sets of channel parameters corresponding to different shad-
owing environments are considered, namely, frequent heavy
shadowing implying a dense tree cover and infrequent light
shadowing implying a sparse tree cover. These models, orig-
inally introduced in [37], are widely used in the literature
[20], [38] and the references therein. Moreover, the channel
parameters of the first and second environments are given
as mAL = 0.739 and K = 0.007 (σdB = 3.5 dB and μdB =
−16.998 dB), as well as mAL = 19.4 and K = 4.08 (σdB =
0.499 dB and μdB = 0.499 dB), respectively. We note that the
mean and the standard deviation of the approximated lognormal
shadowing can be obtained using the mappings provided in
[20, eqs. 10, 11]. We further note that, due to numerical instabil-
ity when using Φ2-based cdf expression (16) in infrequent light
shadowing model, we utilize an approximation ofΦ2 [21, eq. 4]
based on Laguerre polynomials (Lν

n(·)) [30, Sec. 8.97]. The cdf
is then easily obtained by applying the transformation γ

Δ
= Aχ

in [21, eq. 4]. Since Lν
n(·)-based cdf expression is only valid

for natural number mAL, we approximate the channel model
by setting mAL = 19.

III. SYSTEM MODEL

A. Relay Site Planning Model

Cell planning and site selection tools are routinely used by
operators to improve the system performance and to provide
a satisfactory service with minimal deployment expenditure.
In this context, the deployment flexibility of RNs can be ex-
ploited to enhance the system performance through RSP. The
deployment flexibility stems in part from the wireless backhaul
between RN and BS, RN’s compact physical characteristics,
and low power consumption, which allows RNs to be mounted
on structures such as lamp posts with power supply facilities,
offering ample potential deployment sites. The deployment
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flexibility of RNs can be exploited in choosing the location;
hence, a random deployment of RNs is avoided.

An RN location is chosen from a set of possible locations.
As exemplified in Fig. 1 for three RN candidate locations, RSP
takes into account the channel properties at different locations
and considers their links’ qualities toward the serving BS to
optimize the relay-link quality. In addition, as also illustrated
in Fig. 1, it is assumed that a single MT is served by an RN.
In particular, we assume that there are M potential locations
for RN deployment in cell k, out of which we select the best
location in terms of downlink SINR. In each location, RN is
assumed to be served by a predefined BS solely. Then, the SINR
in the selected location is of the following form:

Υm̂, k = max{Υm,k : m = 1, 2, . . . ,M} (18)

where Υm,k is the SINR for the mth location in the kth cell.
It is worth noting that the location of the RN and the serving

BS are to be decided on as part of the network planning phase.
Operators usually perform coverage prediction simulations and
carry out extensive drive tests, which could be used as input to
identify the best location for an RN. More concretely, while
using network planning tools, the additional complexity is
imposed by the fact that a grid for potential RN locations
should be created, and the corresponding losses from these
potential locations toward the serving BS should be computed.
Indeed, this is not a complex task once potential RN locations
are known; however, the main practical complexity is due
to the effort of pinpointing these potential locations. Better
results can be attained as the number of potential locations
increases. Nevertheless, the availability of the site locations is
not necessarily always ensured; verifying beforehand that all
potential locations are available would increase the complexity
substantially. To accomplish this task, for example, a list for
the best potential locations can be made, and the availability
of the site locations can be in turn checked based on the order
in this list. We further note that network planning can become
cumbersome if a constraint is set, which implies that RNs
should cover the whole cell edge. On the other hand, in case of
hot-spot coverage, a smaller number of RNs is required, which
means less complexity in network planning.

B. Multicellular Network Model

1) Network Layout and RSP Location Trellises: The consid-
ered network is represented by a regular hexagonal layout with
seven cells, where we seek a suitable location for a single RN
in the kth cell assumingM potential location candidates. Fig. 4
depicts the network layout along with two distinct RN location
trellises that are utilized for RSP.

In Fig. 4, RN location trellis 1 models a practical scenario
where the M = 5 candidate locations are localized in a target
region. Moreover, d1 denotes the distance between the serving
BS and the midmost RN location. The outer candidate locations
are at a distance of d2 apart from the midmost candidate
location (see also Fig. 1 for a similar scenario with M = 3
candidate RN locations). On the other hand, for RN location
trellis 2, M = 6 candidate locations are selected such that each
candidate location is at a distance of d1 away from the serving

Fig. 4. Multicellular network layout and RN location trellises. A regular
hexagonal layout consisting of seven BSs is considered, where the RN deploy-
ment is analyzed in the midmost cell. The distance between two neighboring
BSs is referred to as intersite distance (ISD). The RN location trellis 1 on the
left models a practical scenario, whereas the RN location trellis 2 on the right
is used for the analysis of AoF in Section IV.

BS, and due to the symmetry of the network layout, the set
of distances to neighboring BSs is the same for all candidate
locations. In particular, RN location trellis 2 will be utilized
when determining AoF bounds in Section IV.

2) Path-Loss Model: Let us denote by dm,k the distance
between the mth potential relay location and the kth BS,
where k = 0, 1, 2, . . . ,K. Then, related path losses, including
the shadowing, are given by

Lm,k = αdβm,k10
ζm, k/10/G (19)

where α and β are a propagation constant and the path-loss
exponent, respectively, and together, they define the distance-
dependent path loss; and G is dimensionless and reflects the
impact of antenna gain, which is assumed to be the same
for each BS. We note that isotropic antenna gain patterns are
employed at BSs. Further, ζm,k is a zero-mean Gaussian RV
that models the shadowing. Thus, in line with the empirical
studies, 10ζm, k/10 follows a lognormal distribution [18], [19].
In the following, we give assumptions that model shadowing in
the considered multicellular environment.

(A1) At the mth RN location, the shadow fading variables ζm,k

and ζm,j with respect to the kth and jth BSs are correlated
according to the model of [24].

According to [24], RV ζm,k, which models the log-
normal shadowing, can be expressed as a sum of two
components ξm and ηm,k, where the former corresponds
to the near field of the mth location and is the same for
all BSs and the latter variable is a BS-dependent variable,
which is independent from one BS to the other. Hence, we
have

ζm,k =
√
ρ · ξm +

√
1− ρ · ηm,k (20)

where ρ is the correlation coefficient related to any pair of
BSs. According to [24], it is assumed that

E(ηm,kηm,j) = 0, k �= j

E(ξmηm,k) = 0

var{ξm} = var{ηm,k} = σ2
dB. (21)
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With the given assumptions, we obtain

E(ζm,kζm,j) = ρσ2
dB, E

(
(ζm,k)

2
)
= σ2

dB, E(ζm,k) = 0.
(22)

Hence, the Gaussian-distributed shadow fading variables
ζm,k are zero mean and correlated. We note that, in 3GPP
studies, the shadowing correlation coefficient of ρ = 0.5
between BSs is usually applied [15].

(A2) Variables ζm,k corresponding to different RN locations
are uncorrelated.

In accordance with the Gudmundson model [39], the
correlation between shadowing samples at different loca-
tions in the kth cell is given by

ρ(ζm,k, ζn, k) = e−
|dm, n|
dcor

ln 2 (23)

where ζm,k and ζn,k are the shadowing variables at loca-
tions m and n, respectively; dm,n is the distance between
the two locations; and dcor is the so-called decorrelation
distance. The proposed value for dcor in, e.g., [40], is 20 m.
Then, shadow fading correlation between potential RN
positions, e.g., adjacent lamp posts, with a mutual distance
of around 50 m is small (ρ = 0.18) and can be neglected
in the closed-form analysis. Due to the low correlation
in shadowing between candidate locations, the correlation
between SINR values is also low and can be ignored.

3) SINR Formulation: Based on the aforementioned path-
loss model, the received power from the kth BS at the mth
location is of the following form:

PRx,m,k = S2
m,kPTx, k/Lm,k (24)

where PTx, k is the transmission power of the kth BS, and S2
m,k

is the power envelope of the multipath fading channel on the
link between the kth BS and themth location. Substituting (19)
in this equation and reorganizing the terms, we obtain

PRx,m,k = S2
m,k10

−ζm, k/10PTx, kGα−1d−β
m,k (25)

where the term S2
m,k10

−ζm, k/10 defines the composite fading/
shadowing channel, which is modeled by Nakagami–
lognormal distribution, as discussed in Section II-B, and the
rest of the terms contribute to the mean power. Accord-
ingly, (25) can be reformulated by denoting Xm,k = −ζm,k +

10 log10(PTx, kGα−1d−β
m,k). Then, we have

PRx,m,k = S2
m,k10

Xm, k/10. (26)

Hence, Xm,k is a Gaussian RV with mean μXm, k
and stan-

dard deviation σXm, k
, i.e., Xm,k ∼ N (μXm, k

, σ2
Xm, k

), where

μXm, k
= 10 log10(PTx, kGα−1d−β

m,k) and σ2
Xm, k

= σ2
dB. We

note that the assumption of the identical variances is reasonable
as the standard deviation of lognormal shadowing is largely
independent of the radio path length [18]. Moreover, this as-
sumption is widely used in the literature and standardization
bodies, e.g., in [15].

Consequently, assuming that the RN is connected to the kth
BS and all K + 1 BSs are active simultaneously, the SINR at
the mth location is of the following form:

Υm,k =
S2
m,k10

Xm, k/10

PN +
∑
j �=k

S2
m,j10

Xm, j/10
(27)

where PN denotes the thermal noise. Furthermore, it is assumed
that the interfering signals S2

m,j10
Xm, j/10, j �= k are subject

to Rayleigh–lognormal (Suzuki) composite fading/shadowing,
i.e., mRL = 1. It is worth noting that, in this formulation,
the desired signal S2

m,k10
Xm, k/10 and interfering signals are

mutually dependent due to (A1).

IV. ANALYSIS OF RELAY SITE PLANNING

A. Derivation of the Relay-Link SINR

To derive an analytically tractable SINR expression, we
need the expression for the thermal noise plus total cochannel
interference. However, an exact closed-form expression for the
distribution of the sum of multiple lognormal and/or Suzuki
RVs is not available. In [23], the sum of a mixture of inde-
pendent Suzuki and lognormal RVs is accurately approximated
by a lognormal RV utilizing MGF-matching method. In this
regard, the analytical modeling of the relay-link SINR inherits
two main difficulties. The first difficulty arises due to mutual
dependence of the desired and interfering signals due to shad-
owing, and the second difficulty is due to constant thermal noise
term PN . To overcome these difficulties, we reformulate the
SINR expression provided in Section III-B3.

Substituting (20) in (27), we obtain

Υm,k=
S2
m,k10

(
√
ρ·ξm+

√
1−ρ·ηm, k+μXm, k

)/10

PN+
∑
j �=k

S2
m,j10

(
√
ρ·ξm+

√
1−ρ·ηm, j+μXm, j

)/10
(28)

where μxm, k
and μxm, j

are the means of Xm,k and Xm,j ,
respectively, following the discussion on (26). Dividing the
numerator and denominator by the common shadowing term
10

√
ρ·ξm/10 yields

Υm,k=
S2
m,k10

(
√
1−ρ·ηm, k+μXm, k

)/10

PN10−
√
ρ·ξm/10+

∑
j �=k

S2
m,j10

(
√
1−ρ·ηm, j+μXm, j

)/10
.

(29)

This form is particularly beneficial since the RVs in this refor-
mulated SINR expression are mutually independent. Moreover,
the newly introduced RV PN10−

√
ρ·ξm/10 follows a lognormal

distribution with mean 10 log10(PN ) and standard deviation√
ρ · σdB. Since the sum in the denominator of (29) consists

of a multiple independent Suzuki RVs and a lognormal RV, it
can be well approximated by a new lognormal RV as

I =PN10−
√
ρ·ξm/10 +

∑
j �=k

S2
m,j10

(
√
1−ρ·ηm, j+μXm, j

)/10

= I0 +
∑
j �=k

Im,j ≈ 100.1Z = Ĩ (30)

where Z ∼ N (μZ , σ
2
Z). The aim of the approximation is then

to determine μZ and σZ , both given in decibels.
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1) MGF-Matching Method: An accurate lognormal approx-
imation is obtained by matching the MGF of the sum I with that
of the approximating RV Ĩ [23]. The MGF-matching method
provides parametric flexibility, as compared with well-known
Wilkinson method (also known as Fenton–Wilkinson), and it
is shown to be more accurate than the Wilkinson method [23].
The benefit of the Wilkinson method [41] is that it provides a
simple closed-form solution for the mean and variance of the
approximating lognormal RV. Yet, the accuracy of the method
in approximating μZ and σZ degrades when the spread of the
mean values decreases or the spread of the standard deviations
of the summands increases [42]. It is also reported that this ac-
curacy is inversely proportional to the number of the summands
and that the degradation of the accuracy becomes considerable
for σdB > 4 dB [18]. Therefore, we rather utilize the Wilkinson
method as a preconditioning approach to the MGF-matching
method. This will be discussed in the following.

Since there is no general closed-form expression available
for the lognormal MGF, it is given by a series expansion based
on Gauss–Hermite integration as [23]

Ψ̂Ĩ(s;μZ , σZ)

=

N∑
i=1

wi√
π
exp

[
−s× exp

(√
2σZti + μZ

λ−1

)]
, s ∈ R (31)

where ti and wi are abscissas and weight factors for the N th-
order Hermite integration, respectively, as discussed earlier.
Furthermore, the MGF of the Suzuki RVs ΨIm, j

can be easily
obtained through (5) and (7) by settingmRL = 1. We note that,
when using (7) for MGF calculation, γ̄ is set to 1, as it is already
included in the term μXm, j

. Since lognormal RV I0 and Suzuki
RVs Im,j , j �= k in (30) are mutually independent, the resultant
MGF of the sum is the product of the MGFs of the summands
[43], which is given by

Ψ(I0+
∑

j �=k
Im, j)

(s)

= Ψ̂I0 (s;μI0 ,
√
ρ · σdB)

∏
j �=k

ΨIm, j

(
s;μXm, j

,
√

1− ρ · σdB

)
(32)

where μI0 = 10 log10(PN ). Consequently, the MGF of Ĩ is
matched with that of the sum at two different positive values of
s, i.e., s1 and s2, which yields the system of two independent
nonlinear equations as

N∑
i=1

wi√
π
exp

[
−sk × exp

(√
2σZti + μZ

λ−1

)]
= Ψ(I0+

∑
j �=k

Im, j)
(sk) for k = 1 and 2 (33)

where the choice of s1 and s2 depends on the portion of the
lognormal distribution that needs to be modeled accurately. In
particular, larger values for s1 and s2, e.g., (s1, s2) = (0.2, 1),
yield accurate matching for the head portion of the cdf (small
values of the sum power) and smaller values for s1 and s2,
e.g., (s1, s2) = (0.0125, 0.0625), yield accurate matching for
the tail portion of the cdf (large values of the sum power) [23].

The nonlinear equations of (33) should be solved numerically
to calculate μZ and σZ .

2) Numerical Solution and Wilkinson Preconditioning: The
system of the nonlinear equations given in (33) can be nu-
merically solved, e.g., using Matlab function fsolve [44] and
Mathematica function FindRoot [45].4 Both of the functions
require a starting point, i.e., an initial guess to be able to initiate
the solution process.

An issue that may arise in the numerical solution of (33) is
the calculation of the right side of the equation that includes
nested exponentials, as given in (31). Given the thermal noise
and mean signal levels typical to mobile cellular systems, such
a calculation can require to cope with very small numbers
and, hence, high accuracy, which may not be available in the
computational environment. That is, for example, in Matlab, to
limit the requirement on the accuracy to 15 significant digits,
it is necessary to satisfy κ > −36 in exp[− exp(κ)] for nega-
tive κ. The issue due to nested exponentials can be easily
handled by means of a deterministic scaling parameter ε, which
effectively shifts the power levels toward the desired range
so that the required accuracy is kept low. We rewrite (30) by
multiplying both sides of the approximation by ε as

I∗ = ε

⎛⎝I0 +
∑
j �=k

Im,j

⎞⎠ ≈ ε100.1Z = 100.1Z
∗
= Ĩ∗ (34)

where ε can be selected as the median of the power means such
that ε = median(E(10 log10(I0)); E(10 log10(Im,j)), j �= k).
It can be noticed that multiplication by ε implies only a shift
in the mean power. For instance, it immediately follows that
Z∗ in (34) has a Gaussian distribution with mean μZ∗ = μZ +
10 log10(ε) and standard deviation σZ∗ = σZ . Accordingly, μZ

and σZ can be easily obtained. Then, the starting point required
for the numerical solution denoted as (μo, σo) is obtained via
Wilkinson preconditioning.

Although the Wilkinson method itself may not provide the
required accuracy, it provides an appropriate starting point for
the MGF-matching method. In [26], we have shown that, via
Wilkinson preconditioning, the convergence of the numerical
solution can be guaranteed, and the efficiency in terms of
convergence rate and the total number of function evaluations
in the numerical computations can be significantly enhanced
compared with some conventional approaches studied therein.
The following adapted approach is utilized herein. First, each
Suzuki RV εIm,j , j �= k is approximated by a new lognormal
RV Ĩm,j , j �= k using (9) for mRL = 1. Then, the Wilkinson
method is applied, where the first two moments of the log-
normal sum I∗ are matched with those of the approximating
lognormal RV Ĩ∗. That is, we require

E(I∗) = E(Ĩ∗) and E
(
[I∗]2

)
= E

(
[Ĩ∗]2

)
(35)

where E(Ĩ∗) and E([Ĩ∗]2) are evaluated by using the initial
assumption that Ĩ∗ is a lognormal RV. Let Ξl := ln(εI0), l = 1

4In [23], it is stated that NSolve in Mathematica can be used to solve this
system of nonlinear equations. However, NSolve solves a system of polynomial
equations numerically; thus, FindRoot can indeed be used to solve the systems
that involve more complicated functions [46], as in our case.
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and Ξl := ln(Ĩm,j), j �= k, l = 2, . . . ,K + 1 with the mean
values μΞl

and standard deviations σΞl
. Following the deriva-

tion detailed in [42] for the original Wilkinson method with
the mutual independence assumption, the simple closed-form
expressions for the starting point follow as

μo =λ−1

(
2 ln(u1)− 1

2
ln(u2)

)
(36)

σo =
√

λ−2 (ln(u2)− 2 ln(u1)) (37)

where u1 and u2 are given as

u1 =
K+1∑
l=1

exp

(
μΞl

+
1
2
σ2
Ξl

)
(38)

u2 =

K+1∑
l=1

exp
(
2μΞl

+ 2σ2
Ξl

)
+ 2

K∑
l=1

K+1∑
n=l+1

exp(μΞl
+ μΞn

) exp

(
1
2

(
σ2
Ξl

+ σ2
Ξn

))
.

(39)

Consequently, after having determined the approximating log-
normal RV 100.1Z , the approximated SINR can be formulated
by following the expression in (29) as

Υ̃m,k=S2
m,k10

(
√
1−ρ·ηm, k−Z+μXm, k

)/10 :=S2
m,k10

Δm, k/10

(40)

where Δm,k is a Gaussian RV with mean μXm, k
− μZ and

standard deviation
√

(1− ρ)σ2
dB + σ2

Z . Accordingly, the SINR
distribution on the relay link follows a Nakagami–lognormal
composite distribution, which is characterized by (1)–(5),
where the parameter expressions are provided by (7) in which
γ̄ is set to 1. The accuracy of this SINR approximation will be
presented in Section V.

3) Impact of RSP on Final SINR Distribution: According to
(A2) and considered RN location trellises in Section III-B1, we
have E(Δm,kΔn,k) = 0, if m �= n; thus, variables {Υ̃m,k :
m �= n} are independent. This stems from the model given
in (A2) that the correlation between variables ζm,k : m �= n
can be ignored because uncorrelated shadowing is assumed
among the different candidate RN locations according to [39].
Note here that, in [24], the losses toward two different BSs are
assumed to be jointly Gaussian.

Based on the preceding discussion (see Section III-A) when
RSP is carried out in the kth cell over M candidate locations,
the cdf of the SINR attains the following form:

Fm̂, k(Υ̃) =

M∏
m=1

Fm,k(Υ̃) (41)

where Fm,k(Υ̃) is given by (2) following the discussion after
(40). The pdf is then obtained by taking the derivative of (41)
and reorganizing the terms, which yield

fm̂, k(Υ̃) =

(
M∏

m=1

Fm,k(Υ̃)

)(
M∑

m=1

fm,k(Υ̃)

Fm,k(Υ̃)

)
(42)

where fm,k(Υ̃) is given by (1) following the discussion after
(40). We note that these expressions cover the general case, e.g.,
RN location trellis 1, where the SINR distribution may not be
the same at different locations due to different mean received
power, i.e., μXm, k

and μXm, j
. Nevertheless, in the case where

SINR distributions are the same at different locations, e.g., RN
location trellis 2, these equations reduce to

Fm̂,k(Υ̃) =
[
Fm,k(Υ̃)

]M
(43)

and the pdf is given by

fm̂, k(Υ̃) = M
[
Fm,k(Υ̃)

]M−1

fm,k(Υ̃). (44)

B. Impact of RSP on Relay Link AoF

Diversity combining techniques, e.g., maximal-ratio combin-
ing and selection combining (SC), are routinely used to mitigate
the effects of multipath fading and thus to enhance the overall
received SNR [19]. In particular, exploiting different diversity
branches, e.g., multiple-receiver antennas, these techniques aim
at avoiding the deleterious effect of fading. The effectiveness
of the diversity combining techniques is also shown for radio
channels being subject to composite fading/shadowing [47].

Among various widely used diversity combining techniques,
SC is relatively less complicated since only one of the diversity
branches is processed. Namely, the branch with the highest
SNR is selected by the combiner [19]. Accordingly, recalling
the RSP model in Section III-A, we can characterize a simple
analogy between SC and RSP. Specifically, in RSP, the RN loca-
tion having the highest SINR is selected, which is analogous to
the diversity branch with the highest SINR in SC. Furthermore,
the number of RN locations considered in RSP corresponds
to the number of diversity branches in SC.

A key performance measure in analysis of RSP is then its
impact on the resultant AoF on the relay link. The AoF after
RSP can be evaluated5 using the definition (4) along with the
pdfs given in (42) for RN location trellis 1 and (44) for RN
location trellis 2. In addition, the gain achieved by SC decreases
in the case of average SNR imbalance among diversity branches
[19]. Hence, to find out the maximum achievable gains by RSP
in terms of decrease in AoF on the relay link, i.e., lower bounds
on the resultant AoF, we utilize RN location trellis 2, where
each RN location is subject to the same SINR distribution
implying equal average SINRs.

C. Link Rate Distributions

In the kth cell and at the mth RN location, the relay-link rate
Rr;m,k is given in terms of the relay-link SINR as follows:

Rr;m,k = δr ·Ar · log2(1+Br · Υ̃m,k) = g(Υ̃m,k) (45)

where Ar and Br are the bandwidth and SINR efficiency
factors, respectively, and δr is the overhead scaling factor that
accounts for, e.g., LTE overhead through reference symbols

5Matlab is utilized in AoF evaluations after RSP.
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and control signaling. These factors are commonly used to
fit the system rate with the set of adaptive modulation and
coding (AMC) curves obtained via system-level simulations.
Herein, we have used the contribution of [48] to enable the
rate approximation once the SINR is known, thus simulating
the AMC functionality in the system. The single root of (45) is
then formulated as

Υ̃m,k =
(
2Rr;m, k/(δr ·Ar) − 1

)
/Br =: g−1(Rr;m,k). (46)

The cdf of the relay-link rate follows as in [43]:

Fr;m,k(Rr;m,k) := Fm,k

(
g−1(Rr;m,k)

)
. (47)

Similarly, using (41) or (43), depending on the employed RN
location trellis, we obtain the relay-link rate cdf in case of
performing RSP as

Fr; m̂, k(Rr; m̂, k) := Fm̂, k

(
g−1(Rr; m̂, k)

)
. (48)

On the other hand, the access-link instantaneous rate Ra is
of the following form:

Ra = δa ·Aa · log2(1+Ba · γa) = h(γa) (49)

where γa is the instantaneous SNR on the access link, and the
parameters Aa, Ba, and δa may differ from Ar, Br and δr if,
e.g., the antenna configurations on the relay and access links
are different, and relay-specific control signaling is taken into
account.

The cdf of the access-link rate now follows from (2) based
on (14) and (49), i.e.,

Fa(Ra) = Fγa
(h−1(Ra)). (50)

D. End-to-End Rate Distributions

For the relay deployment, the end-to-end rate is given
in terms of the rate on the two hops. As we consider half-
duplex decode-and-forward relays, transmissions from the
BS to the RN and from the RN to the MT are scheduled on
different time slots. This is aligned with 3GPP and IEEE
802.16m specifications, where transmissions on the access and
relay links are time-division multiplexed on a single-carrier
frequency [15], [49].

Fig. 5 exemplifies a resource-allocation scheme on the access
and relay links. Time resources allocated for the relay-link
communication constitute τr of the total system resources.
Similarly, access-link communication is scheduled on τa of the
total available resources, where resource normalization is given
as τr + τa = 1.

Subsequently, the end-to-end rate experienced by a single
user served by the RN in the kth cell and the mth location is
defined as the minimum of the user rate achieved on the relay
and access links, i.e.,

Re;m,k = min (τr ·Rr;m,k, τa ·Ra) (51)

where rates on the relay and access links are scaled by the
portion of resources allocated to each. The achievable rates
Rr;m,k and Ra are given as in (45) and (49), respectively, and

Fig. 5. Exemplified split of resources on the relay and access links in a two-
hop system.

they are independent RVs. Thus, the cdf of the end-to-end rate
is formulated as

Fe;m,k(R) = Fr;m,k(R/τr) + Fa(R/τa)

−Fr;m,k(R/τr) · Fa(R/τa). (52)

When RSP is performed, the rate distribution Fe;m̂,k is formu-
lated similarly by

Fe;m̂,k(R) = Fr; m̂, k(R/τr) + Fa(R/τa)

−Fr; m̂, k(R/τr) · Fa(R/τa). (53)

The end-to-end rate (51) is maximized when the rates on the
relay and access links are equal. Then, the optimal resource
allocation on the access link and the achieved maximum end-
to-end rate are given by

τopta =
Rr;m,k

Rr;m,k +Ra
(54)

Rmax
e;m,k =

Rr;m,kRa

Rr;m,k +Ra
. (55)

However, in practice, due to resource-allocation granularity in
time, τr or τa takes discrete values, e.g., in LTE [15], from the
set of {0.1, 0.2, . . . , 0.9}.

V. PERFORMANCE EVALUATION

Here, we evaluate the effect of RSP on the relay-link quality
and on the end-to-end performance. In addition, we demon-
strate the impact of RSP on the resultant AoF on the relay
link. All analytical results have been validated via simula-
tions (denoted by Empirical in the figures) through which the
accuracy of the deduced formulations is also presented. The
simulations are conducted using Matlab as the computational
environment. Specifically, 5× 104-sample Monte Carlo simu-
lations are carried out to ensure reliable statistics. Moreover,
the simulation models follow the 3GPP guidelines given in
[15]. It should be stressed that, although spatial shadowing
correlation between two candidate RN locations (23) is ignored
in analytical formulations (see (A2) in Section III-B), this cor-
relation is taken into account in the simulations. In addition, the
considered cellular network layout, which is depicted in Fig. 4,
consists of K + 1 = 7 cells, out of which six neighboring cells
cause cochannel interference with the relay-link reception in
the midmost cell. Furthermore, we focus on coverage-oriented
planning, i.e., RNs are positioned at the cell edge where users
experience high interference and/or severe propagation losses
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TABLE I
SYSTEM PARAMETERS

toward the serving BS. We note that, in 3GPP and IEEE, the
main interest is on the coverage extension by relays [49].

In Table I, the system parameters that are used for analytical
and simulation results are provided in accordance with [15].
The tabulated values of the parameters (s1, s2) of (33) for the
MGF-matching method yield a tradeoff performance between
head and tail portions of the cdf, noting that higher accuracy at
either portion can be attained by using different values. More-
over, RN location trellis 2 is analyzed only for the resultant AoF
on the relay link, whereas RN location trellis 1 is employed for
other results.

We utilize distribution functions to illustrate the performance
because they include information about the whole statistics.
Following the convention of IMT-Advanced standardizations
(see, e.g., [15]), cdfs are used for system performance evalu-
ations, and numerical results are usually documented for the
50%-ile and 5%-ile cdf levels to indicate the rate gains for in-
cell and cell-edge users, respectively.

A. Relay-Link SINR Distribution

The impact of RSP on the relay-link SINR distribution is
illustrated by cdf plots in Fig. 6 for different numbers of RN
candidate locations along with two sets of channel parameters.
These sets of channel parameters are

1) (mRL;σdB) = (1; 8), which corresponds to a scenario
with severe fading;

2) (mRL;σdB) = (5.76; 6), which corresponds to a scenario
with comparatively light fading.

First, it is observed that the cdf plots pertaining to analytical
results (solid and dashed lines) are in good agreement with the

Fig. 6. CDFs of SINR on the relay link with RSP (M > 1) and without RSP
(M = 1); approximations are based on (41). Two sets of channel parameters
are depicted, namely, (mRL;σdB) = (1; 8) and (mRL;σdB) = (5.76; 6),
illustrating a scenario with severe fading and a scenario with comparatively
light fading, respectively.

Fig. 7. AoF on the relay link as a function of shadowing standard deviation.
The solid lines are obtained by using RN location trellis 1 based on (4) when
M = 5 and based on (8) following the discussion after (40) when M = 1 (no
RSP). The dashed lines illustrate the lower bounds for AoF, which are obtained
by using RN location trellis 2, based on (4) and (44). For mRL = 5.76, the
multipath fading is not severe; hence, shadowing dominates.

simulation results (circular markers). Second, it is noticed that
RSP provides SINR gain particularly at lower cdf percentiles
in both scenarios. The gain through RSP is more prominent
for the first scenario where severe fading is experienced, which
highlights the impact of RSP in alleviating the effects of severe
fading. For instance, considering the first scenario, RSP with
M = 5 RN candidate locations achieves a 17-dB SINR gain
at the 5%-ile cdf level. On the other hand, in the case of the
scenario with comparatively light fading, RSP with M = 5 RN
candidate locations yields an 11-dB SINR gain at the 5%-ile cdf
level. It can be also inferred that, as the number of RN candidate
locations in RSP increases, the deviation of the SINR cdf plots
reduces, implying a decrease in the AoF. In what follows, we
demonstrate this impact of RSP on the resultant AoF on the
relay link.

B. Resultant AoF on the Relay Link

To gain more insight into the impact of RSP, we have plotted
in Fig. 7 the AoF values on the relay link as a function of the
shadowing standard deviation when (M = 5). The case of no
RSP (M = 1) is taken as a reference. It is seen that AoF on
the relay link decreases clearly when RSP is performed, and
σdB is large, i.e., heavy shadowing. Thus, Fig. 7 illustrates
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Fig. 8. Relay-link, access-link, and end-to-end rate cdfs which are, respec-
tively, based on (47), (50), and (52) when M = 1 (no RSP) and (48), (50),
and (53) when M = 5. On the relay link, we have (mRL; σdB) = (5.76; 6).
On the access link, (a) frequent heavy shadowing environment with an average
access-link SNR of γa = 10 dB and (b) infrequent light shadowing environ-
ment with average access-link SNR of γa = 20 dB are considered.

the effectiveness of RSP in mitigating the deleterious impact
of shadowing on the relay link. The lower bounds for AoF in
Fig. 7 are obtained by using RN location trellis 2. It is shown
that RN location trellis 1 yields similar resultant AoF values
with the lower bounds for σdB ≤ 6 dB; however, the difference
between the resultant AoF values of RN location trellis 1 and
the lower bounds increases with σdB. We note that σdB = 6 dB
is considered critical since it is a typical value for the shadowing
standard deviation on the relay link, e.g., in the LTE-Advanced
standard [15].

C. Link and End-to-End Rates

Fig. 8 presents the cdfs of the access, relay, and the end-to-
end link rates for M = 5 and M = 1 (no RSP). Two cases are
considered for the channel conditions on the access link.

1) Frequent heavy shadowing with an average access-link
SNR of γa = 10 dB reflects relatively moderate channel
conditions, as shown in Fig. 8(a).

2) Infrequent light shadowing with an average access-link
SNR of γa = 20 dB corresponds to good channel condi-
tions, as shown in Fig. 8(b).

In both cases, we have (mRL;σdB) = (5.76; 6), and the
resource-allocation parameters are set as τr = τa = 0.5. We
note that this resource allocation may not be optimum. Opti-
mum resource allocation will be addressed in Section V-D.

Fig. 9. Achieved 5%-ile versus 50%-ile end-to-end rates for different
resource-allocation combinations on the access and relay links, based on (52)
when M = 1 (no RSP) and on (53) when M > 1 (with RSP). The parameter
τr ranges from 0.1 to 0.9 with a step size of 0.1 (each mark indicates a different
τr). The arrows on the curves indicate the direction of increase in τr . Dashed
and solid curves correspond to relatively moderate and good channel conditions
on the access link, respectively. The 5%-ile rate cdf level reflects the cell
coverage performance, whereas the 50%-ile rate cdf level indicates the median
user performance.

Fig. 8 reveals that RSP results in significant rate gain on
the relay link. The achievable end-to-end rate, however, de-
pends on the capacities of both the relay and access links.
Under moderate access-link channel conditions, the maximum
achievable gain in the end-to-end rate through RSP is limited
by the capacity of the access link; the cdf plots of end-to-
end and access link rates almost overlap. This is due to the
relatively low access-link rate, which renders it a bottleneck;
hence, improving the relay link further does not translate into
any end-to-end rate gain. In this case, RSP yields 24% and
33% end-to-end rate gains at 5%-ile and 50%-ile cdf levels,
respectively. On the other hand, under good access-link channel
conditions, the maximum achievable gain in the end-to-end rate
through RSP is, by contrast, limited by the capacity of the relay
link. In such a case, RSP gains are more prominent. When
performing RSP, a clear gain in end-to-end rate is observed,
and 280% and 72% rate gains are seen at 5%-ile and 50%-ile
cdf levels, respectively.

D. Resource Allocation

Optimum resource allocation should take into account the
qualities of both relay and access links and balance the achieved
rates on them. We consider two performance measures, namely
the 5%-ile and 50%-ile end-to-end rate cdf levels, and investi-
gate the gains achieved using different resource allocations. We
recall that the 5%-ile rate cdf level reflects the cell coverage
performance, whereas, the 50%-ile level indicates the median
user performance within the cell.

Fig. 9 presents the achieved 5%-ile versus 50%-ile end-
to-end rates for a range of relay-and-access-link resource-
allocation combinations (τr, τa). Here, τr, where τa = 1− τr,
is varied within the range [0.1, 0.9] with a step size of 0.1. In
LTE, this step size implies one subframe out of ten potential
subframes, equivalently an LTE radio frame. Note that, in
Fig. 9, different resource-allocation combinations (τr, τa) can
be used to maximize either the cell coverage (5%-ile rate
cdf level) or the median user performance (indicated by the
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50%-ile rate cdf level) or to decide on tradeoff between both
criteria. We further note that the increase in the relay-link
resource allocation is indicated by the direction of the arrows
on the curves.

The two cases of channel conditions on the access link
analyzed in Section IV-C are also applied in Fig. 9, where
dashed and solid lines correspond to relatively moderate
and good channel conditions, respectively. In both cases of
channel conditions, the relay-link channel parameters are
(mRL;σdB) = (5.76; 6). The results depicted in Fig. 9 point
out the importance of the resource allocation for end-to-end
rates. Moreover, the 50%-ile and 5%-ile end-to-end rate targets
may lead to different optimum resource allocations. This is
particularly observable under moderate access-link conditions
(dashed lines), e.g., when performing RSP with M = 5, the
50%-ile end-to-end rate is maximized by setting τr = 0.4,
whereas 5%-ile end-to-end rate achieves the maximum when
τr = 0.2. In addition, an optimum value of τr = 0.2 implies
that the access-link quality clearly lags behind that of the relay
link. In what follows, the gains are determined relative to no
RSP with optimum resource allocations maximizing either
5%-ile or 50%-ile end-to-end rates.

In the case of moderate access-link channel conditions
(dashed lines), performing RSP with M = 5 provides clear
gains. For example, the maximum gain of 89% is achieved
at 5%-ile end-to-end rate cdf level when τr = 0.2. Moreover,
it can be seen that, due to improvement in relay-link quality
through RSP, the optimum gains are achieved with reduced re-
source shares on the relay link. It is also worth noting that, when
even with only one extra RN candidate location is available, i.e.,
M = 2, significant gains can be achieved.

If access-link channel conditions are good (solid lines), the
relay-link quality lags behind the access-link quality, e.g., for
M = 1 (no RSP), the best 5%-ile end-to-end rate is achieved
with τr = 0.8. Nevertheless, with RSP, fewer resources are
needed on the relay link when maximizing 5%-ile and 50%-ile
end-to-end rates. This indicates that the relay-link limitations
can be eased by RSP yielding better overall end-to-end rates.
As an example, in case of performing RSP with M = 5, the
maximum gain reads as 177% at 5%-ile end-to-end rate cdf
level. Moreover, similar to the previous case, performing RSP,
even with M = 2, provides significant gains.

VI. CONCLUSION

In this paper, we have investigated RSP as a technique to en-
hance the wireless relay-link performance of RNs by exploiting
their deployment flexibility. In this manner, an RN deployment
location is selected from a discrete set of alternatives such that
the SINR on the relay link is maximized. The performance of
RSP has been analyzed assuming composite fading/shadowing
channels. The impact of cochannel interference on the relay-
link quality is taken into account within the framework of
multicellular wireless networks, where the desired and inter-
fering signals are correlated due to shadowing. In particu-
lar, tractable closed-form approximations for SINR, relay-link
and access-link rates, and the end-to-end rate are obtained.
Specifically, MG distribution has been employed to accurately

approximate the Nakagami–lognormal and Rician–lognormal
composite distributions on the relay link and the access link,
respectively. Moreover, the MGF-matching method has been
used to approximate cochannel interference where the total
cochannel interference is characterized by a sum of correlated
Rayleigh–lognormal RVs.

Through numerical simulations, it is shown that deduced
expressions achieve high accuracy. In addition, AoF is utilized
as the performance measure to illustrate the impact of RSP on
reducing the severity of fading. Comprehensive results show
that performing RSP provides significant gains on the relay-
link SINR. It is also shown that not only does RSP increase
average SINR, it also substantially decreases the resultant AoF
on the relay link, particularly boosting the low SINR regime.
Achieved gains on the relay link are shown to translate into
clear improvements in end-to-end rates unless the access link is
a bottleneck. Moreover, the importance of balancing resource
allocation to realize such gains is illustrated. Concretely, it is
shown that the 50%-ile and 5%-ile end-to-end rate targets may
lead to different optimum resource allocations. In addition, it
is illustrated that with RSP, fewer resources are needed on the
relay link when achieving the optimum end-to-end rates.

REFERENCES

[1] Int. Telecommun. Union Radiocommun., “Requirements, evaluation cri-
teria and submission templates for the development of IMT-Advanced,”
Int. Telecommun. Union, Geneva, Switzerland, Tech. Rep. M.2133, Nov.
2008. [Online]. Available: http://www.itu.int/md/R07-SG05-C-0068/en

[2] A. So and B. Liang, “Effect of relaying on capacity improvement in
wireless local area networks,” in Proc. IEEE WCNC, New Orleans, LA,
Mar. 2005, pp. 1539–1544.

[3] R. Schoenen, W. Zirwas, and B. H. Walke, “Capacity and coverage anal-
ysis of a 3GPP-LTE multihop deployment scenario,” in Proc. IEEE ICC
Workshops, Beijing, China, May 2008, pp. 31–36.

[4] R. Schoenen, R. Halfmann, and B. H. Walke, “An FDD multihop cel-
lular network for 3GPP-LTE,” in Proc. IEEE 67th VTC, Marina Bay,
Singapore, May 2008, pp. 1990–1994.

[5] Ö. Bulakci, S. Redana, B. Raaf, and J. Hämäläinen, “Impact of power
control optimization on the system performance of relay based LTE-
Advanced heterogeneous networks,” J. Commun. Netw., vol. 13, no. 4,
pp. 345–359, Aug. 2011.

[6] A. Bou Saleh, S. Redana, J. Hämäläinen, and B. Raaf, “On the coverage
extension and capacity enhancement of inband relay deployments in LTE-
Advanced networks,” J. Elect. Comput. Eng., vol. 2010, pp. 894 846-1–
894 846-12, Jan. 2010. [Online]. Available: http://www.hindawi.com/
journals/jece/2010/894846/

[7] A. Bou Saleh, S. Redana, B. Raaf, and J. Hämäläinen, “Comparison of
relay and pico eNB deployments in LTE-Advanced,” in Proc. IEEE 70th
VTC Fall, Anchorage, AK, Sep. 2009, pp. 1–5.

[8] T. Beniero, S. Redana, J. Hämäläinen, and B. Raaf, “Effect of relaying on
coverage in 3GPP LTE-advanced,” in Proc. IEEE 69th VTC, Barcelona,
Spain, Apr. 2009, pp. 1–5.

[9] E. Lang, S. Redana, and B. Raaf, “Business impact of relay deployment
for coverage extension in 3GPP LTE-advanced,” in Proc. IEEE ICC
Workshops, Dresden, Germany, Jun. 2009, pp. 1–5.

[10] K. Doppler, S. Redana, M. Wodczak, P. Rost, and R. Wichman, “Dynamic
resource assignment and cooperative relaying in cellular networks: Con-
cept and performance assessment,” EURASIP J. Wireless Commun. Netw.,
vol. 2009, pp. 475 281-1–475 281-14, Aug. 2009. [Online]. Available:
http://jwcn.eurasipjournals.com/content/2009/1/475281

[11] P. Moberg, P. Skillermark, N. Johansson, and A. Furuskar, “Performance
and cost evaluation of fixed relay nodes in future wide area cellular
networks,” in Proc. IEEE 18th Int. Symp. PIMRC, Athens, Greece,
Sep. 2007, pp. 1–5.

[12] B. Timus, “Cost analysis issues in a wireless multihop architecture
with fixed relays,” in Proc. IEEE 61st VTC, Stockholm, Sweden,
May 2005, pp. 3178–3182.



BULAKCI et al.: PERFORMANCE ANALYSIS OF RSP OVER COMPOSITE FADING/SHADOWING CHANNELS 1705

[13] Nokia Siemens Networks (NSN) and Nokia, “Selection criteria for
relay site planning,” 3GPP Technical Specification Group Radio Ac-
cess Network Working Group 1, Los Angeles, CA, Tech. Rep. R1-
092563, Jun. 2009. [Online]. Available: www.3gpp.org/ftp/tsg_ran/
wg1_rl1/TSGR1_57b/Docs/

[14] China Mobile Commun. Corp., (CMCC), “Text proposal for relay back-
haul link, macro-UE link channel model and relay evaluation method-
ologies for TR 36.814,” Third-Generation Partnership Project, Technical
Specification Group (TSG) Radio Access Network Working Group 1
(RAN1), Los Angeles, CA, Tech. Rep. R1-092976, Jun. 2009. [Online].
Available: http://www.3gpp.org/ftp/tsg_ran/wg1_rl1/TSGR1_57b/Docs

[15] Technical Specification Group (TSG) Radio Access Network, “Evolved
universal terrestrial radio access (E-UTRA); further advancements for
E-UTRA physical layer aspects (Rel. 9),” Third-Generation Partnership
Project, Los Angeles, CA, Tech. Rep. 36.814 v9.0.0, Mar. 2010. [Online].
Available: http://www.3gpp.org/ftp/Specs/archive/36_series/36.814

[16] Ö. Bulakci, S. Redana, B. Raaf, and J. Hämäläinen, “Performance en-
hancement in LTE-Advanced relay networks via relay site planning,” in
Proc. IEEE 71st VTC, Taipei, Taiwan, May 2010, pp. 1–5.

[17] A. Bou Saleh, Ö. Bulakci, J. Hämäläinen, S. Redana, and B. Raaf,
“Analysis of the impact of site planning on the performance of relay
deployments,” IEEE Trans. Veh. Technol., vol. 61, no. 7, pp. 3139–3150,
Sep. 2012.

[18] G. Stüber, Principles of Mobile Communication, 2nd ed. Norwell, MA:
Kluwer, 2001.

[19] M. Simon and M. Alouini, Digital Communication Over Fading Chan-
nels, 2nd ed. New York: Wiley, 2005.

[20] A. Abdi, W. Lau, M.-S. Alouini, and M. Kaveh, “A new simple model for
land mobile satellite channels: First- and second-order statistics,” IEEE
Trans. Wireless Commun., vol. 2, no. 3, pp. 519–528, May 2003.

[21] J. Paris, “Closed-form expressions for rician shadowed cumulative
distribution function,” Electron. Lett., vol. 46, no. 13, pp. 952–953,
Jun. 2010.

[22] S. Atapattu, C. Tellambura, and H. Jiang, “A mixture gamma distribution
to model the SNR of wireless channels,” IEEE Trans. Wireless Commun.,
vol. 10, no. 12, pp. 4193–4203, Dec. 2011.

[23] N. Mehta, J. Wu, A. Molisch, and J. Zhang, “Approximating a sum of
random variables with a lognormal,” IEEE Trans. Wireless Commun.,
vol. 6, no. 7, pp. 2690–2699, Jul. 2007.

[24] A. J. Viterbi, A. M. Viterbi, K. Gilhousen, and E. Zehavi, “Soft handoff
extends CDMA cell coverage and increases reverse link capacity,” IEEE
J. Sel. Areas Commun., vol. 12, no. 8, pp. 1281–1288, Oct. 1994.

[25] J. Nocedal and S. Wright, Numerical Optimization. New York: Springer-
Verlag, 1999.

[26] Ö. Bulakci, J. Hämäläinen, A. Bou Saleh, S. Redana, and B. Raaf, “Impact
of preconditioning on the convergence of numerical co-channel inter-
ference approximations in heterogeneous networks,” in Proc. IEEE 7th
IWCMC, Jul. 2011, pp. 119–124.

[27] I. Trigui, A. Laourine, S. Affes, and A. Stephenne, “Performance analysis
of mobile radio systems over composite fading/shadowing channels with
co-located interference,” IEEE Trans. Wireless Commun., vol. 8, no. 7,
pp. 3448–3453, Jul. 2009.

[28] I. Petrovic, M. Stefanovic, P. Spalevic, S. Panic, and D. Stefanovic,
“Outage analysis of selection diversity over Rayleigh fading channels
with multiple co-channel interferers,” Telecommun. Syst., pp. 1–12, 2011.
[Online]. Available: http://dx.doi.org/10.1007/s11235-011-9438-z

[29] A. Abu-Dayya and N. Beaulieu, “Microdiversity on Rician fading chan-
nels,” IEEE Trans. Commun., vol. 42, no. 6, pp. 2258–2267, Jun. 1994.

[30] I. Gradshteyn and I. Ryzhik, Table of Integrals, Series and Products,
7th ed. New York: Academic, 2007.

[31] Mathworks, 2012, Product Documentation—Gammainc. [Online]. Avail-
able: http://www.mathworks.de/help/techdoc/ref/gammainc.html

[32] M. Abramowitz and I. Stegun, Handbook of Mathematical Functions With
Formulas, Graphs, And Mathematical Tables. New York: Dover, 1964.

[33] Casio, 2012, Nodes and Weights of Gauss-Hermite. [Online].
Available: http://keisan.casio.com/has10/SpecExec.cgi?id=system/
2006/1281195844

[34] S. Atapattu, C. Tellambura, and H. Jiang, “Representation of composite
fading and shadowing distributions by using mixtures of gamma distribu-
tions,” in Proc. IEEE WCNC, Apr. 2010, pp. 1–5.

[35] G. Gasaneo, F. Colavecchia, and C. Garibotti, “Multivariable hypergeo-
metric functions for ion-atom collisions,” Nucl. Instrum. Methods Phys.
Res. Section B: Beam Interact. Mater. Atoms, vol. 154, no. 1–4, pp. 32–40,
Jun. 1999. [Online]. Available: http://www.sciencedirect.com/science/
article/pii/S0168583X9900186X

[36] H. Srivastava and P. Karlsson, Multiple Gaussian Hypergeometric Series.
Chichester, U.K.: Ellis Horwood, 1985.

[37] C. Loo, “A statistical model for a land mobile satellite link,” IEEE Trans.
Veh. Technol., vol. VT-34, no. 3, pp. 122–127, Aug. 1985.

[38] A. Laourine, M.-S. Alouini, S. Affes, and A. Stephenne, “On the per-
formance analysis of composite multipath/shadowing channels using the
G-distribution,” IEEE Trans. Commun., vol. 57, no. 4, pp. 1162–1170,
Apr. 2009.

[39] M. Gudmundson, “Correlation model for shadow fading in mobile radio
systems,” Electron. Lett., vol. 27, no. 23, pp. 2145–2146, Nov. 1991.

[40] Multi-hop relay system evaluation methodology (channel model and
performance metric), IEEE 802.16m, Feb. 2007. [Online]. Available:
http://www.ieee802.org/16/relay/docs/80216j-06_013r3.pdf, Tech. Rep.
06/013r3

[41] L. Fenton, “The sum of log-normal probability distributions in scatter
transmission systems,” IRE Trans. Commun. Syst., vol. CS-8, no. 1,
pp. 57–67, Mar. 1960.

[42] P. Cardieri and T. Rappaport, “Statistical analysis of co-channel inter-
ference in wireless communications systems,” Wireless Commun. Mobile
Comput., vol. 1, no. 1, pp. 111–121, Jan./Mar. 2001.

[43] A. Papoulis, Probability, Random Variables and Stochastic Processes,
3rd ed. New York: McGraw-Hill, 1991.

[44] Mathworks, 2012, Product Documentation—fsolve. [Online]. Available:
http://www.mathworks.de/help/toolbox/optim/ug/fsolve.html

[45] Wolfram Res., 2012, Documentation Center—Findroot. [Online]. Avail-
able: http://reference.wolfram.com/mathematica/ref/FindRoot.html

[46] Wolfram Res., 2012, Numerical equation solving. [Online].
Available: http://reference.wolfram.com/mathematica/tutorial/
NumericalEquationSolving.html

[47] P. Shankar, “Performance analysis of diversity combining algorithms in
shadowed fading channels,” Wireless Pers. Commun., vol. 37, no. 1,
pp. 61–72, Apr. 2006.

[48] P. Mogensen, W. Na, I. Z. Kovacs, F. Frederiksen, A. Pokhariyal,
K. I. Pedersen, T. Kolding, K. Hugl, and M. Kuusela, “LTE capacity com-
pared to the shannon bound,” in Proc. IEEE 65th VTC, Dublin, Ireland,
Apr. 2007, pp. 1234–1238.

[49] K. Loa, C.-C. Wu, S.-T. Sheu, Y. Yuan, M. Chion, D. Huo, and L. Xu,
“IMT-advanced relay standards [WiMAX/LTE update],” IEEE Commun.
Mag., vol. 48, no. 8, pp. 40–48, Aug. 2010.

Ömer Bulakci (M’09) received the B.Sc. degree
(with high honors) in electrical and electronics engi-
neering from the Middle East Technical University,
Ankara, Turkey, in 2006 and the M.Sc. degree (with
distinction) in communications engineering from the
Technical University of Munich, Munich, Germany,
in 2008. He is currently working toward the Doctoral
degree with the Aalto University School of Electrical
Engineering (formerly Helsinki University of Tech-
nology), Espoo, Finland.

From 2009 to 2012, he conducted his research
activities with emphasis on radio resource management in multihop relay
networks with the Department of Radio Systems, Nokia Siemens Networks,
Munich, in support of his doctorate studies. He is an author or coauthor of
28 technical publications. His current research interests include radio resource
management, multihop relay networks, and system design and performance
analysis of wireless networks.

Abdallah Bou Saleh (M’05) received the B.E. de-
gree (with distinction) in computer and communi-
cations engineering from the American University
of Beirut, Beirut, Lebanon, in 2006 and the M.Sc.
degree (with distinction) in communications engi-
neering from the Technical University of Munich,
Munich, Germany, in 2008. He is currently working
toward the Doctoral degree with the Department of
Communications and Networking, Aalto University
School of Electrical Engineering (formerly Helsinki
University of Technology) Espoo, Finland.

From 2008 to 2011, he conducted research on relaying technology in Long-
Term Evolution (LTE)-Advanced networks with Nokia Siemens Networks,
Munich, Germany, in support of his doctorate studies and contributed to
the standardization of relaying in Third-Generation Partnership Project LTE
Release 10. In 2011 and 2012, he was with Nomor Research, Munich, as a
Senior Research and Project Engineer working on radio resource management,
self-organizing networks (SON), and cognitive radio. He is currently with Intel
Mobile Communications, Munich, as a Project Manager.



1706 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 62, NO. 4, MAY 2013

Jyri Hämäläinen (M’09) received the M.Sc. and
Ph.D. degrees from the University of Oulu, Oulu,
Finland, in 1992 and 1998, respectively.

From 1999 to the end of 2007, he was with Nokia
and Nokia Siemens Networks, where he worked on
various aspects of mobile communications systems.
Since 2008, he has been a Professor with the De-
partment of Communications and Networking, Aalto
University School of Electrical Engineering, Espoo,
Finland, and since the beginning of 2012, he has been
working on part-time basis for Ericsson Oulu R&D

Center. He is an author or a coauthor of more than 120 scientific publications
and is the holder of 34 U.S. patents or patent applications. His research interests
include multiantenna transmission and reception techniques, scheduling, relays,
femtocells, and the design and analysis of wireless networks in general.

Simone Redana (M’05) received the M.Sc. and
Ph.D. degrees from Politecnico di Milano, Milan,
Italy, in 2002 and 2005, respectively.

In 2005 and 2006, he was with Azcom Technology
as a Consultant for Siemens Communication, where
he worked on a WiMAX demonstrator. In 2006,
he joined Siemens Communication, Milan, which
merged with Nokia Networks in 2007 to become
Nokia Siemens Networks. Since 2008, he has been
with Nokia Siemens Networks, Munich, Germany,
where he is currently Manager of the Radio Research

team in Munich. He contributed to the relay concept design on the European
Union project WINNER II and the Eureka Celtic project WINNER+ and led
the work package on advanced relay concept design on the European Union
project ARTIST4G. He contributed to the standardization of Relays for Long-
Term Evolution (LTE) Release 10 and to the business case analysis for relay
deployments. He led research and standardization projects on self-organizing
networks (SON) for LTE Release 11.




