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Abstract

In this article, we focus on the uplink of a heterogeneous network composed of a macrocell and an underlaid
femtocell. We address the problem of the interference caused by the macro user (MU) on the femtocell [femto base
station (FBS) and users]. The femtocell is composed of an user, a femto relay, which can be seen as another FBS or a
dedicated relay, and an FBS. We assume a full-duplex relay (FDR) node which is able to transmit and receive
simultaneously while suffering from residual self-interference. We focus on the performance of the femtocell
according to different positions of the MU user. We derive closed-form expressions for the outage probability and
spectral efficiency (throughput) taking into account the self-interference of the FDR node. Moreover, we assume that
the nodes are able to apply successive interference cancellation on the MU signal. Our results show that FDR can
considerably enhance the performance of the femtocell, even in the presence of strong self-interference at the FDR,
allowing the femtocell to operate in a high rate regime.

1 Introduction
In recent years, the demand for higher data rates increased
considerably and new technologies have been able to
respond to the demand by efficiently reusing the spec-
trum. Moreover, it is known that in a wireless network
an effective way to increase capacity is by making trans-
mitter and receiver closer [1]. Femtocells appear as a less
expensive alternative to meet that demand by increasing
indoor coverage and spectral efficiency. Nevertheless, due
to reduced spectrum availability the femtocell will have to
support spectrum sharing techniques. The coexistence in
the same spectrum of macro and femtocells increases the
spectral efficiency but poses several challenges, such as
additional interference between macro and femtocells [1]
which becomes a major concern when these networks do
not cooperate [2]. Therefore, for optimum performance
the femtocells have to control the interference induced on
the macro user (MU), as well as to manage the interfer-
ence caused by theMU [3,4].
The interference conditions in a femtocell network are

directly related to the access policy used at the femto base
station (FBS), which can be categorized as closed or open
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[5,6]. In the case when the femtocell employs a closed pol-
icy, the femtocell subscribers are only served by the FBS.
On the other hand, in an open access policy the femtocell
may accept connections of non-subscriber users. A closed
access policy may reduce the femtocell performance due
to interference from MUs, while an open access policy
increases the number of handovers for MUs and requires
more resources of the femtocell. For instance, in [7] the
transmission capacity of open and closed access policies
is evaluated in the uplink (UL) of a heterogeneous net-
work. Moreover, it is shown that in the UL open access
is preferable since a reduction in interference is obtained.
Conversely, as shown in [6], in the downlink (DL) the
closed access policy is preferred by the femto users (FUs)
which contrasts with the preference of the MUs. Chu et
al. [8,9] investigate the DL of a heterogeneous network
where macro and femtocells share the spectrum. The fem-
tocell operates in a subset of the resource allocated to
the macrocell which reduces the interference caused by
the femtocell. Chu et al. [8] developed a resource alloca-
tion scheme, while in [9] an outage probability analysis is
derived. In [10], resource allocation is investigated based
on the opportunistic reuse of the macrocell spectrum.
The results show that by increasing performance of the
FUs, the MU suffers extra interference which limits its
performance.
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Moreover, in this article we assume that the macrocell
network is operating in frequency division duplex (FDD)
mode while the small cells are (re)-using the macrocell
UL resources and operate in FD mode, which means that
unused resources by the macrocell can locally be reused
within small cells where some nodes can transmit and
receive simultaneously in an FD fashion. The use of FD
nodes can potentially increase the capacity of small cells,
while adhering to the cross-tier interference constraint
imposed by the macrocell. Note that the proposed scheme
solves the multiplexing loss of HD schemes, the DL/UL
switching point optimization required in the classical time
division duplex (TDD) [11] underlay at UL FDD. Thus,
the macrocell operation is oblivious to the presence of
underlaid small cells, which are opportunistic in nature.
Differently form other works in TDD underlay femto-

cells [12-14], we analytically investigate the performance
of a single femtocell, considering that the femtocell nodes
are able to employ selective cooperative protocols. More-
over, we assume a single femtocell composed by an FU
(source - S), an FDR, which can be another FBS or a ded-
icated node, and the intended destination (D) or access
point. The relay helps the communication between the FU
and the FBS by forwarding the source message. The prac-
tical relay is assumed to operate in the FD mode, which
means that it is able to transmit and receive simultane-
ously, and hence is subject to self-interference from the
transmitted to the received signal. Next we address the
related work in cooperative and full-duplex schemes.

1.1 Related work on FDR
Cooperative communication is an alternative to achieve
spatial diversity even with single antenna devices [15]. In
a cooperative scheme a relay helps the source to commu-
nicate with the destination, and its behavior is dictated
by the cooperative protocols such as amplify-and-forward
and the decode-and-forward (DF), or their variants selec-
tive and incremental [15,16].
In the Selective-DF (SDF), the relay forwards the source

message only if that is error free. Nevertheless, with half
duplex (HD) radios the cooperation suffers a multiplexing
loss, once the relay listen in a first slot (time/frequency)
and then retransmits the message in a second slot. Sev-
eral solutions have been proposed trying to overcome the
problem of the HD constraint as in [17,18] and refer-
ences therein. On the other hand, incremental cooperative
protocols, such as incremental-DF (IDF), can overcome
the spectral inefficiency of HD cooperation through the
exploitation of a return channel between nodes [15,16,19].
In the IDF protocol, the relay only cooperates with the
source if a retransmission is requested by the destination,
so that it is not necessary to previously allocate a slot for
the relay operation.

Another way to overcome the spectral inefficiency of the
HD cooperative schemes is through cooperative FD relay-
ing, which does not suffer from multiplexing loss and can
achieve a higher capacity than HD cooperative protocols
[16]. Probably the most known FD schemes are multi-
hop (FD-MH) and block Markov encoding (FD-BM).
The FD-MH scheme is the simplest relaying technique,
while FD-BM is the best known performance achiev-
ing FD method. However, FD-BM is quite complex to
be implemented in practice. Moreover, perfect isolation
(ideal) between transmitted and received signals is often
not possible. In practice, isolating the transmitted and
received signals is not straightforward, once the trans-
mitted power is normally much larger than the received
power [16]. Therefore, practical FD schemes have been
proposed in which it is considered that there is a power
leakage between transmitted and received signals, also
known as loop interference or self-interference [20-22].
For instance, Riihonen et al. [20] show that practical
FD-MH is feasible even if the relay faces strong self-
interference. Moreover, it is also shown that FD-MH
relaying enhances capacity when compared to the HD
scheme. In addition, similar conclusions were obtained in
[21-24]. In [25], a practical FD system is proposed and
the authors show that the self-interference can be atten-
uated by more than 39 dBs through transmit and receive
antenna separation.

1.2 Proposed scheme
As aforementioned, differently form other works in TDD
underlay femtocells [12-14], we analytically investigate the
performance of a single femtocell, considering that the
femtocell nodes are able to employ selective cooperative
protocols. Moreover, the relay is a practical FD relay, and
to the best of the authors’ knowledge the usage of FD
nodes within the femtocell cannot be found in the liter-
ature. We analyze the femtocell performance in terms of
outage probability and spectral efficiency. We also assume
that the relay and the FBS are able to apply succes-
sive interference cancellation (SIC) techniques [26]. We
analyze the performance considering mainly two scenar-
ios regarding the position of the MU : (i) the MU is far
from the femtocell, and therefore does not interfere on
the femtocell communication; and (ii) the MU is close
to the femtocell, and the interference has to be taken
into account. The main contributions of this article are
twofold: (i) derivation of some closed form outage proba-
bility expressions considering SIC in the FD scenario; (ii)
performance analysis of FD relaying in a heterogeneous
network. Furthermore, our results show that FD relaying
can considerably enhance performance within the femto-
cell, allowing the femto nodes to operate in a higher rate
regime when compared to theMU .
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The rest of this article is organized as follows. Section 2
presents the system model. Section 3 introduces the out-
age and spectral efficiency analysis. In Section 4, some
numerical results are presented. Finally, Section 5 con-
cludes the article.

2 Systemmodel
Consider the UL of a heterogeneous network composed
of a femtocell and a macrocell. The latter is characterized
by one MU communicating with the macro base station
(MBS) in the UL, while the former is composed of a source
(S) or FU, communicating to an FBS or destination (D).
The communication is established through the help of a
relay (R). We also assume the MU to be at the border of
the macro cell. There are at least two possible scenarios
regarding the position of theMU :

• The MU is far from the femtocell, and therefore the
femtocell can operate normally on the same resource,
considering that the MU does not interfere with the
femtocell, and its signal is seen as noise.

• The MU is near the femtocell and therefore
interferes on the femtocell communication.

Figure 1 illustrates both scenarios: Figure 1a consid-
ers the femtocell alone once the interference caused by
the MU can be seen as noise because the MU is far
from the femtocell; Figure 1b considers a heterogeneous
network and emphasizes the interference links. Notice
that we assume a practical FD relay which suffers from
self-interference (loop interference). The self-interference
signal is the power leakage from the transmitted to the

received signal. We assume that the self-interference link
is dominated by the scattering component of the channel,
once the line of sight component is considerably reduced
by antenna isolation. The self-interference may actu-
ally represent the residual interference after the applica-
tion of an interference cancellation technique [22,24,25].
Moreover, we assume that all channels are subject to
quasi-static Rayleigh fading, with zero mean and unit
variance. We assume perfect channel state information at
the receivers. The noise is assumed to be of the complex
additive white Gaussian noise type with variance N0/2
per dimension.
We consider that both R andD are able to employ SIC on

theMU interference signal. Therefore, R and D see a mul-
tiple access channel and the rate regions and individual
outage probabilities can be defined as in [26,27], respec-
tively. As shown in [28], SIC can successfully be applied
in cellular networks, while an example of application on
a femtocell scenario can be found in [29,30], where HD
nodes are able to cancel the interference through SIC.
In this article, we employ the path loss models intro-

duced in [31-33]. Considering an indoor femtocell deploy-
ment, we assume that the path loss is given by

PLij (dB) = 39.676 + 20 log10(dij) + qW + Xσ , (1)

where the first term corresponds to the free-space path
loss, dij is the distance between transmitter i and receiver
j, W is the wall partition loss, which we assume to be
5 dB, q is the number of walls between the transmitter and
receiver (assumed q = 1 except for the S–D link, where

Figure 1 In the first scenario, the distance ofMU is much larger than dSR so that the interference caused by theMU can be seen as noise.
However, in second case, theMU is much closer to R and D, thus interference cannot be neglected.



Alves et al. EURASIP Journal onWireless Communications and Networking 2012, 2012:365 Page 4 of 12
http://jwcn.eurasipjournals.com/content/2012/1/365

we assume q = 2) and Xσ is a zero mean Gaussian dis-
tributed random variable (in dB) with standard deviation
σ = 6 dB [14].
The outdoor-to-indoor path loss model is

PLij (dB) = 39.676+20 log10(dij)+qW+W ′+Xσ , (2)

where W ′ is the outdoor penetration loss that is assumed
equal to 10 dB, andXσ is a zeromeanGaussian distributed
random variable with standard deviation σ = 8 dB [14].

2.1 FD-MH relaying
We assume an FD-MH relaying scheme operating under
the SDF protocol [15], in which S broadcasts a message
and R forwards it to D only if it was able to decode the
message error free. Moreover, in our scenario we assume
that the MU may interfere on the femtocell according to
its positioning. Therefore, we can write the signal received
at R as

yR = √
PS κSR hSR xS + √

PMU κMUR hMUR xMU

+ √
PRhLI xR + nR, (3)

yD = √
PR κRD hRD xR + √

PMU κMUD hMUD xMU + nD,
(4)

where hij represents the fading channel coefficients
between the nodes i ∈ {S,R,MU} and j ∈ {R,D}, while
hLI is the complex fading coefficient of the loop interfer-
ence [22] and κij is the inverse of the path loss between
nodes i and j. The transmit power of each node is Pi where
i ∈ {S,R,MU}. Notice that when the MU is far from
the femtocell we can assume that κMUR and κMUD → 0,
and therefore theMU does not interfere on the femtocell.
Moreover, the additive complex Gaussian noises are rep-
resented by the terms nR and nD. In addition, the source
message is represented by xS, while the message trans-
mitted by the relay xR is a function of the received signal
from the source. Moreover, E[ | xS |2]= E[ | xR |2]= 1,
where E[ ·] is the mathematical expectation. Notice that
the transmitted relay signal is a delayed version of the
source signal, and we assume that the delay is long enough
to guarantee that the transmitted and received signals at
the relay are uncorrelated. Notice that once we assume
that the S–D link has worse large-scale fading condition
than the S–R and R–D links, it is reasonable to assume
that D will see the S–D signal as noise instead of interfer-
ence [20,23,34].
The instantaneous and average signal-to-noise ratio

(SNR) of each link are

γij = Pi κij | hij |2
N0

, (5)

and

γ ij = Pi κij E[ | hij |2]
N0

, (6)

while the instantaneous and average SNR of the self-
interference link can be written, respectively, as γLI =
PR � |hLI |2

N0
and γ LI = PR �E[|hLI |2]

N0
. We assume that the

self-interference channel suffers a constant attenuation
which is represented by �. Moreover, as shown in [25],
in a practical scenario it is possible to attenuate the self-
interference by as much as 40 dB according to the set
of techniques employed, as for instance spatial antenna
separation.
Since the fading envelope is Rayleigh distributed, the

probability density function of the instantaneous SNRs is
[35]

fγij(γij) = 1
γij

exp
(

−γij

γij

)
, γij ≥ 0. (7)

The instantaneous signal-to-interference plus noise
ratio (SINR) seen by the receivers are

γR = γSR
γMUR + γLI + 1

, (8)

and

γD = γRD
γMUD + 1

. (9)

Notice that the relay suffers interference from the MU
and from itself, while D is interfered only by theMU .

2.2 HD-MH relaying
We also consider the case of HD-MH in order to show
the performance implications of operating the relay in the
FD or HD modes. In the case of HD-MH two time slots
are necessary per source message, as the relay listens first
and then retransmits the signal to D. Since we assume the
SDF protocol, R only retransmits if the received signal was
decoded error free. Thus, the received signal at D can be
written as in (4), while the received signal at R is given by

yR = √
PS κSR hSR xS + √

PMU κMUR hMUR xMU + nR,
(10)

where the notation follows the one used above. Moreover,
the SNR and SINR are defined just as above, with the only
difference that in HD-MH there is no self-interference at
the relay.
Finally, in the case of a direct transmission (DT), in

which S communications directly with D without the help
of the relay, the received signal can be written as

yD = √
PS κSD hSD xS + √

PMU κMUD hMUD xMU + nD.
(11)

For DT the SINR is simply γ dir
D = γSD

γMUD+1 .
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3 Outage and spectral efficiency analysis
In this section, we characterize the outage and spec-
tral efficiency of FD-MH and HD-MH relaying schemes
described in Section 2.

3.1 DT
First, we characterize the rate region of the DT scheme
supposing that D applies SIC, according to [26,27]. Thusa

R ≤ log (1 + γSD) , (12)

RMU ≤ log (1 + γMUD) , (13)
R + RMU ≤ log (1 + γSD + γMUD) , (14)

where R is the information rate used by S, while RMU is
the information rate used by theMU . The decoding events
related to this region are

1. (a) Both messages are decoded;
2. (b) Only S is decoded and therefore MU is in outage;
3. (c) Only MU is decoded and therefore S is in outage;
4. (d) Unable to decode, both S and MU are in outage.

Figure 2a illustrates theMAC rate region and the related
decoding events. Notice that in order to determine the
outage probability of the DT scheme we can first deter-
mine the probabilities of events (c) and (d) as illustrated
in Figure 2a. The integration regions are illustrated in
Figure 2b and note that we split the region representing
event (d) into two sub-regions namely B and C, while the
event (c) is represented by A in Figure 2b. Thus, with help
of Figure 2b we can determine the integration limits for
each region and finally we can write the outage probability
of the DT scheme as

Notice that the underbraces in (15) correspond to the
integration regions of Figure 2b.
Furthermore, if γMUD = γ SD, then (15) reduces to [27]:

Odir =1 −
2−R exp

(
1

γ SD

)
γ SD

(
exp

(
− 2R

γ SD

)
γ SD

+
(
2R−1

)
exp

(
−2RMU+R

γ SD

)(
2R

(
2RMU −1

)
+γ SD

))
.

(16)

If theMU is far away from the femtocell we can assume
that there is no interference at D, and therefore SIC is
not necessary. Consequently, we can rewrite the outage
probability of the DT simply asOdir = 1 − exp

(
− 2R−1

γ SD

)
.

Another metric of interest is the spectral efficiency,
which is also known as throughput. The spectral effi-
ciency is defined as the average rate of correct information
transfer and is given in bits/s/Hz. Therefore, the spectral
efficiency for of S–D link is given by:

Tdir = R · (1 − Odir) . (17)

3.2 HD relaying
Next, we derive the outage probability of the HD-MH
relaying scheme. Following the same rationale used to
derive the rate regions and the individual outage proba-
bility of the S–D link, we can obtain, through appropriate
substitutions, the individual outage probabilities of the
S–R and R–D links, OSR and ORD, respectively. Thus, at
the S–R link we take (15) and substitute γMUD, γ SD by

Odir = Odir = Pr [(c)] + Pr [(d)]

= Pr
[
R > C (γSD) ,RMU < C

(
γMUD
1 + γSD

)]
︸ ︷︷ ︸

A

+Pr
[
R > C (γSD) ,RMU > C

(
γMUD

γSD + 1

)]
︸ ︷︷ ︸

B

+Pr
[
R < C (γSD) ,R > C

(
γSD

γMUD + 1

)
,R + RMU > C (1 + γSD + γMUD)

]
︸ ︷︷ ︸

C

=
∫ 2R−1

0

∫ ∞

(2RMU −1) (γSD+1)
fγSD(γSD) · fγMUD(γMUD) dγMUD dγSD

+
∫ 2R−1

0

∫ (2RMU −1) (γSD+1)

0
fγSD(γSD) · fγMUD(γMUD) dγMUD dγSD (15)

+
∫ 2RMU (2R−1)

2R−1

∫ 2(R+RMU )−1−γSD

γSD
2R−1

−1
fγSD(γSD) · fγMUD(γMUD) dγMUD dγSD,

= 1 −
exp

(
− 2R(2RMU −1)

γMUD
+ 1−2R

γ SD

)
γMUD

γMUD − γ SD
+

exp
(
− 2RMU −1

γMUD
− 2RMU (2R−1)

γ SD

)
γMUD

γMUD − γ SD

−
(
2R − 1

)
exp

(
1

γMUD
− 2RMU ((2R−1)γMUD+γ SD)

γ SD γMUD

)
γMUD(

2R − 1
)
γMUD + γ SD

−
exp

(
− 2R−1

γ SD

)
γ SD(

2R − 1
)
γMUD + γ SD

.
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(a) (b)

Figure 2 Rate and integration regions. (a) Illustrates the MAC rate regions and we emphasize four possible decoding events. (b) Shows the
integration regions used to determined the outage probability of the DT transmission.

γMUR, γ SR, respectively. At the R–D link we substitute
only γ SD by γ RD.
Now, we can define the overall outage probability of the

HD-MH scheme as

OHD−MH = OSR + (1 − OSR) · ORD. (18)

Notice that the communication is successful only if both
links are not in outage. Moreover, similar to the direct
scheme when the MU is far away from the femto cell we
can, respectively, rewrite the outage probabilities of the
S–R and R–D links as OSR = 1 − exp

(
− 2R−1

γ SR

)
and

ORD = 1 − exp
(
− 2R−1

γ RD

)
.

The overall spectral efficiency of the HD-MH scheme
can be defined as

THD−MH = R
2

(1 − OHD−MH) . (19)

The factor 1
2 present in the spectral efficiency of the

HD-MH scheme is a consequence of the HD constraint of
the cooperative HD schemes with selective protocols.

3.3 FDR
The rate regions for the FD-MH scheme for the MU and
S signals are given by [26]

R ≤ log
(
1 + γSR

γLI + 1

)
, (20)

RMU ≤ log
(
1 + γMUR

γLI + 1

)
, (21)

R + RMU ≤ log
(
1 + γSR + γMUR

γLI + 1

)
. (22)

The outage probability of the S–R link when the MU is
near to the femtocell could not be derived in closed-form.
Moreover, asD is an HD device, and therefore the individ-
ual outage probability of the R–D link of FD-MH can be
derived in the same manner as in HD-MH.

When theMU is distant from the femtocell, then SIC is
not necessary. Therefore, R suffers only self-interference.
By making use of some standard transformations [36] we
can derive the outage probability of the S–R link in closed-
form as

OSR = Pr
[
log (1 + γR) < R

] = Pr
[

γSR
γLI + 1

< 2R − 1
]

=
∫ 2R−1

0
fγR(γR)dγR = 1 −

exp
(
− 2R−1

γ SR

)
· γ SR

γ SR + (
2R − 1

) · γ LI
,

(23)

where Pr[ θ ] is the probability of event θ . Similar to the
HD scheme, the outage at the R–D link when the MU is
far from the femtocell reduces to

ORD = Pr
[
γRD < 2R − 1

] =
∫ 2R−1

0
fγRD(γRD)dγRD

= 1 − exp
(

−2R − 1
γ RD

)
. (24)

Thus, the overall outage probability OFD−MH can be
written as in (18), but using the OSR for the case of an FD
relay given in (23). Moreover, when we assume thatMU is
distant we can write the overall outage probability as

OFD−MH = 1 −
exp

(
−

(
2R−1

)·(γ SR+γ RD)
γ SR·γ RD

)
γ SR

γ SR + (
2R − 1

) · γ LI
. (25)

Based on the overall outage probabilities, we can define
the overall spectral efficiency:

TFD−MH = R · (1 − OFD−MH) . (26)

Notice that the great advantage of FD relaying is that it is
possible to achieve the same maximum spectral efficiency
as DT, which is twice the maximum spectral efficiency
achieved by HD. However, as the FD relay suffers from
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self-interference, it is not clear if the net results are posi-
tive or not. In the next section, we numerically investigate
this issue.

4 Numerical results
In this section, we present some numerical results con-
sidering the position of the MU . Moreover, we analyze
the performance of the femtocell for different values of
self-interference attenuation and information rates. We
perform a semi-analytic analysis of the heterogeneous net-
work studied since we do not derive a closed-form expres-
sion for the S–R link of the FD-MH scheme when the
MU is near the femtocell, instead we employ Monte Carlo
simulations in which we consider at least 106 channel real-
izations for each SNR value. Furthermore, we recall that
we derived closed-form expressions for all other links. We
assume that the FBS has a radius of rf = 20m, while
the MBS has a radius of rm = 400m. The FU (or S) and
the FD relay are positioned over a straight line towards
D, so that dSR = dRD = 20m, while dSD = 40m. We
assume that the S–D link faces two walls, therefore in this
case q = 2. We also consider that the carrier frequency
is 2.3GHz, and without loss of generality we assume that
N0 = 1. The other path loss parameters are described in
Section 2. Moreover, we assume that the femtocell nodes
have the same power P. Thus, considering a fair compari-
son in terms of total power, since the cooperative schemes
employ a total power equal to PT = 2P, we assume that in
the DT scheme the source uses PS = 2P, and also that the
MU always transmits with PMU = 2P.

Figure 3 presents the overall outage probability as a
function of the average SNR at the S–D link γ SD. We
assume different levels of self-interference attenuation
at the relay � =[−10;−20;−40] dB [25], two differ-
ent positions for the MU which are given by dMUR =
dMUD =[ 10; 50]m, and that the femtocell operates in
a high rate regime in which R = 4 bits/s/Hz, while
the MU information rate is RMU = 2 bits/s/Hz [14].
We can see from the figure that even with low attenu-
ation levels the FD-MH scheme outperforms the DT in
the low SNR regime. According to Duarte and Sabhar-
wal [25], who implemented a practical FD node, larger
levels of interference attenuation can be obtained in prac-
tice through simple antenna separation techniques with
a small distance between antennas, e.g., 39 dB at 20 cm.
The authors also show that larger cancellation gains
are achievable in practice. Moreover, such dimensions
are feasible in practice when we address the femtocell
as a home base station once multiple antenna settings
would require similar dimensions [37,38]. Nevertheless,
as we show in Figure 3, with only 40 dB attenuation it is
already possible to achieve gains around 6 dB in the high
SNR regime, performing close to the HD-MH scheme
in terms of outage probability. Furthermore, we con-
clude from the figure that in terms of outage probability
the HD-MH outperforms the FD-MH scheme. Nonethe-
less, as we show next, this conclusion does not hold
when spectral efficiency is considered, since as aforemen-
tioned, selective HD cooperative schemes are spectrally
inefficient [17,18].

Figure 3 Outage probability as a function of the γ SD, considering different levels of self-interference attenuation at the relay
(� =[−10;−20;−40]dB) and positioning of theMU dMUR = dMUD =[ 10; 50]m.
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Figure 4 shows the femtocell spectral efficiency as a
function of the γ SD, where R = 4 bits/s/Hz and RMU =
2 bits/s/Hz. We also assume different levels of self-
interference attenuation, and as discussed above, larger
values of attenuation increase performance. Notice that
if the relay node suffers too much from self-interference
(low attenuation level), the performance of the FD-MH is
degraded and it is not possible to achieve the maximum
spectral efficiency in the high SNR regime. Neverthe-
less, full performance can already be obtained with 40 dB
of interference cancellation. Another relevant conclusion
that can be obtained from Figures 3 and 4 is that at
medium to high SNR regime the proximity of the MU
to the femtocell favors the performance of S, once the
interference signal is stronger and therefore can easily be
removed [35]. On the other hand, at an intermediate dis-
tance the MU signal is weaker and harder to be removed
as we can see from the figures. However, note that in the
low SNR region those conclusions do not hold, as the rate
used by S is too high and the interference cannot suc-
cessfully be removed by means of SIC. Furthermore, as a
benchmark, we can determine the performance of S when
MU does not interfere at all on the femtocell due to its
positioning. Considering that, we can see that FD-MH
considerably outperformsHD-MHandDT schemes in the
whole SNR range. Notice that the multiplexing loss due
to the HD constraint can be observed in Figure 4 in the
high SNR region, where the DT and the FD-MH schemes

achieve full performance (the spectral efficiency is equal
toR)while the HD-MH scheme can achieve at mostR/2.
Next we analyze the impact of the MU positioning on

the performance of the femtocell, where for the case of the
FD relay � =[−40] dB. We present in Figure 5 the femto-
cell spectral efficiency as a function of the dMUR, which is
the distance between MU and the relay. We assume that
MU and relay are over a straight line, and that dMUD =√
d2RD + d2MUR. In the figure, we also show the spectral effi-

ciency achieved by the threemethods if theMU is far from
the femtocell (thus, in these cases the spectral efficiency
is not a function of dMUD and is represented by straight
lines). Supporting the conclusion obtained in Figure 4 we
can see that the performance of the femtocell decreases
if the MU is at an intermediate position. In the case of
γ SD = 15dB, Figure 5a shows that in the case of FD-MH
and HD-MH the interference from the MU is either suc-
cessfully removed or negligible if the MU is very close to
the femtocell (dMUD < 20m) or if the MU is very far
from the femtocell (dMUD > 300m). Note that the DT
is more susceptible to the MU interference than FD-MH
and HD-MH, showing an important advantage in terms of
robustness of the relaying methods. However, if the chan-
nel conditions within the femtocell are better then the
effect of the MU is greatly reduced. Figure 5b shows that
when γ SD = 25 dB, theMU interference does not affect at
all the relaying methods, while the DT is still affected.

Figure 4 Spectral efficiency as a function of the γ SD, considering different levels of self-interference attenuation at the relay
� =[−10;−40]dB, and positioning of theMU dMUR = dMUD =[ 10; 50]m.
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Figure 5 Spectral efficiency as a function of the dMUR, assuming: (a) γ SD = 15 dB and (b) γ SD = 25dB.

Figure 6 Spectral efficiency as a function of the γ SD, considering that ρ = R
RMU

=[ 4; 1].
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Figure 7Outage probability as a function of the γ SD with� = −40dB and dMUR = dMUD = 10m.We compare the performance of the MBS
with and without interference. SIC is applied at the MBS to treat the interference caused by S and R.

Figure 6 compares the femtocell spectral efficiency as a
function of the γ SD supposing different rates for the MU .
Therefore, we assume that the information rate of theMU
may be RMU =[ 1; 4] bits/s/Hz, while the femtocell oper-
ates with a fixed rate R = 4 bits/s/Hz. Thus, the ratio
is defined as ρ = R

RMU
=[ 4; 1]. We also assume that

dMUR = 10m and dMUD = 22.4m. As we can see from the
figure, the performance of the femtocell is inversely pro-
portional to the rate used by theMU . That is because it is
easier to remove the MU interference by means of SIC if
RMU is smaller. Moreover, note again that, besides solving
problems related to the HD constraint, e.g., the problem

Figure 8 Spectral efficiency as a function of the γ SD with� = −40dB and dMUR = dMUD = 10m.
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of the hidden node, and the problem of multiplexing loss,
FD relaying also allows the nodes within the femtocell to
operate with much higher spectral efficiency than in the
case of HD relaying, or with a considerable SNR advan-
tage over the DT. This conclusion holds for any of theMU
rates considered in Figure 6.
Finally, we now analyze the performance of MU at

the MBS. First, Figure 7 shows the outage probability at
the femtocell and at theMBS.We assume two cases: (i) the
MBS sees the interference as additional Gaussian noise;
(ii) the MBS applies SIC at the interference coming from
S and R. We conclude that the performance of the MBS
remains almost the same as in the case without interfer-
ence. In order to support our conclusion we recall that in
Figure 5 we discussed that SIC performs better when the
users are very close or very far from the receiver. Thus,
once we assume nodes are at the cell border the MBS
can considerably remove the interference. Moreover, in
Figure 8 we analyze the performance of both macrocell
and underlaid femtocell in terms of throughput. The per-
formance at the MBS remains almost unaltered. Figure 8
also compares the performance of the HD and FD relaying
schemes. As we can see in high SNR FD relaying achieves
twice the throughput of the HD schemes. Such effect is
caused because of the multiplexing loss introduced by the
HD constraint which means that at least two slots are
required for cooperation [16,17]. For instance, we observe
that for a throughput of 1 bits/s/Hz we obtain a 3-dB gain
in SNR betweenHD and FD, andmore than 8 dBs by using
cooperative FD schemes instead of the DT.

5 Conclusions
In this article, we evaluate the performance of a hetero-
geneous network composed of a cooperative femtocell
underlaid in a macrocell network. We consider a prac-
tical FD relay within the femtocell, which means that
transmission and reception occur simultaneously and that
self-interference is taken into account. We derive some
closed-form expressions for the outage probability involv-
ing SIC, and we perform a semi-analytical performance
analysis in terms of outage probability and spectral effi-
ciency. We recall that by the usage of FD relaying we
are able to solve problems related to the HD constraint,
e.g., the problem of the hidden node, and the problem
of multiplexing loss. Furthermore, our results show that
FD relaying also allows the nodes within the femtocell to
operate with much higher spectral efficiency than in the
case of HD relaying, or with a considerable SNR advantage
over the direct non-cooperative transmission.

6 Endnote
aThroughout this article the logarithm function is taken
to base 2 unless stated otherwise.
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