
Pairwise Error Probability Evaluation of Cooperative 
Mobile Femtocells

Mohamed F. Feteiha, Mahmoud H. Qutqut and Hossam S. Hassanein 
Telecommunications Research Lab 

School of Computing  
Queen’s University  

Kingston, Ontario, Canada  
 {feteiha�qutqut�hossam}@cs.queensu.ca  

Abstract— Cellular subscribers while travelling  in public 
transportation vehicles, such as streetcars and buses, often 
experience poor signal reception and low bandwidth when 
using their cellular devises onboard. Small cell deployment 
of, for example, femtocells is considered as one of the most 
promising solutions for cellular operators to enhance 
coverage and meet the increasing need for capacity and 
QoS support expected by cellular subscribers. We consider 
a mobile Femto Base Station (mobFBS) installed in the 
public transportation vehicle, with an external antenna 
installed on the roof, to offer enhanced coverage and 
improved capacity onboard. We investigate the 
performance gains of a communication scheme in 
downlink LTE-A networks with mobFBSs. Users are 
assumed to be travelling using a public transportation 
vehicle, and the transmission between macroBS and users 
occurs through a mobFBS. The associated wireless links 
for this type of fast mobility are characterized by a doubly-
selective fading channel. This causes performance 
degradation in terms of increased error probability. By 
taking advantage of the more powerful central processing 
mobFBS, we make use of a precoded technique to 
overcome the performance degradation that results from 
the wireless fading channel. We investigate the 
performance gain in terms of pairwise error probability 
(PEP) via a derived closed-form expression. Our analytical 
and simulation results indicate that significant diversity 
gains are achievable and error rates are tremendously 
reduced.  

Keywords—Mobile femtocell, SNR, PEP, cooperative 
link, direct link . 

I. INTRODUCTION 

The growing demand on capacity and coverage by users of 
cellular networks is challenging cellular operators. In order to 
meet these demands, various solutions are put forward to 
improve the coverage and to enhance the capacity of cellular 
networks. Solutions range from deployment of heterogeneous 
networks with Wireless Fidelity (Wi-Fi) networks for dual-
mode1 devices, to the installation of more cell sites and signal 

                                                           
1 A device with Wi-Fi and cellular radio interfaces.  

boosters. Small cell deployments such as femtocells are 
considered as one of the most cost effective and beneficial of 
all proposed solutions for cellular operators and in turn for 
cellular subscribers [1] [2].  

Femtocells are cellular coverage cells that are served by 
Femto Base Stations (FBSs). A FBS is a miniature low-power 
base station that offers cellular coverage in a limited area; 
typically less than 100 meters square and operates in the 
licensed cellular spectrum. User equipment (UE), such as 
smartphones, laptops, and tablets, are connected to the FBS 
through a cellular interface, such as Long Term Evolution 
(LTE). Cellular traffic is then routed to the operator’s core 
network (CN) through the FBS’s backhaul, normally through 
an Internet connection, e.g. Digital Subscriber Line (DSL) or 
cable network. Femtocells offer excellent coverage, enhanced 
capacity and facilitate offloading traffic from the macrocells. 
We remark that cellular operators have started to deploy 
outdoor small cells in densely populated rural and urban areas 
[3] [4]. A recent report [3] indicates that the total number of 
small cells is greater than the total number of macrocells 
currently deployed. 

Due to the proliferation of smartphones and their data-
hungry applications into our daily life, cellular subscribers are 
using smartphones almost everywhere, including on public 
transportation vehicles. The cellular traffic from this group of 
moving users also affects the macrocells’ performance. As 
well, cellular users in public transportation vehicles may 
experience weak Received Signal Strength (RSS) and low 
levels of Signal to Interference and Noise Ratio (SINR) due to 
path loss, shadowing, Doppler shift effect, vehicle speed and 
distance to macroBSs. Therefore, improved onboard cellular 
coverage and capacity are both becoming very challenging 
issues for cellular operators; opening the door for new 
deployment scenarios for femtocells. For example, deploying 
mobile femtocells in public transportation vehicles to offer 
enhanced coverage and capacity onboard and to decrease the 
distance between UEs and infrastructures is presented in [5]. 
UEs will communicate with mobile FBSs (mobFBSs) onboard 
instead of macroBSs. The mobFBSs will connect with the 
macroBSs through a cooperative wireless link.  



We aim to study the impact of the use of mobFBS in public 
transportation vehicles on network performance. First, we 
propose to apply an appropriate precoder to the mobFBS in the 
vehicle to overcome the degraded performance of the received 
signal in outdoor wireless links. The precoded transmission 
helps in extracting the underlying rich multipath-Doppler 
diversity inherited in this type of double-selective fading link. 
Second, we derive a closed form expression of pairwise error 
probability (PEP) for mobile femtocells in order to evaluate the 
PEP performance of UEs with/without mobile femtocell 
deployments. We further contribute by providing a closed-form 
expression as a benchmark to assess our analysis. We also 
provide numerical results to evaluate the performance gain of 
such a deployment.  

The remainder of this paper is structured as follows. In 
Section II, we review the related work and highlight the 
necessity for such mobile femtocell deployments. Section III 
presents our system model. The PEP derivation and gain 
analysis are presented in Section IV. Numerical results are 
provided in Section V. Section VI concludes the paper and 
highlights future directions.  

Notation: �(.) denotes transpose operation, *(.) denotes 
conjugate operation and �(.)  denotes Hermitian operation. 

[ ].�  ,  .  and  ⊗  denotes expectation, absolute value and 
Kronecker product, respectively. Bold letters denote the 
matrices and vectors. [ ] ,k mH  represents the ( ),k m th entry of 

H . NI  indicates an N N× -size identity matrix.  1  and 0
represents, respectively, all-ones and all-zeros matrix with 
proper dimensions. .� �� �  and .� �� �  denotes integer ceil and integer 
floor operations, respectively. ∗  is the convolution operator.  

II. BACKGROUND AND RELATED WORK

A. Concept of Mobile Femtocell and Related Work 
Mobile femtocells (mobFBS) in public vehicular 

environments (e.g., buses, streetcars) are introduced to offer 
better coverage and capacity onboard [5]. A MobFBS may be 
connected to the operator’s CN via satellite, Wi-Fi or through 
macrocells similar to a mobile relay. However, FBSs are 
different than relays, as UEs will identify the mobFBSs as 
regular BSs and only communicate with FBSs.  In the relay 
scenario, the UEs are aware of the donor BS that the relay is 
communicating with [6]. Hence, FBSs work as regular BSs: 
they are responsible to assign frequency and scheduling 
resources for UEs, unlike the relays.   

MobFBSs deal with different deployment aspects, such as: 
frequency allocation, handover (HO) for mobFBS between 
different macrocells, HO process of the attached group of UEs, 
and wireless backhaul link with macrocells. Therefore, a 
limited number of contributions in the literature proposed to 
deploy mobile femtocells. For example, in our previous work 
[7], we propose to deploy mobile femtocells in public 
transportation vehicles to offload data traffic via utilizing urban 
Wi-Fi coverage as backhaul for mobFBSs. The authors in [8] 

propose deploying femtocells in vehicular environments to 
show the impact of the outage probability and uplink 
throughput. The FBS is connected to the cellular operator’s CN 
through the serving macroBS or satellite communication. 
Results show that mobile femtocells can reduce the outage 
probability with an acceptable level of SINR. The authors in 
[9] investigate the effects of using mobile femtocells in 
vehicles, specifically on the amount of signaling overhead 
between mobile femtocells and macrocells. As the mobile 
femtocell will communicate with the macrocells on behalf of 
the cellular subscribers onboard, their results show that there is 
large saving in volume of the control signaling from using 
mobile femtocells. The authors of [10] offer an infrastructure 
and a scheduling algorithm to provide seamless multimedia 
service for cellular users in high-speed trains through deploying 
femtocells onboard. The onboard femtocells will communicate 
with macrocells known before the next cell to facilitate the 
seamless HO. Research in [11] offers a resource management 
scheme for a group of cellular users that are communicating 
with a mobile femtocell through a dynamic reservation policy 
based on the QoS class requested.   

B. The Necessity for Mobile Femtocells  
Besides experiencing low SNR, low capacity, and 

consuming more power to communicate with the distant 
macroBSs, cellular users moving across macrocells can 
significantly affect the macroBSs performance in terms of 
traffic and power. Mobile femtocells can potentially solve these 
issues and offer the following advantages:  

• Enable UEs to receive stronger RSS and a better level of 
SINR due to the shorter distance to the mobFBS. 

• Reduce power consumption in UEs and macroBSs, as the 
UEs will communicate with the close by mobFBS, also the 
macroBS will only communicate with the mobFBS instead 
of communicating with a group of moving UEs. 

• Decrease the macrocell’s traffic, as the mobFBS will 
communicate with the macroBS on behalf of many UEs,
which leads to saving in control signaling traffic.

Figure 1. Mobile femtocell overview 



• Enable location-based services in transportation vehicles 
through the mobFBSs. 

• Move complexity of advanced techniques, e.g., precoding, 
to the mobFBSs instead of applying on all UEs eliminating 
the need to upgrade or modify UEs. 

III. SYSTEM MODEL

A. Network Model 
We consider a single macrocell using orthogonal frequency 

division multiplexing (OFDM) in an urban area with downlink 
(DL) transmission (see Figure 1). The macrocell is served by a 
macroBS. A mobile femtocell is deployed in a bus to provide 
cellular coverage onboard. The mobile femtocell is served by a 
mobile FBS (mobFBS) 2 . The onboard UEs communicate 
directly with mobFBS. A UE might be any device with a 
cellular interface. All transmitters in macroBS, mobFBS and 
UEs are equipped with a single antenna.  

The link between the macroBS and the mobFBS is called a 
wireless cooperative link (macroBS-to-mobFBS). It is a 
wireless radio interface for connecting the mobFBS with the 
macroBSs through a transmitter mounted on the roof of the 
vehicle. The wireless link between the mobFBS and the UE is 
called a wireless access link (mobFBS-to-UE). The mobFBS 
communicates with the onboard UEs and macroBS on two 
different frequency bands in order to mitigate the self-
interference frequency in the mobFBS. The mobFBSs is 
deployed by the cellular operator and is set to open access 
mode. The macroBS should be aware of the mobFBS and its 
associated UEs. The mobFBS has its own physical cell ID, so it 
appears to the UE as a different cell than the macroBS. 
However, the UE receives scheduling information and 
feedback directly from the mobFBS and sends its control 
channel information to the mobFBS.  The mobFBS transmits 
information on its own control channels to the serving 
macroBS.  

Once a UE enters the coverage of a mobFBS, it senses the 
mobFBS. A HO procedure is initiated based on a predefined 
parameter such as, SNR, RSSI, operator’s preferences, 
enforced handover, etc. 

For simplicity, from this point on, the aforementioned links 
will be written as M�F and F�U, respectively.   

B. Propagation Model 
The propagation models for all wireless links are presented 

in the following.  

1) mobFBS-to-UE (F�U )
As the onboard UEs receive signals from the mobFBS, we 

consider the propagation model used between UEs and 
mobFBS as indoor Line of Sight (LOS) fading channel with 
Rician K-factor = 4 dB [12]. Hence, the path loss can be 
derived from modified Keenan Motley model [13] as follows 

10 1032.5 20 log ( ) 20 log ( ).L fP d f= + +                                  (1) 

                                                           
2 The mobFBS is a regular FBS installed in the vehicle.  

where LP is the path loss between mobFBS and onboard UEs 
in dB, d is the distance between mobFBS and onboard UEs in 
meters, and  ff is the frequency  used between the mobFBS and 
UEs in MHz. 

2) macroBS-to-mobFBS (M�F ) 
As the mobFBS receives signals from the macroBS, we 

consider the propagation model as outdoor None LOS (NLOS) 
Rayleigh fading channel with fast fading. The path loss 
associated with the distance d  from the macroBS to the 
mobFBS is modeled as follows 

( ) ( )10128.1 36.7 log 1010 .dd −Ω =                     (2) 

Now let MUd , MFd  and FUd  denote the distances of macroBS-
to-UE (M�U), (M�F), and (F�U) links, respectively. 
Normalizing the path loss in M�U to be unity, the relative 
geometrical gains are defined respectively as 

( )MF MU MFG d d α=   and ( )FU MU FUG d d α= .

3) macroBS-to-UE (M�U ) 
The UEs communicate with the macroBSs in the typical 

cellular network deployment. Therefore, we consider the 
propagation model as outdoor NLOS Rayleigh fading channel 
with fast fading. The path loss used is given by expression (2).  

C. Transmission and  Signalling Model 
After converting the time-sampled OFDM signal into 

frequency domain by applying the discrete Fourier transform 
(DFT), the discrete finite sequence of complex coefficient is 
given by 

( ) ( )
( 1)

0

1 ,          0, , 1k

N
jw

k
s x k e n N

N

−
−

=

= = −�� �                   (3) 

where N is the total number of the orthogonal subcarriers, ( )x k
is the kth modulated data symbols, and 2 /kw k Nπ= �  The 
basis expansion model (BEM) is then used to denote discrete-
time baseband equivalent channel for the doubly-selective 
channel for an urban scenario, and is given by  

( ) ( ) [ ]
0

; ; ,  0, ,q
Q

jw
B q

q
h l h n l e l L

=

= ∈��                                (4) 

where ( )2 / 2 /qw q Q Nπ= −� , and ( );qh n l  is the zero-mean 

complex Gaussian. � denotes the index of the data symbols. 

The block index is given by / tNn � �= � �� , the number of the 
resolvable multipath components is given by /d sL Tτ= � �� � , and 
the number of Doppler phase shifts is given by t s dQ N T f= � �� � , 
where sT  is the symbol duration.  Now, from expressions (3) 
and (4), we can obtain the following expression 

( ) ( ) ( ) ( )
( 1)

0 0

1; ; ,
Q N

jw
B q

q k
h l s h n l x k e

N

−
−

= =

= � �� �                         (5) 

where ( )2 / 2 / .w k q Q Nπ= + −�



The input data blocks generated from the multi-level 
quadrature amplitude modulation (M-QAM) constellation, with 
length of tN are divided to shorter sub-blocks with length sN . 
We denote each sub-block by s(n). The s(n)s are the input to a 
linear precoder ΘΘΘΘ  with size of s tN N× . The sN PZ= , and the

( )( )tN P Q Z L= + + . We define (0)
,MF qH  and (0)

,FU qH as the lower 
triangular Toeplitz channel matrices with entries given by 
equation (4). MFL and FUL are the channel multipath lengths 
for M�F and F�U  links, respectively. Whereas MFQ and 

FUQ represent the number of resolvable Doppler components 
for the aforementioned links.  

The received signal at the mobFBS can be written as a 
matrix form as follows  

( ) ( ) ( ) ( )(0)
,

0

( ) ,
Q

MF MF s q MF q MF
q

n G E w n n n
=

= +�y D H u n           (6) 

where ( ) ( )=u s� �Θ Θ Θ Θ  is the transmitted data blocks, sE is the 
modulated symbol energy, ( )max ,MF FUQ Q Q= ,

( ) : diag[1, ,exp( ( 1))]tw jw N= −D � and ( )MF nn is the M�F 
additive white Gaussian noise (AWGN) vector with entries of 
zero mean and 0 / 2N variance. After using the commutatively 
of products of Toeplitz matrices with vector, we can exchange 

(0)
, ( ) ( )MF q n nH u to ,( ) ( )MF qn nU h . We can then rewrite the 

expression in (6) as  

( ) ( ) ( ) ( ),
0

( ) .
Q

MF MF s q MF q MF
q

n G E w n n n
=

= +�y D U h n           (7) 

After defining the augmented matrices 
T T T

,0 ,( ) [ ( ) ( )]MF MF MF Qn n n=h h h� and

0( ) [ ( ) ( ) ( ) ( )]Qn w n w n= D U D U�ΦΦΦΦ , we get 

( ) ( ) ( ) ( ).MF MF s MF MFn G E n n n= +y h nΦΦΦΦ                            (8)  

During the cooperative (relaying) stage, the mobFBS’s 
received signals is fed to ML detector and is given by  

( ) ( )
2

(0)
,

0
arg min ( ) .

Q

MF MF s q MF q
q

n G E w n
=

	 
� �−� 
� �� �

�s
y D H sΘΘΘΘ   (9) 

with s by means of all possible signal block combinations. We 
apply an “ideal Decode and Forward (DF)” relaying [14] at the 
mobFBS. The mobFBS then forwards a fresh decoded version 
of the received precoded signal, i.e., ( )nu� . Hence, the received 
signal during the relaying stage at the UE is given by 

( ) ( )( )FU FU s FU FUG E h= +y s n�� � �  ,                                (10) 

    where ( )FUn � is the associated  F�U  AWGN vector with 
entries of zero mean and 0 / 2N  variances. Then, ML detection 
will be performed at the UE.  

IV. PEP DERIVATION AND GAIN ANALYSIS

 In this section, we study the performance of cellular UEs 
with mobile femtocell deployment. Also, we derive a closed 
form expression for the pairwise error probability (PEP), which 
is the error probability that for a transmitted signal ( S ) its 
corresponding but distorted version ( Ŝ ) will be received. 

The PEP at the UE is given by [14]  

( ) ( )( ) ( ) ( )ˆ ˆ ˆ ˆ1 ,MF Coop MFP P P P→ ≤ − → → + →S S S S S S S S (11) 

where Ŝ represents the decoded data matrix instead of the 
original transmitted data, ( )ˆP →S S  is the end-to-end PEP, 

( )ˆ
MFP →S S is the PEP of the M�F link, ( )ˆ

CoopP →S S is the 

PEP of from the cooperative link, i.e., M�F and F�U in the 
case that the mobFBS detects the signal correctly but the signal 
that results from the cooperative link is detected incorrectly. 
Then, the PEP in (12) can be upper bounded [14] as follows 

( ) ( ) ( )ˆ ˆ ˆ .Coop MFP P P→ ≤ → + →S S S S S S                          (12) 

Reference [15] gives the conditional PEP for each individual 
term in (12) as follows 

( )2

0

1ˆ ˆ( ) , .
2

P Q d
N

� �
→ = � �� �

� �
S S h S S h                                   (13)  

Using the approximated bound proposed in [16], the expression 
in (13) can be approximated by the following expression  

( ) ( )3
2

1 0

ˆ ˆexp
4

m
m

m
P d

N
ρ

=

� �
→ ≈ ε − →� �

� �
�S S h S S h ,          (14) 

where 1 2 32 1 12ε = ε = ε =  , ( )1 12 3 1ρ π= − , 

( )2 4 3 3ρ π= −  and 3 2 3ρ π= .  

The Euclidean distance conditioned on the fading channel 

coefficients is ( ) ( ) ( )H2 Hˆ ˆ ˆd → = − −S S h h S S S S h . Starting 

with ( )ˆ
CoopP →S S h , expression (14) can be rewritten as  

( )
H3

1

ˆ exp
4

FU FU FU
Coop FU m m

m

G h hP h ρ γ
=

� �
→ ≤ ε −� �

� �
� �S S ,    (15) 

where H Hˆ ˆ= −� s s s s� � � � and 0sE Nγ = is the transmitted symbol 
signal-to-noise ratio (SNR).  Now, we need to average (15) 
over FUh . Note that the channel autocorrelation matrix is given 
by H

, : [ ]h FU MU MUL h h= ×R � , and the channel rank is 

,: rank( ) 1a h FUr R= = . From expression (12), averaging the 

result expression with respect to FUh which is Rayleigh 
distributed, we obtain the following 



( )
13

1

1ˆ 1
4Coop m m

m
P ρ γ

−

=

� �→ ≤ ε +� �
� �

�S S  .                                   (16) 

In the same way, we need to average equation (14) over 
MFh by using the eigenvalues decomposition. Hence, we obtain 

the following expression 

( )
13

1

0
1

ˆ 1
4

MFr k
MF m m MFk

m
P G

αρ γ
−

−

=
=

� �→ ≤ ε +� �
� �

�∏S S ,        (17) 

where the eigenvector of MFh is 0 1 1: diag[ , , , ]
MFMF rα α α −=D �

and MFr is the channel rank of MFh . Substituting ( )ˆ
CoopP →S S

and ( )ˆ
MFP →S S in (12), we have the end-to-end PEP 

expression as follows 

( )
1 13 31

0
1 1

ˆ    

1     1 1 .
4 4

MFr k
m m MF m mk

m m

P

G
αρ γ ρ γ

− −
−

=
= =

→ ≤

� � � �ε + + ε +� �� � � �� �
� �∏

S S
   (18) 

However, at relatively high SNR values, we observe from 
(18) that an asymptotic gain of  ( )min ,1 1gain MFD r= =  is 
achievable.  

For the sake of fair comparison, we provide the PEP 
expression for non-precoded signal through the direct link from 
the macroBS to the UE as follows 

( )
13

1

ˆ 1
4

k
d m m BU

m
P G

βρ γ
−

=

� �→ ≤ ε +� �
� �

�S S  ,                       (19) 

where kβ  is the time-selective channel associated random 
variable in the macroBS-to-UE link ( M U→ ), and modeled 
by a short-term fading coefficient. The receiving terminals 
have low elevation antennas and are located within a highly 
scattered area; accordingly the channel is characterized as 
single Rayleigh - double Doppler. We adopt the double-ring 
channel model of which assumes that the scattering reflectors 
lay uniformly over a ring around the UE [17]. The channel 
autocorrelation function is given by the following expression  

2
0 1 0 2

2 2( )R J v J vπ πτ σ τ τ
λ λ

� � � �= � � � �
� � � �

,                        (20) 

where ( )0 .J  is the zero order Bessel function, and the 
maximum velocities for the two communicating terminals are 

1v  and 2v . Since we have a stationary macroBS antenna (i.e.,

1 0v = ). Assuming single Rayleigh distribution with a single 
Doppler, the power spectrum and time correlation 
mathematical functions reduce back to have the autocorrelation 
function and the power spectrum of the complex envelope 
given by ( )2

0 2( ) 2R J vτ σ π τ λ= . 

V. NUMERICAL RESULTS

In this section, we present numerical results to demonstrate 
the error rate performance. LTE-A addresses those challenges 

by targeting peak data rates up to 1 Gb/s with up to 100 MHz 
supported spectrum bandwidth and by making use of high-
order multiple antennas transmission [18]. Unless otherwise 
stated, we consider quadrature phase-shift keying (QPSK) 
modulation and assume 2.5 GHzcf = , sT 500 s= μ ,

120km hrv = , 3.67=� , θ π= , / 30 dBMF FUG G = −  and 
1.328 sdτ = μ [19]. We assume that perfect channel state 

information is available at the receiving UEs. We use the 
precoder ΘΘΘΘ  with parameters 2P =  and 2Z = . This results in 
[ , ] [1,1]Coop CoopL Q =  for M F→  and a frequency-time flat 

channel is used for F U→  link, i.e. [ ] [ ], 0, 0MF MFL Q = .  

In Figure 2, we compare the PEP of the end-to-end link 
with the performance of the network with mobile femtocell and 
without mobile femtocell. We also compare the derived PEP 
expression (18) and (19) illustrated using dashed lines, to the 
exact expression (13) using solid lines. Exact PEP can be found 
by taking the expectation of the unconditional PEP numerically 
through the random generation of h  with proper statistics3. We 
observe that the derived PEP provides a tight upper bound on 
the exact one with about 0.5 dB� difference. A power 
consumption saving is clearly observed when the cooperative 
relaying link using the femtocell is used, for example at PEP=

210−  a transmitting power consumption saving of 10 dB, 
compared to the direct link, i.e., M U→ . The UEs with no 
mobile femtocells have to communicate with the macroBS with 
a higher transmit power. While in the mobile femtocell case, 
the UEs communicate with the mobFBS with lower transmit 
power to achieve the same error performance.  

In Figure 3, we plot the slope of the performance curves for 
the M U→  and the M F→  links, i.e., ( )ˆ

dP →S S and

( )ˆ
CoopP →S S  , respectively. The slope of the curves 

( ) ( )ˆlog log  P γ− →S S  precisely shows the achieved 

asymptotical diversity gains and the rate of the change of the 
system performance with respect to change of the SNR. It 
should be noted from Figure 3 that a diversity gain of 4 is 
achieved by deploying our transmission scheme in the M F→
with respect to diversity gain of 1 in the traditional direct 
transmission in the M U→ link.  

VI. CONCLUSION AND FUTURE WORK

In this paper, mobile femtocell deployment in public 
transportation vehicles is proposed to enhance and improve the 
coverage and capacity of cellular networks.  We study the 
impact of mobile femtocells in cellular networks, as well as 
quantify performance enhancements in terms of  error 
probability and diversity gains. We provide a closed form 
expression for the PEP. Analytical and numerical simulation 
results demonstrated significant contributions in performance 
gains, where a notable diversity gain is achieved at the outdoor  

                                                           
3  We remark though that unlike our derived exact formula, such exact 
values are not readily available for designers. 



fading wireless link, as well as a tremendous reduction in the 
error rates. Furthermore, a reduction in the required 
transmitting powers compared to the traditional transmission 
schemes is observed subjected to a specific error rate.  

The proposed scheme offers several future research 
opportunities that need further attention from the upper layers 
prospective, including scheduling, coding, mobility
management, etc.  Other directions include considerations for 
the deployment of multiple antennas at the macroBS and the 
mobFBS, and quantifying the performance gains in terms of 
power consumption, received signal and capacity for UEs.  
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Figure 3. Diversity order gains for mobile femtocell Vs. typical direct 
transmission deployment.

Figure 2. Comparison of the derived PEP and the exact PEP, and between the 
direct and cooperative link.
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