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Abstract—This paper analyzes self-organization of ad hoc
femtocells within a macrocell infrastructure by using random
frequency hopping. Femtocell users select their frequency sub-
bands randomly, so that corresponding femtocells are capable
of integrating themselves into macrocells without any exchange
of information. No sensing equipment is required in femtocell
devices and no time is consumed for self-organization. This
makes random frequency hopping highly attractive as a self-
organization policy in outage situations, i.e. where macrocell
base stations fail and immediate coverage has to be provided
by femtocells. We present an exact analytical model for the Bit
Error Rate (BER) of femtocell users and access points using
random frequency hopping, based on Signal to Interference and
Noise Ratio (SINR) and Laplace transform techniques. Moreover,
for performance evaluation, the model is applied to frequency-
nonselective and frequency-selective channels and is verified by
simulations implemented in MATLAB. The results of random
frequency hopping are compared to classical resource planning
with orthogonal patterns and to systems without resource plan-
ning. It is shown that random frequency hopping introduces a
reduction of the BER up to a factor of 7 compared to systems
where the interferer is transmitting in the same subband as the
femtocell user.

I. INTRODUCTION

Femtocells are constantly gaining attraction, as they offer
extended coverage and broadband services. They are based on
Orthogonal Frequency Division Multiple Access (OFDMA)
systems which increase the spectral efficiency and throughput,
while simultaneously decreasing power consumption com-
pared to other multiple access technologies.

As mobile traffic is increasing approximately 30% each
year [1], the cell coverage is constantly decreasing. Hence,
the provision of broadband services requires small cells with
a great spatial reuse of the radio resources. Femtocells counter
this problem of enhanced system capacities, however they in-
troduce severe interference problems with existing macrocells,
as they are using the same radio resources.

Since femtocells are typically used to extend indoor cover-
age or to offload traffic from macrocells, common applications
result in an overlay with existing Long Term Evolution (LTE)
macrocells. Due to the fact that centralized orthogonal resource
planning, which is classically done in macrocells, would
require a high administrative overhead in femtocells, both cells
normally share the same resources which introduces interfer-
ence. In the following, we concentrate on the interference
between femto- and macrocells which represents the major
problem when femtocells are well separated. Fig. 1 depicts
the situation in the downlink, where the macrocell base station
interferes with a femtocell user. In contrast, Fig. 2 shows
the uplink, where a macrocell user interferes with the fem-
tocell access point. If femtocell users are allowed to allocate
frequency subbands simultaneously, interference among them
also occurs. Although the uplink in LTE is realized as Single
Carrier Frequency Division Multiple Access (SC-FDMA), it

can be interpreted as linearly precoded OFDMA with the same
Symbol Error Rate (SER) as classical OFDMA.

Due to these problems, self-organization techniques are
required, which allow femtocells to integrate themselves with
a minimal amount of interference. Different self-organization
methods are known which can be categorized into centralized
and distributed ones. Centralized approaches are realized e.g.
by fractional frequency reuse, where subbands for cell edge
users are orthogonally selected in relation to users of adjacent
cells [2]. Distributed self-organization is commonly based on
sensing the environment, such as exploring the used resources
of the surrounding cells. Famous distributed methods are time
and frequency Inter-Cell Interference Coordination (ICIC) [3].
Time ICIC is based on protected and non-protected resources,
which indeed reduces interference but also throughput. In con-
trast, frequency ICIC is realized by sensing the control channel
of the macrocell and adjusting the femtocell resources [4].
Another way to reduce interference is power control. A good
overview of self-organization techniques is given in [5].

In this paper, we propose to use dynamical hopping patterns
in the femtocell which are randomly chosen by the users.
Thereby, the femtocell is able to integrate itself into the
macrocell with limited interference, but without any exchange
of information, centralized planning and sensing. In other
words, the inter-cell interference is reduced by scrambling it
within the used channel bandwidth. Each transmitter chooses
a random hopping pattern before transmission according to
a given probability density function (pdf) and informs the
receiver about the selected pattern. As a consequence, no cell-
discovery of the environment is required, so that femtocells
can immediately operate without delay after activation. Thus
Random Frequency Hopping OFDMA (RFH-OFDMA) sys-
tems are highly attractive in outage situations when macrocell
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Fig. 1. Inter-cell interference in the downlink (OFDMA)
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Fig. 2. Inter-cell interference in the uplink (SC-FDMA)
base stations fail and capacity has to be provided immediately
by femtocells. For those situations, it is beneficial to have a
wireless femtocell backhaul, e.g. by using Unmanned Aerial
Vehicles as flying femtocell access pomts [6]. Another ad-
vantage of RFH-OFDMA is an increase in user capacity and
spectral efficiency, as these systems allow to occupy subcar-
riers by more than one user for a short time. The application
of random frequency hopping within OFDMA systems were
first introduced in [7]. Two fundamental situations will be
discussed throughout the paper: in scenario one, all random
frequency hopping patterns are independent, which results in
inter- as well as intra-cell interference, cf. Figures 1 and 2.
In contrast, scenario two uses a coordinated orthogonal but
random approach within the femtocell such that only inter-
cell interference occurs.

Due to the fact that orthogonal hopping patterns of macro-
cells are also random from the perspective of femtocell users in
our approach, we consider interfering RFH-OFDMA systems
in the following. The key challenge is to quantify how much
interference is introduced by the random hopping patterns.
Existing approaches like [8] and [9] determine the system
performance only by simulations and/or without considering
the signal processing in the transmitter and receiver. In order
to capture the performance of self-organizing RFH-OFDMA
systems, we present an analytical model deriving the BER
and verify it with simulations implemented in MATLAB.
Furthermore, the analytical model is applied to Rayleigh and
Rice fading in frequency-nonselective and frequency-selective
channels. In contrast to simulations, as shown in [10], the
analytical BER model provides insight into system design
guidelines and key performance indicators. It allows to analyze
influences of time and frequency parameters like the user
bandwidth, the number of subcarriers and the guard time as
well as channel parameters like the Ricean K-factor or number
of received multipaths. Regarding these parameters, we focus
on typical values of LTE in our analysis. Moreover, the impact
of different pdfs for the random hopping patterns is examined,
which has also not been considered by previous works. In
order to quantify the achieved improvements, we compare
the results with the performance of systems using an ideal
centralized and orthogonal resource planning and of systems
using neither orthogonality nor resource planning.

The analysis starts with a system model in section II. In
section III, the analytical model for the BER is derived as a
function of different fading channels. Section IV then illus-
trates the results derived from the analytical and simulation
model, followed by the conclusion in section V.
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II. SYSTEM MODEL

In this section, the overall structure of the analytical and
simulation model is shown. Fig. 3 depicts a block diagram of
the components needed to model the interference situations
of Figures 1 and 2 when M interferers are supposed. Each
interfering system consists of a basic digital modulator, which
is assumed to use Binary Phase Shift Keying (BPSK), an
inverse Fourier transformation ensuring the orthogonality of
OFDMA, an addition of a cyclic prefix and an analogous
modulation using random carrier frequencies over time. The
OFDM transmitter and receiver of the interfered system
comprises the same components, with the only difference
that an identical random carrier frequency pattern is used.
Furthermore, the symbols of the interferers are denoted by z;
and those of the OFDM transmitter by xs. Thus, the detected
symbols in the interfered system are composed of x5 and the
symbols of the interfering systems i.

In [10] we have shown that the interference signal of one
user in such an environment can be described at the output of
the decision device in the receiver by
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Here N represents the number of subcarriers, 7' the symbol
duration, C' the guard interval, D the data carrying part, () the
subcarrier spacing, d the subcarrier index, [ the symbol index
and z4; the transmitted symbols of the interferer. Moreover,
subscript n is used for parameters of the interfering and m for
parameters of the interfered system. The random frequency
hopping is included in the term f,, which characterizes the
difference between the carrier frequencies of the interfering
and interfered system f, — f,,, cf. Fig. 4. Since f, and f,,
are varying according to a specific pdf, f, is also randomly
changing with time.
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III. ANALYTICAL MODEL FOR THE BER

In this section, an exact analytical model for the BER of
femtocells using random frequency hopping within a macro-
cell infrastructure is derived and applied to different fading
channels, such as Rayleigh and Rice in frequency-nonselective
and frequency-selective environments. We begin by deriving a
model for the BER conditioned on fixed large-scale fading, i.e.
random small-scale variations are omitted first. Afterwards the
model will be extended by random fluctuations of the fading
amplitude.

A. Analytical Model for Fixed Fading Amplitudes

The BER caused by M interfering RFH-OFDMA systems
can be determined based on (1). If a BPSK with equal
symbol probability is assumed, the BER equals the SER and
is independent of the transmitted symbols
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Here p,, denotes the pdf of the sum of interference symbols
in the receiver

M
= istn., (5)
m=1

while ng represents Additive White Gaussian Noise (AWGN)
and g, the frequency domain channel gain. Equation (4)
depends on the subcarrier s and therefore has to be averaged
in order to get the overall BER. Since it is very difficult to
determine the pdf of rs;, we rearrange (4) with the help of
Laplace transform techniques
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where £{-}(7) denotes the Laplace transform to variable -.
After some straightforward analysis, this can be written as
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Compared to (4) the advantage is that all parameters can be
evaluated numerically. Beginning with the expectation of the
interference symbols, we get
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As the symbols of the interferers i, are independent among
each other as well as independent of the AWGN signal ng,
the pdf p,-, can be factorized

Pr, = Di, (x1)pi, (x2) - pi, (Tar)Pn, (Tar41) 9
which results in
Ele) = (B B

The Laplace transform of the AWGN can be easily calculated

]E{e RAS }—exp( "27 ) ,

where o, is the average power of the AWGN. It remains to
determine the Laplace transform of the interference 5. If we
make use of (1) and the fact that the transmitted symbols z4;
are stochastically independent of the symbol index [ as well

as of the subcarrier index d, we get
zq,Re{Bs,a,1}
D, D,, ’
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Note that (12) comprises two random variables, z4; and f,
since the fading amplitude A is still fixed at this point. As
the transmitted symbols and the random carrier frequencies
are also stochastically independent, both expectations can be
evolved consecutively

E{fe "} =E{E{ "}, }

where IE{-}|, denotes the conditional expectation when x is
fixed. For simplicity of notation we denote the conditional
expectation in (13) by IEzs| and the overall expectation
by IE;,. Considering that zq; only takes the values £1, (13)
results as
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We are left with the expectation dependent on the random
carrier frequenmes fz. Given an arbitrary pdf py, (x) for the
random carrier frequencies, cf. Fig. 4, the overall Laplace
transform of the interference yields

= / ]Eis

which can be solved using numerical evaluation. All we need
to do is to insert (10), (11) and (15) into the equation for the
BER (7). Since the complex contour integral in (7) does not
have a closed form solution, we resort to the effective Gauss-
Chebyshev approximation, cf. [11]. In this manner, the BER
can be expressed as

1. Pf(z)dz (15)
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The parameter c is chosen such that the integrand in (7) mul-
tiplied by ~ is minimum, which corresponds to the Chernoft-

bound
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Since (16) represents the BER per subcarrier s, the overall
BER is achieved by averaging (16) over N,,. Note that (16)
not only holds for the OFDMA downlink, it holds for the
SC-FDMA uplink as well if we replace the BER by the SER.

B. Analytical Model for the BER in Frequency-Nonselective
Channels

2k —1
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(18)

After having derived a model for the BER conditioned on
fixed fading, we will now drop this assumption and extend
the model for different types of small scale fading. At first we
determine an expression for frequency-nonselective fading. In
this case (16) has to be averaged over the pdfs of the fading
amplitudes A and g,
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Here p,.(x) denotes the pdf of the fading amplitude A and IE,,,
is an abbreviation for (11). In the case of Rayleigh fading, the
expectation of the frequency domain channel gain g, results
in the closed form solution

Ef{e 9} =1 \/ﬂave#Q (o7) - 20)

In contrast, for frequency-nonselective Rice fading, the expec-
tation of g has to be numerically solved
v
) IO (72> dx 5
g
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where v represents the noncentrality parameter and I the zero-
order modified Bessel function of the first kind.
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C. Analytical Model for the BER in Frequency-Selective
Channels

Next we extend our analytical approach for frequency-
selective channels. As frequency-selective transmissions suffer
from multipath propagation, the superposition of different
interference signals i5 as well as signals from the OFDM
transmitter g, each having a own fading amplitude and phase
shift, have to be considered. In order to facilitate the model
we assume a RAKE receiver, which is able to cancel out the
different phase shifts of the individual signals, i.e. all signals
are added coherently in the receiver. Under this assumption
the BER gets

L
c—joo . ]E{ ’ngs}
e =1
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where L denotes the number of considered propagation paths.
Equation (22) is an approximation, since we assumed that the
random carrier frequencies are stochastically independent for
different propagation paths. Otherwise it is not possible to
derive a closed form expression for the BER. We will find
in section IV that the error introduced by (22) is rather small
if L < 4. As the fading amplitudes of different propagation
paths are independent, (22) further simplifies to
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where the expectation involving IE; has to be performed
over the sum of L independent fading amplitudes. In the
case of frequency-selective Rayleigh fading, the corresponding
distribution can be approximated by [12]
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where t = x/ V'L is the normalized argument and a represents

2
g 1/L
=—[(2L -1 .
a=2 (2L -1

The double factorial sign corresponds to the definition:

2L—-1N =1-3---(2L — 3)(2L — 1). On the other hand,

if we consider frequency-selective Rice fading, the pdf of the

sum over L independent fading amplitudes gets [13]
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where Iy, is the I — 1th order modified Bessel function of
the first kind, ¢; and ¢y are coefficients taken from [13], ¢ is
the normalized argument once again and b is defined as
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b=/ ———. 27
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Furthermore, K denotes the Rice factor and €2 the normalized
average power.

(25)
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IV. RESULTS AND PERFORMANCE ANALYSIS

In order to evaluate the gain of femtocells using random
frequency hopping, a performance analysis is presented in this
section. Therefore we analyze two different scenarios: first the
femtocell users utilize random patterns in an uncoordinated
manner, such that intra- and inter-cell interference occurs,
second the femtocell users utilize a random but coordinated
approach in a way that intra-cell interference is avoided. For
both scenarios the system parameters listed in Table I are used,
which are based on the LTE standard [14] and where Prx y is
the transmit power of the femtocell access point. All presented
results are based on a worst case analysis, where the femto-
as well as the macrocell have maximum load.

We begin by analyzing situation one and assume that the
received interference power of the macrocell equals that of the
femtocell, i.e. the Signal to Noise Ratio of each interferer is
the same. Fig. 5 shows the BER of equation (16) as a function
of the interfering distance r; and of different random hopping
distributions, while the distance to the femtocell access point
is fixed to 7,=100 m. In order to evaluate the results of random



TABLE I
SYSTEM PARAMETERS

PARAMETER [ VALUE |

Nn, N 120 subcarriers
> W 1.8 MHz

Cr, Cm, 0.25N,, /W,

Try Tm 1.25N, /Wy,

Qn, QOm 15 KHz

PTX f 23 dBm

SNR 8 dB

frequency hopping, Fig. 5 also shows the BER of systems ap-
plying centralized orthogonal planning where no interference
occurs and of systems where all interfering systems transmit
in the same subband as the interfered system.

Fig. 5 depicts that the BER is decreasing with increasing
distance r; and that Gaussian random frequency hopping
always achieves a higher BER as uniform hopping. The
reason for this is that uniform hopping, where the carrier
frequencies are chosen out of the channel bandwidth with
equal probability, uses the whole bandwidth for transmission,
while Gaussian hopping prefers the center of the channel
for all transmissions. It can be shown that Gaussian hopping
always results in less improvements than the uniform one.
Therefore, the Gaussian distribution is omitted in all following
considerations.

All results in Fig. 5 are verified by simulations implemented
in MATLAB (dotted curves). The used simulation model com-
prises an OFDM transmitter generating random bits according
to a BPSK, performing an inverse Fourier transformation,
adding a cyclic prefix and transmitting the resulting signal
with a random carrier frequency according to the pdf of the fre-
quency hopping, cf. Fig. 3. Afterwards the signal is attenuated
according to the fading before the symbols are demodulated in
the receiver by another random carrier frequency. The resulting
random but uncorrelated BPSK symbols of all interferers are
added to the symbols of the interfered system in the receiver.

Fig. 6 shows the dependency of the BER for an increasing
channel bandwidth when the distances r, and r; are fixed to
100 m. Note that a rising channel bandwidth results in more
interferers, since the bandwidth per user is fixed to 1.8 MHz,
which increases the BER. Hence the unused bandwidth, which
is the difference between the channel bandwidth and occupied
bandwidth of all users, varies as a sawtooth function. This free
bandwidth cannot be used by cells with centralized planning,
but is used by systems with random frequency hopping.
Therefore the curves for random frequency hopping show a
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shape similar to this sawtooth function.

The random frequency hopping gain, which is the difference
between the BER from section III and the worst case analysis,
can be increased in relation to the performance of orthogonal
planning, if we assume a coordinated femtocell user approach
without intra-cell interference (scenario 2). In the case of
frequency-nonselective Rayleigh fading for the femto- as well
as for the macrocell, the evaluation of (19) yields the results
shown in Fig. 7. As there exists only one interferer in a certain
OFDMA timeslot, the interferer of the macrocell, the BER
corresponding to the worst case is reduced and represents a
horizontal line. Although Rayleigh fading results in simultane-
ous degradation of received power from the femtocell access
point as well as from the macrocell interferer, the random
frequency hopping gain increases due to the reduced number
of interferers.

In order to increase the random frequency gain further, we
analyze the performance within a Rice frequency-nonselective
fading, which is shown in Fig. 8. It can be seen that the
BER is decreasing as a function of the Rice factor based
on an increasing received power at the femtocell users in the
downlink and at the femtocell access point in the uplink. It has
to be noted that the interference power from the macrocell is
simultaneously increasing. The analytical model shows again
a good match compared to simulations even if the system
contains three random variables: the transmitted symbols, the
carrier frequencies and the fading amplitude.
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The performance of random hopping within frequency-
selective channels can be seen in Figures 9 and 10. If the
line of sight (LOS) between the access point and the user is
blocked, we get the results depicted in Fig. 9. A comparison
with frequency-nonselective channels (Fig. 8) points out that
multipath reception increases the random frequency hopping
gain. We get a reduction of the BER introduced by random
frequency hopping by more than five times compared to the
worst case. As the results of the analytical model in Fig. 9
are derived from the approximation (22), the error compared
to simulations is increasing for L > 4. Finally Fig. 10 shows
the impact of the Rice factor in frequency-selective channels.
Since the results are a combination of those shown in Figures 8
and 9, the highest random frequency hopping gain can be
achieved in a multipath environment with LOS components
and it corresponds to a reduction of the BER by a factor of 7.

V. CONCLUSION

The use of femtocells within existing macrocell infrastruc-
ture introduces interference between users of different cells
in the downlink as well as in the uplink. Since existing
inter-cell interference coordination and self-organization of
femtocells is based on knowledge of the cell-environment and
on corresponding resource allocation, we introduced random
frequency hopping as a self-organization technique. Thus, fem-
tocells are able to integrate themselves into macrocells without
exchanging data between the cells or sensing the environment.
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Therefore random frequency hopping is highly attractive when
femtocells have to work immediately after their positioning.
We have presented an exact analytical model for the BER
when femtocell users employ random frequency hopping and
we have applied the model to frequency-nonselective as well
as frequency-selective fading. Moreover, all results of the
analytical model are verified by simulations. We have shown
that random frequency hopping can achieve a reduction of the
BER by a factor of 7 compared to systems where the interferer
transmits in the same subband as the femtocell user.
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