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Abstract: Intercell interference is a major factor that limits the capacity of cellular wireless communication systems.
This paper proposes an accurate statistical model that caters to interference and noise to determine the ergodic capacity.
A new expression for ergodic capacity is derived that enables us to calculate area spectral efficiency (ASE) and energy
efficiency (EE). This expression has been used to calculate and compare ASE and EE for low and high traffic scenarios

with various signal-to-noise ratios and intercell distances.
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1. Introduction

Multicarrier code-division multiple-access (MC-CDMA) is a promising access technology for the development
of future wireless networks. It combines the advantages of both orthogonal frequency division multiplexing
(OFDM) and wideband CDMA (WCDMA). Not only does it offer high data rates and high spectral efficiency,
but it is also resistant to frequency selective fading and narrow band jamming signals. In this technology, the
signal is first spread in the frequency domain and then transmitted over multiple carriers using modulation.
However, one of the major disadvantages of this technique is that it suffers from multiple-access interference
(MAI), which results in performance degradation. The issues related to MAI have been extensively studied in
the literature [1-12].

Communication systems around the world consume huge amounts of electricity. For example, in Italy
around 1% of total electricity produced is consumed by telecommunication networks [13]. Hence, the total
amount of electricity consumed by them amounts to 2 TWh per year and it is expected to increase 10-fold
over the next 10 years. Similarly, there has been an enormous growth in mobile network infrastructure [14]
around the world. This increase in demand as well as the cost of electricity has resulted in engineers trying
to design networks that are more energy-efficient. A combination of hardware and software techniques are
being researched and used to achieve this. As an example, the 2G GSM Base Station (BS) requires power of
800 W for its operation while the 3G BS requires 430 W [15]. This is important as the BS uses about 80%
of the electricity consumed by a mobile network [13, 14]. One of the techniques to further reduce electricity

consumption is to put BSs/cells with low traffic into sleep mode [16], while their subscribers may be provided
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coverage by the neighboring active cells. However, this approach has a disadvantage as the neighboring active
cells have to increase their transmit power. As a result, the user equipment (UE) also transmits with more
power and drains out quickly. Similarly, the UE may also experience a decrease in quality of service (QoS) as it
switches from current to neighboring cells. It is important to decrease the carbon emission of wireless networks;
it already represents 0.2% of carbon dioxide emissions and this is expected to double by 2020 [17]. Aldosari et
al. [18] proposed a novel method of calculating the ergodic capacity of cellular systems and also investigated the
trade-off between area spectral efficiency (ASE) and energy efficiency (EE). In this paper, a similar approach
has been adopted to derive a new accurate expression for the ergodic capacity of downlink cellular MC-CDMA
systems in the presence of carrier frequency offset, which, to our knowledge, has not been done before. The
new expression is then used to compare and analyze ASE and EE for both high and low traffic scenarios. This

paper has the following important contributions:

e A novel expression has been derived for the calculation of ergodic capacity for a basic 7-cell downlink
cellular MC-CDMA cellular model.

e Calculations and comparisons have been made for this cellular model using ASE and EE.

e All the results have been verified using Monte Carlo simulation.

2. System model

Consider a 7-cell cellular system as shown in Figure 1, with a frequency reuse factor of 1, where each BS
communicates using MC-CDMA in the downlink. Due to the unit frequency reuse factor, each user will
experience interference from all cells in the neighborhood; however, for simplicity we shall only consider the
immediate 6 neighbors. This assumption is justified as the interference from the subsequent neighbors will only
be a fraction of the interference from the immediate neighbors due to their distance. All users are considered
to be uniformly distributed in the cell with the BS at the center. The downlink composite signal transmitted
by the BS consists of orthogonally combined signals for all users in the cell, whereas the signal for each user in

a typical signaling interval T is given by

Np—1
1 .
s(t) = — Z b(t)c[n] e It t € [~T,,T], (1)
VINp
n=0
where N, is the processing gain, which also equals the number of subcarriers; b(t) is the information-bearing
signal; c¢[n] is the spreading code and we assume that an orthogonal spreading code is used; f, is the center
frequency of the nth subcarrier; and T} is the length of the cyclic prefix. The received signal R.(t) at a typical

user at a distance r from the BS is given by

N,—1 6
1 , 1
R(t) = ——r" Gnb(t) cln]e??™nt 4 7‘,;5
VN nZ::O 1; VN
Np—1 N
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n=0

where the first term is the desired signal from its own BS. The second term is interference from the six neighboring

base stations, where the subscript k represents one of the six neighbors. We consider the worst-case scenario
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Figure 1. Cellular model.

where all six neighboring BSs are utilizing the same subcarriers in the given time interval. No interference
is assumed from the signals for other users in the same BS, as the user is assumed to be phase-locked with
its base station; however, there is a frequency offset of A with the neighboring base stations, which results
in interference. The last term 7(¢) in Eq. (2) represents AWGN, f represents the path loss factor, and G,
and G, are channel transfer functions. We assume a frequency-selective, multipath Rayleigh fading channel;
therefore, all G,, and G, are zero mean complex Gaussian random variables with unit variance. In Eq. (2)
r, is the distance between the user and the kth neighboring BS; it can be written in terms of the distance

between two BSs R as follows:

L = \/R2 + 72 — 2Rr cos (0), (3)

where 6 is shown in Figure 1. The received signal is decoded by a conventional correlation receiver with maximal

ratio combining. Let Z represent the receiver decision variable; then

1T
1 .
7 = T / Gz, c[m]e 2™ mt (1) dt. (4)
m=0 0
Z can be separated into three distinct components, Z = S + I + N, where S is the desired signal

component, [ is the intercell interference component, and N is the AWGN component. These are given as

5 Nemt
_r 2

follows:
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Np—1 1 T 6 —3 Np—1 N
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If no frequency offset between BSs is assumed, then A = 0 and it can be shown that the interference
component I becomes zero. Therefore, if frequency offset is ignored there is no interference in the downlink,

but this is not a practical assumption. The integration in (6) can be solved to get

ej27'r(n—m+Ak) -1

I:Z Z : ZG bk (t Ck[]j27r(n—m+Ak)' 0

Note that I in Eq. (7) is a large sum of independent zero mean random variables and therefore Z can
be considered as a Gaussian random variable. The mean of Z has a contribution from S only as I and N are

zero mean random variables, and it can be written as follows:

N,—1

r—BE, -
El2)= ) | Y 1enr ] )

p m=0

where E[] is the expectation operator and F is the signal energy. The variance (V[]) can be found as

-8 Np—1 Np—1 -1

6
=Y Lk SN (G (G, + Z |Gom? No, (9)

k=1 P m=0 n=0

2 _ ej27r(n7'm+Ak)_1
where &7, = E { orimmTAy

2
] = E [sinc® (r(n —m + Ay))], and the expectation is over Ay. The

instantaneous signal-to-interference and noise ratio (SINR) is therefore given by the ratio

N,—1

e D (Gl

SINR = — m . (10)
St F Eome Tonte G |Gkl €0+ Ty [Gion* 52

The instantaneous SINR expression is not affected by the spreading code used, as long as an orthogonal
code is used.

The ergodic (average) capacity can be found using the Shannon capacity formula C = E [log, (1 + SIN R)]
[bits/s/Hz]. The direct method to solve for C' would require 6 x N, x N, numerical integrations, which would

make it very complicated. In the next section we employ a conditional expression and a useful lemma to solve
for the ergodic capacity.
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3. Ergodic capacity

The ergodic capacity expression can be written in terms of conditional capacity C (r,0) as

=

/2 2m

C =log, (e /C’ T, 0) d@dr (11)
0

o\

since the pdf of 7 is f,.(r) = 8r/R? for 0 < r < R/2, because the user is equally likely to be anywhere around
the BS. Similarly, fy (§) = 1/27, for 0 < 6 < 2r. Note that in Eq. (11) C (r,0) =E[ln(1+ SINR) |r].

Using Lemma 1 in [18], C (r,0) can be written as

Np—1
C(r0) = [ Llexp (—szg—S> (1—E [exp (—2r~" Z IGml? | |7
m=0 (12)
6 -8 1~ Np—1 |G 121Gk P65,
ka:1 exp | —=zr, Zm 0 Zn 0 W |’I“ :
m=0 m

Assuming all channel gains are independent and applying Jensen’s inequality, Eq. (12) can be simplified
as

Ny—1
C(r,6) > 0 exp( szg—:) 1- H E [exp (—2r=8|Gpl|?) |r]
m=0 (13)
Np—1Np—1 —B 1G5 121G k260,
x H2=1 [TnZo IInZo E |exp zrkﬁE[szkGlz] |r
m=0 m
In Eq. (13), ZZ";OHG,”\Q is chi-square distributed with Np degrees of freedom. Therefore,
E [ZZ’;}l\Gmﬂ = N,, and Eq. (13) can be further simplified as
C(r,6) > foooéexp( —0) 1-— HIE eXp r5|G |)\] 14)
Np—1 p—1 *
X ngl Hm:O Hn:O E |:eXp (_TIZ |Gm| |Gn,k|2£72n,n) |T} .
For a Rayleigh distributed random variable |G| with o = 1/v/2,
_ﬂ 2 1
E [exp (—2r?1Gml?) I] = =5 (15)

and

exp [ —22— ) N,
P\ 2erPe ) 07 N,
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221,72,
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where E; is an exponential integral function given as E[2] = [° %tdt, substituting Eqgs. (15) and (16) in Eq.
(14) we get

crn = oo () (1 () )

Np N
6 Np—1 1 Ny—1 P\ 2o P2 ’ N
P P k m,n
[ Toei 2o I1nZo Eq dz.

p
—B —B
2zr, B2 2zr, Be2

m,mn m,mn

Since all surrounding BSs are statistically similar and therefore will have the same net effect, Eq. (17)

can be simplified as

C(r,0) > Owiexp(—sz%)(l_(Hzlr_ﬁ)Np>

6
Ny (18)
Np—1 yyNp—1 P\ 2ar Pe2 Ne N
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[nZo Tz 221, "€2, e

Replacing the expression for C'(r,0) in Eq. (18) into Eq. (11) gives a much reduced expression for
the ergodic capacity, where only three numerical integrations are required to solve the expression rather than
6 x N, x N, originally.

4. Area spectral efficiency and energy efficiency

ASE is an important parameter for any network engineer. Higher ASE values indicate better utilization of the
available bandwidth, which is an expensive and scarce resource. ASE can be expressed, for the unit frequency

reuse factor, as [19]:

ASE = % [bits/sec/Hz], (19)

where L is the total number of users in a cell, C' is the ergodic capacity as given in Eq. (11), and A is the area

of a cell.
The EE can be estimated as [20]:

_ Pr+FPc

EE
WLC

[J/bit] (20)

where Pr is the transmit power consumed by the base station, which includes the power consumed by the
power amplifier and the feeder losses. P¢ is the circuit power, which includes the power consumed by hardware
such as signal processors, rectifiers, air-conditioning units, and backup batteries. Note that Pr and Po are
independent of each other. W is the bandwidth utilized by the BS.

5. Numerical results and discussion

In this work, we found that the ASE of MC-CDMA systems increases with SNR for both low and high traffic
scenarios, as shown in Figure 2. However, the high traffic scenario has a higher ASE as compared to the low
traffic scenario for the same SNR. The difference is due to the fact that at low traffic rates the available channel
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resources are not being fully utilized. The rate of increase of ASE also increases with SNR; this is in contrast
to OFDM [18], where the rate of increase decreases with SNR. This is because of intracell interference, which
becomes the dominant impairment at high SNR. Since MC-CDMA offers inherent orthogonality, it does not
suffer from high intracell interference. At high traffic rates, ASE increases from 0.03 to 0.08 [b/s/Hz] when SNR
is increased from 10 to 20 db, i.e. a 2.7 times increase. A similar increase is also observed at low traffic rates,

where it increases from 0.005 to 0.015 for the same increase in SNR. This also shows that interference between
cells is not a dominant impairment, as otherwise the increasing traffic would not see a similar increase in ASE.
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Area Spectral Efficiency (bits/sec/Hz)

o
o)
@
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Figure 2. Comparison of low and high traffic ASE with increasing SNR.

Figure 3 shows improvements in EE for both low and high traffic scenarios with increasing SNR. The
high traffic scenario performs better than the low traffic scenario with increasing SNR. The EE improves from
180 to 60 [mJ/bit] when SNR increases from 10 to 20 db at a low traffic rate, i.e. 3 times reduction. At high
traffic rates, EE improves from 30 to 10 [mJ/bit] for the same increase in SNR, a 3 times reduction. This also
confirms that the relative improvement is the same for both low and high traffic scenarios as opposed to OFDM

[18], where increasing traffic increases interference.
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Figure 3. Comparison of low and high traffic EE with increasing SNR.
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Figure 4 shows the trade-off between EE and ASE for two values of BS separation (R). The trade-off does
not change when the traffic condition changes from low to high, since relative gains are the same, as discussed
earlier. However, when the cell size is reduced the ASE increases significantly because the statistical average
distance of the user from the BS is reduced. When R is arbitrarily reduced the ASE does not continue to
increase due to increased interference, as given in the third term in Eq. (18). Therefore, small cells as envisaged
in 5G cellular networks would improve the ASE and EE if MC-CDMA were employed; however, this increase
would not be arbitrary.

80

- — — R=100
R=200

Energy Efficiency (m]/bit)

1072 10! 10°
Area Spectral Efficiency (bits/sec/Hz)

Figure 4. Area spectral efficiency vs. energy efficiency for different intercell distances.

6. Conclusion

ASE and EE are important design parameters in a cellular wireless communication system. We have derived
a novel simplified expression for ergodic capacity, requiring only three numerical integrations as compared to
6 x N, x N, otherwise. The new expression leads us to expressions for ASE and EE, and we also confirmed
their accuracy using Monte Carlo simulation. Using these expressions we found that both ASE and EE improve
at higher traffic load conditions at all SNR values. However, the rate of improvement of both ASE and EE is
the same for both traffic scenarios, because of the inherent orthogonality offered by MC-CDMA. Furthermore,
smaller cell sizes give higher ASE for the same EE, or conversely better EE for the same ASE. Therefore,
MC-CDMA can be a good choice for a design engineer for 5G cellular wireless networks in comparison to
OFDM.
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