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Abstract The mean spectral efficiency of the uplink of MC-CDMA cellular systems is
evaluated. The complete system employs the multicarrier-code division multiple access
(MC-CDMA) technique, a linear antenna array at the base stations, frequency interleaving,
maximal ratio combining, adaptive modulation, perfect power control and a cyclic prefix
large enough to eliminate the intersymbol and intercarrier interferences effects. This
scenario assumes the presence of multiple access interference, co-channel interference,
additive white Gaussian noise, exponential path-loss and slow and frequency selective
Rayleigh fading channel. In this context, a procedure to calculate the mean spectral effi-
ciency of the cellular network is proposed, which depends of the mean bit error rate, the
channel reuse factor, the increase of bandwidth due to the cyclic prefix, the system load,
the spreading factor, the cell radius and the modulation schemes. Results show that an
unitary channel reuse factor is the most efficient way to use the spectrum, but it is critical
in relation to the transmission rates. Also, as orthogonal frequency division multiple access
technique is a particular case of MC-CDMA, the spectral efficiency of both techniques is
compared.
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1 Introduction

By considering the properties of code division multiple access (CDMA) and orthogonal
frequency-division multiplexing (OFDM), a hybrid multiple access technique is proposed
in [1, 2]. This technique is called multicarrier-code division multiple access (MC-CDMA).
MC-CDMA inherits the advantages of both CDMA and OFDM. Therefore, it has tolerance
against frequency selective channels. Moreover, these systems have tolerance against ISI
(intersymbol interference) and ICI (intercarrier interference) through the use of a cyclic
prefix and equalization [3]. Also, MC-CDMA has an inherent frequency diversity because
one symbol can be transmitted through different subcarriers. For these reasons, MC-
CDMA is an interesting option for future broadband mobile communication systems [4—7].

Simulations and analysis of MC-CDMA systems were made [8—12], but only consid-
ering the own cell interference (or multiple access interference—M.AZ) and BPSK
modulation. However, in practice, the performance of wireless cellular systems is not only
limited by M.AZ, but also by co-channel interference (CCZ) due to the channels reuse.
Therefore, the CCZ is an important parameter to be considered in the performance eval-
uation of cellular systems. Also, wireless technologies aim is to increase the system
throughput, thus, high order modulations (like M-QAM) should be used in the networks
[13]. Moreover, it is important to accept that uplink interference is greater than downlink
interference [14].

Although the bit error rate (BER) provides important information to guarantee the
quality of a communications service, in practice, designers of cellular networks also deal
with a trade-off between mitigating interference and increasing the spectral efficiency,
focusing on the improvement of data rates and considering that the radio spectrum is a
limited and expensive resource. Thus, the analysis of spectral efficiency of a cellular
network is crucial to optimize the available bandwidth.

Therefore, the aim of this paper is to evaluate the mean spectral efficiency of cellular
systems uplink employing the MC-CDMA technique, considering not only M.AZ, but also
CCI. Also, the considered system employs a linear antenna array at the base stations,
frequency domain interleaving, maximal ratio combining (MRC), adaptive modulation,
perfect power control and a cyclic prefix large enough to eliminate the effects of ISI and
ICI. The channel considers the presence of additive white Gaussian noise (AWGN),
exponential path-loss and slow-frequency selective Rayleigh fading.

The paper is organized as follows. A description of the cellular system is discussed in
Sect. 2. An analytical expression for the mean signal-to-interference ratio is obtained in
Sect. 3. Section 4 describes the procedure to calculate the cell coverage radius in the
system. An analytical expression to calculate the mean spectral efficiency is determined in
Sect. 5. Section 6 shows the numerical results. Finally, the conclusions are made in
Sect. 7.

2 System Description
2.1 Cellular System
Consider the cellular system shown in Fig. 1, where each cell has a base station (BS) in its

center. The distance (D) between two base stations located in the center of two co-cells is
given by [15]:
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(D Base station of interest
@ Base station in a co-cell
©User of interest
@ Interferer user

Fig. 1 Cellular system with 7 =3

D =RV3F (1)

where R is the outer radius of the cell and F is the channel reuse factor, which establishes
the number of cells in a cluster. A cluster is a group of contiguous cells which collectively
use the complete set of available channels in the system. Also, almost all CCZ is produced
by the users in the first layer of co-cells [16], therefore, only this layer is considered in the
analysis.

2.2 Spatial Distribution of the Users

Suppose that N; users are uniformly distributed in each cell, which has a circular shape, as
shown in Fig. 2. The circular shape with an inner radius guarantee convergence in the

Cell of interest Co-cell

Fig. 2 Spatial distribution of the users in the cells
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average value of the received power. The distance between k-th user and the center of his
cell is represented by ry, with Ry < r;y <R, where Ry and R are the inner and outer radius of
the cell, respectively. Also, 0y is the angle formed by the horizontal axis and the position of
the k-th user. As the users are uniformly distributed in the cell area, it is easy to show that
the probability density functions (PDF) of the independent random variables r and 0 are,
respectively, given by:

2r

fR(r):IfR%’ Ry<r<R (2)

and
0 2 I =Y =

Employing geometry, it is possible to show that the distance between the k-th interferer
user in a co-cell and the BS in the cell of interest can be written as:

dk = \/[D -+ ri cos Hk]2+[rk sin Hk]z (4)

2.3 Characteristics of Transmitters and Receivers

The MC-CDMA technique proposed in [1] is employed. A system with L data transmission
subcarriers and L, cyclic prefix subcarriers is considered. Therefore, the bandwidth and
power increase factor (p) due to the cyclic prefix can be defined as:

L,
e=1+ A (5)
All N; users in the cell are distributed in b blocks. For each block are allocated G sub-
carriers. Thereby, the total number of subcarriers for data transmission can be written as
L = bG. For simplicity, we assume that the number of users in each block (N,) is the same
for all blocks, thus, N, = bN,,. Therefore, the MAZ for each user is produced by the other
N, — 1 users in the same cell employing the same G subcarriers.

Figure 3 shows the transmitter of k-th user. In the transmitter of MC-CDMA, one data
symbol is transcribed into G parallel copies. Then, each copy is multiplied by a chip from a
spreading sequence of length G, where G is also the spreading factor. The chip duration is
the same as the symbol duration (7y). These outputs are modulated into G orthogonal

T *, Baseband ST

Cr1 j2mAfet
L ulse e
é - P S (t)
S PO 5 2 {ei2mfet+9)
i SO == g

—— 35
Symbol k.G T 5| el2n(GAfe)t

- = AL —

preading Modulation Upconverter

stage stage

Fig. 3 Transmitter of the k-th user
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subcarriers. Also, in order to obtain frequency diversity, the frequency separation between
two adjacent subcarriers allocated to the same user, Ay, should be greater than the channel
coherence bandwidth, (Ay),, therefore experiencing independent fading in each subcarrier.
For this purpose, a frequency domain interleaving is used in the transmitter. Its block
diagram is shown in Fig. 4, where it is considered a single user in each block of G sub-
carriers for better understanding. Finally, an upconverter is employed in the transmitter in
order to introduce the carrier. The parameters shown in Fig. 3 will be more detailed in
Sect. 3.

Figure 5 shows the k-th user receiver at the BS. It employs an uniform linear antenna
array formed by 7" equally spaced antennas. Thus, the G signals from the different sub-
carriers and the 7" signals from the antennas are combined employing a Maximal Ratio
Combining (MRC) stage. Therefore, it is assumed a perfect estimation of amplitudes and
phases of the received signals. The specific parameters shown in Fig. 5 will be more
detailed in Sect. 3.

Perfect power control is also considered. This control is performed by altering the
output power of each user equipment (UE) in the cell in order to receive the same power
for all users in the BS. With this strategy, the output power for each UE can be written as:

P =Pt (6)

where P, is the constant received power by BS and r is the distance between UE and BS in
its cell. The factor # allows the transmitted signals by UEs reach the BS with the same
power level, because, as is discussed in the following, the path-loss increases as a power of
distance.

A slow and frequency selective Rayleigh fading channel with mean square value o2 is
supposed. Also, it is considered a channel with exponential path-loss. Thus, the received
power (P,) can be written as:

. Cyclic prefix (L) Data transmission subcarriers (L) |
I (Af)c | (Af)c | (Af)c | !
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\fe ( \f ) | Subearri
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Interleaving ! 1
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Transmitted symbol

by k-th user (Sk) Block 1 of Users Block 2 of Users Block 3 of Users

Fig. 4 Frequency domain interleaving
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Fig. 5 Receiver of k-th user at BS
P, =Pd" (7)

where P; is the output power of UE, d is the distance between transmitter and receiver and
B is the propagation path-loss exponent, which depends on the characteristics of the
propagation environment and it has values between 2 and 6. Typically, f = 4 is employed
for urban environments [15].

Finally, adaptive modulation is used. We consider that this technique employs 4-QAM,
16-QAM and 64-QAM.

3 Mean Signal-to-Interference Ratio

In this section, an expression for the mean Signal-to-Interference Ratio (SIR) is deter-
mined. Remember that an efficient implementation of OFDM-based systems is through the
Fast Fourier Transform (FFT). However, for an easier analysis, an analog equivalent of this
technique is employed.

The uplink of a cellular system has asynchronous nature because the signals of the users
are asynchronous and because their distances to BS are different. Therefore, asynchronous
random spreading sequences are considered in the analysis. For these sequences, the mean
and the mean squared value of their cross-correlation have closed forms. Thus, it has zero
mean and mean squared equals to % [17]. Moreover, in [18], it was shown that random
spreading sequences and Walsh spreading sequences have same performance when a
frequency domain interleaving is employed.

The transmitted signal by k-th user during the i-th symbol time interval can be written
as:

@ Springer



Mean Spectral Efficiency Evaluation of the Uplink... 4601

G
selt) = %; cen{ Sp cos[2n(f. + mAy )t + 0] @)

*SQﬁk sin [Zn(ﬂ + mAf;)t + 791(] }p(t — ng)

where ¢y, is the m-th chip of k-th user spreading sequence, whose amplitudes are
ckm = £1, £, is the carrier frequency, Ay, is the frequency separation between two adjacent
subcarriers allocated to the same user when frequency interleaving is employed. Therefore,
it is considered that A; > (Ay),, where (Ay), is the channel coherence bandwidth. Also,
the subcarrier bandwidth is given by By, = T%,
thermore, ¥ is the random phase produced in the modulation stage of k-th user, p(?) is a
baseband pulse of duration 7, and the factor \/LE normalizes the transmitted power per

where T is the symbol duration. Fur-

subcarrier. Finally, the transmitted symbol, S;, can be written as:

Sk = Spx +3Sqk

= (25— DA £j(2s — DA, s= {1,2,...,\/191‘/2} ®)

where Spy and S are the in-phase and in-quadrature components of the transmitted
symbol, respectively, j = v/—1, Ay is the signal amplitude and M is the modulation order.

In order to evaluate the interference effects, it is enough to consider only a block of G
subcarriers, because interference occurs between users using the same radio resources.
Therefore, the received signal at the a-th antenna in the BS during the i-th symbol time
interval is given by:

G N,

1
rg(t) =—=—= O amChmP(t — iTy — T
(r) \/T_GZZ kamChkmp( K)

m=1 k=1
X {Spi cos2n(f + mA. )t + Py ] — Sou SIN27(f + mAL) + ] b

oM (10)
! \/T@m; ; U amCemp(t — Ty — 1)
X {Specos2n(fe +mA)t + o) — Soos2n(fe +mAL) + by o] }
+n(r)

where the factor # normalizes the received power per antenna, N, is the number of users

in the cell of interest employing a block of G subcarriers, N; is the number of co-cell
interferers, o 4 and o4, are fading amplitudes experienced by the signals arriving at a-
th antenna from the n-th subcarrier for users k and /¢, respectively, 7, and 7, are the time
delay of k-th and ¢-th users, respectively, which are uniformly distributed over [0, T}),
@k am is the received phase, which can be considered uniformly distributed over [0, 27) due
to the uniformly distribution of users in the cell area and the random phases introduced by
the channel.

The first term of (10) is the signal arriving at BS from their own cell, the second term is
the signal arriving at BS from the co-cells and the third term n(f) is the AWGN with zero
mean and double-sided power spectral density Ny/2. Also, it is considered that the sepa-
ration between two adjacent antennas is d = 1/2, where 4 is the wavelength and c is light
speed in vacuum. Thus, signals arriving at two different antennas of the array are affected
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by independent fadings [15]. Therefore, o 4,, and oy, ,, are considered to be independent
and identically distributed (i.i.d) for different , ¢, a and m. Similarly, ¢y, ,, and ¢, are
i.i.d for different k, ¢, a and m.

At k-th user receiver at BS, the decision variable at instant #; + T is:

r G

1 ti+T;
k = Z &k,a,nck,n F/ I’a(t)p(t - fk)
1 sJt

a=1 n=

eos[onth - nty )+ ] —sin ot nty e+ i Jar

=D+ MAT +CCL +n

where dy 4, 18 the estimated fading amplitude of n-th subcarrier at a-th antenna, ¢y, is the
n-th chip from the spreading sequence of k-th user, q{)kyain is the estimated phase of n-th
subcarrier at a-th antenna, 7, represents the estimated delay of k-th user and T% is a
normalization factor. The received sample can be split into four terms: the first term, D, is
the desired signal from k-th user, the second term is the M.AZ, the third term is the CCZ
and the fourth term, #, is the noise sample.

In the following, we consider p(f) rectangular with duration 7 and perfect estimation of
Ok s qbk‘a’n and 7. Without loss of generality, user 1 is considered the target user. Sub-
stituting the first term of (10) in (11) and noting that the terms for m # n are zero due to the
orthogonality between subcarriers, the in-phase (Dp) and in-quadrature (Dp) components
of the desired signal from target user are, respectively, given by:

Spi r G "

Dp =—7r—— o 12
P 2 TG;; 17“’” ( )
Dy =52 f EG o} (13)
¢ TaTG e

a

Note that (12) and (13) are a sum of TG independent squared Rayleigh random variables,
so they are a sum of 27°G independent zero mean squared Gaussian random variables.
Thus, they can be modeled by a Chi-squared distribution with 27°G degrees of freedom. On
this basis and considering the exponential path-loss channel, the mean squared of the
desired signal can be written as:

D =- QG+ 1)@ n™?* (14)

1
4
where r| is the distance between the target user and the BS in its cell. Also, we have
employed that D* = D3 + D>, that a%.a,n = o2 and the mean power of the constellation is
given by 5? =S5, + SZQA’,.

The CCZ is produced by the N; users in the co-cells employing the same subcarriers that

the target user. Using the second term of (10) in (11), it is possible to show that in-phase
and in-quadrature components of the CCZ are equal and they are given by:
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Ni

i G
CCI = E E § 01,a.n%,anC1,nCeln

=1 a=1 n=1 (15)
X {SP‘K Cos [(bl,a,n - ¢1,a,n:| - SQ! sin [(bé’,a,n - ¢1,a.n:| }

The CCZ can be modeled by a Gaussian random variable conditioned to the fading
amplitudes of the target user. Thus, the CCZ components have zero mean because

CrnCin =0, cos(¢py, — P14,) =0 and sin(¢,, — ¢ ,,) = 0. Also, both CCZ compo-
nents have variance given by:

T

Var[CCT |0 o) = 82N % o o an (16)
LTI

where perfect power control is considered, ie., Aj =A; =--- = Ay,. Also, it was

employed the mean squared value of the asynchronous random spreading sequences, also
that  cos*(¢yu, — P140) = 1/2,  that sin® (¢ — $ran) =1/2 and  that

cos[y g — D1 anl Si[Prap — Pranl = 0. The o7, factor represents the mean squared of

the fading amplitudes of the co-cell interferers.
Employing (16), the mean received power from the CCZ can be written as:

1 — —2—
Varl(CZ[a] = 5 SN2 2a P (17)

where we have employed that ocim = oc%_m = o2. Also, da’ represents the power decay
average for the interferer users signals in the co-cells.
Considering perfect power control, the mean SIR can be written as:
S D b (YG+1)

= =3 (18)
I Var[CCT|o] ¥ 6dPrb

where it is considered a predominant interferer in each co-cell of the first layer, i.e., N; = 6.
Also, it is considered that the interferer users and the target user employ the same mod-

ulation, i.e., Sf = Sﬁ. Finally, the factor W represents the power increase average for

interferer users due to power control. From (1), (2), (3) and (4), the factor dPrP can be
obtained by employing:

- R 2n -p
dPrb = /RD /0 [% \/(R\/ﬁ +rcos0)® + (rsin0)*|  fx(r)fo(0)drd0 (19)

4 Cell Radius

In this section, our aim is to establish a procedure to calculate the coverage radius of the
cell. This radius determines the cell region where the users have coverage to guarantee a
maximum mean BER. Accordingly, the coverage radius depend of the modulation schemes

and the interference levels. We can consider that R gREM) <R, where REM) is the
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coverage radius as a function of the modulation order. The procedure to calculate the
coverage radius is described below:

1. First, the maximum mean BER (P,) necessary to guarantee the quality of a
communication service should be known. Also, the operating characteristics of the
MC-CDMA cellular system as the number of antennas in the array ("), the channel
reuse factor (£) and the maximum output power of the UE (P, ,,,) must be established.
The inner (Ry) and outer (R) cell radius must be known, which, typically depend of the
antenna height, the downtilt angle and the vertical beamwidth. Regarding to the
channel, it is necessary to know the propagation path-loss exponent (f3).

2. A parameter related to the M.AT is also necessary. This parameter is called load factor
[18], which describes the ratio between the number of own cell interferer users and the
spreading factor, i.e.:

(20)

where 0 < L<1.

3. Next, the mean SIR must be calculated through (18) and (19).

4. Beginning with the highest order modulation, the mean normalized signal-to-noise
ratio (Ej/Np) necessary to guarantee the maximum mean BER established in step 1 is
obtained recursively from [19]:

el G e

with
I I—H YGTrG-1 TG—1+Z 1_’_#1
T2 i 2

_ Vb _2M-1)
n — W= 2
TGw+7, 3(k+1)
_ 1
Y
log M NaEb o2 + + 2<TG+1) N

where | x| represents floor operation and 7, is known as the mean signal-to-noise-plus-
interference ratio.

5. Then, the received power by the BS (P,) from the target user is obtained. The ratio
between the received power and Ej /Ny ratio is given by:

E)
P, = NoRy 2 22
ok £ @)

where N is the noise power spectral density and R, is the bit rate. According to the
Nyquist criterion, R;, is directly related to the bandwidth. Because the bit rate is equal
to the chip rate in a MC-CDMA system, the bit rate per user can be written as:

Rb = Bsub lng M(I’) (23)

where By is the subcarrier bandwidth and M(r) is the modulation order as a function
of the distance between the UE and the BS in its cell.
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6. After, the maximum transmitted power allocated to the data subcarriers is obtained
through:

L
Pig= prt,max = ([Q] - Q)Pt,max (24)

where [x] is the ceiling operation and ¢ was given in (5).
7. Next, the coverage radius for the chosen modulation is determined. For this, we need
to calculate the UE transmission power by considering perfect power control:

P, =P’ (25)

In (25), vary r from Ry to R. If P, outperforms P, before r reaches the outer radius
(R), then that value of r corresponds to the coverage radius for that modulation.

8. Finally, choose the immediately lower order modulation and repeat all the procedure
from step 4. Repeat this until r reaches the value of R or until all modulations have
been chosen. There may be scenarios in which no modulation achieves the maximum
BER, and therefore the coverage of the cell is void. In other scenarios, even the lowest
order modulation does not enable r to reach the value of R. Therefore, the largest
coverage radius is smaller than the outer cell radius. In this case, we have a partial cell
coverage. For a better understanding consider Fig. 6.

5 Mean Spectral Efficiency

In this section, an expression to evaluate the mean spectral efficiency of the cellular system
is obtained. This mean spectral efficiency is given by the ratio between the cell bit rate and
the total system bandwidth. Because all N, simultaneous users in the cell employ sub-
carriers with the same bandwidth, the mean spectral efficiency of the system can be written
as:

B R By log, M(r)
6 = Nl Ao Bd—_’_Bpr(}’)dr (26)

where By, is the subcarrier bandwidth, M(r) is the modulation order as a function of the

ONo coverage
(] Coverage with modulation My g
@ Coverage with modulation M, |
O Coverage with modulation M3

My > My > My

Total cell coverage Partial cell coverage

Fig. 6 Coverage radius
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radius and the total system bandwidth is the data transmission bandwidth (B;) plus the
cyclic prefix bandwidth (B,).

For a given channel reuse factor, the data transmission bandwidth in each cell is given
by B4/F. Now, refer to Fig. 7. Remember that in a MC-CDMA system, the available
bandwidth per cell is divided in b blocks formed by G subcarriers. Each block is allocated
for a group formed by N, users. Therefore, it is possible to establish that the data band-
width per cell is given by:

By
24 _ B,,Gb 27
% b @

Employing (26), (27) and considering that the number of users per block (N,) is the
same for all blocks, i.e., N, = bN,,, the mean spectral efficiency for the MC-CDMA cellular
system can be written as:

1 1\ [*
=— | L+ log, M d 28
e (£4g) [ roms Movitry 28)
For a system employing m different modulations, (28) is obtained as a sum of m integrals,
where their limits are given by the coverage radius of each modulation.

6 Numerical Results

In this section, the results shown employ the procedure and expressions established in the
previous sections. Thus, the figures show the coverage radius and the mean spectral effi-
ciency of the uplink of a MC-CDMA cellular system for different operating scenarios. The
software MATLAB® was employed to do the simulations.

For the calculations, we have employed the parameters shown in Table 1. Some of these
parameters were chosen from recommendations and technical specifications for UMTS and
LTE standards.

Figure 8 shows the coverage radius as a function of the load factor (L), the channel
reuse factor (F), the modulation order and the number of antennas in the array at the BS
(T) for a system employing G = 8. Note that for high values of £ and for 7" = 2, the
system does not operate, i.e., it can not achieve the maximum mean BER of 10~* due to the
high levels of interference. However, using a large number of antennas (specifically 7 = 8

- , : b f
€ User of block by Cyclicprefix = &
QO User of block b, Block by | S
Block b, :
@D User of block bs < Block bs >

Fig. 7 Allocation of the available bandwidth in each cell considering the channel reuse factor (F)
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Table 1 System parameters

Parameter Value Considerations
Data subcarriers (L) 1024 The number of subcarriers is given by the FFT size. In LTE
systems are employed FFT sizes of 128, 256, 512, 1024 and
2048 [20]
Subcarrier bandwidth 15 kHz In the Release 8 of LTE, it was established a subcarrier bandwidth
(Bgup) of 15 kHz. Alternatively, it is possible to use 7.5 kHz for

broadcast applications [20]

Cyclic prefix duration (7,,) 5.21us In the uplink of LTE, it is possible to use a normal cyclic prefix
(5.21 ps) or an extended cyclic prefix (16.67 ps) [20]

Path-loss exponent (f3) 4 Typical path-loss propagation exponent for urban environments
[15]

Inner cell radius (Ry) 100 m

Outer cell radius (R) 2500 m Macro-cell environment

Noise power spectral —174 % Power spectral density considering the room temperature of 290 K

density (Np)

Maximum output power 23 dBm  Maximum output power of an LTE ter-minal [21]
of the UE (P nax)

Maximum mean BER (P,) 107* Bit error rate chosen for data transmission

Modulation schemes 64-QAM, In LTE systems these three modulation schemes are employed
16-QaM, 131
4-QAM

in this scenario), the effects of M.AZ and CCZ are diminished, and therefore, it is possible
to use high values of L. Also, increasing F and 7" not only improves the coverage radius,
but also increases the cell throughput, because higher order modulations can be used
mainly (for the scenario with £ = 0). As a particular case, note that for 7’ =8 and £ =
0.75 the system can not operate with 7 = 1 and for other values of F, there is a partial
coverage of the cell because the coverage radius is smaller than the outer cell radius.

Figure 9 shows the mean spectral efficiency obtained for the coverage radius of Fig. 8.
In this figure, it is observed that the system can employ 64-QAM modulation in some
scenarios with no MAZ (£ = 0). However, allocating a group of G = 8 subcarriers for
one user decreases the mean spectral efficiency. Thus, it can be observed in Fig. 9 that the
scenario with £ = 0 has the lowest spectral efficiency. Furthermore, for 7" = 8, the mean
spectral efficiency improves as L increases because the number of users per block in the
cell is increased. Also, note that using F = 1 if possible, the mean spectral efficiency is
maximum for each load factor.

In the previous figures, it was verified that the antenna array is essential in a MC-CDMA
system due to the interference. Also, another technique that allows to increase the system
performance is frequency diversity. Therefore, the spreading factor plays an important role
in spectral efficiency. It is observed that high load factors limit the MC-CDMA perfor-
mance due to high levels of M.AZ. Consequently, in practice £ = 0.5 is employed for
cellular network dimensioning [14]. Given the above, Fig. 10 shows the coverage radius
and the mean spectral efficiency of a MC-CDMA cellular system as a function of the
spreading factor (G) considering a load factor of 0.5. Also, a scenario with § antennas in
the array at BS is considered. It is important to mention that when G = 1, the MC-CDMA
system becomes an orthogonal frequency division multiple access (OFDMA) system, thus,
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Fig. 8 Coverage radius as a function of the load factor (£), the channel reuse factor (F), the modulation
order, and the number of antennas in the array (2°) for a system with G=8. a7 =2,b17 =8

there is no MAZ (£ = 0). Note in Fig. 10 that it is not possible to employ F = 1 when
G <2, but when G > 2, it is possible to employ F = 1 due to the frequency diversity gain.
Also, observe that with G = 1 it is possible to use higher order modulations (64-QAM and
16-QAM). Nevertheless, the mean spectral efficiency not only depends on the modulation
schemes, but also on F. Thus, observe that for F # 1, the OFDMA system has better mean
spectral efficiency. However, the maximum mean spectral efficiency obtained for the
OFDMA system (G = 1, F = 3) is lower than the maximum mean spectral efficiency

obtained for the MC-CDMA system (G =8, F = 1).
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Fig. 9 Mean spectral efficiency as a function of the load factor (£), the channel reuse factor (F) and the
number of antennas in the array (1) for a system with G=8.a27 =2,b7 =8
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Fig. 10 Coverage radius and mean spectral efficiency of a MC-CDMA system employing £ =0.5. a
Coverage radius as a function of G, F, M and 7. b Mean spectral efficiency as a function of G, F and 7"

7 Conclusions

Analytic expressions to evaluate the mean spectral efficiency of the uplink of a cellular
network employing MC-CDMA were obtained. These expressions depends on the channel
reuse factor, the system load, the spreading factor and the cell radius. Also, parameters as
modulation schemes order, bit error rate and length of the cyclic prefix are considered.

The existence of M.AZ and CCZ in a channel characterized by the presence of AWGN,
exponential path-loss and slow and frequency selective Rayleigh fading are considered. A
linear antenna array at the base stations, a frequency domain interleaving, maximal ratio
combining, adaptive modulation and perfect power control are also considered.

From the spectral efficiency viewpoint, it was determined that increasing the number of
antennas in the array is more efficient than increasing the number of subcarriers for each
block of users (i.e., increasing G) or increasing the channel reuse factor. In order to exploit
frequency diversity gain, there should be few users allocated in each group of subcarriers.
In other words, the load factor should be close to zero, but it should decrease the mean
spectral efficiency. High levels of own cell interference appear due to the use of matched
filters in the receivers. For this reason, multiuser detection techniques are a good alter-
native to use with MC-CDMA systems.

Furthermore, increasing the channel reuse factor decreases the number of channels per
cell and consequently, the mean spectral efficiency decreases too. Also, the greater the
bandwidth increase due to the cyclic prefix, the lower the mean spectral efficiency.

In the results, it is observed that unitary channel reuse factor presents the best mean
spectral efficiency for almost all system load scenarios. However, this reuse factor is
critical in relation to the bit rates, thus, in this scenario only the lowest modulation order
can be employed.

Finally, when the spreading factor is equal to 1, OFDMA is a particular case of MC-
CDMA. In this case, for a reuse factor different of 1, OFDMA has better mean spectral
efficiency than MC-CDMA. However, in the studied scenario, the maximum mean spectral
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efficiency obtained with MC-CDMA is greater than the maximum mean spectral efficiency
obtained with OFDMA.
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