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Abstract

Complexity plays a very significant role in real-time problems. A genetic algorithm (GA)-based multiple input multiple
output for an uplink multi-carrier code-division multiple-access (MC-CDMA) receiver is being considered as an impor-
tant pillar in real-time wireless communication problems. Bit error rate (BER) and minimum mean square error (MMSE)
are well-known system performance evolution parameters to estimate the real-time system standards. Sometimes, the
multiple solutions give the same BER and MMSE, and then, the complexity is one of the core aspects that will outline the
suitable candidate solution. In this article, the proposed drift analysis is being used for the complexity analysis among
these GA-based variations. It is observed that the time complexity of the proposed GA-based MC-CDMA with weight
relation is less as compared to without weight relation, due to empowering of an exceptional relationship to find out
the required solution.

Keywords Multi-carrier code-division multiple access (MC-CDMA) - Minimum mean square error (MMSE) - Multi-user

detection (MUD) - Bit error rate (BER) - Multiple input multiple output (MIMO) - Genetic algorithm (GA) - Channel
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1 Introduction

Day by day the number of users is increasing who are uti-
lizing advance communication technologies. The multi-
carrier techniques can accommodate the huge number
of users in modern communication systems. The multi-
carrier techniques such as multi-carrier direct-sequence
code-division multiple access (MC-DS-CDMA), orthogonal
frequency-division multiple access (OFDMA) and multi-
carrier code-division multiple access (MC-CDMA) are well-
known techniques which can accommodate a large num-
ber of users. High data rates demands are fulfilled using
MIMO systems with the MC-CDMA system [1, 2]. In a MIMO
system, multiple transmission and receive antennas are

used to achieve the high data rate demand of advanced
wireless communication systems [3-5].

One of the principal causes of the poor performance of
MIMO-based MC-CDMA is multi-user interference (MUI).
There are solutions to such problems by implementing
the uplink receiver adaptively. One of the adaptive uplink
receiver solutions is the LMS (least mean square) receiver
proposed by Seo et al. [6] and Mezghani and SwindleHurst
[7]. Its traditional version of MC-CDMA receiver is intro-
duced in [8, 9] as well. In [10], Asad et al. applied hybrid
computational intelligence techniques for blind-, semi-
blind- and training-based joint channel and data estima-
tion model. The proposed techniques show attractive
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results regarding BER, MMCE, MMSE as compared to con-
ventional opposite learning mutant PSO techniques.

So, different methods are used for the adaptive uplink
receiver. In some cases, these proposed multiple receiver’s
algorithms such as genetic algorithm (GA), least mean
square (LMS), recursive least square (RLS) and differential
evolutionary (DE) are given the same bit error rate (BER) or
minimum mean square error (MMSE) as proposed by Seo
etal.[6], Umairetal.[11], Khan et al.[8,9] and Alietal.[12,
13] after fixing iterative solutions. The time and space com-
plexity was discussed by Tariq Zaid et al. [14] and Asif et al.
[15] using the differential evolutionary (DE)-based CE-UD
and the PSO-based MIMO system for channel estimation
and multi-user detection.

The time complexity plays a vital role in the evaluation
of the effect of relation. There are different complexity
analysis systems such as drift analysis, negative analysis
and population-based analysis.

In this article, we are using a population-based drift
analysis algorithm to evaluate the performance of the GA-
based MC-CDMA system with two variants.

The objective of this paper is to optimize the time and
space complexity algorithm of the system model using
computational intelligence techniques. The genetic algo-
rithm is under discussion with the proposed variation with
and without weight relation. The rest of the paper is struc-
tured as follows: Sect. 2 gives an overview of the system
model taken from the background international literature.
Section 3 presents the time complexity analysis of GA-
based algorithm with weight relation and without weight
relation, while Sect. 4 provides the simulation results of the
time complexity of GA-based MC-CDMA system with and
without weight relation regarding the simulation analysis
results of NoCs, Ls and the number of users. The conclusion
is given in the last section that explains that the time and
space complexity is directly proportional to the number
of users, multiple channel paths and the number of cycles.

2 System model

In this article, two transmit antennas and one receiving
antenna are used with the MC-CDMA system. The received
signal vector for two consecutive symbols is given by Seo
et al. [6], Khan et al. [8, 9] and Ali et al. [12, 13] as follows:

R = [r'@j-1) @) M
U

R() = ) {8,,d/(2j — 1) +8,,d,(2))} + N() P)
i=1
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In the above equation, S, d and N represent the channel
response, transmitted symbols and additive white Gauss-
ian noise, respectively.

The minimum mean square error (MMSE) of the uplink
receiver is attained by minimizing the equation proposed
in [6]

W ey, €op] = argW(c,, c,)

W[co,1'co,2] ={w, (c1) + Wz(cz)} (3)
The following relationship is calculated in Seo et al. [6],
Khan et al.[8,9] and Umairetal. [11].

Cip =55 and ¢, = —c;,

The improved cast function W can be written as:

|/Vz = Wz1 (calcb) + sz(ca'cb) (4)

where

W, (€arcp) = E[Ir(2j — 1) + ¢[r*(2)) — d, (2 — D?

and

W,y (carey) = E[lc)r2j — 1) + cr*(2) — d,(2j = DI?],
(5)

GA is very frequently used in nonlinear problems by the
optimization algorithm efficiently. The candidate solution
in GA is presented as a chromosome. Chromosome natu-
rally includes breeding and mutation behaviour proposed
by [16] and Soltani et al. [17]. Same as this phenomenon,
the new population is produced by reproduction and
mutation.

The GA is used for minimizing the problem given in
Egs. (3) and (4). The first one is the primary cost function, and
the second is the improved cost function. The GA algorithm
is given in Table 1. The detailed discussion of all its steps is
provided in the table.

3 Complexity of GA-based algorithm
with weight relation (WWR)

The algorithm is defined in a step-by-step procedure to solve
a problem using a computer. The complexity determines
how efficient an algorithm is regarding time and space uti-
lization. In other words, the complexity shows how fast or
how slow an algorithm works. The functional complexity is
defined as T(n) where T is the time and n is the size of the
input. After a fix number of cycles, if complicated algorithms
give same bit error rate and minimum mean square error,
then the complexity is one of the factors which will deter-
mine which algorithm is the best as proposed by Abdelkader
etal.[18].
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Table 1 Genetic algorithm S no.

Steps

ok N =

N

10.

Start

Initialization of weights ¢,

Calculate the fitness function using the cost function given in Eq. (3)
Sort the weights in ascending order as per fitness values

Select the best parents

Generate the children using the crossover
(the crossover ration is 1/2 and 1/2 of Parent. No. 1 and Parent. No. 2)

The mutation process is applied
Calculate the fitness

If (number of cycles or required BER achieved) go to step 10
Else go to step 3

Stop

3.1 The complexity of GA-based algorithm WWR
is given by

Step 1 Data population initialization

fori> 1: U
forj> 1: Ls
Pc (1,j)=rand () (6)
end

end

Complexity of initialization of data population:

Step 2 Complexity of user initialization

T,=U
Step 3

In step 3 & 4 population fitness is calculated and sorted
using merge sort. The complexity to calculate the eligibility

and data population is C. The complexity of merge sort is
given by:

Merge-sort (arr B, int g, int w)
if (q<m)

then
m< (q +w)/2
Merge-sort (B, q, m)
Merge-sort (B, m+1, w)

Merge-sort (B, q, m, w)

Recursive function for merge sort is:

1
Ty = { 2T<%> +U

Substituting U=U/2 in Eq. (i), we get:

if U=1
otherwise

v

r(9)-mr(3)+

r(4)=(4) v

Now, substituting the value of T (U/2) in Eq. (i), we get:
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(W) = 2[27(%) + g] +U
%) +2U (i)
u

22

- 4T<
T(U) = 22T< ) +2U
Now, substituting U=U/4 in Eq. (i), we get:

T(U) = 2T<%> +U

v
27| &

=2T<%> +U/4

S L~

Substituting the value of T (U/4) in Eq. (ii), we get:

- (2) o Y]
- 8T<%> +3U (i)
T(U) = 23T<2—Ua> +3U

Now, substituting the value of U=U/8 in Eq. (i), we get:

r(8)-ar(%) L

V) V)
=2T<—) e
16 * 8

Now, substituting the value of U/8 in Eq. (iii), we get:
V) V)
TU) = [27 = —]
(U)=8 (16)+ 5| +3u
v)

(iv)
ﬁ> +4U

= 16T(

T(U) = 24T<2—Li) +4U

U

T(U) = sz<2—k> +kU v)

From Eq. (v) after substitution, we get:

By taking 2¢ = U and putting k = 4 in equation (v) we get
Taking log on both sides:

log U = log 2
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logU =k
or
k =logU
Substituting the values of U and k in Eq. (v), we get:

T(U) = UT(%) +kU

U
- UT(U) +logU + U
T(U) = UT(1) + Ulog U

From the recursive equation, it can be seen that T (1)=1.
So, the above equation becomes:

TW)y=U+UlogU
So, the complexity of merge sort is U log U.
The complexity of step 3 for T, is given by:

T,=Ls+UlogU
And the number of carriers in Step 5 is:
Ts=C

Step 6
r. used here is for crossover 0<r <1

To=U+U,

Step 7
I, is used here for the mutation process

T,=(U+U, ),
Step 8

To=(U+ U,c)
Total complexity of GA-based algorithm is:

T=T,+ (T3+T,+Ts+Tg+ T, + Tg)Nc

T=LsU+ [U+ (U +Lslog,,U) + C+ (U + Ur,)
+(U+ Ur)ry, + U+ Ur|Nc

T=LsU+ [U+U+Lslog,oU + Ur_ + Ury, + Urcry,
+U + Ur, + C|Nc

T =LsU + [4U + UQr. + 1y, (1 +1.) + Lslog,o U|Ne

3.2 The complexity of GA-based algorithm
without weight relation

The functional complexity is defined as T,,,,,, (n) where T,
is the time and n is the size of the input. After a fix number
of cycles, if multiple algorithms gives the same bit error rate
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Fig.3 Number of carriers versus time complexity with different
number of users

Fig.2 Number of users versus time complexity with different num-

ber of cycles 4 Simulation results and discussion

and minimum mean square error, then the complexityisone  The complexity of the GA-based uplink MC-CDMA is

of the factors which will determine which algorithmis best  implemented with sub-carriers (Ls), users (U) and the

[6,8,9,11-13]. number of cycles (NoCs). The number of sub-carriers is
Total complexity of GA-based algorithm is: equal to the length of spreading codes.

Twow=Ta+ (T3 + T4+ Ts+ To+ T, + Tg)Nc
Twow = 5LsU + [U+ U+ 2Ls10gyq U)+ C + (U Ur.) + (U + Urc)ry + U+ Ure|Ne
Twow = %LSU + [U +U+ %leog10 U+Ur .+ Ur, +Urar, + U+ Ur + C]Nc

T = ~LsU + |40+ UG+ 1y (141 +%Ls|og10U]Nc

wow — 5
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Fig.4 Number of cycles versus time complexity with different
number of carriers

Figures 1, 2, 3 and 4 show the simulation results of the
time complexity for GA-based MC-CDMA system without
weight relation and with weight relation regarding NoCs,
Lsand U.

Figure 1 shows the time complexity of GA-based MC-
CDMA with and without weight relation with respect to
the different number of cycles and users. The top curves,
middle curves and bottom curves show the time complex-
ity when the number of users is 8, 16 and 32, respectively.
It is shown in the graph that when the number of users

and the number of carriers are increased, the time com-
plexity is also increased. It further indicates that the time
complexity of the proposed GA-based MC-CDMA with
weight relation is less as compared to without weight rela-
tion algorithm-based solution.

Figure 2 shows the time complexity of the proposed
algorithm versus the number of cycles (NoCs) with the dif-
ferent number of users (U). The top curves, middle curves
and bottom curves show the time complexity when the
number of cycles is 200, 250 and 300, respectively. It clearly
shows that when the number of cycles and the number
of carriers are increased, then the time complexity is also
increased, which shows the positive correlation between
two variables. It further indicates that the time complexity
of the proposed GA-based MC-CDMA with weight relation
is less as compared to without weight relation algorithm-
based solution.

Figure 3 shows the time complexity of the proposed
algorithm versus the number of carriers (Ls) with the dif-
ferent number of users (U). The top curves, middle curves
and bottom curves show the time complexity when the
different number of users (Us) is 8, 16 and 32, respectively.
It clearly shows that when the number of users and the
number of cycles are increased, then the time complex-
ity is also increased, which shows the positive correlation
between two variables. It further indicates that the time
complexity of the proposed GA-based MC-CDMA with
weight relation is less as compared to without weight rela-
tion algorithm-based solution.

Table 2 Time complexity of

GAbased variants MC-CDMA Parameters Number of operations (NoOs) Time complexity .(Intel core 2 Time saving
duo=0.0004 (ps/ins)
system
GA with weight GA without GA with weight  GA without T(52) - T(S1)
relation (S1) weight relation  relation T(S1) weight relation
(52) T(S2)
Number of users with (NoCs=200)
U=8 17,742 26,283 8 11 3
U=16 27,006 35,611 11 15 4
U=32 45,534 54,267 19 22 3
U=512 601,374 613,947 241 246 5
Number of carriers with (NoCs=200)
Ls=32 27,006 35,611 11 15 4
Ls=64 35,611 52,822 15 22 7
Ls=128 52,822 87,243 22 35 13
Ls=512 293,770 569,140 118 238 120
Number of cycles with (U=64)
NoCs=200 59,045 81,257 24 33 9
NoCs=250 73,790 101,548 30 41 11
NoCs=300 88,536 121,839 36 49 13
NoCs=500 147,516 203,000 60 82 22
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Fig.5 Number of carriers (Ls) and number of operations (NoOs)
with varying number of cycles

Figure 4 shows the time complexity of the proposed
algorithm versus the number of cycles (NoCs) with the
different number of carriers (Ls). The top curves, middle
curves and bottom curves show the time complexity
when the different number of carriers (Ls) is 16, 32 and
64, respectively. It clearly shows that when the number of
users and the number of carriers are increased, then the
time complexity is also increased, which shows the posi-
tive correlation between two variables. It further indicates
that the time complexity of the proposed GA-based MC-
CDMA with weight relation is less as compared to without
weight relation algorithm-based solution.

Table 2 shows the time complexity of GA-based vari-
ants MC-CDMA system with respect to the different num-
ber of cycles, sub-carriers and users. It is observed that
if some sequences are fixed and some users are varied
approximately, both GA-based variants give the same
time complexity approximation. But when some carriers
are changed, e.g. Ls =512, GA with weight relation solves
the problem in 118 ns, but GA without weight relation
takes 238 ns. It means that GA with weight connection
is two times faster as compared to GA without a weight
relation-based solution. Similarly, GA with weight rela-
tion saves 22 ns when users are fixed (U=64), and the
number of cycles (NoCs) is changed. In this case, when

the number of periods is 500 ns, GA with weight relation
saves 22 ns.

Figure 5 shows the number of carriers (Ls) versus the
number of operations (NoOs) at bounded bit error rate
(BER) at 1073 of the proposed GA-based algorithmic
scheme. The top curve shows that GA (WOWR) required
160 cycles, and GA (WWR) required 80 cycles to achieve
1073 BER. It is observed that when the number of carri-
ers is increased, the number of operations (NoOs) is also
increased. It further shows that GA WWR-based solution
required less number of operations as compared to GA
WOWR-based solution. It means that GA (WWR) time
complexity is less as compared to GA (WOWR)-based
solution.

Table 3 shows the time complexity of GA-based vari-
ants MC-CDMA system with bounded bit error rate (BER)
at 1073, It is observed that GA with weight relation has
achieved required BER in 8 ns, but GA-based without
weight relation variant takes 19 ns. GA with weight rela-
tion solution is approximately two times faster as com-
pared to GA without weight relation-based solution.

5 Conclusion

The objective of this work is the complexity analysis of GA-
based variants uplink receiver MC-CDMA system methods.
Initially, evolutionary techniques are applied for uplink
MC-CDMA systems to improve the time and space com-
plexity of channel and its quality. In the adaptive genetic
algorithm (AGA) in communication for time and capac-
ity improvement, the number of users is increased and
high data rate is needed. The MIMO technology is used to
improve the function of the channel, data rate and service
quality for communication systems. In this paper, the time
complexity of GA-based variants uplink receiver MC-CDMA
system is computed. The time and memory complexity
is directly proportional to the number of users, multiple
channel paths and the number of cycles. It is also observed
that in the case of bounded BER and number of carriers,
GA with weight relation-based solution is two times faster
as compared to GA without weight relation-based MC-
CDMA system. It is observed that when channel paths,

Table 3 Time complexity of
GA-based variants MC-CDMA
system bounded at a
BER=10"3

Algorithm U/Ls  BER NoCs required NoOs  Time complexity (Intel
achieving 1073 core 2 duo=0.0004 (us/
MMSE ins)
GA with weight relation (51) 16/32 107 80 19,205 8
GA without weight relation (S2) 16/32 107> 160 47,249 19
Time saving T(S2) — T(S1) 11
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number of users and number of cycles are increased, the
complexity is also increased.
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