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Abstract— This paper investigates the application of
quadrature spatial modulation (QSM) to orthogonal frequency
division multiplexing (OFDM). In comparison to spatial
modulation OFDM (SM-OFDM), the proposed QSM-OFDM
achieves an enhanced spectral efficiency by decomposing the
amplitude and/or phase modulated signal into its real and
imaginary components as the transmitted symbols. The
index/indices of the activated transmit antenna(s) are employed
to convey additional information. These symbols are
transmitted orthogonally to eliminate inter-channel interference
with little trade-off in synchronization. The average bit error
probability for QSM-OFDM and other schemes, including the
SM-OFDM, conventional multiple-input multiple-output
(MIMO-OFDM), maximal-ratio combining single-input
multiple-output (MRC-OFDM), vertical Bell Laboratories
layered space-time architecture (VBLAST-OFDM) and
Alamouti-OFDM systems are demonstrated using Monte Carlo
simulation. The expressions for the receiver computational
complexities in terms of the number of real operations are
further derived. QSM-OFDM vyields a significant signal-to-noise
ratio gain of ~5 dB with little trade-off in computational
complexity over SM-OFDM, while substantial gains greater
than 5 dB are evident, when compared to other systems.

Index Terms— Enhanced Multi-carrier Modulation;
Maximum Likelihood Detection, Orthogonal Frequency
Division Multiplexing; Quadrature Amplitude Modulation;
Quadrature Spatial Modulation, Spatial Modulation.

I. INTRODUCTION

Recent applications have placed a great demand for high data
rates and spectral efficient systems with extremely low error
rates; hence, there has been a rapid growth in research areas
that deals with the improvement as well as technological
advancement of future wireless systems. In many modern
wireless communication systems, designers have resorted to
employing high-order modulation schemes, such as M-ary
quadrature amplitude modulation (MQAM). However, it
becomes disadvantageous when high-order MQAM (M> 64)
is used. This is because of the destructive noise from the
deployed equipment and channel fading [1]. The use of
multiple-input multiple-output (MIMO) antenna
arrangements, such as in WiMAX, HSPA, IEEE 802.11ac,
etc., when combined with spatial multiplexing has become a
very promising technique in achieving reliable and spectral
efficient communications [2]. An example is Bell
Laboratories layered space-time architecture (BLAST),
where the transceiver architecture is designed, such that
independent data is simultaneously transmitted employing
different antennas, thereby leading to an increase in
multiplexing gain [3].

MIMO can also be used to reduce error rates by
simultaneously transmitting identical data from multiple

antennas as in space-time coding/space-frequency coding [4].
This is performed to exploit the advantage of having multiple
received signals, which arrive at the receiver along different
pathways. MIMO increases the transmit diversity and ensures
reliability as well as sufficient quality-of-service. As noted in
[5], MIMO systems such as BLAST, suffer from high inter-
channel interference (ICI) because of the simultaneous
transmissions from multiple antennas. Furthermore, due to
high ICI, computational complexity in MIMO systems
increases because of the need for complex receiver detection
algorithms. The complexity cannot be reduced without a
trade-off in the error performance of the system. To deal with
the limitations offered by conventional MIMO as mentioned
earlier, spatial modulation (SM) [5,6], generalized SM
(GSM) [7], space shift keying (SSK) [8], generalized SSK
(GSSK) [9] and generalized differential scheme for SM
systems [10], were introduced as promising techniques to
alleviate these limitations.

In SM, since only a single transmit antenna is activated at
a given instant of time [5,10], this helps in eliminating ICI.
The need for synchronization amongst the transmit antennas,
as well as the complexity of detection at the receiver is
reduced as SM utilizes a single radio frequency (RF) chain
[11]. Comparing SM to other conventional MIMO
techniques, it has been observed that SM techniques improve
error rates even with limited transmit antennas and are robust
in dealing with channel imperfections. SM systems [5,6,10]
improve spectral efficiency by exploiting the index of the
activated transmit antenna to convey additional information.
Furthermore, employing a single antenna eliminates ICI as
well as the need for synchronization at the transmitter.
However, a major limitation of SM is that, the spectral
efficiency does not increase linearly with the total number of
transmitting antennas as in the case of vertical-BLAST
(VBLAST). In GSM and GSSK [7,9], more than one antenna
is allowed to transmit different symbols, using the antenna
indices as a spatial constellation in the spatial domain but was
found to be inferior to SM and SSK in terms of error
performance. This is further improved in bi-space shift
keying (Bi-SSK) modulation [12], such as to improve the
throughput of the low-complexity receiver of the SSK
system, with little trade-off in the error performance. In [13],
the SM technique, which employs two time-slots, to transmit
two symbols in each time-slot, has been considered; however,
the complexity of the detection is significantly increased
especially when the maximum-likelihood (ML) detector is
applied.

In 2006, Ganesan et al. [14] proposed a scheme, where SM
is combined with orthogonal frequency division multiplexing
(OFDM). This is performed, to produce a spectrally
enhanced, multicarrier system, which is robust to channel
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imperfections [5,14] and yields an improved error
performance [1]. The advantage of OFDM arises because the
wireless channel is divided into several narrowband, low-rate,
frequency non-selective subcarriers, which allows for the
parallel simultaneous transmission of multiple symbols [15].
SM-OFDM utilizes the SM mapping style, where a group of
information bits is mapped into an amplitude and/or phase
modulation (APM) symbol and a transmit antenna, which is
then transmitted using the MIMO-OFDM system [1]; such
that, both the activated transmit antenna and the APM
symbols are used to convey information [1,5,14]. The SM-
OFDM scheme was tested for two different channel
conditions; viz. Rician fading channel, and a combined effect
of spatially correlated (SC) and mutually coupled (MC)
channels. Furthermore, Mesleh et al. established the
combined effect of all the three channels in [14]. Hwang et al.
demonstrated the error performance of SM-OFDM using a
soft-output ML detector [1]. In [16], precoders were utilized
to improve error performance in SM-OFDM. Although SM-
OFDM yields a significant improvement in error performance
over existing schemes, there is still room for improvement.

A new technique of quadrature spatial modulation (QSM),
proposed in [17] to improve the throughput of SM, was
achieved by extending the spatial constellations of SM to the
in-phase and quadrature components by utilizing methods as
in [5,7,12]. One of the antennas is made to transmit the real
part of the modulated symbol, while a second antenna
transmits the imaginary part of the modulated symbol [17].
ICI is eliminated, since the data being transmitted is
orthogonal and the modulation of the data is performed both
on the real and imaginary parts of the carrier [17,18]. For
example, in [19], antenna selection for QSM has been
considered; however, the authors did not consider the
application of a multicarrier QSM.

Motivated by the above, our contributions are as follows: i)
we propose the design of an enhanced multicarrier
modulation  system, which improves the spectral
efficiency/error performance of SM-OFDM in the form of
QSM-OFDM. This is achieved by integrating the OFDM
technology [20, 21], with QSM. QSM-OFDM eliminates ICI
and inter-symbol interference (ISI), which are well-known
limitations of MIMO. ii) The expressions for the
computational complexities in terms of the number of real
operations performed, are formulated for the proposed
scheme and competing schemes. iii) Employing Monte Carlo
simulations, numerical results to demonstrate the
effectiveness of the proposed scheme are presented.

The remaining parts of this paper are organized as follows:
Section 2 addresses the design of the QSM-OFDM system
model. Section 3 analyzes the computational complexities
associated with the different schemes under comparison,
while the simulation results as well as related discussions are
presented in Section 4. Finally, Section 5 provides necessary
conclusions and recommendations.

Notation: The following notations are employed
throughout this paper; bold and capital letters represent
matrices, while bold small letters denote column vectors of
matrices. Letters with subscript or superscript, such as (-)g
and ()4 represents vectors or variables for real and imaginary
parts, respectively. Other notations include ()T, ()%, ()71,
O, 1IllF, & and ®, which represent transpose, Hermitian,
inverse, time domain signal, Frobenius norm, real part of a
complex variable and time convolution, respectively.
Throughout this paper, Nr, N and M shall represent the

number of transmit antennas, the number of receive antennas

and the MQAM modulation order, respectively. i =v—1
represents a complex number.

Il. QSM-OFDM

A. The QSM-OFDM Transmitter

A generalized block diagram for the system model of the
proposed QSM-OFDM is shown in Figure 1. The QSM
modulator in Figure 1, is like the QSM modulator in [17].

In QSM-OFDM, the input bit stream d having
Ngpr log, MNZ bits, entering the QSM-OFDM modulator is
rearranged into a q X Nggr binary matrix C(k), which is
represented as:

Ci1 Ci2 Ciq ]T
C Cc C
Clo=| 7+ o ®
|~CNFFT:1 CNFFT:2 CNFFTqu

where Nggr is the total number of OFDM subcarriers, which
is determined by the size of the fast Fourier transform (FFT)
employed, q is the total number of bits per subcarrier for a
given OFDM symbol of the size log, MNZ. The bit splitter of
the QSM modulator splits each row (subcarrier) of the g bits
into three different subgroups as shown in Table 1, using a
4 x 4 transceiver system with 4QAM for illustration. Firstly,
log, M bits are used to select an MQAM symbol for the p-th
subcarrier, x,*, me [1: M] and p € [1: Ngpr].

Table 1
Grouping of input bits for the proposed QSM-OFDM

. Symbol Real Imaginary
p dbits bits bits bits
1 111111 11 11 11
2 000001 00 00 01
3 101100 10 11 00
N, F FT 100.111 1‘O 0'1 1'1

Another log, N bits are employed to select the {’gp-th
antenna for transmitting the real part of the complex variable
x," of the p-th subcarrier, and the third subgroup of log, Ny
bits are employed to select the 3:;, -th antenna for transmitting
the imaginary part of the complex variable x;* of the p-th
subcarrier, where g , ¢y, € [1:Nz]. The bit processing of
Table 1 is presented in Table 2.

Table 2
Outputs from the QSM modulator

) L L T XQsu-orpm

1 +1+4+i +1 +i 4 4 [0 00 +1+i]"
2 -1-i -1 - 1 2 [<1 —i o o]"
3 +1-i 41 —-i 4 1 [-i 0 0 +1]"
Neprp +1—i +1 —i 2 4 [0 +1 0o ="

The symbol x," is further decomposed into its real x{,"’ﬁ
and imaginary x{,”'z components, such that:
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Figure 1: System model of the proposed QSM-OFDM

Xt = x;"'ﬁ + ix;,”'I (2)
These components are then mapped to form the vectors for
the N OFDM symbols of the p-th subcarrier, such that:

D _ LMK m,I
Xosm-orpm = Xeg + Yoz,

3

mI

where x> and x>~ are Ny x 1 vectors with x and ix})
fp Tp

as the non-zero entry placed at the £’ﬁp—th and &Ip—th
positions, respectively, for the p-th subcarrier, p € [1: Nggr].
The outputs from the QSM modulator X7, _orps. When
{’R,, * i’:p is of the form represented as:

D
XosmM—-0FDM
00 XM 0.0 il 0-0] (4)
= —— ~——
4, — th position g, — th position
— D .
and when £g = €3, Xosm—orpu takes the form:
14
XQsM—-0FDM
T
00 xS it 0--0
- X P (5)
'Egp —th = {)Ip — th position

The outputs of the QSM modulator xZSM_OFDM, forms the

matrix J, such that J is an Ny X Nggr frequency domain
matrix represented as:

jil1l  jal2] Jj1[Ngpr]
J= jz[l] ]'2[2] ]Z[NFFT] )
jl1] 2] iy [Nppr]

where each column p, of J represents the data to be
transmitted on the p-th subcarrier, while the row ¢, of J are
the OFDM symbols to be transmitted by the £-th antenna, £ €
[1: N]. For example, j,[p] is the data on the p-th subcarrier
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of the £-th OFDM symbol and will be transmitted employing
the £-th transmit antenna.

The OFDM modulator processes the signal to obtain the
complex baseband time domain signals by performing an
inverse FFT (IFFT), which may be expressed as:

N -1
FET i2rtp

xf = > Jewyerer

v Nepr p=0

where x;' is the time domain signal obtained at the ¢-th time
interval of the £-th transmit antenna. This process is followed
by the addition of a cyclic prefix (CP) to eliminate ISI before
the onward simultaneous transmission by Ny transmit
antennas via the MIMO channel H.

U]

B. The QSM-OFDM Receiver

At the receiver, the transmitted data encounters the
additive white Gaussian noise (AWGN). The received time
domain signal vector Y1 (t), at any time t, may be represented
as:

YT(t) = H'(t,7) @ XT(t) + Wi(p) (8)

where HT(t, 7) is the time domain multipath channel matrix
with a delay spread t arriving at time t. The frequency
domain representation of HT (¢, 7) at any time t, for the p-th
subcarrier may be defined as:

hiq hy, hl,NT ]
h,, h,, hy n
O ©
thR,l h’NR,Z hNR,NTJ

and Wt (t) is the AWGN matrix at the receiver, whose entries
are independent and identically distributed (i.i.d.) random
variables with distribution CN(0, ). The received time
domain signal Y*(t) is demodulated by employing a bank of
N OFDM demodulators, while the OFDM demodulator
removes the CP and performs the FFT operation. The
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frequency domain output for a single subcarrier may be
represented as:

Yo =+/p (hgﬁxg + ihfsxg) +w, (10)

where y,,, p € [1: Nppr] is the frequency domain vector of
the received signal for the p-th subcarrier of the OFDM

T
symbol, h‘,?R = [hf’{,R hg”{,R h%R!R] represents the N x
1 £4-th column vector of the frequency response channel
matrix H, for the real variables of the p-th subcarrier of the
T
OFDM symbol. k= [hD, hE, .. h5 , | s the Ng
1 ¢4-th column vector of the frequency response of the
channel matrix H,, for the imaginary variables of the p-th
subcarrier of the OFDM symbol. x¢ and x represent the real
and imaginary complex variables, respectively, that are
transmitted, and w,, is the AWGN for the p-th subcarrier of

the OFDM symbol, whose entries are i.i.d. with a distribution
of CN(0,02). p = 5—; and E; is the energy of the transmitted

symbol. The receiver implements a joint ML detection
scheme over all possible symbols with the assumption of
perfect knowledge of the channel. The equation for the joint
ML detector as it applies to QSM-OFDM adopted from [17]
may be represented as:

[{’g,fz,ﬁg,ﬁg]= argmin ||yp
talrugug (11)

— o (RE X + ih? X2 )||i

where ?g and 2 are the detected antenna indices for the
antennas transmitting the real and imaginary symbols for the
p-th subcarrier, respectively, for £¢, £« € [1:Ny], and Tig
and iy are the detected estimates for the real and the
imaginary symbols ug and ug for the p-th subcarrier,
Ug, Ug € [1: M].

A further simplification of (11) gives:

[?% 22, 0ig, x| = argmin || glI?
fg,fi,ug,uz

-28((7)"9)

where g = \/ﬁ(hggxg + ik} _x% )
The estimates 2, ?<, i and fiy, are spatially demultiplexed
to obtain the detected bits at the output.

(12)

I1l. RECEIVER COMPUTATIONAL COMPLEXITY ANALYSIS

This section presents a comparison of the receiver
computational complexities for the different systems being
compared with the proposed QSM-OFDM, viz; Alamouti-
OFDM, VBLAST-OFDM, SM-OFDM and the single-input
multiple-output OFDM system, which employs maximal-
ratio combining detector (MRC-OFDM). In this paper, the
computational complexities are resolved to the number of real
multiplications and additions being carried out at the receiver
[22]. It should be noted that where possible, the arithmetic
path that gives the lower computational complexity in
achieving a given detection at the receiver is assumed, and

the total complexity is the sum of the real multiplications and
real additions for each subcarrier. As a background for the
calculation of computational complexities in terms of real
operations performed during processing, a complex
multiplication (CM) is achieved by performing four real
multiplications (4m) and two real additions (2a), which
makes a total of 6 real operations, while a complex addition
(CA) is obtained by performing 2a, as explained in [22].

A. QSM-OFDM
The total computational complexity for the proposed QSM-
OFDM for a single subcarrier is given as:

8qsm-orpm = 25MNFNg + 3MNF — 1 (13)

Tht}é{ gl
(yp) g is obtained by 4Npym + (3N, — 1)a, since g is
stored and there is no need for recalculation. Additional m +
a is used to obtain || g||2 — 2& ((yp)Hg). However, there are

MN2? iterations of ||g||? — 2% ((yp)Hg), after which the

MN? outputs are compared using (MN2 — 1)a to obtain a
minimum value, thus, making the computational complexity
in terms of real operations MNZ(14Np +1)m +
(11MNZNg + 2MN2 — 1)a.

in (12) is obtained by 10Nym and 8Nia.

B. MRC-OFDM

The product HY yields NyN; CM and N;Np — N; CA,
which can be achieved by 4N;Nym + 2N;(2N; — 1)a. The
product H"H has NZN, CM and N2ZNr — N2 CA obtained
by performing 4NZNzm + (4N2Nz — 2N2)a. The division
% is performed by using 2m. The computational
complexity needed to obtain an estimate of the transmitted
symbol is ignored because a one-to-one mapping is
performed [23]. Thus, MRC-OFDM has (4NZNg +
4NyNg + 2)m + (4NZNg — 2NZ + 4NN — 2Np)a,
giving a total complexity for MRC-OFDM as:

Smrc-orpm = 8NF N — 2N7 + 8Ny Ny
+2

— 2Ny (14)

C. Alamouti-OFDM
The computational complexity for ||g||Z — 2% ((yp)Hg)

imposed by the Alamouti ML detector, is similar to
subsection I1I.A and requires 25N, + 1 operations. The
number of iterations the detector performs is M2, hence, to
determine the minimum, the ML detector requires (M2 — 1)a
operations. Since the detection performed is for two MQAM
symbols, thus, the total complexity for a single subcarrier is
obtained by dividing the total number of real operations by 2,
which gives:

1
6Alamouti—OFDM = E(ZSNRMZ - MZ - ZSNR - 1) (15)

D. VBLAST-OFDM

Depending on the VBLAST detection algorithm being
used, the computational complexities can vary in different
ways. Using the MMSE-OSIC described in [3], the CM
imposed is given as N3 + 2NZNy + Np. This value is
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obtained by the multiplications of the channel matrix and an
inverse matrix, hence resulting in (4N32+ 8NNy +
4Ng)m + (2N32 4+ 4NN + 2Ng)a. A minimum of N3 +
2NZNg — N2 —NyNg+ Ny —1 CA were made in
actualizing this, resulting in 2(N3 + 2N2ZNyp — NZ —
NyNgp + Ni — 1)a. The total number of operations in terms
of m and a employed to determine the layer having the
minimum estimation error of Gz in ([3], (11)) i.e., the
layer having the minimum Euclidean norm is given as
2NyNgm + (NyNg + Np — 1D)a. The computational
complexity of the quantization slicing function ¥(Gyysg X
yp), which is used to estimate the transmitted symbol is
ignored because, a one-to-one mapping is performed [23].
The total number of real operations to be carried out by a
receiver in detecting the transmitted symbol by a single
transmit antenna is given as:

10N3 + 4N2ZNg — 2NZ + 13NNy + 8Ny + Ny (16)
-3

Since the technique used for the VBLAST-OFDM
recursively decreases in the number of transmit antennas Ny
due to the elimination of detected symbols, the overall
number of real operations can be written as:

Nt
OvBLAST-OFDM = Z(lONif + 4NT2,€NR

-1
— 2NZ, +13Ny Ny + 8N, (17)

+ Nrp—3)

where Nr, is the number of transmit antennas for the £-th,
£ € [1: Ny] iteration.

E. SM-OFDM

The SM-OFDM ML detection process requires (4Ng +
2N;Ng)m + (5Ni + NyNi — 1)a, while a total of MN;
iterations and (M N; — 1)a operations are employed to obtain
the minimum from the Frobenius norms. The total number of
real operations can then be given as:

Ssm-orom = MNp(3Ny N + 9Ng — 1) (18)

Table 3 summarizes the computational complexities per
subcarrier for the different OFDM schemes and are
pictorially represented by the bar chart in Figure 2.

Table 3
Grouping of input bits for the proposed QSM-OFDM

SYSTEM 4 bits/s/Hz 6 bits/s/THz 8 bits/s/Hz
VBLAST-OFDM 550 550 4516
SM-OFDM 944 5,312 21,248
QSM-OFDM 1,647 6,591 26,367

Alamouti-OFDM 10,496 167,936 2,686,976

The axis on the right (secondary axis) indicates values for
the computational complexity of Alamouti-OFDM, because
of the high computational complexity, while the axis on the
left (primary axis) is for the other schemes, such as VBLAST -

OFDM, SM-OFDM and QSM-OFDM being compared in our
work. The ALAMOUTI-OFDM scheme has a very high
computational complexity when compared with other
schemes in this paper.

There is a 24% increase in the computational complexity
(in terms of real operations) of the proposed QSM-OFDM
scheme over the SM-OFDM, when the spectral efficiency for
each subcarrier of the OFDM symbol is high (6 bits/s/Hz and
8 bits/s/Hz), such as seen in Table 3 and Figure 2.

Computational Complexity

30,000 3,000,000
25,000 2,500,000
a 2
S 20,000 =3 2,000,000 -8
B Ll B
§ 15,000 1 1,500,000 g;
I o
§ 10,000 L 1000000 §
I
I
5,000 ) [l 500,000
1§ N
0 Bl Ll —m | I 0
4 bits/s/Hz 6 bits/s/Hz 8 bits/s/Hz
Spectral efficiency per subcarrier
OQSM-OFDM =SM-OFDM  mVBLAST-OFDM  m ALAMOUTI-OFDM

Figure 2: Bar chart showing the computational complexities of QSM-
OFDM and competing schemes

However, there is a 74% increase in the computational
complexity of QSM-OFDM over SM-OFDM, when the
spectral efficiency is 4 bits/s/Hz. The VBLAST-OFDM is
seen to have the lowest computational complexity in all the
schemes compared. However, because the RF chains of
VBLAST increases with the number of transmit antenna, it is
more prone to ICI. Furthermore, the complexity involved in
the design is higher due to inter-antenna synchronization
(IAS). Nevertheless, it has been included for comparison
purposes.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, we quantify the bit error rate (BER)
performance demonstrated by the proposed QSM-OFDM
scheme employing Monte Carlo simulations. Simulations
were performed for 4, 6 and 8 bits/s/Hz as shown in Figure
3, 4 and 5, respectively. Parameters employed for the
simulations are given in Table 4 [1], while Table 5 compares
the BER performance of QSM-OFDM with other schemes.

Table 4
Parameters for simulation [1]

PARAMETERS VALUE
CcP 32
Carrier frequency 2 GHz
Number of subcarriers 256
Antenna Configurations 2x4and4 x 4
Channel Property ITU EPA model
Modulation Scheme MQAM

The following assumptions were made for the simulations;
multipath channels are statistically independent for the
different pathways, time and frequency synchronization is
perfect and the total signal power is the same for all
transmission, while AWGN is assumed in all cases. In all
schemes used for comparison in this paper, the ML detector
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Table 5
Comparison of BER performances of QSM-ODFM over competing schemes
4 bits/s/Hz 6 bits/s/Hz 8 bits/s/Hz

SCHEME CONFIGURATION GAIN CONFIGURATION GAIN CONFIGURATION GAIN
(dB) (dB) (dB)

MIMO-OFDM 2 x4 16QAM 2 4 x 4 64QAM 5 4 x 4 256QAM > 15

SM-OFDM 2x4 8QAM 4 4 x4 16QAM 4 4 x 4 64QAM =~

Alamouti-OFDM 2 X 4 16QAM 7 2 X4 64QAM 12 4 x 4 256QAM > 20
MRC-OFDM 1x4 16QAM 2 1 x4 64QAM 5 1 x4 256QAM > 15
VBLAST-OFDM 2x4 4Q0AM -2 2x4 8QAM 1 4x4 4QAM ~ 2

is employed. However, due to the impracticality of
employing the ML detector in the VBLAST-OFDM system,
because of the computational complexity, which requires
M Ny iterations per subcarrier, the optimal minimum mean
square error (MMSE) detection, which is combined with the
ordered successive interference cancellation (OSIC) as used
in [3], is employed in VBLAST-OFDM simulation of this
paper.

Considering Figure 3, there is a major improvement of the
proposed QSM-OFDM greater than 3 dB in SNR over the
SM-OFDM at a BER of 1075, Also, a significant
improvement of QSM-OFDM over the Alamouti-OFDM
scheme greater than 7 dB in SNR at a BER of 1075, while
the QSM-OFDM outperforms the MIMO-OFDM and MRC-
OFDM by approximately 2 dB in SNR at the same BER.
VBLAST-OFDM shows a slightly better error performance
of =~ 1 dB in SNR over QSM-OFDM. However, VBLAST-
OFDM suffers from high ICI as all antennas are made to
transmit different symbols. Also, the need for IAS is a major
disadvantage for VBLAST-OFDM as the number of RF
chains increase with the number of transmit antennas.

BER

—©— OFDM-IM n=8 k=5 64QAM \
= B = ALAMOUTI-OFDM 2x4 16QAM 2 R
1074 weesQre+ SM-OFDM 2x4 8QAM \
————— MRC-OFDM 1x4 16QAM . [
#  MIMO-OFDM 4x4 16QAM \ "e) A
—A— QSM-OFDM 2x4 4QAM N N
105 sseedmees VBLAST-OFDM 2x4 4QAM | Y ’:k
0 5 10 15 20 25

SNR (dB)

Figure 3. BER versus SNR for 4 bits/s/Hz for QSM-OFDM and other
schemes.

In Figure 4, the proposed QSM-OFDM outperforms the
SM-OFDM, MIMO-OFDM and MRC-OFDM with SNR
gain > 5dB ata BER of 107> This is achieved whena 4 X
4 antenna configuration is used with 4QAM for QSM-
OFDM, to obtain a 6 bits/s/Hz transmission per subcarrier.
However, a 2 dB gain in SNR is observed, when a 2 X 4
antenna configuration is used with 16QAM at a BER of 107>,
The Alamouti-OFDM require additional power of ~ 10 dB to
attain a BER of 1073 as QSM-OFDM. The VBLAST-OFDM
has a slightly better error performance of approximately 1.5
dB in SNR over QSM-OFDM at a BER of 1075, when the
same number of transmit antennas are employed. However,

when the number of transmit antennas for QSM-OFDM s
increased for the same spectral efficiency per subcarrier, the
QSM-OFDM is seen to outperform VBLAST-OFDM at
higher SNR. Furthermore, due to the limitations of VBLAST-
OFDM mentioned earlier, the QSM-OFDM in this regard,
remains as a better candidate for modern communication
systems.

BER

\
\,

—&— ALAMOUTI-OFDM 2x4 64QAM \ e N\, N

s+2Qp+e+ SM-OFDM 4x4 16QAM . A N
4104 |= = =MRC-OFDM 1x4 64QAM % \\ .\

#  MIMO-OFDM 4x4 64QAM ® oy

—-A-— QSM-OFDM 2x4 16QAM A B e

+++:Qr++- QSM-OFDM 4x4 4QAM ‘»,‘.\ N
osls + — VBLAST-OFDM 2x4 8QAM % AL B

0 5 10 15 20 25 30
SNR (dB)

Figure 4. BER versus SNR for 6 bits/s/Hz for QSM-OFDM and other
schemes.

Considering Figure 5, which is the 8 bits/s/Hz transmission
for a given subcarrier, the proposed QSM-OFDM
outperforms the SM-OFDM scheme by approximately 5 dB
when the BER is 10~°. Higher SNR gain is recorded when
QSM-OFDM is compared with other schemes.
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Figure 5. BER versus SNR for 8 bits/s/Hz for QSM-OFDM and other
schemes

Typically, schemes like Alamouti-OFDM and MIMO-
OFDM will need a very high SNR, greater than 35 dB to
attain a BER of 107>, Also, the QSM-OFDM is seen to
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outperform VBLAST-OFDM at higher SNR. A summary of
the BER performance of the proposed QSM-OFDM system
being compared with other OFDM systems is presented in
Table 5.

The error performance of QSM-OFDM over SM-OFDM is
~ 4 dB gain in SNR, when 4 bits/s/Hz is used for each
subcarrier of the OFDM symbol. The gain in error
performance is maintained with a narrow increase when the
6 bits/s/Hz and 8 bits/s/Hz are used, respectively. The error
performance of QSM-OFDM over Alamouti-OFDM is
highest. It is seen to increase, when the spectral efficiency per
subcarrier being used for the QSM-OFDM system is
increased. When QSM-OFDM is compared with MIMO-
OFDM and MRC-OFDM, its error performance is minimal
(= 2 dB) when a 4 bits/s/Hz is used for each subcarrier of the
OFDM symbol but increases to 5 dB and 15 dB when 6
bits/s/Hz and 8 bits/s/Hz are used, respectively.

V. CONCLUSION

This paper has analyzed the potency in exploiting the
spatial domain as a means of increasing the spectral
efficiency of the system and benefiting from the gains of
OFDM in eliminating 1SI and co-channel interference. The
results showed that the proposed QSM-OFDM has a better
error performance than the SM-OFDM system without
additional cost of hardware. Also, SM-OFDM will need a
minimum of 4 dB signal power to attain the same BER of
QSM-OFDM, if the spectral efficiency is made constant. The
proposed QSM-OFDM scheme displayed superior error
performance over MRC-OFDM, MIMO-OFDM, and
Alamouti-OFDM. From the results, QSM-OFDM also
demonstrates a better error performance than VBLAST-
OFDM at high SNR. Since the number of RF chains for
VBLAST-OFDM increases with the number of transmit
antennas it becomes more susceptible to ICI and IAS than
QSM-OFDM. Hence, the proposed QSM-OFDM scheme
becomes the preferred candidate for modern day
communication. Since recent research has focused on energy
and spectral efficient devices, QSM-OFDM becomes a more
promising model for future wireless communication as its
design is implementable for the OFDM system.
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