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Abstract: Space shift keying (SSK) modulation is a special case of conventional spatial modulation
(SM), where the amplitude and/or phase modulation symbols are eliminated from the transmission
process so as to reduce complexity. However, high spectral efficiencies are difficult to achieve with
SSK. At the same time, the spectral efficiency of SM can be further improved. On this note, to further
enhance the spectral efficiencies of both SM and SSK, quadrature SM (QSM) and Bi-SSK modulations,
respectively, were proposed. In coded channels, typically soft-output detection coupled with soft-input
channel decoding yields significant signal-to-noise ratio (SNR) gain. Hence, in this paper, we propose
soft-output maximum-likelihood detectors (SOMLD) for SSK, Bi-SSK and QSM modulated systems.
Monte Carlo simulation results demonstrate that the error performances of the proposed SOMLD
schemes closely match with that of their hard-decision maximum-likelihood detector counterparts in
uncoded channels; while, significant SNR gains are yielded in coded channels.
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detection, space shift keying.

1. INTRODUCTION

Currently, much effort is being geared towards 5G in the
research community [1]. The major demands of 5G
networks are increased capacity and data rates, reduced
latency, improved quality of service and energy efficiency
[2]. Multiple-input multiple-output (MIMO) systems [3]
hold the potential to meet these demands, but not without
challenges. For example: the need for inter-antenna
synchronization (IAS) between transmit antennas,
increased form-factor allowing for ideal spacing of
transmit and receive antennas, reduction of inter-channel
interference (ICI) at the receiver and large computational
complexity (CC) overhead. A number of schemes have
recently been investigated to address these challenges,
while exploiting the advantages of MIMO.

Mesleh et al. [4] proposed spatial modulation (SM). The
key idea in SM is to employ the index of a single transmit
antenna as an extra means to convey information.
Information is divided into two parts. The first part is
mapped to a chosen symbol from an amplitude and/or
phase modulation (APM) signal constellation, while the
remaining part determines the transmit antenna that is to
be activated for transmission of the APM symbol. It should
be noted that the dormant antennas transmit zero power
during each and every transmission. As a result, SM
completely avoids TAS, ICI at the receiver, and only
requires a single radio frequency (RF) chain, which
translates into a relatively low-complexity receiver [5-7].

Based on these merits, the SM scheme proves to be a good
candidate for deployment in next generation wireless
communication systems. However, options for decreasing
its system complexity exist [8]. On this note, a variant of
SM in the form of space shift keying (SSK) was proposed

[8]. In SSK, only the spatial domain of SM is exploited to
relay information. The elimination of the APM results in
lowered detection complexity, less stringent transceiver
requirements, and simplicity [8]. A criticism of SSK is that
large antenna arrays are required to achieve high data rates.
In this regard, bi-space shift keying (Bi-SSK) [9] was
proposed as an extension to SSK. Bi-SSK employs dual
antenna indices (one associated with a real number and the
other with an imaginary number) to carry information.
This results in twice the achievable data rate of SSK, while
preserving the advantages of the latter.

To improve the data rate of SM, quadrature SM (QSM)
was proposed [10-12]. In QSM [10-12], the overall
throughput of SM is enhanced by extending its spatial
domain into in-phase and quadrature-phase dimensions. In
order to allow this, the complex constellation symbol of
SM is further decomposed into its real and imaginary parts.
The in-phase and quadrature-phase spatial dimensions are
orthogonal cosine and sine carrier signals and are used for
conveying the real and imaginary parts, respectively, of the
APM transmission symbol. This, consequently, allows for
an additional base-two logarithm of the number of transmit
antennas bits to be transmitted; while other SM
advantages, such as the usage of single RF chain at the
transmitting end, avoidance of ICI, and low-complexity
receiver, are preserved [10, 11].

In practice, the majority of communication systems
employ channel coding. Moreover, it has been
demonstrated that a combination of soft-output detection
with soft-input channel decoding results in a net coding
gain compared to the conventional hard-decision
detection/decoding [13-20]. On this note, a soft-input soft-
output detector, based on a block minimum mean-squared
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error algorithm, was proposed for generalised SM (GSM)
in [13]. In a similarly research, two soft-input soft-output
algorithms that are based on the deterministic sequential
Monte Carlo (SMC) technique are proposed for
demodulation of GSM signals in [14]. These algorithms
achieve near-optimal performances with low complexity.
Moreover, turbo and recursive systematic convolutional
(RSC) coded receiver are respectively employed to obtain
better error performances for the GSM.

By exploiting the features of M-PSK and M-QAM
constellations, an efficient transmission scheme for SM
systems with soft-decision aided detector was presented in
[15]. The error correction ability of channel coding is
exploited and low-density parity-check code is employed.
Results show that the PSK and QAM-based soft-output
detectors achieve the same performance as Max-Log-LLR
algorithm with reduced CC. Furthermore, a study of the
benefits of nonlinear frequency domain turbo equalizer
(FDTE) in single-carrier-SM systems was carried out in
[16]. With a RSC coded receiver, the FDTE is aided by a
time-domain soft-decision feedback (TDSDF) such that
the equalizer operates on a frame-by-frame basis and is
designed based on the minimum block-averaged mean-
square error (MBMSE) criterion. Simulation results show
that the proposed equalizer outperforms conventional
linear FDTD.

In [17-19], soft-output detection algorithms for orthogonal
frequency division multiplexing based SM (SM-OFDM)
and space-time block coded SM were proposed, and
significant signal-to-noise ratio (SNR) gains were
demonstrated. However, no such detectors have been
proposed for the more recent variants of SM. Hence, to
address the demands of 5G, SSK, Bi-SSK and QSM also
hold the potential for unleashing the benefits of MIMO.
5G systems will most certainly be adaptive (based on
channel conditions). But certain modes will utilize channel
coding. In these modes, the error performance may be
boosted by employing soft-output detection coupled with
soft-input channel decoding for any of the schemes, such
as SSK,, Bi-SSK and QSM. Meanwhile, the schemes could
also be easily extended to LTE-advanced systems, such as
in [21].

Hence, in this paper, we are motivated to propose soft-
output detectors for SSK, Bi-SSK and QSM modulated
signals. Summarily, the contributions of the paper are as
follows: a) SOMLD for SSK is formulated, b) Bi-SSK
enhances the spectral efficiency of SSK; hence, the
corresponding SOMLD for Bi-SSK is proposed, c) the
SOMLD for QSM is formulated, and d) corresponding
Monte Carlo simulations for the proposed detectors are
demonstrated. The remainder of the paper is organized as
follows: Section 2 presents the system models of the SSK,
Bi-SSK and QSM schemes. The proposed soft-output
detectors are presented in Section 3, analysis of the CCof
the new detectors in Section 4, simulation results and
discussions are given in Section 5, and finally, conclusions
are drawn in Section 6.

SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS

Notation: Matrices are denoted with bold italics uppercase
letters, vectors with bold italics lowercase letters and
scalars with regular letters. (-)T is used for transpose, ()1
for Hermitian and ||-||g for the Frobenius norm of a vector
or matrix. £{-} and T{-} are used to represent the real and
imaginary parts of a complex number, j =+/—1 is a
complex number and argmin f(x) for argument of the

X
minimum, which returns a set of values of x for which the
function f(x) attains its smallest value.

2. SYSTEM MODELS
2.1. Space shift keying (SSK)

The system model for SSK modulation is depicted in Fig.
1. Compared to SM, SSK eliminates the transmission of
APM symbols, leaving only the antenna indices to relay
information. This ensures that the advantages of SM are
preserved, while the hardware complexity is significantly
reduced [8]. Given an array of N, transmit
antennas/elements, a set of mggx = log, (N;) source bits is
mapped to the #** antenna, where £ € [1: N,]. The £**
antenna is then activated in the subsequent signalling
interval to transmit the symbol x, = 1 [8]. Accordingly,
the N; X 1 SSK transmit vector can be written as [8]:

Xp = [ 00...

x,=1 ...00]T

(1)
£th position

The N, X 1 received signal vector is given as [8]:

y=pHx, +w = [ph, +w )

where p is the average SNR at each receive antenna, H is
the N, X N; channel matrix, and w is the N,. X 1 additive
white Gaussian noise (AWGN) vector. The entries of both
H and w are independent and identically distributed (i.i.d.)
according to CN(0,1). From (2), it is observable that the
column indices of H are used as sources of information,
i.e.x, isfixed and set to unity, while h, changes according
to the incoming symbols, thus representing the actual
constellation symbols for SSK.

The optimal maximum-likelihood (ML) detector for SSK,
therefore, has the objective of obtaining only the antenna
index that was employed at the transmitter, and is given as

[8]:
o . 2
¢ = argminly — /oh,|| 3)
2€[1:N]
2.2. Bi-space shift keying (Bi-SSK)

Fig. 2 illustrates the modulator for Bi-SSK [9], which can
be inserted in place of the SSK modulator, shown within
the dotted lines in Fig. 1, to obtain a simple model of Bi-
SSK transmission. Note that for Bi-SSK, the mapper in
Fig. 1 has two inputs, as will be discussed. The key idea
involves dividing the set of information bits into 2 blocks
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Fig. 1: System model for SSK transmission

of length log, N,. Each of the blocks are mapped into an
SSK transmit vector h,, £ = [1: N;] and are represented as
Xpe =[00 2,0 0]T and Xpe =[00xp-0 0]T,
where x, = 1, as in SSK, for both real and imaginary #.
The corresponding transmit antenna/s are then activated
accordingly for transmission. Hence, a set of mp;_gsx =
2 X log,(N,) bits, is mapped into a Bi-SSK transmit
vector Xpy. oo ¥ = [1: N¢], defined as:
Xogi_ssx = Xeg T/ %eg )
where £ represents the active real transmit antenna index
and ¢4 represents the active imaginary transmit antenna
index.

An example of the mapping process for Bi-SSK
modulation, is tabulated in Table 1, considering N, = 4 .
In the example, the total number of transmitted
information bits per time slot can be calculated as
2 X log,(N,) = 2 X log,(4)= 4 bits. In accordance with
the mapping rules of Bi-SSK; the set of 4 bits (b3 b2 b; bo)
are equally grouped into two parts (b3 b, and by bg) and each
group is used to select one of the N, = 4 transmit antennas
that are available for transmission - one for the real symbol
and the other for the imaginary symbol. In other words, it
can be said that each group is used to modulate separate
SSK symbols, which are added together in a complex
manner to form the Bi-SSK symbol.

Note that some 11 other possible values of “Bits” have
been omitted. Generally, this is done intentionally to save
spaces, and because the omitted possibilities can easily be
obtained from the given table. For example, when Bits =
[0 0 0 1]; the “Real Bits (Real Tx Index)” is “00 (1)” and
this can be inferred from rows 3 and 5 of Table 1, where
the same bits, “00”, have been considered for Real Bits. In

Table 1: Mapping illustration for Bi-SSK modulation

the same way the “Imag. Bits (Imag. Tx Index) which is
“01 (2)”, and can be inferred from rows 2 of the table.

1st antenna index

log,(Ny)
A

Real SSK Symbol
xp=1

Imag. SSK Symbol
xp=1

\ 4
2nd antenna index
log,(Ny)

Fig. 2: Bi-SSK Modulator

The received signal vector for Bi-SSK may then be defined
as [9]:

y= p/#(h{’g-i_]h{’z)-l—w (5)
where p is a scaling factor for the average SNR p, such
that 4 = 1 for a single transmit antenna and y = 2 when
the bits are mapped to two transmit antennas.

Given x, = 1 for both real and imaginary ¢, h, is the
channel gain vector associated with the transmission of the
real symbol and h,. is the channel gain vector associated
with the transmission of the imaginary symbol. This
effectively means that the changing channel columns of H
act as the Bi-SSK random constellation points. Once again,
the entries of both H and w are i.i.d. according to CN(0,1).
The optimal hard-decision ML detector (HDMLD) for the
Bi-SSK system is defined as [9]:

Bits Real Bits Imag. Real Tx Xpg Imag. Tx Xpo Xepi_ssk
(b3 by by bo) (b3b2) Bits (b]bo) Index Index (xfﬁ + jxl,:)
[T 100] 11 00 4 [000T1]" 1 [1T00O]" [j 0 O 1]T
[TOO 1] 10 01 3 [0010]" 2 [0100]" [0 j 1 O]
[0010] 00 10 1 [1000]T 3 ([0010]" [1 0 j O]F
[0O111] 01 11 2 [0100]T 4 (ooo1]™ [0 1 0 jIT
[000O0] 00 00 1 [1000]T 1 [1000]" [1+j 0 0 0O]F
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Table 2: Mapping illustration for QSM modulation
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Bits APM symbol (bs b») Tx. antenna pairs (bi/bo) Xgsm
bs3bybi b ® | . q%
(b3 b2b1bo) q (index ) X9 x0T 2a s (%8 + jxfT)
[TT1T0O0] 1 1(4) +1—j 1 1 [+15 O]
[1T0O0 1] 10(3) +1+j 1 2 [+1 +j17
[0010] 00(1) —1+j 2 1 [+ 17T
[0111] 01(2) —1—j 2 2 [0 1417

~ ~ 2
[0, 2] = argmin ||y = Vo/k (heg + el ||, ©)
stT

2.3. Quadrature spatial modulation (OSM)

The rule governing the transmission of QSM stipulates that
a group of mygy = log,(NZM) information bits can be
transmitted simultaneously [10, 11]. A model of the QSM
transmitter may also be depicted as Fig. 1, if the SSK
modulator is replaced by the QSM modulator of Fig. 3 and
two inputs are sent to the mapper. The source information
bit sequence is partitioned into three parts, such that
log, (N,) bits are used to select the real antenna index (£g),
another log,(N,) bits are used to select the imaginary
antenna index (£5) for £¢, < € [1: N¢].

1st antenna index

log,(Ny) |
X%
Signal bits Signal
log,(M) > Modulation
X%
2nd antenna index |

P log,(N)

Fig. 3: QSM Modulator

The remaining log, (M) bits are used to select an M-ary
quadrature amplitude modulation (MQAM) constellation
symbol x9, q € [1: M]. The selected symbol x9 of the
complex constellation is further decomposed into its
constituent real and imaginary parts x 4%, x9%, respectively,
and transmitted by the respective antennas. Thus, the signal
vector of QSM can be represented as:

R, .. q%T
Xqsm = X, +jxg @)

% T )
where x?ﬁ and x?Z are N, X 1 vectors, with x4 and x 7%,

respectively, representing the non-zero entry placed at the
f¢-th and f¢-th positions.

Table 2 illustrates a typical mapper for a 4 b/s/Hz QSM
transmission with N; = 2 and M = 4. Note again that; in
the table, some 12 other possible values of “Bits” have

been omitted, intentionally. As earlier said, this is done to
save spaces, and because the omitted possibilities can be
obtained from the given table.

At the output of the channel, the received signal vector may
be defined as [10-12]:

y=p/uH (fo +jx$§) +w (8)

where p is the scaling factor for the average SNR, such that
when ¢ = P, u = 1,and when £¢ # £, u = 2. H is the
wireless channel with a complex channel matrix of
dimension N, X N, in the presence of AWGN represented
as w= [WI,WZ,...,WNr]T. The entries of H and w are
assumed to be i.i.d. according to CN(0,1). The received
signal may be simplified as:

y = Vp/u(hex® + jh, x75) + w )

where hg = [Rypq,..., Anreg]" represents the N, X 1

{’gth columnof H and hy, = [hy,,..., th,#I]T represents
the N, X 1 £3™ column of H.

Assuming perfect knowledge of the channel at the receiver,
the received signals are processed by the optimum ML
detector, which searches jointly across all the available
antenna combinations and APM symbols. The detector
jointly estimates Zg, 2, x9%, and x9%, which are used to
recover the original message. The detector is given in [10-
12] as:

~ o . . 2
[0 20, x%,2%] = argmin ||y = yo/u (e, + jhp, 27 (10)
£q,b7, 0% AT F

3. PROPOSED SOFT-OUTPUT DETECTORS

It is desired that next generation communication systems
provide users with high data rates, in addition to ensuring
reliability and power efficiency. To achieve this, practical
communication systems commonly employ channel
coding such that errors induced by noise and unreliable
channels are reduced. It has been demonstrated in the
literature that soft-output detection coupled with soft-input
channel decoding maximizes the coding gain achievable
[20, 23]. In [18, 19] soft-output detection has been
investigated for SM and space-time block coded SM. No
such investigation has been performed for the more recent
SSK, Bi-SSK or QSM schemes, which maintain several
advantages over SM.
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Based on this motivation, we propose SOMLDs for the

SSK, Bi-SSK and QSM schemes. To arrive at the targeted

improvements in the error performances of the respective

systems due to coding gain, the system model of Fig. 1 is

extended to include channel coding and decoding. For each

of the proposed detection schemes, we assume that:

(i) antenna indices and data symbols (if applicable) are
uncorrelated;

(i) data symbols (if applicable) are independent and
generated with equal probability;

(iii) antenna bits are independent and generated with equal
probability, and;

(iv) full channel knowledge is available at the receiver.

3.1. SOMLD for SSK Modulation

The codewords from the channel encoder are transmitted
by SSK modulation, such that the input to our proposed
demodulator is given as (2). The a-posteriori log-likelihood
ratio (LLR) [18] for the a-th transmit antenna bit may be
formulated as:

LR = 10gP =11 (11)
P(t’la =o0ly
5 pa P L= P(L=*%
LLR(#%) = log| 27t PO =91,

Toceg PYI6 = 2)P(£=2)

where £ and £§ are vectors of the antenna indices with ‘1’
and ‘0’, respectively, at the a-th antenna bit position.

On application of Bayes’ theorem, the demodulator output

of (12) can be defined as:
~|-Jomall;
7epr EXp 207
LLR(#%) = log| 224 _ (13)
~lly-vomal

Ypega €Xp 207
where ¢ is the variance of the AWGN.
3.2. SOMLD for Bi-SSK Modulation

The Bi-SSK modulated signals are represented as (5). At
the receiver, the proposed demodulator independently
calculates the LLR for the real and imaginary antenna
index bits using the received coded Bi-SSK. Therefore, the
a-posteriori LLR for the a-th real transmit antenna bit can
be expressed mathematically as:

P(fg =1ly)
LLR(#%) = log———— 14
Togees, PO |45 = 2o b5 = 2)P (85 = 2g)
LLR(£2) = =¥l _ _ _ 15)
M Sters, PO | 05 = 25 b = 2)P(0g = 25)
P€Ly

where £ and €7 are vectors of the real antenna indices
with ‘0’ and ‘1’°, respectively, at the a-th antenna bit
position, and L is a set representing all possible 5.
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On application of the Bayes’ theorem, the demodulator
output in (15) can be defined as:

Z?gef‘fg,%az exp(4)

LLR(£2) = lo
% & Z?Ret’gﬁ,?zeLI exp(B)

(16)

_”y_‘/m(h?ﬁ”h?:)”;

= and o2 is the variance

where A =B =
of the AWGN.

Similarly, the a-posteriori LLR for the a-th imaginary
antenna bit is formulated as:

P(f3 =1ly)
LLR(#%) = log———— 17
Z?;ee‘fzp(y |‘Fﬁ =gty = I?z)P({):t = 2’1)
LLR(£%) = —tacls _ _ _ (18)
* Z?IEt’gZP(}Il'gﬁ='€ﬁJ[‘I=€Z)P(€I=€I)
?q€Lg
LLR(?2) = log Z@Iet"l‘r?geLﬁ exp(4) (19)

Z?get’gz,ﬁgeLﬁ exp(B)

where €7, and #7 . are vectors of the imaginary antenna
indices with ‘0’ and ‘1°, respectively, at the a-th antenna
bit position, and Lg is a set representing all possible £¢.

3.3. SOMLD for QSM Modulation

For QSM, the proposed SOMLD demodulator
independently calculates the LLR for the a-th real antenna
bit (£&), a-th imaginary antenna bit (%), b-th real symbol
bit (x2) and b-th imaginary symbol bit (x2). The a-
posteriori LLR may be formulated as follows:

Considering demodulation of the a-th real transmit antenna
bit:

P(g = 1ly)
LLR(#%) = log———— 20
( K gP({’%:OW) ( )
[Z@Rgggﬁ Z;zﬂﬂgh Py ‘eﬁ = Z’ft:el = z’quﬁ =298 59T = fqz) P(fﬁ = ?ft)]
= log| et @1

2pes, Lewte x POV 5 = Bg, £3 = Py, x9% = 29%, x0T = £47) P(bg = {ﬁ)|
heL, fTexs

where £G . and €7 are vectors of the real antenna indices
with ‘0’ and ‘1°, respectively, for the a-th antenna bit
position, and yg, x< represents the set of all possible £9%
and 9%, respectively.

On application of the Bayes’ theorem, the demodulator
output in (21) can be formulated as:

LLR(Z%) = log Z?Reegk,z’leh D2a% ¢ yq 247 ¢ 5y €XP(C)

(22)

Yigeed trely L20% e xq 207 ¢ xx €XP (D)

B R )]

202

where C=D = , with a? the

variance of the AWGN.
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Similarly, the a-th imaginary antenna bit is computed and
expressed as:

Yirees, tnels L2I% e xq 297 € xx exp(C)

LLR(¥%) = log (23)

Direea_Paely 2298 € 5,29 €y €XP(D)
0y

where £§.. and €7 are vectors of the imaginary antenna
indices with ‘0’ and ‘1°, respectively, at the a-th antenna
bit position.

Furthermore, the b-th real symbol bit is computed as:

I
P(x =1y
K
LLR(x%) = logM (24)
b P(x®® =0
(" = 0ly)
wa,h Ttqern PO [ = Do b = B, x0% = 295,297 = 297) P(x% = 29%)
_ 2T eyy Px€ly
B ar e Trnern P [ = B Bz = B = £, 0% = 270) PGt = 200 | (25)
[ gﬁtle;j tx€ly
a5t PIFFI X0 29T € 2 YogeLg reLs €XP(C)
LLR(x} ) = log (26)
Ya% ¢ Xy R € xz Z?ﬁeLg,?IeLI exp(D)

where xg and 7 are vectors of the real data symbols
with ‘0’ and ‘1°, respectively, at the b-th data bit position.

Similarly, the b-th imaginary symbol bit is computed as:

P X028 € YogeLg reLs €XP(C)

LLR(xgz) = log 27

Yeat e X829 € xs Z?ﬁeLg,?IeLI exp(D)

where ng and ){’1’1 are vectors of the imaginary data
symbols with ‘0’ and ‘1°, respectively, at the b-th data bit
position.

The proposed soft-output detectors achieve an
improvement in error performance when the output is fed
into a soft-input Viterbi channel decoder [17-19] and
estimates of the transmitted messages are obtained.

4. COMPARISON OF COMPUTATIONAL
COMPLEXITIES

In this section, the computational complexities (CCs) for

the proposed SOMLD for SSK, Bi-SSK and QSM systems

are evaluated. For fair comparison, we also present
complexities of their respective HDMLD counterparts.

Particularly, in our analyses of the imposed CCs of the

proposed SOLMDs, we make the following assumptions:

i. only complex additions and multiplications are
considered to have impacts on the complexity of the
detectors. This approach is consistent with the
approaches in [7, 19]

ii.  we consider the complexity imposed by all metrics,
including those that only need to be solved once and
stored for future computations. Thus, precomputed
results are available such that redundant computation
is not required. This approach is consistent with [5, 7,
19].

iii. Finally, the computation of the logarithm functions,
present in the LLRs of the detectors, are
approximated via the use of a look-up table (LUT)-
based method presented in [22] and therefore impose
no additional complexity.
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4.1. SSK-HDMLD vs SSK-SOMLD

To formulate the CC of the SSK-SOMLD, the complexity

imposed by detecting the a-th real antenna bit is analysed.

Upon inspection, the numerator and denominator in (13)
~Pllnell-25{yth)

can further be expressed as Yj 4o exp 202 and
=/plnell-25{yHn,} ) )
Ypeen €XP 207 respectively. From this, the

computation of ||h,]||2 is equivalent to h,” h, and requires
N, complex multiplications for each 2. Considering the
numerator, ||h,||% for 2 € £¢ requires a total of Nr(%
complex multiplications. It is evident that ||h,||? would
. N¢ .. . .
require N, (7) complex multiplications at the denominator
for #€£%. Going by assumptions (ii) and (iii), the
computation of the logarithm functions present in the LLR
can be ignored and computational results can be stored and
reused in order to avoid redundancy. On this note, the
summation of complex multiplications at both numerator
and denominator gives the total CC of the SSK-SOMLD,
expressed as:
CCssk-somLp = NN (28)

Meanwhile, the CC of the SSK-HDMLD is given in [4] as

CCSSK—HDMLD =NrM Note that NtzM in the SSK
modulation.

4.2. Bi-SSK-HDMLD vs Bi-SSK-SOMLD

The individual complexity imposed by each of the two
processes of detecting the a-th real antenna bits and a-th
imaginary antenna bits are analysed to determine the total
Bi-SSK-SOMLD complexity. On expansion of the
Frobenius norms, A and B in (16) and (19) can be

VoTH e | o4 Vo7 e | =205 heg =25 nec)
2 2
Considering the numerator (i.e. A) ;;n (16) the computation

expressed as

. 2 . .
of the first term ||hgg||F, is equivalent to ththR and
requires N, complex multiplications for each £, such that

2 - . N,
||h{ﬁ||F for £ €4 requires a total of Nrf complex

e . N
multiplications. The second term would also require N, ?t

Since this has already been computed for the first term, we
assume that the second term imposes no additional
complexity and the result of the first term is reused. The

third term, —Zﬁ{yH hgg}, requires 2Nr% complex
multiplications for 2 € £¢. Evidently, the computation of
the forth term —2%{y"h, .}, requires 2N, % The

summation of these gives the total CC imposed by the
computation of the numerator of (16), which is expressed
as Onpumerator = 2Ny-N;. A proper observation of the
denominator (i.e. B) in (16) reveals that the denominator
would impose a total complexity of 2N,.N, complex
multiplication which can be ignored because it has been
pre-computed for the numerator (4). This simply implies
that the detection of the a-th real antenna bit imposes a total
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complexity of 2N,.N; complex multiplications on the SSK-
SOMLD receiver. Using a similar approach, while taking
note of the stated assumptions, it can be shown that the CC
imposed by the estimation of the a-th imaginary antenna
bit (%), in (19) will not impose any further complexities.
Consequently, the total computation complexity of our
proposed Bi-SSK-SOMLD detector is calculated as:
CCgi-ssk-somLp = 2NNy (29)
On the other hand, a clear consideration of Bi-SSK-
HDMLD, given in (6), shows that the number of
multiplications involved are twice of what is obtainable for
SSK-HDMLD (3). Thus; without any loss of generality, the

Bi-SSK-HDMLD total CC can be given as
CCgi_ssk-npmLp = 2N, N;.

4.3. OSM-HDMLD vs QSM-SOMLD

To formulate the CC of the QSM-SOMLD, the individual
complexity imposed by each of the four detection
processes of detecting the a-th real antenna bit, a-th
imaginary antenna bit, b-th real symbol bit and b-th
imaginary symbol bit, is analysed. With the expansion of
the Frobenius norms in (22), (23), (26) and (27), ¢ =D =

(Vork e LS| = 2%{y hey 282} + o7k e, |1 |21~
28 {y” h, X }) / 2a*. Here we first consider the CC of [C /D]

as the common factor to all the detection processes to the
QSM-SOMLD.

Considering the first term of the C (as the numerator),

”h[R”i is equivalent to h[RthR and requires 2N,
complex multiplications for each fg. Thus, computing
”hfﬁ”i for 2g € {1y Tequires 2Nr(§) complex

q§|2 requires
only M complex multiplications. the CC
imposed by the first term is given by 2N, ( ) +M. A
that the

therefore, we ignore

Therefore,

consideration of the second term shows
. 2 2
computation of ||h[z||p = ”th”F’

. 2 .

the computation of ||h{,z ||F and use the stored result. This

means that the computation of the seconds term

Jp/u ||hg5 ||12F |xZ§|2 is dependent only on the computation

of |x§§|zwhich is given by M. The third term requires 2N,
complex multiplications for y* hy, and a further M
complex multiplications for xzf, for each of the % antenna-
pair combinations; making a total of (2N, + M) G)
Obviously, the computation of the forth term will be
equivalent to (2N, + M) G) Hence, the CC imposed by

the numerator is the sum of: (ZN () +M)+M+

(2N, + M) (g) + (2N, + M) (;) This equivalent to:
Snumerator = (C)(3Nr + M)+ 2M.

Next, we consider D (as the denominator). It is evident that
. . 2

the computation of the first term depends only on ||h{;ﬁ ||F
) . c

for #g €5, which 2N, (3)

multiplications. This is in line with the assumption that

results can be stored and reused in future computations so

as to avoid redundant computations. For the same reason,
the second term does not impose any further complexity.

The third term imposes (2N, + M) (g) complex
multiplications, while the forth term similarly requires
(2N, + M) ( ) complex multiplications. Therefore, the CC

of the denominator is calculated as
(c)(3N, + M).

requires complex

8denominator =

Following the assumption (iii) and in accordance with the
analyses above, the CC imposed by estimating the a-th real
antenna bit (£%) in (22) is given by the addition of
6‘numerator and 5den0minat0r; which is 64’% = C(6Nr +
2M) + 2M. Using a similar approach, it can be shown that
the CC imposed by the estimation of the a-th imaginary
antenna bit (£3), b-th real symbol bit (xg), and b-th
imaginary symbol bit (xg) will not impose any further
complexities as stored results can reused in order to avoid
redundant computations. Hence, the CC of our proposed

detector, in terms of complex multiplications, can be
written as:
CCQSM—SOMLD = C(6Nr + ZM) + 2M (30)

Meanwhile, in terms of complex multiplications involved
in the detection process, the complexity imposed by jointly
detecting £, P, X7 and 9% in (10) can be analysed, on
assumptions in (i) and (ii). Let, (10) be represented as x =

argmin [K] ~ such  that = o/ lhe|IP %35 +
b, 0qx9% xqT LA
o7 e 2] - 25y e 20} - 28{y"h, (7). Thus, the

CC of the QSM-HDMLD detector can be evaluated based
on K as the total complexities imposed by the joint
detection of ?g,’?z, 9% and %97, in terms of complex
multiplications. Here, the overall CC is estimated and given
as CCqsm-npmLp = ¢(6N; + 2M) + 2M which is similar to
8N,.2™ as given in [10].

In the above, we present the CCs for HDMLDs and the
proposed SOMLDs in the cases of SSK, Bi-SSK and QSM
systems, respectively. A critical comparison of these CCs
shows that HDMLD and the proposed SOMLD have the
same CCs in each case. It can therefore be concluded that
the proposed SOMLDs, despite their impressive
performances, impose no additional computational
complexity compared to their conventional HDMLD
counterparts. Remarkably; when compared with traditional
polynomial/rational-function algorithms [24, 25], the LUT
- which we have employed in the CC analyses of the
proposed SOMLDs, is faster - because it requires less work
in the approximation steps, more accurate - because the
rounding error made in the approximation is usually tiny,
and amendable to tight error analysis [22]. However, we
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note that logarithm functions are usually computed by
using a Taylor series or another iterative algorithm - which
takes up valuable clock cycles; hence, for the LUT method,
the space complexity can be maintained at the cost of only
a minimal increase in hardware.

5. NUMERICAL RESULTS AND DISCUSSION

Monte Carlo simulations of the proposed detectors were
executed in the Matlab environment and are in terms of the
average bit error rate (BER) as a function of the average
SNR. The termination criterion for simulations was the
number of bit errors, set at 1,200. Simulations were run
until a BER of 107°. For all simulations, Rayleigh
frequency-flat fading channels and the presence of AWGN
is assumed. We assume 4 antennas are employed at the
receiver. For all coded cases, a ¥ rate convolutional
encoder was employed to encode the information bits
under the constraint length 9 with code generator matrices
91 = (56D)octa; g2 = (753)octar  [18, 19]. At the
respective receivers, the proposed detectors are employed
and their outputs are fed into a soft-input Viterbi channel
decoder [20, 23], in order to obtain estimates of the
transmitted messages.

In the following investigations, two spectral efficiencies
are considered, viz. 6 b/s/Hz and 4 b/s/Hz. For each of these
spectral efficiencies we choose a configuration, such as to
satisfy: mgex = log,(N.), Mmpi_ssk = 2 X log,(N;) and
mosy = log,(NZM). Note; if no channel coding is
employed, then we expect the SOMLD to match that of the
HDMLD. This is expected because both detectors are
based on the ML principle and there is no additional coding
gain that may be exploited, hence reducing to the same
solution [20, 23]. This is also a means of validation.

= & = Uncoded 64x4 HOMLD
& Uncoded 64x4 SOMLD

——@— Coded 84x4 HDMLD

—8— Coded 64x4 SOMLD

.ID-E L L I L
0 2 4 [ 8 10 12 14 16 18 20
Es/No (dB)

Fig. 4: Comparison of error performances for 6 b/s/Hz

SSK systems in coded and uncoded channels

In Fig. 4, the error performances of HDMLD and SOMLD
detectors are evaluated, both for coded and uncoded
channel conditions for 6 b/s/Hz SSK systems. For uncoded
channels, simulation results demonstrate that the proposed
SOMLD scheme matches identically with the HDMLD.
Hence, the soft-output demodulator has no effect, unless
employed in a coded channel and coupled with a soft-input

SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS

decoder at the receiver [19]. In the same figure, it is evident
that the coded SOMLD detector yields significant SNR
gains. For example, at a BER of 107°, an SNR gain of
approximately 4.2 dB is achieved over coded HDMLD.
Hence, the advantage of soft-output demodulation
followed by soft-input decoding is demonstrated.
Moreover, for illustrative purposes, by the use of coding,
the proposed SOMLD achieves an SNR gain of
approximately 8.0 dB over the uncoded HDMLD/SOMLD
scheme, at the same BER. This large gain is expected, since
we are comparing a coded and uncoded system in this
instance.

10°
I = @ = Uncoded Bx4 HDMLD
4 & Uncoded Bx4 SOMLD
10! —@— Coded 8x4 HDMLD
—@— Coded 8x4 SOMLD
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1] .'IZ 1‘1 t"r é ‘I.D ‘II2 14 ‘Ilt'r ‘\IB 20
Es/No (dB)
Fig. 5: Comparison of error performances for 6 b/s/Hz
Bi-SSK systems in coded and uncoded channels
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O Uncoded 4x4 40AM SOMLD
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107! : —&— Coded 4x4 40AM SOMLD
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Fig. 6: Comparison of error performances for 6 b/s/Hz
QSM systems in coded and uncoded channels

The BER performances of the Bi-SSK system are
presented in Fig. 5. As expected, the 6 b/s/Hz 8x4 Bi-SSK
system with conventional HDMLD shows a performance
that is matching closely with the proposed SOMLD, in
uncoded channels. Meanwhile, in coded channels, the
proposed SOMLD for the Bi-SSK system performs better
than the HDMLD, with an SNR gain of approximately 4.2
dB at a BER of 107°. Furthermore, it is evident that the
coded SOMLD outperforms the uncoded conventional
HDMLD with an SNR gain of 10.2 dB, at the same BER.

Fig. 6 presents the error performances of a 6 b/s/Hz QSM
system with Ny =4, N, =4 and M = 4. The proposed
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SOMLD in coded channels achieves an SNR gain of 8.5
dB over the uncoded conventional HDMLD detector for
QSM, at a BER of 107°. At the same BER and with
channel coding an SNR gain of approximately 4.7 dB is
evident between the proposed SOMLD and the HDMLD.
As expected, for uncoded channels, the QSM system with
HDMLD demonstrates identical error performance as the
proposed SOMLD.

In Fig. 7, Fig. 8 and Fig. 9; we present the error
performances of 4 b/s/Hz SSK (16x4), Bi-SSK (4x4) and
QSM (2x4) systems, respectively. The results are
demonstrated under the proposed soft-output detectors as
compared to the existing HDMLDs in coded and uncoded
channels. Similar behaviour as shown for 6 b/s/Hz is
evident, in all the cases of SSK, Bi-SSK and QSM
respectively.

10°
= # = Uncoded HOMLD
&  Uncoded SOMLD
101 —8— Coded HDMLD
—8— Coded SOMLD
102
wqp2
10
10 i
.
~
\I
108

0 2 4 3] 8 10 12 14 16 18 20
SNR (dB)
Fig. 7: Comparison of error performances for 4 b/s/Hz

SSK systems in coded and uncoded channels
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= % =Uncoded HDMLD
& Uncoded SOMLD

—8— Coded HOMLD

—8— Coded SOMLD

o 2 4 6 8 10 12 ‘I'4 16 18 20
SNR (dB)

Fig. 8: Comparison of error performances for 4 b/s/Hz
Bi-SSK systems in coded and uncoded channels

In all instances, as shown in the graphs - Fig. 7, Fig. 8 and
Fig. 9 - for SSK, Bi-SSK and QSM, respectively; the
uncoded HDMLD and SOMLD curves are identical. When
coding is employed, HDMLD yields an SNR gain of 2.2
dB, 5.1 dB and 3.9 dB, for SSK, Bi-SSK and QSM,
respectively. The proposed SOMLDs further enhance the
SNR gain by 6.1 dB,4 dB and 2.5 dB for SSK, Bi-SSK and
QSM, respectively. The smaller gain realized for QSM is
due to the use of only two transmit antennas
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= @ = Uncoded 4QAM HDMLD
&  Uncoded 40AM SOMLD
1o —&— Coded 4GAM HOMLD
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Y
102
o
w -3
10
107
1073
10
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Fig. 9: Comparison of error performances for 4 b/s/Hz
QSM systems in coded and uncoded channels

Table 3: Summary of SNR Gains of SOMLD compared to
HDMLD (Coded and Uncoded)

SNR gain SNR gain
Scheme TH%M.LD (BER = 10°) (BER = 107°)

echnique [6 b/s/Hz] [4 b/s/Hz]
SSK Coded 42 dB 6.1 dB
Uncoded 8.0dB 8.3dB
. Coded 42 dB 4.0 dB
Bi-SSK Uncoded 102 dB 9.1 dB
Coded 47 dB 2.5dB
QSM Uncoded 8.5dB 6.4 dB

A detailed summary of the SNR gains achieved in the
investigations is presented in Table 3. As stated earlier, the
SNR gains achieved by the proposed coded SOMLDs for
6 and 4 b/s/Hz systems of SSK, Bi-SSK and QSM over
their uncoded HDMLD schemes, are due, not only to the
coding introduced, but also to the effectiveness of the soft-
decision over the hard decision techniques.

6. CONCLUSION

In this paper, we have proposed SOMLDs for the SSK, Bi-
SSK and QSM modulation schemes. In uncoded channels,
the proposed detectors match the optimal error
performance of their respective HDMLD. In coded
channels, the proposed SOMLDs yield significant SNR
gains over the corresponding conventional coded
HDMLD. In comparison to the HDMLDs, the proposed
SOMLDs impose no additional computational complexity,
since a look-up table can be employed to compute the
logarithm. Finally, we maintain that a possible future work
is desired to determine analytical bounds for the proposed
SOMLDs.
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