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Abstract

Wireless relaying networks with distributed space-time block codes have been shown to provide high link reliability.
This is because of the space diversity gain frommultiple transmitting relays, which improves by adding more relays.
The drawback of this approach is the overall reduction in throughput of the network. In this paper, we propose a
method to construct a distributed space-time block code that is combined with spatial modulation to find a flexible
trade-off between reliability and throughput. This proposed method is not restricted to a specific number of relays
and can be constructed as necessary. The constructed code also uses a novel adaptive transmission protocol to
achieve higher space diversity, even with relays equipped with a single antenna. This protocol assumes use of
coherent detection, meaning that a perfect channel estimation is available at the destination. Lastly, a new decoder is
proposed that offers significant reduction in complexity to maintain high data throughput. All claims in this work are
supported with theoretical analysis and backed up with empirical results.
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1 Introduction
In recent years, the spatial diversity of wireless relay-
ing networks (WRNs) has been used to improve signal
quality in wireless transmission [1-5]. A WRN constructs
a virtual multiple-input multiple-output (MIMO) system
using multiple neighbouring client apparatuses as relaying
nodes. It has been suggested that distributed space-time
block codes (D-STBC) be used in WRNs to allow simul-
taneous transmission among relaying nodes to increase
the spectral efficiency of the network [6-9]. It is known
that the diversity is further improved when the number
of relays in the WRN is increased. Unfortunately, this
has the drawback of reducing the overall throughput of
the network as the number of relays increase [10]. The
throughput can be retained by increasing the code rate of
the D-STBC at the cost of decoding complexity [11]. It has
been shown that an orthogonal design of full-rate codes is
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possible only with two relays [12]. The orthogonal designs
lead to a low decoding complexity at the destination[11].
To summarise, the major challenge in WRNs is to coor-

dinate an arbitrary number of relay transmissions with
high rate while maintaining both full diversity and low
decoding complexity.

1.1 Prior work
The overall interest in this field of research lies in the
construction of a high-rate D-STBC that has the ability
to utilise any arbitrary number of relays [13,14]. It would
appear that research has had limited success in design-
ing high-rate codes while maintaining a single-symbol
decodability at the destination. In [15], the authors pro-
posed systematic construction steps of a row-monomial
D-STBC with a code rate bounded by 2/(2 + N), where
N denotes the number of relays. In [16], a new code
class called semi-orthogonal precoded distributed single-
symbol decodable STBC (Semi-PD-SSD-STBCs) was pro-
posed. It has the advantage of performing precoding
on the information symbols, which in turn doubles the
achieved code rate. Although these codes were designed
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for an arbitrary number of relays, they may be prefer-
able to be used only in WRNs with a few number of
relays. This is because the code rate decreases dramati-
cally as the number of relays increases. In [17], a coding
scheme, with a code rate of 1

4 , was proposed to operate
in WRNs of high number of relays. However, this scheme
has a high decoding delay. This is as the required trans-
mission time increases exponentially with the number of
relays. In [18], an adjustable full-rate STBC matrix was
designed, but it requires a feedback channel to adjust the
code. This creates additional network overhead that inher-
ently reduces the achieved diversity gain. In [19-21], the
generalised ABBA code (GABBA) of [22] was adapted
for amplify-and-forward (AF) WRNs to offer a full-rate
while maintaining single-symbol decodability. However,
the resulting D-GABBA scheme has some constraints: (1)
the number of symbols per block (T) should be express-
ible as a power of two, and (2) the number of available
relays (N) should be smaller or equal to T (N ≤ T). These
constraints were resolved by utilising global knowledge of
channel state information (CSI) of the entire WRN at the
relays [10].
Spatial modulation (SM) was developed to improve the

throughput of MIMO systems and was initially extended
for WRNs in [23-25]. The intention was to add the spa-
tial dimension to the modulated signal constellation; this
allowed information to be transmitted not only using
amplitude/phase modulation (APM) but also using the
relay index. This offers higher throughput due to data
multiplexing via different relays [24,26]. However, the
overall achieved diversity gain was limited to the num-
ber of receive antennas, as only one relay was active for
any given transmission. This was partially solved when
employing SM specifically at the source node and leaving
the full diversity gain to be achieved in the link between
the relays and the destination [25,27,28]. The effective use
of SM was still bounded by the number of antennas avail-
able at the source node. Due to size, cost and hardware
limitations, the availability of multiple antenna may not be
feasible inmany systems [29]. In [30,31], transmit diversity
gain can be achieved at the expense of orthogonal channel
resources.
In conclusion, the current WRN uses its relays either

to offer high throughput only (using SM) or to achieve
transmit diversity gain (using D-STBC).

1.2 Our contribution
As mentioned, a major challenge in a WRN is to coor-
dinate an arbitrary number of relay transmissions while
maintaining full diversity gain and offering high rates
with low decoding complexity at the destination. Using
a combination of STBC and SM, it is expected that high
throughput and high transmit diversity gain is possible.
In general, such combinations are achieved using MIMO

systems. This allows the construction of a fixed STBC-SM
code as the number of antennas at the transmitter is fixed
[32-36]. These designs are also bounded by a transmit
diversity gain of 2. To the best of the authors’ knowledge,
there is no existing research addressing distributed STBC-
SM (D-STBC-SM). With respect to the current literature,
this paper presents:

• An adaptive transmission protocol to accommodate
N relays in decode-and-forward (DF) WRNs, where
N ∈ N+. Unlike [32-36], this protocol offers a
transmit diversity gain of N0 (N ≤ N0 ≤ 1) because
the possibility of activating N0 number of relays
simultaneously during transmission. Given some
control information, the protocol can be adapted to
transmit through any given number of relays (N0).
This means the network can work with a varying
number of N0, which is a desirable feature for
networks that experience imperfect time
synchronisation [37,38].

• An algorithm to construct D-STBC-SM codes.
Unlike [15,16,19-21], this algorithm offers a rate that
increases with the number of relays. The rate for this
code is r0log2M2 + 1

T2
log2c bpcu instead of r0log2M2

bpcu, where c =
⌊(

N
N0

)⌋
2p

is the number of

possible relay combinations, r0 is the code rate of the
used STBC,M2 is the order of modulation used by
the relays and �.� represents the floor integer
operator. The increase in throughput uses the same
total average transmitting energy. This is as only N0
of the N available participating relays are active at any
given time. The proposed algorithm uses multi-level
optimisation processes, and hence the constructed
code outperforms the few existing STBC-SM codes.

• An optimal and suboptimal reduced-complexity
decoder to work for the proposed protocol. The
orthogonal property of the STBC allows a decoding
complexity to reduce fromO (cMns

2
)
to O(cnsM2),

where ns is the number of symbols per information
block of transmission. Using the sub-optimal decoder,
this decoding complexity can be further reduced to
O(c + nsM2) with some performance penalty. This
makes it suitable to acquire higher throughput.

• Theoretical analysis of diversity gain, coding gain and
required decoding complexity of the proposed
protocol. Also, these claims are backed up by
numerical simulations.

This paper is organised as follows: First, the network
model is described followed by an outline of the proposed
transmission protocol. Designing the D-STBC-SM code is
then discussed. This is followed by a theoretical analysis
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of performance and complexity. Last, empirical results to
back up the claims are presented.

1.3 Notations
Hereafter, small letters, bold small letters and bold capital
letters will designate scalars, vectors andmatrices, respec-
tively. If A is a matrix, then AH , A∗ and AT denote the
hermitian, conjugate and the transpose of A, respectively.

2 Networkmodel
A dual-hop WRN comprised a source S, N̂ number of
half-duplex (HD) relays R1, . . . ,RN̂ and a destination D

is considered (depicted in Figure 1). Let the source and
relays be equipped with a single antenna and the desti-
nation has Nr antennas, Nr ∈ N+. This configuration is
denoted by

(
N̂ ,Nr

)
. The transmission through the net-

work is conducted in two phases. In the first phase, the
information is broadcast from the source to the relays. In
the second phase, each relay decodes its received sym-
bols which are then only encoded and transmitted to the
destination if received correctly. The total transmission
power for the entire network is denoted by P and is evenly
divided between both phases. The channel through the
network is assumed to be a quasi-static Rayleigh fading
channel. The source is assumed to be completely blind,
while perfect CSI is assumed only at the decoding nodes.

3 The proposed transmission protocol
In this section, an adaptive protocol that uses an effi-
cient combination of D-STBC and SM is proposed to
obtain better cooperative diversity gain and higher over-
all throughput. This will be supported by a mathematical
evaluation and an empirical comparison to existing proto-
cols on bit error rate (BER) graphs.

3.1 Protocol description

For a network configuration of
(
N̂ ,Nr

)
, the transmission

through the network is conducted in two phases:

Figure 1Wireless relaying network model. A graph model of a
WRN, given that N out of N̂ relays are active in the relaying phase. It is
assumed that both source and each relay are equipped with a single
antenna while the destination has Nr antennas.

Broadcasting phase:
The source transmits M1-ary PSK/QAM modulated

symbols denoted by y(i) = [
y(i, 1), . . . , y(i, J)

]T , where i
denotes the information block index and J is the number
of symbols in the broadcasting phase. To maximise the
number of participating relays, the source (S) uses an error
control code (ECC) to mitigate all errors. This is as relays
are only allowed to transmit if no error is present (see IEEE
802.16j standard of [39]). Thus, the received vector at Rn is

rn(i)
J×1

= gny(i)
J×1

+ vn(i)
J×1

, (1)

where gn (gn ∼ CN (0, 1)) is the channel coefficient for the
link between S and Rn. The vector vn is the noise at Rn

with entries vn ∼ CN
(
0,
√

2
P

)
.

Multiplexing and relaying phase:
Tomatch the proposedmodifications, this phase’s name

is changed to ‘multiplexing and relaying phase’ rather
than ‘relaying phase’. As stated previously, a relay will not
partake in this phase if it detects an error. To limit the
discussion, it is assumed that a fixed number N out of
N̂ relays will always have no errors. The participating N
relays will each conduct the following on its K = J log2M1
received bits (illustrated in Figure 2):

1. The K decoded bits are divided into two groups. The
first group contains K1 bits, and it is multiplexed to
determine the relays that will be used to transmit the
second group of K2 bits. These K2 bits are modulated
and then encoded with the D-STBC. If K �= K1 + K2,
the excess bits must be buffered. The values of K1
and K2 are chosen according to Section 3.2.2.

2. The binary sequence of the first group is converted
to a decimal value �. This value is used to determine
if the relay is allowed to transmit and what it should
transmit. The second group of K2 bits is modulated
to a symbol vector y2(i) = [y2(1, i), . . . , y2(ns, i)]T
using a two-tier starM2-ary QAMmodulator (see
Section 3.2.2).

3. Given �, the relay Rn encodes its second group of K2
bits with a column of the D-STBC. The column
index is obtained from the entries given in the
code-mapping table. This encoding process is
expressed as

tn(i)
L×1

= An�

L×ns
y2(i)
ns×1

+ Bn�

L×ns
y∗
2(i)
ns×1

, (2)

where L = ns/r0 and r0 is the code rate of the code
used. n� is the logic index used to identify the
encoding matrices that should be used at relay Rn.
Both An�

and Bn�
are the encoding matrices

responsible for generating the column n� of the
D-STBC matrix. All of An�

and Bn� (n� = 1 . . .N0)
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Figure 2Multiplexing and relaying phase for a given relay node. An illustration of the steps that each relay is conducting for each block of
transmission.

are characterized by the D-STBC matrix and are
used to construct the code in a distributive manner
(see Appendix 1) [11,29]. It is worth noting that
many existing D-STBC matrix can be used, given the
number of relays and the extent of the diversity gain
required (N0). This will be discussed in detail in
Section 3.2.2.

4. The vector tn(i) is then phase-rotated to ensure
maximum diversity and coding gain. If the rotation is
not used, then rank deficiency occurs due to
interfering codewords and the achieved diversity gain
is reduced. This results in the transmitted vector
given as tθn(i) = exp(jθi)tn(i), where θi, θi ∈ [0,π ] are
provided by the code-mapping table.

Accordingly, the received symbol matrix at destination
D is given by

Z(i)
L×Nr

=
N0∑
n=1

tθn(i)
L×1

hn
1×Nr

+ η(i)
L×Nr

, (3)

where hn = [
hn,1, . . . , hn,Nr

]T is the channel coefficient
vector from the relay Rn to the destination with entries
hn,j ∼ CN (0, 1). The matrix η is the noise at the destina-

tion with entries ηij ∼ CN
(
0,
√

2
P

)
.

The received signal matrix of (3) can be rewritten using
(2) as

z(i) = H�y2(i) + η(i), (4)

where H� is the equivalent channel matrix that encapsu-
lates both the rotation employed and the channel coeffi-
cients of the relay set � used for transmission.

3.2 D-STBC-SM system design and optimisation
3.2.1 Review of conventional STBC-SM
Recently, the design of STBC-SM codes has drawn atten-
tion because of the promising improvements shown
[32-36]. In this section, background and some required

definitions of STBC-SM that are needed to work for
D-STBC-SM are shown.

Definition 1. The STBC scheme is represented by a
matrix expressed as

X
L×N

=

⎡
⎢⎢⎢⎣
x1,1 x1,2 · · · x1,N
x2,1 x2,2 · · · x2,N
...

... · · · ...
xL,2 xL,2 · · · xL,N

⎤
⎥⎥⎥⎦ , (5)

where the columns represent the encoded L time-slot
sequences that should be transmitted by the N transmit-
ting antennas of the source. If ns denotes the number of
encoded symbols, then the code rate r of the used STBC
is defined as r = ns

L .�

Definition 2. Let X denote the STBC matrix (see Def-
inition 1) and the STBC-SM code word denoted by Xi,j
[32]. An STBC-SM codebook Xd is defined as a set of
nX STBC-SM codewords. The STBC-SM code X is, here,
formally defined as a set of nX codebooks.�

Definition 3. Let X be an STBC-SM code with nX
codebooks, and each has nX codewords. The minimum
coding gain distance (CGD) is defined by

α(X ) = min
i,j

γmin(Xi,Xj), (6)

where i, j = 1 . . .nX and γmin(Xi,Xj) is the minimum
CGD between two codebooks given by

γmin(Xi,Xj) = min
k,l

Hλ(Xik , X̂jl|i �= j&k �= l). (7)

The variables l, k = 1 . . .nX, Hλ

(
Xik , X̂jl

)
are the har-

monic mean of the non-zero eigenvalues ofA
(
Xik , X̂jl

)
=

	
(
Xik , X̂jl

)
	H

(
Xik , X̂jl

)
, and 	

(
X, X̂

)
= X − X̂. �

The STBC-SM code exploits the properties of SM by
distributing the STBC codeword over a subset of the
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number of antennas at the transmitter. The number of
antennas at the transmitter is fixed. This allows the con-
struction only of a fixed STBC-SM code. For example,
codewords of an STBC-SM code (X ) proposed in [32] is
based onAlamouti’s STBC for a 4×1MIMO systemwhich
are expressed as

X1 = {X11,X12} =
{(

y(1) y(2) 0 0
−y∗(2) y∗(1) 0 0

)
,

(
0 0 y(1) y(2)
0 0 −y∗(2) y∗(1)

)}

(8)

X2 = {X21,X22} =
{(

0 y(1) y(2) 0
0 −y∗(2) y∗(1) 0

)
,

(
y(2) 0 0 y(1)
y∗(1) 0 0 −y∗(2)

)}
ejθ .

(9)

In this STBC-SM design, the first 2 bits are used to
decide on the codeword Xij. These bits define the set of
antennas to transmit the remaining encoded bits (y(1)
and y(2)). It should be noted that each codeword Xij uses
a unique antenna mapping pattern. The phase rotation
θi is set to avoid rank deficiency among codebooks to
mitigate diversity gain loss. The designs of a more com-
plex STBC-SM in a MIMO system have shown promising
improvements and recently have started to attract atten-
tion [32-36].

3.2.2 D-STBC-SM code construction
In a conventional MIMO system, the number of antennas
at both the destination and source is fixed. In contrast,
the number of transmitting antennas is determined by the
number of available relays inWRNs. The number of relays
can differ for each initiated transmission, a variation that
equates to the need for aD-STBC-SMcode to operate over
a varying distributed network. In this section, an algo-
rithm is defined to construct D-STBC-SM codes to work
in WRNs. Two examples of constructing a D-STBC-SM
code for given WRNs are also provided.
The construction of an optimal D-STBC-SM code relies

on the proper selection of a relay index pattern that
maximises the CGD. To reduce the search space for the
optimised codebooks, the inner and mutual CGDs are
formally defined:

Definition 4. For a given X , the inner CGD (ϕmin(X ))
and the mutual CGD (δmin(X )) are given by

ϕmin(X ) = min
i

γmin(Xi,Xi) (10)

and

δmin(X ) = min
i,j

γmin(Xi,Xj)∀ i �= j, (11)

respectively.�

Another two important metrics in the construction
of the code are how the relay patterns are chosen,
namely the indexing distance and the Hamming distance.
Both are used in the shown algorithm and are formally
defined as

Definition 5. Let {Ri} and {Rj}, iand j ∈ N, denote two
sets of relays. Then, ρ : N → |({Ri} ∩ {Rj})| defines the
indexing distance. This computes the size of the intersec-
tion between these two sets. �

Definition 6. Let {Ri} and {Rj}, iand j ∈ N, denote two
sets of relays with similar cardinality. Then, dmin : N →
({Ri}, {Rj}) defines the Hamming distance between the
two sets of relays. �

To maximise the BER performance, the proposed algo-
rithm is designed to construct codewords with minimal
indexing distance ρ and maximum Hamming distance
dmin. This design can operate on the common mod-
ulation schemes, but an additional improvement was
observed using star QAM. The star QAM relies on two
parameters that are also optimised in the algorithm as
an additional step and, for completeness, are defined in
Definition 7.

Definition 7. A two-tier star M-ary QAM modulation
has its constellation points distributed over two amplitude
levels a and b. There are M

2 constellation points on each
amplitude level with a phase difference φ [40], as depicted
in Figure 3.

Figure 3 Two-tier starM-ary QAM constellation. A graph
illustration of the two-tier star 8-ary QAM constellation.
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Both a and φ should be optimised to maximise code-
word differences. b = √

2 − a2 should hold to ensure a
unity average transmitted power.�

Now with the necessary definitions, the proposed algo-
rithm can be described in detail in Algorithm 1. Two
examples are provided to illustrate how the algorithm
operates. The codes shown below follow step by step in its
construction phase. The algorithm shownhave a code rate
of

r = r0log2M2 + log2c, (12)

where r and r0 are the code rate of the constructed
D-STBC-SM and the STBC used, respectively.

Algorithm 1 D-STBC-SM code design procedures
1. In a WRN, a network protocol uses several metrics to

determine which relays can participate in the
communication to the destination. Let N denote the
number of relays available to the WRN, and let N0
denote the number of relays assigned by the network
protocol to transmit simultaneously (N0 < N). The
number N0 is determined when the transmission flow
is initiated by the higher layer functions within the
WRN. Based on network constraints (desired code
rate, latency, etc.), an existing L × N0 MIMO STBC
code (X ) is chosen, e.g. several are suggested in [11,29].

2. Determine K1 = log2(c), where c =
⌊(

N
N0

)⌋
2p

denotes the number of possible relay combinations for
the transmission of the STBC codeword and p ∈ N.

3. Generate a list of all possible combinations of relays
while avoiding inner and outer repetition [41-43].

4. Pick unique c combinations while

• maximising dmin,
• minimising ρ,
• and minimising nX .

5. Create a code-mapping table by reordering and
labelling the c combinations to minimise the number
of nX , e.g. see Tables 2 and 3. Each row in the mapping
table represents one codeword of the new D-STBC-SM
code.

6. As an optional step, the parameters {a, b}, and φ for a
M2-ary star-QAMmodulation can be optimised, if this
modulation is used, by

[a, φ] = argmax
ri∈(0,2),φ∈[0, π4 ]

ϕmin, (13)

where ϕmin is defined in (10) and b = √
2 − a2.

7. Assuming θ1 = 0, optimise the set of phase rotation
angles {θi}i=nX

i=2 that maximise δmin(X ) expressed as[
θ2 . . . θnX

] = argmaxθi∈[0,π] δmin.

The overall rate increases as the number of relays
increases. This is seen in (12) for a number of participating
relays (examples are shown in Table 1).

Example 1. Let N0 = 2 and N = 4, then the num-
ber of possible combinations is c = 4. A D-STBC-SM
is constructed based on the proposed algorithm while
using Alamouti’s STBC shown in Appendix 1. For illus-
tration purposes, the optimisation process results are
shown in Appendix 2. The STBC-SM proposed in [32]
that was originally designed for a conventional MIMO
system can be used on this WRN, but Section 5 shows
an improvement when using the proposed algorithm.
The final constructed code-mapping table is given in
Table 2. �

Example 2. Let N0 = 3 and N = 6, then the number
of possible combinations is c = 8. A D-STBC-SM is
constructed using the STBC (with code rate 3

4 ) of Appendix 1.
The constructed code-mapping table is given in Table 3.
To avoid repetition, the illustration of optimization pro-
cess for this code is omitted.�

3.3 Decodingmethods
The growing demand for more complex WRN transmis-
sions requires more complex decoders at the receiving
node. In this section, an optimal maximum likelihood
(ML) decoder for the transmission protocol is described,
followed by a proposal of a reduced-complexity decoder.

3.3.1 Optimal ML decoder
The ML decoder considers an exhaustive search trying to
estimate the transmitted data. This is expressed as[

�̂, ŷ2
]

= argmin
�∈{0,...c−1},y2∈Sns

2

||z − H�y2||2, (14)

where S2 is theM2-ary star-QAMmodulation used by the
relays.
This equates to searching over all cMns

2 permutations.
Assuming an orthogonal STBC (OSTBC) is used, the
received matrix can be decomposed into

Table 1 The code rate for a different number of relays

N0 r0 N c r

2 1 3 2 0.5+ log2M2

4 4 1 + log2M2

5 8 1.5+ log2M2

3 3
4 4 4 0.5+ 3

4 log2M2

5 8 3
4 + 3

4 log2M2

6 16 1 + 3
4 log2M2
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Table 2 The code-mapping table for Example 1

� R1 R2 R3 R4 θ

X1 0 (00) 1 2 0 0 0

1 (01) 0 0 1 2

X2 2 (10) 0 1 2 0 0.96

3 (11) 2 0 0 1

Star-QAM parameters: a = 0.8245 and φ = 0.7854.

ŷ�
2(m) = argmin

y2∈S2

||u(m) −βy2||2, ∀m = 1, . . . , nS, (15)

and

�̂ = argmin
�

{ ns∑
m=1

(
min
y2∈S2

||u(m) − βy2||2
)}

, (16)

where u = [u(1), u(2), . . . , u(nS)]T = HH
� yd and

HH
� H� = βIns .
This simplification based on the orthogonality prop-

erty reduces the complexity of the decoder from cMnS
2 to

nscM2.

3.3.2 Proposed reduced-complexity decoder
A further reduction in decoding complexity can be
made using two sequential steps, with an accepted loss
in BER performance. The first step determines the set
of relays used in the relaying phase. This is accom-
plished by using a projection matrix P� with the con-
dition that P�H� = 0. This projection matrix maps
the received vector yd to an orthogonal subspace H

�̂
=[H1 . . . H�−1 H�+1 . . .Hc

]
. The projection matrix is

computed as

P� = I − H
�̂

((H
�̂

)H H
�̂

)−1 (H
�̂

)H . (17)

This matrix projects the received vector yd to the space
of H�, which results in a product of zero for the correct

Table 3 The code-mapping table for Example 2

� R1 R2 R3 R4 R5 R6 θ

X1 0 (000) 1 0 0 0 3 2 0

1 (001) 0 3 2 1 0 0

X2 2 (010) 0 1 0 0 2 3 0.6

3 (011) 3 0 1 2 0 0

X3 4 (100) 0 2 3 0 1 0 0.35

5 (101) 2 0 0 3 0 1

X4 6 (110) 0 2 1 0 3 0 1.1

7 (111) 1 0 0 2 0 3

Star-QAM parameters: a = 0.75 and φ = 0.393.

set of relays if Nr ≥ N0 and has no channel impairments.
However, in the presence of channel impairments, the
projection of the received vector z is altered and the
decoder decides on the set of relays by

�̂ = argmin
�

||P�z||2. (18)

It should be noted that there are numerous reduced-
complexity (RC) detectors that appeared in the literature
and that can be adapted for the first step of this sequential
detector [44-46]. They differ in the offered performance
complexity trade-off. The second step of this decoder
is conducted using a traditional OSTBC decoder which
computes [11]

ŷ2(m) = argmin
y∈S1×1

2

||u(m) − βy||2, (19)

where u = HH
�̂
z, and HH

�̂
H� = βIns and Ins is ns × ns

identity matrix.
Thus, it can be observed that the number of all possi-

ble combinations for anML search reduces from cnsM2 to
(c + nsM2).

4 Performance analysis
In this section, the proposed transmission protocol is eval-
uated theoretically in terms of diversity gain, coding gain
and the decoding complexity.

4.1 Diversity analysis
The diversity gain of a DF WRN is determined by the
broadcasting or relaying phase that offers the lowest diver-
sity gain individually. The scope of this work is focused on
the diversity gain in the relaying phase. This section shows
analysis of the diversity gain in the case of the optimal ML
decoder and then in the case of the RC decoder.

4.1.1 ML decoder diversity analysis
Lemma 1. If the diversity gain of an STBC code is N0 ×

Nr, then constructing the D-STBC-SM based on Algorithm
1 using this STBCwill also have a diversity gain of N0×Nr,
if theML decoder of Section 3.3.1 is used at the destination.

Proof. It is known that a wireless communication sys-
tem achieves a space diversity gain of d if the average error
probability P is upper bounded in the high SNR range by
P ≤ αγ −d , where α ∈ R+ and it is independent of γ . γ is
the SNR.
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Assuming that a codewordX is transmitted through the
relays, then (4) is equivalently written for a single-antenna
destination as

z = Xh + η, (20)

where h is the relays-destination channel vector.
Thus, the conditional pairwise error probability (PEP) of

the WRN (see Section 2) can be computed as [47]

P(X → X̂|h) = Q

⎛
⎝
√

γ ||	Xh||2
2

⎞
⎠ , (21)

where Q (x) = ∫∞
x e−y2/2dy. The error matrix is denoted

by 	X = X − X̂.
Equation (21) can be expanded as

P(X → X̂|h) = Q

⎛
⎜⎜⎝
√√√√γ

∥∥∥h̃H�h̃
∥∥∥2

2

⎞
⎟⎟⎠ , (22)

where � = diag
(
λ21, . . . , λ

2
N
)
and λn denotes the singular

values of	X.V is a unitary matrix and h̃ = Vh. It is worth
noting that there is no rank deficiency in � due to using
of the phase rotation (see Appendix 3).
Equation (22) can be simplified and bounded as

P(X → X̂) = Eh

⎛
⎜⎜⎝Q

⎛
⎜⎜⎝
√√√√γ

∑N0
i=1 λ2i

∥∥∥h̃(i)
∥∥∥2

2

⎞
⎟⎟⎠
⎞
⎟⎟⎠

≤ Eh

⎛
⎜⎜⎝exp

⎛
⎜⎜⎝
√√√√γ

∑N0
i=1 λ2i

∥∥∥h̃(i)
∥∥∥2

4

⎞
⎟⎟⎠
⎞
⎟⎟⎠ .

Given that the former code construction steps are fol-
lowed, the rank ofN0 is preserved (see Appendix 3). Thus,
according to Lemma 1 of [48], the unconditional PEP is
determined by

P(X → X̂) ≤
N0∏
n=1

1

1 + γ
λ2n
4

, (23)

which can be approximated for high SNR values as

P(X → X̂) �
(
4
γ

)N0 1∏N0
n=1 λ2n

. (24)

This concludes that a transmit diversity gain of N0 is
achieved. As the equivalent channel matrix is a concate-
nation of the equivalent channel matrices of each receive

antenna, it suffices to check the diversity gain for only one
receiving antenna. This results in a diversity gain of N0 ×
Nr for a code employed with an Nr-antenna destination.

4.1.2 Diversity analysis of RC decoder
It was shown that the designedD-STBC-SM code achieves
the full diversity gain if the ML decoder is used. However,
the RC decoder of Section 3.3.2 has limited diversity gain
encapsulated in (18). It is limited by the relay combination
detection step, which has an error probability Pc of

Pc|H = 1 − P(ν� � ν
�̂1
, . . . , ν� � ν

�̂c−1
|�,H)

= 1 − P(ν� − ν
�̂1

= 0|�,H)c−1

= 1 −
(∫ ∞

0
fν�−ν

�̂1
(x)dx

)c−1
(25)

=
⎛
⎜⎝Q

⎛
⎜⎝ μ� − μ

�̂1√
σ 2

� + σ 2
�̂1

⎞
⎟⎠
⎞
⎟⎠

c−1

. (26)

where with σ 2
i = σ 2

i ‖P�‖2, μi = P�H and

fν�−ν
�̂1

(x) = 1√
2π
(
σ 2

� + σ 2
�̂1

) exp

⎛
⎜⎝−

(
x − μ� − μ

�̂1

)2
2
(
σ 2

� + σ 2
�̂1

)
⎞
⎟⎠

This holds assuming that ν� = ||P�z||2 and information
bits are independent and equiprobable.
By applying the Chernoff bound to (26), we can rewrite

as

Pc|F ≤ 1
2c−1 exp

(
−c − 1

2
‖H�‖2

σ 2

)
. (27)

Averaging overH, the relay combination detection error
can be determined as

Pc ≤
∫ ∞

0

1
2c−1 exp

(
−c − 1

2
x
σ 2

)
f||H�||2(x)dx

= 1
2c+Nr−1�(Nr)

∫ ∞

0
exp

(
− (c + σ 2 − 1)x

2σ 2

)
xNr−1dx

≤
(

σ 2

σ 2 + c − 1

)Nr

≤
(

1
(c − 1) γ

)Nr

. (28)

Table 4 CGD values of the proposed code and [32]

STBC-SM of [32] Proposed

dmin(X ) δmin(X ) dmin(X ) δmin(X )

0.44 0.32 0.71 0.51
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Figure 4 Normalised complexity order versus the number of relays. Also, the offered bpcu is given in parentheses; the first value corresponds
to an 8-ary case while the second value corresponds to a 16-ary case.

From (28), it can be concluded that the two-step
decoder can achieve only the full-receive diversity gainNr .
Therefore, the complexity reduction is at the expense of
transmit diversity gain.

4.2 Coding gain analysis
The coding gain of the proposed D-STBC-SM code is
improved by maximising the CGD. The inner and mutual
CGD of the code designed in Example 1 is compared with
the code of [32] under the assumption of using an 8-ary
modulation.

Thus, it can be observed that the proposed STBC-
SM has a larger inner and mutual CGD than the code
proposed in [32], and hence, better performance can be
achieved (Table 4).

4.3 Complexity analysis
The complexity order is defined here as the number of
iterations needed to find the optimal estimate for (4). The
complexity order of the optimal ML decoder is O (cMns

2
)
,

where ns is the number of symbols per codeword and
M2 is the order of the modulation used. This order is

SNR

4 6 8 10 12 14 16 18 20 22

B
E

R

1e-6

1e-5

1e-4

1e-3

1e-2

1e-1

1e+0

Alamouti-16QAM
3/4-OSTBC-32QAM 
ABBA-16QAM 
SM-4QAM 
Proposed -8*QAM 
code of [26]-8QAM 
Reference=2*N_r 
Reference=4*N_r

Figure 5 BER performance result of Example 1 network. The simulation results, in terms of BER, for the network configuration shown in Example 1.
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Figure 6 BER performance result of Example 2 network. The simulation results, in terms of BER, for the network configuration shown in Example 2.

reduced to O(cM2ns) when orthogonality of the STBC
used is preserved. This is as orthogonality allows linear
decomposition of the symbols. In contrast, the complex-
ity order of the proposed RC decoder is further reduced
to O(c + M2ns). This is because the set of transmitting
relays is firstly identified. A comparison of the complex-
ity order is shown in Figure 4 in terms of the number
of relays, for the configuration used in Example 1. The
offered bits per channel use (bpcu) is also shown; this is
determined by the number of relays and the modulation
scheme. From Figure 4, it is observed that the complexity
of the RC decoder increases marginally with the number
of relays when compared to the complexity of the opti-
mal ML decoder. The advantage of using the RC decoder
is that the throughput can be increased from 3 to 4.5
bpcu for a 4-ary modulation scheme without complexity
increasing at a cost of minor loss in performance.

5 Simulation results
Numerical simulations are shown here in terms of BER to
back up the theoretical claims of the proposed protocol.

Table 5 Simulation parameters used in Figure 5

Code Network Broadcast phase Relaying phase

Alamouti’s STBC [48,49] (22, 4) J = 2 (16-QAM) nS = 2 (16-QAM)
3
4 -OSTBC [11] (44, 4) J = 3 (32-QAM) nS = 4 (32-QAM)

ABBA code [21] (44, 4) J = 4 (16-QAM) nS = 4 (16-QAM)

SM of [23,50] (41, 4) J = 1 (16-QAM) nS = 1 (4-QAM)

D-STBC-SM (Example 1) (42, 4) J = 2 (16-QAM) nS = 2 (8-*QAM)

First, Example 1 and 2 networks are simulated and com-
pared with a number of existing systems in Figures 5
and 6, respectively. This is to show how the proposed
protocol and the constructed codes outperform the exist-
ing systems. Tables 5 and 6 summarise the simulation
parameters used for the existing systems. This section
shows also a comparison of using the optimal ML decoder
and the RC decoder for different network configurations
(shown in Figure 7). All simulations were conducted on
a Rayleigh faded channel, and it was assumed that the
total transmission power is evenly distributed between the
transmission phases. For comparison purposes, the shown
figures include two slope diversity gain reference curves
for cases of (N × Nr) and (N0 × Nr).
In Figure 5, the proposed transmission protocol (using

the code in Example 1 on a (42, 4) network) is compared
to Alamouti’s STBC, the 3

4 -OSTBC, the ABBA code and
the traditional SM. Alamouti’s STBC is limited to only
two relays and can achieve a transmit diversity gain of 2
(N0 = 2), while both the 3

4 -OSTBC and the ABBA code
constantly utilise all four relays and achieve a transmit
diversity gain of N0 = N = 4. However, they lose the
throughput that can be offered by SM. The traditional SM
offers better throughput at the cost of not using an STBC,

Table 6 Simulation parameters used in Figure 6

Code Network Broadcast phase Relaying phase

SM of [23,50] (61, 4) J = 1 (16-QAM) nS = 1 (4-QAM)

ABBA code [21] (66, 4) J = 6 (16-QAM) nS = 6 (16-QAM)

D-STBC-SM (Example 2) (63, 4) J = 3 (32-QAM) nS = 4 (16-*QAM)
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Figure 7 BER of (3, 5, 8) × 4 D-STBC-SMwhen the optimal ML and RC decoder is used. The simulation results, in terms of BER, for the network
configuration of (3, 5, 8) × 4 D-STBC-SM. The results of using either the optimal ML decoder or the RC detector.

which results in a loss of transmit diversity gain and cod-
ing gain. For a fair comparison in this experiment, no con-
straint was imposed on themodulation order used and the
resulting systemwas required to provide a bpcu of 2.With
reference to Figure 5, it is observed that the proposed
protocol reports an improved BER performance. Specifi-
cally, it results in performance gains of 1.3, 2.3 and 3.6 dB
over networks employing Alamouti’s STBC, 3

4 -OSTBC
and ABBA code, respectively. In addition, a gain of 1 dB

was achieved over the STBC-SM of [32] because of
the unique selection of the c codewords and the use
of optimised star-QAM modulation. It should be noted
that this STBC-SM code of [32] was originally designed
for a conventional MIMO system and was extended
here to operate on the WRN for the purpose of this
comparison.
The proposed protocol was simulated in Figure 6 for

another network configuration of (63, 4) to investigate the
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Figure 8 The optimisation of a and φ value of the Example 1 network. An illustration of the optimisation process to determine the star-QAM
parameters. It optimises the value of a and φ for the Example 1 network.
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Figure 9 The optimisation of θ values for the Example 1 network. An illustration of the optimisation process for determining the optimal values
of the phase-rotation among the codebooks. It optimises the value of θ for the Example 1 network.

ability to achieve higher diversity gain and to offer higher
throughput. It was compared to an ABBA system which
offers a transmit diversity gain of N0 = N = 6 by using
all the available relays but without throughput improve-
ment. A simulation of the traditional SM was included
again to illustrate how the throughput can be maximised.
It was observed that the proposed protocol had the low-
est BER in this experiment with a diversity gain of (N0 =
3) × (Nr = 4). It provides an SNR gain of 1.2 and
2.8 dB over networks employing the ABBA code and SM,
respectively.
In the next experiment, the loss in performance in the

case of using the RC decoder was investigated in Figure 7.
It was compared to the optimal ML decoder in WRNs of
(32, 4), (52, 4) and (82, 4). It should be noted that a reduc-
tion in complexity is ideal in certain applications when
higher throughput is needed. In this experiment, it was
observed that the optimal ML decoder achieved a diver-
sity gain of (2 × Nr = 8), while the RC decoder had a
reduced diversity gain of Nr = 4.

6 Conclusions
Motivated by the developments in spatial modulation,
an adaptive transmission protocol was proposed for
WRNs to exploit the potential space diversity gain while
obtaining higher spectral efficiency. Unlike the existing
literature, this protocol can accommodate an arbitrary
number of relays while improving the overall through-
put and maintaining the same achieved space diversity
gain. In addition, an algorithm to generate D-STBC-SM

codes to be used by this protocolwas shown. The achieved
performance of the resulting codes is better than that
of many existing codes because the criteria are designed
to choose the codewords and to employ a multi-level
optimization process. Also, a further reduced-complexity
decoder is proposed. All of these claims are accompanied
by numerical and theoretical evaluations.

Appendices
Appendix 1: Example STBC encodingmatrices
For the sake of convenience the encoding matrix of each
STBC used in the two examples are listed here. For Exam-
ple 1, the full-rate Alamouti’s STBC code is used given as

X =
[

s(1, i) s(2, i)
−s∗(2, i) s(1, i)∗

]
, (29)

with encoding matrices: A1 = I2,B1 = 02,A2 = 02, and

B2 =
[
0 −1
1 0

]
.

In Example 2, a 3
4 -rate OSTBC code is used given as

X =

⎡
⎢⎢⎣

s(1, i) s(2, i) s(3, i)
−s∗(2, i) s(1, i)∗ 0
−s∗(3, i) 0 s(1, i)∗

0 s∗(3, i) −s(2, i)∗

⎤
⎥⎥⎦ , (30)

with encoding matrices:
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A1 =

⎡
⎢⎢⎣
1 0 0
0 0 0
0 0 0
0 0 0

⎤
⎥⎥⎦ , A2 =

⎡
⎢⎢⎣
0 1 0
0 0 0
0 0 0
0 0 0

⎤
⎥⎥⎦ , (31)

A3 =

⎡
⎢⎢⎣
0 0 1
0 0 0
0 0 0
0 0 0

⎤
⎥⎥⎦ , B1 =

⎡
⎢⎢⎣
0 0 0
0 −1 0
0 0 1
0 0 0

⎤
⎥⎥⎦ , (32)

B2 =

⎡
⎢⎢⎣
0 0 0
1 0 0
0 0 0
0 0 1

⎤
⎥⎥⎦ , and B3 =

⎡
⎢⎢⎣

0 0 0
0 0 0

−1 0 0
0 −1 0

⎤
⎥⎥⎦ . (33)

Appendix 2: Optimising a code-mapping table
The resulting figures of the optimization process of Example 1 code are shown here for illustration purposes. First, the
parameters set {a, φ} for a M2-ary star-QAM modulation is chosen to maximise the inner CGD for the given code. In
Figure 8, the inner CGD is shown over search ranges of a and φ. The values for the example was a = 0.65 and φ = 0.78
which provided a maximum inner CGD of 0.70.
Another optimization which is crucial is to determine the correct phase rotation θi for each codebook. This is to

avoid rank deficiency among codebooks to mitigate diversity gain loss. This is accomplished by choosing the set {θi} to
maximise the mutual CGD. In Figure 9, the mutual CGD is shown for Example 1 for the search range of θ .

Appendix 3: Rank of the constructed code
Following the steps of Algorithm 1, the constructed D-STBC-SM code based an STBC (X ), X is with rank of N0, has
the same rank of X .

Proof. Let {X} denote the set of codewords for a codebook Xi. The rank of the constructed code in Example 1, com-
puted from A(X, X̂) of (), is investigated to show that the maximum rate is preserved. There are two cases to consider:
(1) when two codewords belong to the same codebook and (2) for the case of two different codebooks. In the first case,
two codewords are present in the same codebook that used identical relays in its transmission. This results in

A(X, X̂) =

⎡
⎢⎢⎢⎣

∑N0
n=1 |x1n − x̂1n|2 ∑N0

n=1 (x1n − x̂1n)(x2n − x̂2n)∗ . . .
∑N0

n=1 (x1n − x̂1n)(xLn − x̂Ln)∗∑N0
n=1 (x2n − x̂2n)(x1n − x̂1n)∗

∑N0
n=1 |x2n − x̂2n|2 . . .

∑N0
n=1 (x2n − x̂2n)(xLn − x̂Ln)∗

...
...

. . .
...∑N0

n=1 (xLn − x̂Ln)(x1n − x̂1n)∗
∑N0

n=1 (xLn − x̂Ln)(x2n − x̂2n)∗ . . .
∑N0

n=1 |xLn − x̂Ln|2

⎤
⎥⎥⎥⎦ , (34)

It can be noticed that A(X, X̂) of the constructed D-STBC-SM is equal to the original STBC used in the construction
of the code. Therefore, it has a rank of N0 if the used STBC has this rank.
In the second case, where two codewords belong to two different codebooks, the phase rotation between codebooks

is used to mitigate rank deficiency among codebooks. The rank of N0 is preserved even under the worst case among
codeword combination possibilities.Without loss of generality, this concept is shown for Example 1 as

A(X, X̂) =
[ |y(1) − ŷ(2)|2 + |y(2)|2 + |ŷ(1)|2 −(y(1) − ŷ(2))(y(2) − ŷ(1)) + y(1)y(2) − ŷ(1)ŷ(2)

−(y(2) − ŷ(1))∗(y(1) − ŷ(2))∗ + y∗(1)y∗(2) − ŷ∗(2)ŷ∗(1) −|y(2) − ŷ(1)|2 + |y(1)|2 + |ŷ(2)|2
]
.

(35)

It should be noted that if the phase θ is set to zero, then the code is rank deficient over several symbols, e.g. when
{y(1) = ŷ(2), y(2) = −ŷ(1)} and {y(1) = y(2) = ŷ(1) = −ŷ(2)}. However, if θ is selected to mitigate this effect, then the
rank is preserved.�
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