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Abstract— In this letter, a novel scheme, called spatial modula-
tion (SM) using signal space diversity (SM-SSD), is proposed for
future multiple-input multiple-output (MIMO) systems. In this
scheme, consecutive time slots are modulated jointly, and the
technique of signal and space diversity (SSD) is applied to spread
the real and imaginary parts of data symbols over the time
domain. In addition, novel active antenna activation pattern
and time activation pattern selection algorithms are introduced.
An upper bound expression for bit error rate (BER) is obtained
and a diversity analysis is performed. Besides, a suboptimal
solution for the optimization of rotation angles is put forward
to maximize the minimum coding gain distance (MCGD). Monte
Carlo simulations are performed to compare the BER perfor-
mance of SM-SSD with the benchmark schemes, in the presence
of both correlated and uncorrelated channels. Lastly, the change
in the spectral efficiency is analyzed for different numbers of
time slots and transmit antennas.

Index Terms— SM, index modulation, diversity gain, signal
space diversity, minimum coding gain distance.

I. INTRODUCTION

MULTIPLE-INPUT multiple-output (MIMO) systems are
promising to satisfy the challenging requirements of

the next-generation wireless technologies since these systems
enable higher spectral and energy efficiencies. In recent years,
index modulation (IM) has stood out as a novel approach
for MIMO systems since it increases the spectral and energy
efficiencies while minimizing the transceiver complexity [1],
[2]. In the context of IM, space modulation techniques (SMTs)
have been proposed to convey additional information bits in
the spatial domain and have lower hardware and receiver
complexities [3], [4], [5], [6]. Specifically, spatial modulation
(SM) activates only one transmit antenna, which limits the
spectral efficiency. To enhance the spectral efficiency and the
bit error rate (BER) performance, generalized SM (GSM) and
quadrature SM (QSM) are proposed [7], [8]. GSM conveys
more information bits than SM by activating more than one
transmit antenna and uses the transmit antennas efficiently.
On the other hand, QSM activates one transmit antenna for the
real and imaginary parts of data symbol separately. In this way,
QSM doubles the number of the information bits sent through
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the spatial domain and decreases the modulation order. Capac-
ity optimized antenna selection (COAS) and Euclidian distance
antenna selection (EDAS) are transmit antenna selection (TAS)
based SM schemes and intend to improve the BER perfor-
mance by increasing the signal-to-noise ratio (SNR) and max-
imizing minimum Euclidian distance, respectively [9]. Space-
time coding (STC) schemes activate multiple transmit antennas
and modulate data symbols. In this way, STC schemes provide
transmit diversity and improve the BER performance [10],
[11], [12]. However, modulating more than one data symbol
increases the required number of radio frequency (RF) chains.
Thus, these schemes have higher hardware complexity at the
transmitter side than SM schemes.

Signal space diversity (SSD) is a new diversity technique
that interleaves the real and imaginary parts of data sym-
bols for Rayleigh fading channels [13]. SSD is applied for
SM-based transmission schemes to improve the BER per-
formance through the transmit diversity enhancement and
to decrease hardware complexity by using only one RF
chain [14], [15]. In these schemes, data symbols are selected
from rotated constellations. After that, the real and imagi-
nary parts are transmitted over consecutive time slots. With
this methodology, higher diversity orders are obtained with
a single RF chain, which is one of the main properties
of SM.

In this letter, a novel transmission scheme SM using signal
space diversity (SM-SSD) is proposed for MIMO systems.
SM-SSD uses the SSD technique and sends the data symbols
over multiple time slots to increase transmit diversity com-
pared to existing SM schemes. The proposed SM-SSD scheme
is generalized for multiple successive time slots, which are
modulated simultaneously, and uses the SSD technique to mix
up the real and imaginary parts of data symbols in the time
domain. A unique shifting mechanism is introduced to apply
SSD, and it circularly shifts the imaginary parts of rotated data
symbols in the time domain. The introduced time activation
pattern (TAP) selection algorithm determines the placement of
data symbols in the time domain for transmission according
to the incoming bits, while the proposed antenna activation
pattern (AAP) selection algorithm activates transmit antennas
cleverly to guarantee a diversity order of 2. In the diversity
analysis section, the worst-case scenarios for the transmitted
and detected transmission matrices are analyzed, and it is
shown that a diversity order of 2 is guaranteed thanks to our
shifting mechanism, AAP, and TAP algorithms. Furthermore,
similar to classical SM, SM-SSD requires only one RF chain,
which significantly reduces the hardware complexity. After
the system model of SM-SSD is introduced, the theoretical
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Fig. 1. SM-SSD System Model.

upper bound for the error performance is expressed. Besides,
Monte Carlo simulations are demonstrated to compare the
BER performance of SM-SSD with the benchmark schemes
and to show that enhanced transmit diversity considerably
improves the BER performance of SM-SSD. In addition,
Monte Carlo simulations are also performed to show the
validity of theoretical upper bound derivations and to observe
the effect of correlated channels on the error performance.

II. SYSTEM MODEL

We consider a MIMO configuration with Nt transmit and
Nr receive antennas. A total number of b bits are transmitted
over Ω successive time slots and these bits are split into
four parts. Firstly, b1 = Ω log2(M) bits determine Ω M -
PSK/QAM modulated data symbols, s = [s1, s2, · · · , sΩ]T,
where M and (·)T are the modulation order and transposition
operator, respectively. The µ-th element of the data symbol
vector is rotated with an angle θµ, s̆µ = sµejθµ , s̆ =
[s1e

jθ1 , s2e
jθ2 , · · · , sΩejθΩ ]T, µ = 1, · · · , Ω, and this rotated

data symbol vector is separated into its real and imaginary
parts as s̆R and s̆I , where s̆ = s̆R+js̆I . Note that constellation
rotation is a must in SSD-based schemes to provide a diversity
gain [13]. In addition, the rotation of data symbols does not
cause an additional computational complexity since it involves
simple multiplication. Secondly, in order to apply SSD, b2 =
⌊log2(Ω−1)⌋ bits decide a shifting factor ξ to shift the vector
s̆I circularly and its circularly shifted version is expressed as
s̄I = [s̄I

1, s̄
I
2, · · · , s̄I

Ω]T, where s̄I
k = s̆I

i , ξ ∈ {1, · · · , Ω − 1},
k = mod(i − ξ, Ω) if mod(i − ξ, Ω) > 0 and k = Ω
if mod(i − ξ, Ω) = 0, i, k ∈ {1, · · · , Ω} where mod is
the modulo operator. Then, the new data symbol vector is
obtained as s̃ = s̆R + js̄I = [s̃1, s̃2, · · · , s̃Ω]T. Hence, the
real and imaginary parts of each data symbol are transmitted
over different time slots. Thirdly, b3 = ⌊log2(Ω!)⌋ bits select
the time slot activation pattern (TAP), t = [t1, t2, · · · , tΩ]T,
tµ ∈ {1, 2, · · · , Ω}. Fourthly, b4 = ⌊log2(Nt)⌋ bits specify the
antenna activation pattern (AAP), a = [a1, a2, · · · , aΩ]T. The
method for the generation of TAPs and AAPs is discussed in
the sequel. Finally, the µ-th data symbol (s̃µ) is transmitted in
time slot tµ from the aµ-th transmit antenna. The transmitted
vector x(tµ) ∈ CNt×1 at time slot tµ can be shown as:

x(tµ) = [0, · · · , s̃µ︸︷︷︸
aµ

, · · · , 0]T. (1)

TABLE I

SHIFTING MECHANISM OF s̆I ACCORDING TO b2 BITS FOR Ω = 3

TABLE II
TAP SELECTION ACCORDING TO b3 BITS FOR Ω = 3

Therefore, the transmission matrix is given as X =
[x(1), · · · ,x(Ω)] ∈ CNt×Ω, whose tµ-th column represents
x(tµ).

The spectral efficiency of the proposed scheme in bits per
channel use (bpcu) can be given as:

η=
Ω log2(M)+⌊log2(Ω− 1)⌋+ ⌊log2(Ω!)⌋+ ⌊log2(Nt)⌋

Ω
.

(2)

Remark 1 (TAPs Creation): Since the length of a TAP is Ω,
the total number of all possible TAPs is Ω! by permutation.
Thus, the set, which includes all possible TAPs, is given as
G = {t1, · · · , tΩ!}, tg = [tg,1, · · · , tg,Ω]T, g = 1, · · · , Ω!. For
example, assuming Ω = 3, this set is expressed as follows:

G =

{ 1
2
3

 ,

1
3
2

 ,

2
1
3

 ,

2
3
1

 ,

3
1
2

 ,

3
2
1

 }
. (3)

Only 2⌊log2(Ω!)⌋ out of Ω! possible TAPs can be utilized to
transmit ⌊log2(Ω!)⌋ number of information bits by the indices
of TAPs. In this study, we employ the first 2⌊log2(Ω!)⌋ TAPs.

Remark 2 (AAPs Creation): Here, we propose a clever AAP
selection strategy. This strategy is valid only for Nt ≥ Ω since
it activates different transmit antennas in each time slots. Let
us define a setA = {a1, · · · ,aNt

}, which includes all possible
AAPs. The ν-th AAP is defined as

aν = [mod(ν, Nt), mod(ν + 1, Nt),
· · · , mod(ν + Ω− 1, Nt)]T. (4)

If any element of aν is equal to 0, its value is changed as Nt.
For instance, assuming Nt = 4 and Ω = 3, the set including
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all possible AAPs is given by

A =

{ 1
2
3

 ,

2
3
4

 ,

3
4
1

 ,

4
1
2

 }
. (5)

Note that AAP and TAP algorithms do not increase the
computational complexity because no complex calculation is
performed.

The received signal y ∈ CNRx1 at the receiver is given by
y =

√
ρHx + n, where H ∈ CNrxNt is a Rayleigh fading

channel matrix whose entries independent and identically
distributed complex Gaussian random variables with CN (0, 1)
distribution and n ∈ CNtx1 is an additive white Gaussian
noise vector whose entries are independent and identically
distributed complex Gaussian random variables with CN (0, 1).
ρ is average signal-to-noise ratio at each receiver antenna.
At the receiver, indices of activated transmit antennas and
data symbols are determined using maximum likelihood (ML)
detector. ML detector is applied for Ω consecutive time slots
and it works as follows

[ξ̂, â, t̂, ŝ] = arg min
ξ,a,t,s

Ω∑
n=1

||y(n) −√ρH(n)x(n)||2, (6)

where y(n), H(n) are the received signal vector and the
channel matrix for the corresponding n-th time slot, respec-
tively. In (6), ξ̂, â, t̂ and ŝ stand for the detected shifting
factor, AAP, TAP and the data symbol vector, respectively.
Here, an ML detector makes an exhaustive search over all
possible transmission matrices, thus, the number of ML metric
calculations in (6) is Ωη.

III. PERFORMANCE ANALYSIS

In this section, the theoretical analysis of the BER perfor-
mance of SM-SSD, and optimization of its rotation angles
are presented. In addition, a diversity analysis and correlated
channels are discussed.

A. Theoretical Analysis and BER Optimization

In this subsection, firstly, we obtain an upper bound on
the BER of SM-SSD system under the assumption of ML
detection. As in [16], an upper bound on the BER of SM-SSD
can be obtained as:

Pb ≤
1

(Ωη)2(Ωη)

2(Ωη)∑
ω=1

2(Ωη)∑
ϕ=1

P (Xω → X̂ϕ)e(Xω, X̂ϕ). (7)

In (7), P (Xω → X̂ϕ) and e(Xω, X̂ϕ) are pairwise error
probability (PEP) and the number of erroneous bits, respec-
tively, when Xω is transmitted and X̂ϕ is incorrectly detected.
For the proposed scheme, the conditional pairwise error prob-
ability (CPEP) can be expressed as P (Xω → X̂ϕ|H) =

Q

(√
ρ||(Xω−X̂ϕ)H||2

2

)
where Q(x) = 1

π

∫ π
2

0
exp( −x2

sin2 θ
) dθ.

PEP can be expressed as in (8) by taking the average of CPEP
over H using moment generating function (MGF):

P (Xω → X̂ϕ) =
1
π

∫ π
2

0

κ(1)(γ)κ(2)(γ) . . . κ(Ω)(γ)dγ. (8)

where κ(χ)(γ) =
(

sin2 γ

sin2 γ+
ρλχ
4

)Nr

, and λχ, χ = 1, 2, . . . ,Ω

are the eigenvalues of A, where A = (Xω−X̂ϕ)H(Xω−X̂ϕ)
is the difference matrix.

The BER performance of SM-SSD are dictated by the
rotation vector θ. An exhaustive search for all elements of
θ is not efficient and due to this, we propose a suboptimal
solution and define the elements of θ depending on θ′. Since
quadrature amplitude modulation (QAM) constellation repeats
itself in every 90o, the µ-th element of θ can be obtained as
θµ = θ′ + 90(µ − 1)/Ω. To determine the optimal θ′ value,
the minimum coding gain distance (MCGD) is considered as
in [17]. MCGD is calculated as δmin = minX,X̂ det(A).

The optimal θ′ can be expressed as (θ′opt) = arg max
θ′

δmin.
The maximum MCGD values are observed at θ′opt = 11o and
θ′opt = 18o for 4-QAM and 8-QAM, respectively. Then, θ′opt =
11o and θ′opt = 18o are selected as suboptimal rotation angles
for 4-QAM and 8-QAM, respectively.

To observe the effect of correlation between the channels,
the Kronecker model is considered [18]. Accordingly, the
correlated channel matrix can be expressed as Hcorr =
R1/2

L HR1/2
R where R1/2

L ∈ CNrxNr and R1/2
R ∈ CNtxNt are

spatial correlation matrices at the transmitter and the receiver,
respectively. The entries of the spatial correlation matrices
are R1/2

L,i,j = R1/2
R,i,j = τ−|i−j| where τ is the correlation

coefficient.

B. Diversity Analysis

In this section, we investigate the worst case pairwise error
events to give insight on the diversity order of the proposed
scheme.

1) Symbol Selection: We first investigate the effect of data
symbol selection on the diversity order. Assume that the
transmission matrix X, with parameters Nt = 4, Ω = 3, ξ = 1,
t = [1, 3, 2]T, a = [2, 3, 4]T, s̆ = [s̆1, s̆2, s̆3]T, is transmitted,
and X̂ is erroneously detected only with a single symbol error
(s̆1 → s̆e,1) while shifting factor, TAP, and AAP are decoded
correctly. In this case, the corresponding error event can be
expressed as follows:

X → X̂ =


0 0 0

s̆R
1 + js̆I

3 0 0
0 s̆R

3 + js̆I
2 0

0 0 s̆R
2 + js̆I

1



→


0 0 0

s̆R
e,1 + js̆I

3 0 0
0 s̆R

3 + js̆I
2 0

0 0 s̆R
2 + js̆I

e,1

 . (9)

For this specific error event, A = (X − X̂)H(X − X̂) is
calculated, where rank(A) = d1 = 2 represents the diversity
order. This can be explained by the fact that one symbol error
results in two non-zero elements, which are located in different
rows and columns, in A. Hence, in A, we can have at least
2 linearly independent rows or columns, which guarantees a
diversity order of 2. We note that this is the worst case error
event. If more than one symbol error occurs, a diversity order
higher than 2 is always obtained.
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2) Shifting Factor Selection: Secondly, the effect of shifting
factor error on the diversity order is examined. Assume that
the transmission matrix X, with parameters Nt = 4, Ω = 3,
ξ = 1, t = [1, 3, 2]T, a = [2, 3, 4]T, s̆ = [s̆1, s̆2, s̆3]T, is trans-
mitted, and X̂ is erroneously detected only with a shifting
factor detection error (ξ → ξe,) where ξe = 2 while data
symbols, TAP, and AAP are decoded correctly. In this case,
the corresponding error event can be expressed as follows:

X → X̂ =


0 0 0

s̆R
1 + js̆I

3 0 0
0 s̆R

3 + js̆I
2 0

0 0 s̆R
2 + js̆I

1



→


0 0 0

s̆R
1 + js̆I

2 0 0
0 s̆R

3 + js̆I
1 0

0 0 s̆R
2 + js̆I

3

 . (10)

For this specific error event, different from single symbol
errors, three non-zero elements occur in A due to the erro-
neous shift in the imaginary parts of data symbols. Here,
rank(A) = d2 = 3 is always obtained for this error event.

3) TAP Selection: The effect of TAP selection on diversity
order is analyzed thirdly. Assume that the transmission matrix
X, with parameters Nt = 4, Ω = 3, ξ = 1, t = [1, 3, 2]T,
a = [2, 3, 4]T, s̃ = [s̃1, s̃2, s̃3]T, is transmitted, and X̂ is
erroneously detected only with a TAP error (t → te) where
te = [1, 2, 3] is erroneously detected while the shifting factor,
data symbols, and AAP are decoded correctly. In this case,
the error event can be expressed as follows:

X → X̂ =


0 0 0
s̃1 0 0
0 s̃3 0
0 0 s̃2

 →


0 0 0
s̃1 0 0
0 s̃2 0
0 0 s̃3

 . (11)

For this specific error event, rank(A) = d3 = 2 represents
the diversity order. The error in TAP causes two non-zero
elements, which are located in different rows and columns,
in A. Hence, A diversity order of 2 is warranted.

4) AAP Selection: The last step in our diversity analysis
is the investigation of the effect of erroneous AAP detection
on the diversity order. Assume that the transmission matrix
X, with parameters Nt = 4, Ω = 3, ξ = 1, t = [1, 3, 2]T,
a = [2, 3, 4]T, s̃ = [s̃1, s̃2, s̃3]T, is transmitted, and X̂ is
erroneously detected only with an AAP error (a → ae) while
shifting factor, TAP, and data symbols are decoded correctly,
and ae = [3, 4, 1]. In this case, the error event can be expressed
as follows:

X → X̂ =


0 0 0
s̃1 0 0
0 s̃3 0
0 0 s̃2

 →


0 0 s̃2

0 0 0
s̃1 0 0
0 s̃3 0

 . (12)

For this specific error event, the minimum diversity order
of 2 is guaranteed with rank(A) = d4 ≥ 2.

As a result, all worst case error events are provided
for different type of detection errors. Even for these worst
case pairwise error events, our proposed scheme provides at
least second order diversity. By induction, the other pairwise

Fig. 2. BER performance comparison of SM-SSD with benchmark schemes
for a 8× 1 system under 4 and 5 bpcu.

Fig. 3. BER performance comparison of SM-SSD with theoretical results
for 8× 1 sytem with 4 bpcu and 4× 3 system with 2.66 bpcu, respectively.

error events can be also investigated. Finally, in view of all
the above, SM-SSD provides minX,X̂ rank(A) = 2 which
demonstrates that the diversity order of the system is 2.

IV. SIMULATION RESULTS

In this section, Monte Carlo simulations are demonstrated
to compare the BER performance of SM-SSD with classical
SM and an improved SM scheme called diversity-enhanced
SM (DE-SM). DE-SM processes two time slots jointly and
interleaves the real and imaginary parts of data symbols.
Then, DE-SM activates one transmit antenna in each time
slot and transmits the interleaved data symbols respectively.
The results are verified by theoretical upper bound derivations.
In addition, the BER performance of SM-SSD is evaluated for
the correlated and uncorrelated channels. Lastly, the variation
of spectral efficiency is observed for different Ω and Nt values
under the same modulation order.

Fig. 2 shows a BER performance comparison between
SM-SSD for Ω = 3 and the benchmark schemes under
4 and 5 bpcu for a 8 × 1 system. As seen from Fig. 2,
SM-SSD has a higher diversity order than the benchmark
schemes, and having higher diversity order results in better
BER performance with respect to the benchmark schemes even
though SM-SSD has a higher modulation order. At the BER
level of 10−4, SM-SSD provides at least 5 dB SNR gain with
respect to the benchmark schemes under both data rates. Here,
for a spectral efficiency of 4 bpcu, a total number of 4096 and
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Fig. 4. BER performance comparison of SM-SSD for a 8× 2 system under
4 bpcu for different τ values.

Fig. 5. Spectral efficiency variation of SM-SSD with respect to a) Ω with
NT = 4, b) Nt with Ω = 3.

256 metric calculations are performed to decode SM-SSD
and DE-SM signals, respectively. Hence, an interesting trade-
off is provided between the error performance and decoding
complexity.

Fig. 3 provides the error performance comparison between
the theoretical BER upper bound and Monte Carlo simulations,
with rotation angles obtained by optimal and suboptimal
algorithms. SM-SSD with optimal rotation angles has 1 dB
SNR gain over suboptimal case at 10−3 BER value. However,
optimal rotation angles are obtained with an exhaustive search,
which is not feasible for higher spectral efficiency values.
As seen from Fig. 3, the theoretical upper bound and computer
simulations match at high SNR values as expected. Note that
theoretical analysis is also valid for all η values.

In Fig. 4, the BER performances of SM-SSD with 4-QAM
and classical SM with BPSK are investigated for τ = 0, 0.7,
0.9 under 4 bpcu. It is seen clearly that the increase in the
channel correlation coefficient degrades the BER performances
of both schemes, however, SM-SSD is stronger than classical
SM against the channel correlation. Finally, Fig. 5 demon-
strates the variation in spectral efficiency depending on the
changes in Ω and Nt for M = 4.

In Fig. 5(a), the spectral efficiency changes with Ω while
Nt = 4 and M = 4. The spectral efficiency increases with
Ω proportionally since the number of possible TAPs and ξ
increases when Ω increases. In addition, the spectral efficiency
also increases with Nt as seen in Fig. 5(b). However, there is
a loss in spectral efficiency with respect to the benchmark

schemes due to the elimination of possible AAPs to prevent
transmit diversity degradation. It is transparent that there is
a trade-off between the transmit diversity and the spectral
efficiency.

V. CONCLUSION

In this letter, a novel SM-based transmission scheme named
SM-SSD has been proposed for MIMO systems. SM-SSD
processes multiple time slots jointly. A clever shifting mech-
anism for the imaginary parts of data symbols is described to
apply SSD. Besides, TAP and AAP selection algorithms are
introduced for data transmission and diversity enhancement,
respectively. Despite its high decoding complexity, SM-SSD
provides an outstanding error performance. The design of a
low-complexity detector for SM-SSD is left as future work.
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