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Abstract—Space Shift Keying is a MIMO transmission
schemes that has been recently studied as promising solution for
low computational complexity devices. Such scheme is based on
the concept of spatial modulations (SM) where the information is
mapped to the index of the transmit (resp. the receive) antenna.
When only one antenna is used per symbol duration, an SSK
symbol is able to transmit base 2 log of the number of transmit
antenna (Nt). In this paper, we introduce an extended version
of the conventional SSK scheme, refereed to as Extended SSK
(ESSK). The proposed technique allows the overall spectral
efficiency to be increased such that the total amount of bits
reaches Nt instead of log2(Nt) in conventional approaches. In
ESSK, one so-called spatial symbol corresponds to a set of
bits that are mapped to a set of transmit antennas of variable
size that are activated at each time symbol. The performance
of ESSK is analyzed in this paper and validated through
simulations.

Index Terms—MIMO,Spatial Modulation, Space Shift Keying,
Zero Forcing, Equalization

I. INTRODUCTION

Spatial modulation (SM) schemes based on Multiple-input
and multiple-output (MIMO) wireless systems, appeared in
the early 2000s, consisting in exploiting the index of the
transmit or receive antennas to transmit additional information
bits. First proposed SM schemes concerned open loop systems
because requiring no channel state information (CSI) at the
transmitter side. They can be called TSM for transmit SM
schemes; the spatial information is carried out by the index
of the transmit antennas. One popular of these TSM schemes
is Space Shift Keying (SSK) scheme [1] whose main principle
is to take advantage of the various propagation characteristics
associated to the different antennas of the system [2]. The
signal processing at the receiver can also be simplified as
data are transmitted through a single spatial stream in SM-
MIMO systems [3]. A generalized technique for SSK, further
referred to as Generalized Space Shift Keying (GSSK), was
proposed in [4]. Such a scheme overcomes the constraint in
SM that the number of transmit antennas Nt has to be a power
of two, by activating during each symbol duration a subset of
Na TAs out of the Nt available at the transmit antenna array,
to increase the overall SE.

The same concept of SM-MIMO has been applied to the
receiver, called Receive-Spatial Modulation (RSM) [5] [6],
or Receive Antenna Shift Keying (RASK) [7][8], where the
index of the targeted receive antenna (RA) carries the addi-
tional spatial information, using a pre-processing technique
to target the RAs. A generalization of the RSM principle,
further referred to as GPSM (Generalised Pre-coding aided

Spatial Modulation), is proposed in [9] where the transmit
antennas concentrate the signal energy towards a fixed and
constant number of RAs to increase the SE. Opposed to
conventional SM where a subset of RF chains is deployed,
here all TAs and RAs are active. Finally, an extended model of
RASK is introduced in [10], referred to as ERASK, where all
possible combinations of targeted RAs are used, even that one
where zero RA is targeted, i.e. no signal is emitted. Among
other candidates, this last scheme offers the highest spectral
efficiency at the level of the spatial bits, i.e. equal to the
number of receive antennas [11][12]. With same analogy at
the transmitter, Extended SSK (ESSK) has been proposed in
[13] for transmit SM concept where the number of active
antenna is variable, giving a SE equal to Nt. In this paper,
we evaluated the performance of ESSK scheme using different
detection strategies. The Maximum Likelihood detector that
can be carried out at the receiver side is first proposed and
studied as well as the expected theoretical performance. Also,
we compare its performance to the performance of the system
when Zero-Forcing equalization is performed at the receiver
before the detection. At the end of this paper, we demonstrate
the duality of ESSK with the ERASK scheme.

II. SYSTEM MODEL AND BLOCK DIAGRAM

In this part, we first set up the model for a communication
system making use of the ESSK scheme. Then, we describe
the block diagram of ESSK transmission.

A. System Model

MIMO system with Nt transmit antennas and Nr re-
ceive antennas is considered. Assuming a flat fading channel
between the transmitter and the receiver, the receive signal
vector can be written as:

y =

√
2

Nt
H.x + n (1)

where H ∈ CNr×Nt is the MIMO channel matrix with
element hj,i representing the complex channel coefficient
between the i-th transmission antenna, denoted by Ti, and
the j-th receiving antenna, denoted by Rj . y ∈ CNr×1 is
the vector of the received signals at all the receive antennas,
x ∈ NNt×1 is the vector of the spatial symbol that will be
transmitted by all the transmit antennas, and n ∈ CNr×1 is
the vector of additive white Gaussian noise (AWGN) samples
ηj such that ηj ∼ CN (0, σ2

n).



B. Principle Block Diagram

The ESSK scheme is built on the SSK concept at the
transmitter where the number of active antennas Na is vari-
able during each time symbol Ts (0 ≤ Na ≤ Nt). As for
ERASK [10], Na can take all possible values between 0 and
Nr depending on the useful information to transmit so that
the number of possible spatial symbols is M = 2Nt providing
the transmission of Nt bits per spatial symbol.

Symbol 00 01 10 11

Active Antennas x T2 T1 T1,T2
Table I

ESSK SPATIAL MAPPING FOR Nt=2

Table I provides an illustration of the ESSK symbol
mapping with 2 transmit antennas, and is able to transmit
2 bits/symbol. The block diagram of the ESSK system is
depicted in Figure 1. A group of m = Nt bits is mapped
to a spatial symbol x ∈ CNt×1 which is written as:

x =
[
x1 x2 ... xNt

]T
where xi ∈ {0, 1}.

The value taken by each xi entry determines the set of active
transmit antennas such that:

xi =

{
0, if Ti is not active,
1, if Ti is active. (2)

The spatial symbol vector is normalized by a factor f =
√

2
Nt

before being emitted, used to guarantee that the average total
transmit power P̄t is equal to 1.

III. DETECTION STRATEGIES

A. Maximum Likelihood (ML)

1) ML detection equation: At the receiver, a number Nr
of receive antennas detect the signal. From equation (1), if we
are sending the spatial symbol k, the received signal vector
writes:

yk = f

Nt∑
i=1

hixi(k) + n = fheqk + n (3)

where heqk is the equivalent channel vector received when
sending the spatial symbol k. The detector has to estimate the
index of antenna(s) that have been activated. The equation of
the ML is:

k = argminj
∥∥y− fheqj

∥∥2
(4)

2) Performance analysis: The Bit Error Probability (BEP)
performance of the ESSK is given by the union bound
equation:

Pe =
∑
j

∑
k

d(xj , xk)

M
P(xj → xk) (5)

where P(xk → xj) is the Pairwise Error Probability (PEP)
and d(xk, xj) is the hamming distance between two spatial

symbols xk and xj . Using Equation (4), the PEP conditioned
on H is given as:

P(xk → xj |H) = P(dk > dj |H)

= P
(
<{nH(heqj − heqk )} > 1

2

∥∥heqj − heqk
∥∥2 |H

)
= Q(

√
κ)

(6)

where dj =
∥∥y− fheqj

∥∥2
and Q(x) is the Gaussian distribu-

tion function: Q(x) =
∫∞
x

1
2π e
− t22 dt. We have also:

κ =

∥∥heqj − heqk
∥∥2

2σ2
n

=

∑2Nr
i=1 α

2
i

2σ2
n

(7)

where αi ∼ N (0, σ2
α) with σ2

α =
f2d(xj ,xk)

4 . The Average
PEP for different channel realization is given by:

P(xk → xj) = EH[P(xk → xj)] =

∫ ∞
0

Q(
√
u)pκ(u)du,

(8)
where pκ is the PDF of κ. The random variable κ is chi-
squared distributed with c=2Nr degrees of freedom, so we
have:

pκ(u) =
u
c
2−1exp

(
− u

2σ2
α

)
(2σ2

α)
c
2 Γ( c2 )

, (9)

which has a closed form expression given in [14]:

P(xk → xj) = γNrα

Nr−1∑
k=1

CNr−1+k
k (1− γα)k (10)

where γα = 1
2

(
1−

√
σ2
α

1+σ2
α

)
.

B. Equalization

In the ERASK scheme, the channel estimation is used
to create the precoding matrix used to transmit the spatial
symbol. The same matrix can be used in uplink for the
equalization, which is why it is interesting to evaluate the
performance of the ESSK when using equalization.

1) Equalized Signal: The received signal y given in equa-
tion (1) is further equalized. Assuming perfect channel estim-
ation at the receiver side, the equation of spatially equalized
signals is:

z = fWHx + Wn (11)

where W ∈ CNt×Nr is the equalization matrix. As a final
step, a detector is used to estimate the spatial symbols
from the equalized signal and demappes it to deliver the bit
sequence corresponding to the mapping rule described above.
The receiver uses the spatial equalization step to reconstruct
the spatial symbol vector. The ZF equalization is employed,
so:

W = (HHH)−1HH . (12)

Since the channel matrix is expected to be converted into
an identity matrix after ZF equalization, any inter-antenna
interference is removed at this step. To make it possible,
the required number of antennas should however satisfy the



Figure 1. Block Diagram for Extended-SSK

constraint Nt ≤ Nr so that the matrix inversion remains
possible. Assuming such a constraint is fulfilled, it is then
straightforward to obtain the expression of the equalized
signals:

z = fx + µ (13)

where µ = Wn. Let µi be the i-th component of the vector
µ ∈ CNt×1, and wi,j be the complex coefficient of matrix W
in the i-th row and j-th column:

µi =

Nr∑
j=1

wi,jηj . (14)

To estimate the spatial symbols, the receiver should detect
whether each transmit antenna is activated or not. From
equation (13), the detector has to analyze the following set of
signals:

∀i, zi =

{
f + µi if Ti is activated
µi otherwise. (15)

Since the ZF spatial equalization scheme is used, no in-
terference appears between signal samples impinging at each
receive antenna. In addition, since all activated antenna com-
binations are possible with the ESSK scheme, no correlation
exists between the receive equalized signals. Consequently,
the demodulation process can be led through an independent
and parallel signal analysis per symbol, thereby simplifying
the application of the maximum likelihood decision criterion.
This is a strong asset of ESSK compared to conventional SM
or GSM.

2) Equalized ML detection : The ML detection for the
equalized signal can be reduced to a simple real part threshold
as proofed in [13]:

xi =

{
0, if <{zi} ≤ ν,
1, if <{zi} ≥ ν,

(16)

where the optimal threshold is easily deduced from:

ν = E
{
<{zi0}+ <{zi1}

2

}
=
f

2
(17)

with zi0 (resp. zi1) the i-th element of equalized receive signal
vector if the antenna Ti wasn’t active (resp. active). Note

that such a threshold can in practice be estimated during a
calibration phase using dedicated pilot symbols.

As proofed in [13], using such a threshold detector, the
theoretical BEP can be expressed as follows:

Pe =
1

Nt

Nt∑
i=1

Q

(√
1

Nt ‖wi‖2 σ2
n

)
. (18)

IV. SIMULATION RESULTS

A. Simulation descriptions

The performance of the proposed system is evaluated
through the measurement of the BER versus the Signal to
Noise Ratio (SNR) that is equal to the ratio between the
average transmit power level and noise level, i.e. SNR= P̄t

σ2
n

. It
is assumed that H is a MIMO flat fading channel matrix where
hj,i are complex coefficients following an i.i.d. Rayleigh
distribution. The power for each sub-channel is normalized:

E
[
‖hj,i‖2

]
= 1

Finally, we consider that the channel response is perfectly
known at the receiver, so that perfect ZF equalization is
performed. Simulations are run by implementing a sufficient
number of iterations for different channel realizations, and
taking the mean value of the BER for each value of SNR.

B. Theoretical Result Validation

Analytical derivations of the BER are compared to the
simulation results in Figure 2. An ESSK system with Nr = 8
receive antennas and Nt = 4 transmit antennas is considered.
The performance is evaluated using the ML and EQ-ML
detection. As evident from the obtained curves, theoretical
results perfectly match simulation results. Also, it is seen
that the ML without equalization outperforms the ML after
equalization (EQ-ML).

C. ML vs EQ-ML performance

In Figure 3, we compare the performance of ML and EQ-
ML detection considering different configurations for Nr, and
for the same Nt=4. ESSK systems with Nr= 4, 8, 16 and 32
are simulated using the two detection methods. It is shown
that ML detection outperforms the EQ-ML detection, but the
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Figure 2. BER performance of 4x8 ESSK system, using ML and EQ-ML
detection, theoretical and simulation comparison

0 5 10 15 20 25
SNR [dB]

10-6

10-5

10-4

10-3

10-2

10-1

100

B
E

R

Nr=4, ML
Nr=4, EQ-ML
Nr=8, ML
Nr=8, EQ-ML
Nr=16, ML
Nr=16, EQ-ML
Nr=32, ML
Nr=32, EQ-ML
Nr=64, ML
Nr=64, EQ-ML

Figure 3. BER performance of 2x8 ESSK system, using ML and EQ-ML
detection, theoretical and simulation comparison

more Nr increases, the more the difference in performance
decreases, and they become approximately the same for Nr =
32.

D. Duality ESSK ERASK

The uplink/ downlink duality in the MIMO wireless sys-
tems has been studied for different precoding- postcoding
strategies [15]–[17]. Since the SM is a special kind of MIMO
system, then a duality can be deduced between the transmit
and receive SM.

In Figure ??, we provide the simulation results considering
an ESSK system with Nr = 8 receive antennas at the base
station and 4 different transmit antenna array dimensions,
namely Nt = 2, 3 and 4 at the device. On the other hand,
in Figure 4, the simulation results considering an ERASK
system with Nt = 8 transmit antennas at the base station
and 4 different receive antenna array dimensions, namely
Nr = 2, 3, 4 and 5 at the device. The two configurations
seem to be the uplink and downlink transmission between
the base station and a connected device. Note that for both
scenarios, we are measuring the BER versus the SNR at
the connected device. The performance is evaluated using
the EQ-ML detection for ESSK and ML for ERASK. For
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Figure 4. ERASK performance using ML detection with Nt = 8 -
Theoretical and simulation comparison

both configurations, increasing the order of modulation, i.e.
Nt for ESSK or Nr for ERASK, leads to a degradation in
performance. Also, for the same order of modulation, we have
approximately the same performance in the two transmissions,
which proves the duality of transmission between ERASK and
ESSK.

V. SUMMARY

In this paper, the concept of ESSK was presented, and we
demonstrated how ESSK provides transmission of m = Nt
bits per spatial symbol duration. We also studied the ML
detector, as well as the expected theoretical performance, and
then the performance of the system when ZF equalization is
performed. The ML detector outperforms the based equal-
izer detector, but results showed that the more the number
of transmit antennas increases, the smaller the difference
in performance is. Finally, we demonstrated the duality in
performance between ERASK, and ESSK such that the based
equalizer detector is implemented.
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