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Abstract. The recent definition of hardware system models for space
modulation techniques has provided a pathway to physical implementa-
tion of such systems. Space Shift Keying (SSK), being at the forefront of
all these definitions, implements a pure form of space modulation that
does not require a traditional RF chain that generates baseband sym-
bols. On the other hand, compact, SDR-enabled, platforms powered by
computationally powerful SoCs, are also becoming increasingly popular
in prototyping wireless systems. In this work, we leverage commercially
available SDR-enabled platforms, based on the Xilinx Zynq SoC and the
Analog Devices AD9361 analog front end, to implement an entry level
SSK system.
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1 Introduction

Trending wireless protocols such as 5G, have introduced an ever increasing
demand on wireless systems to increase data rates, spectral efficiency, and
reduce power consumption. One of the approaches to address the aforemen-
tioned demands was by introducing Multiple Input Multiple Output (MIMO)
systems. Through different implementations, the main idea for MIMO systems
is to deploy multiple antennas at the transmitter and receiver sides to exploit
multipath propagation properties of a channel. Out of the various MIMO tech-
niques, Space Modulation (SM) has emerged as one of the techniques that could
address the demands for future systems [9]. Contrary to traditional implemen-
tations of MIMO (Ex. Spatial Multiplexing), SM only requires a single RF, or
in some cases zero, chain(s). SM achieves that by transmitting a portion of the
information bits through the transmit antenna indexes.

As with all new wireless implementations, there still exists a gap in SM
between the theoretical and physical (hardware) implementations. As recently
introduced in literature, SM is achievable through a family of eight techniques;
Space Shift Keying (SSK), Spatial Modulation (SM), Quadrature Space Shift

Supported by the Deanship of Scientific Research at the German Jordanian University
under research grant number SIC 41/2016.

c© ICST Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2019

Published by Springer Nature Switzerland AG 2019. All Rights Reserved

V. Sucasas et al. (Eds.): BROADNETS 2018, LNICST 263, pp. 267–275, 2019.

https://doi.org/10.1007/978-3-030-05195-2_26

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-05195-2_26&domain=pdf
http://orcid.org/0000-0003-3643-8250
http://orcid.org/0000-0001-6838-2816
https://doi.org/10.1007/978-3-030-05195-2_26


268 O. Hiari et al.

Keying (QSSK), Quadrature Spatial Modulation (QSM), Generalized Space
Shift Keying (GSSK), Generalized Spatial Modulation (GSM), Generalized
Quadrature Space Shift Keying (GQSSK), and Generalized Quadrature Spatial
Modulation (GQSM) [6,10,11]. Each implementation offering a different com-
plexity, cost, spectral efficiency, and power consumption depending on applica-
tion demands.

The emergence of heterogeneous computing platforms, such as the Xilinx
Zynq, have provided the ability to accelerate the hardware implementation of
theoretical wireless systems [3]. These platforms have been used extensively in
other works to achieve Software Defined Radio (SDR) implementations as well as
proving out wireless models [5,8,14,15]. Being software defined, these platform
provide a lot of flexibility to build on and expand to other implementations.

In this work, we provide the details of physically implementing one of the SM
family of techniques, namely SSK, utilizing a Zynq platform. SSK was chosen
such that it is a foundational technique that all other implementations would
need to build on. The rest of the paper is organized as follows, Sect. 2 introduces
the SSK system model, Sect. 3 describes the hardware architecture adopted and
the implementation of the system, Sect. 4 describe the results obtained, and
finally Sect. 5 concludes this paper.

2 System Model

Figure 1 shows the SSK system model definition. At the transmitter side, incom-
ing serial bits are parallelized and connected to the select lines of an RF switch.
Through the select lines states, the RF switch controls which antenna is trans-
mitting at each time instance. The RF input of the switch is merely a periodic
carrier signal that could be easily generated in various manners. As a result, the
spectral efficiency η of the system therefore is defined merely by the number of
antennas Nt deployed in an SSK system and is equal to:

ηSSK = log2(Nt) (1)

The generated RF signal from the transmitter is transmitted over the MIMO
channel matrix H. The transmitted signal received by Nr receive antennas in
The Nr-dimensional received vector y is then given by:

y =
√

EsHx + n, (2)

where Es denotes the transmitted energy, n the noise in the channel, and H
being the complex channel matrix with a dimension of Nr × Nt. At the receiver
side, the received signals are then demodulated through an IQ demodulator
and processed by an optimum ML decoder to retrieve the source bits. The ML
decoder is defined as [7,12,13]:

x̂ = arg min
xi∈X

‖y − Hxi‖2F, (3)
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where x̂ denotes the estimated transmitted symbol, ‖ ·‖F is the Frobenius norm,
and xi is a possible transmitted vector from X , where X is a set containing all
possible transmitted vector combinations.

Fig. 1. The SSK system model

3 Hardware System Architecture and Implementation

In order to achieve an SSK realization in hardware, two Xilinx Zynq-based SDR
enabled platforms were utilized, one for the transmitter side and another for the
receiver [2,3]. The transmitted platform deployed was the Xilinx ZC706 devel-
opment board with an AD-FMCOMMS5 analog front end attached. The second
platform deployed for the receiver was a Zedboard with an AD-FMCOMMS3
analog front end attachment. Both the AD-FMCOMMS3 and AD-FMCOMMS5
incorporate the Analog devices AD9361 [1,4]. The AD-FMCOMMS5 attach-
ment can support four transmit and/or receive chains, on the other hand, the
AD-FMCOMMS3 can support only two transmit and/or receive chains. The
Zynq device is a heterogeneous System on Chip device that incorporates dual
core ARM-A9 cores alongside an FPGA fabric. The platform comes with a base
design from Analog Devices providing low level driver support thus providing
multiple options to control the low level FPGA and RF front end hardware. The
options include; running the hardware with no-OS (i.e. bare metal with low level
C drivers), with a Linux image via kernel drivers and GNU radio companion, or
a Linux image communicating to MATLAB on a host computer.

The hardware system architecture of the SSK implementation is demon-
strated in Fig. 2. On the transmitter side, a Linux image with GNU radio com-
panion is used for creating the transmitter system. Only one of the FMCOMMS5
outputs is activated and is connected to the RF input of an RF switch. The
select line of the RF switch is connected to a GPIO output pin coming from
the Zynq SoC on the ZC706 board. The RF switch utilized is a SPDT switch
with part number ZFSWA2-63DR+ from MiniCircuits, thus allowing for two
transmit antenna implementation.
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Fig. 2. The hardware system block diagram

The receiver system utilizes both receive chains of the FMCOMMS3 to
achieve a 2x2 MIMO system implementation. On the software end, a Linux
image with a libIIO object that connects to MATLAB on a PC host is utilized.
This allows for simpler post-processing of all the received data.

3.1 Transmitter Implementation

As mentioned earlier, the GNU radio companion was utilized to realize the trans-
mitter implementation. The GNU companion block diagram for the transmitter
implementation is shown in Fig. 3. The FMComms5 Sink is a support block pro-
vided by Analog Devices to configure and initialize the low level hardware and
the AD-FMCOMMS5 RF front-end module. The complex samples required to
be transmitted are fed into this sink block. Through the sink block the passband
frequency is also determined and it is set to 2.4 GHz. The signal source block
generates the desired shape of the transmission signal which the SSK case is a
sinusoidal signal. This is the signal utilized to generate the required carrier that
connects to the RF switch input.

The TX Frame is a custom block programmed to transmit the required frame.
This block contains both bits that are forwarded to the following multiply block
and bits that control the switching of the RF switch. The transmit frame consists
of 40 bits and is split into three parts as shown in Fig. 4. The first 13 bits
contain a barker code sequence to achieve frame synchronization at the receiver
side. All of the barker code bits are forwarded to the multiply block to alter
the carrier output (enable or disable). During the transmission of the barker
code values, the RF switch select line is fixed until the barker code completes
transmission. Following the completion of the barker code transmission, a value
of 1 is forwarded to the multiply block allowing the carrier output to be enabled
for the remainder of the frame transmission. The remainder of the bits in the
frame are all transmitted through the antenna indicies by switching the RF
switch. Bits 14 and 15 in the transmit frame are pilot bits required for executing
channel estimation at the receiver. Finally, the remainder of the frame contains
data bits for the message to be transmitted. The switching speed applied to the
switch was 20 ms thus achieving a transmission rate of 50 kbps.
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Fig. 3. The GNU radio implementation block diagram at the transmitter

Fig. 4. The transmitted frame

3.2 Receiver Implementation

The receiver system is implemented using Simulink. Simulink provides a hard-
ware interface block that connects and configures the Zedboard platform with
the FMCOMMS3. The interface block output is the data received and processed
on the low level board hardware. The data format is complex samples that can
be further processed in Simulink. The interface block output provides a matrix
that combines the samples from the different receive chains.

Figure 5 shows the block diagram implemented in the system on the receiver
side. The data received from the board via the interface block is first separated by
channel and serialized, such that processing can be performed on each antenna
signal separately. Following that, a moving average of the RMS value for the
signals is generated to determine the power in the received signals. The signals
are then down-sampled for optimized processing. After that the signals are con-
catenated into a single vector and the frame rebuilt to extract the valid frames
through the frame synchronization block. It can be noticed that only one of the
channels is connected to the preamble detector for frames. Since frame synchro-
nization is done before any bits are recovered, there isn’t a need for information
from more than one antenna chain to synchronize frames.

The final block in the receive chain contains the ML decoder and the chan-
nel estimator implementations. In this block, the channel estimator leverages
the pilot bits and a least squares algorithm in order to determine the channel
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parameters. After that is completed, all unwanted data in the frame is stripped
away (first 15 bits of barker code and pilot). The generated channel parameters
are then fed to the ML decoder as defined in Eq. 3 to recover the transmitted
bits. Finally, an error rate block is implemented to determine the BER of the
system.

Fig. 5. Simulink model for the SSK receiver

4 Results

A system test run was conducted to determine the correctness of the system
implementation. A data file was generated and sent from the transmitter to the
receiver in a lab environment. An overall bit error rate of 0.04 was achieved for
the transmitted data. Figure 6 shows a plot of the signal received at one antenna
at the start of a frame which consists of the 13-bit Barker sequence. For the
barker code portion of the transmission, the change in amplitude of the received
signal defines whether a zero or a one has been received. Essentially the figure
shows that the initial sequence of “1,1,1,1,1,0,0,1,1,0,1,0,1” is being detected.

In Fig. 7, a sample for part of the transmission sequence is shown. The differ-
ent signal colors indicate the signals on each of the receive channels. The differ-
ence in amplitude between the signals is due to the effect of multi-path fading. As
a result, comparing the two regions identified on the figure; the switching ampli-
tude levels between signals indicates the antenna that is transmitting. Moreover,
it can be noticed in the figure some abnormal transitions appear in between the
switching amplitudes. This is due to the effect of switching between antennas on
the transmitter side.
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The results obtained in this work serve as proof of the feasibility of Space
Modulation in hardware using an RF switch. However, in the context of future
work, this work is still in its preliminary stages as more data, primarily perfor-
mance data at different antenna configurations and SNRs, needs to be collected.
There is also much hardware imperfections impact that need to be studied.
Finally, out of the family of space modulation SSK is one of few others pre-
sented in literature. This platform would be a good entry level to implement
other space modulation techniques.

5 Conclusion

In this work we demonstrate the hardware implementation of one of the Space
Modulation Techniques, namely SSK. The implementation is achieved utilizing
commercial off the shelf SDR-enabled SoC based platforms. The work shows
that the realization of SSK is less complicated than traditional MIMO systems.
We also define the architecture of the system, the transmitter, and the receiver
implementations. This platform facilitates future research for expanding to other
hardware implementations in addition to further studying actual performance
of Space Modulation physical implementations.
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