This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2016.2642827, IEEE
Access
1

Multi-Set Space-Time Shift Keying And
Space-Frequency Space-Time Shift Keying for
Millimeter-Wave Communications
Ibrahim A. Hemadeh, Student Member, IEEE, Mohammed El-Hajjar, Senior Member, IEEE, SeungHwan
Won, Senior Member, IEEE, and Lajos Hanzo, Fellow, IEEE

Abstract—In this paper, we introduce a novel OFDM-aided multifunctional multiple-input multiple-output (MIMO) scheme based
on Multi-Set Space-Time Shift Keying (MS-STSK), where the
information transmitted over each sub-carrier is divided into
two parts, namely the STSK codeword and the implicit antenna
combination (AC) index. In MS-STSK, a unique combination
of antennas can be activated at each sub-carrier in order to
convey extra information over the AC index, while additionally
transmitting the STSK codeword. Furthermore, inspired by the
MS-STSK concept, this scheme is additionally extended also
to the frequency domain in the novel context of our MultiSpace-Frequency STSK (MSF-STSK), where the total number
of sub-carriers is partitioned into blocks in order to implicitly
carry the block’s frequency index. The proposed MSF-STSK
scheme benefits from the huge bandwidths available at mmWaves
for partitioning the total number of OFDM sub-carriers into
blocks in order to convey more information over the frequency
domain. Both proposed systems use STSK codewords as the basic
transmission block and they can achieve higher data throughput
and better BER performance than STSK. Moreover, given that
the system is meant to operate at mmWaves, antenna arrays
relying on several antenna elements are employed at both the
transmitter and receiver for analogue beamforming (ABF) with
the aid of phase shifters and power amplifiers for the sake of
overcoming the effect of high path loss.
Index Terms—Millimeter Waves, wideband channel, MIMO,
Space-Time Shift Keying, Spatial Modulation, PSK, QAM.

I. I NTRODUCTION
Millimeter wave (mmWave) communications constitutes a
promising technique for next-generation wireless communications systems [1], [2]. Due to their huge available bandwidths,
mmWaves have been attracting considerable attention with a
view to replace or to collectively operate with the saturating
sub-3 GHz band [3]. However, as a predicament, mmWaves
suffer from high attenuation [4], which fortunately can be
mitigated with the aid of accommodating large antenna arrays
within relatively small areas for the sake of attaining array
gains [5]. As a result for mmWaves, beamforming is considered to be the most suitable multiple-input multiple-output
(MIMO) technique.
The financial support of the EPSRC projects EP/Noo4558/1 and
EP/L018659/1, as well as of the European Research Council’s Advanced
Fellow Grant under the Beam-Me-Up project and of the Royal Society’s
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The family of MIMO schemes devised for wireless communications systems shown in Figure 1 is capable of achieving
enhanced transmission rates and an improved communication
integrity [6]. For instance, multiplexing techniques, such as
the Bell-Labs Layered Space-Time (BLAST) [7] laying under
the multiplexing branch of MIMO techniques in Figure 1 are
capable of attaining enhanced transmission rates. By contrast,
the diversity-oriented MIMO techniques shown in Figure 1,
such as Orthogonal Space-Time Block Coding (OSTBC) [8]
and its STBC extensions [9] as well as the Space Time Trellis
Code (STTC) [10] would achieve diversity gains. Furthermore, Spatial Modulation (SM) [11], [12], [13] is capable of
achieving both diversity and multiplexing gains by conveying
extra information over the activated transmit antenna index.
This scheme was employed successfully for transmission over
mmWaves in a Line-of-Sight (LOS) environment [14].
Furthermore, combining two or more MIMO techniques would
result in a generalized MIMO scheme referred to as the
Multi-Functional (MF) MIMO scheme [15]. MF-MIMOs can
be employed for communications over mmWaves, since they
are capable of combining the benefits of different MIMO
schemes, which is essential for overcoming the high mmWaves
attenuation by employing beamforming, whilst simultaneously
achieving performance and/or throughput enhancements using
diversity and/or multiplexing techniques. An example of MFMIMOs is constituted by the Layered Steered Space-Time
Coding (LSSTC) concept [16], which is capable of achieving
a multiplexing gain, diversity gain and Signal-to-Noise (SNR)
gain by combining V-BLAST, STBC and Analogue Beamforming (ABF). Another MF-MIMO is the popular SpaceTime Shift Keying (STSK) scheme, which was proposed in
[17] as a generalized MIMO relative of SM that combines
it with Linear Dispersion Codes (LDC) as shown in Figure
1, where instead of activating a single transmit antenna, a
single dispersion matrix is activated. This scheme is capable
of achieving both multiplexing and diversity gains, whilst
striking a compelling trade-off between them. Furthermore,
in [18] we proposed an extended STSK referred to as MultiSet (MS) STSK, where -in addition to the explicit information
carried by the STSK codeword- extra information is conveyed
implicitly over the index of the activated combination of
multiple antennas selected from a higher number of antenna
elements.
In [19], we proposed an STSK-based mmWave system for
Multi-User (MU) downlink (DL) scenarios. The system con-
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ABF
AC
AE
ASU
AWGN
BER
BLAST
BPC
BPC
CP
CSI
DAC
FI
GSFIM
GSIM
HL
ICI
LDC
LSSTC
MF

Analogue Beamforming
Antenna Combination
Antenna Elements
Antenna Selection Unit
Additive White Gaussian Noise
Bit Error Rate
Bell-Labs Layered Space-Time
Bits Per Codeword
Bits Per Symbol
Cyclic Prefix
Channel State Information
Distinct AC
Frequency Index
Generalized Space-Frequency
Index Modulation
Generalized Spatial Index
Modulation
Hard-Limiter
Inter-Channel Interference
Linear Dispersion Coding
Layered Steered Space-Time
Coding
Multi-Functional

MIMO
ML
mmWave
MSF
MS-STSK
MU
OFDM
OSTBC
PSK
QAM
RAA
RAE
SAC
SSK
ST
STBC
STSK
SM
SNR
TAA
TAE
MU-TPC

Multiple-Input Multiple-Output
Maximum Likelihood
Millimeter Wave
Multi-Space-Frequency
Multi-Set Space-Time Shift Keying
Multi-User
Orthogonal Frequency-Division
Multiplexing
Orthogonal STBC
Phase-Shift Keying
Quadrature Amplitude Modulation
Receive Antenna Array
Receive Antenna Element
Shared AC
Space-Shift Keying
Space-Time
Space-Time Block Code
Space-Time Shift Keying
Spatial Modulation
Signal-to-Noise Ratio
Transmit Antenna Array
Transmit Antenna Element
MU-Transmit Precoding

Table I
NOMENCLATURE

Wideband

MIMO

Techniques

Trade-off
CDMA

Trade-off

Beamforming

Diversity

Multiplexing

FH
HBF

STTC

BLAST

STBC

DBF

SM

OFDM
ABF

LDC
Coding
Dimensions

mmWaves

STSK
MS-STSK
SM

OFDM-MS-STSK

Figure 1.

MSF-STSK

Space
STSK
Time

Frequency

Family tree of MS-STSK, OFDM-MS-STSK and MSF-STSK.
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t
NRF

rnr ,Ti

Nt

Number of transmitter RF
chains
Number of transmitter antennas

The signal received at the output
of the nr -th receive AE at the Ti
MS-STSK time slot

r
NRF
Nr

Number of receiver RF chains
Number of receiver antennas

hnr ,nt

Or hnr ,nt (t, τ, θ, ϕ): doubledirectional CIR

θAC
∆θ

Phase shift rotation
Phase-shift difference between
two ACs

Nsc
Ncp

Number of sub-carriers,
where nsc = 1, . . . , Nsc
CP length

O(.)

Complexity order

FTi

The Ti -th OFDM symbol

MQ

Number of dispersion matrices,
where q = 1, . . . , MQ
Constellation size, where
l = 1, . . . , Mc

RTi (nsc )

W(nsc )

The signal received at the nsc -th
sub-carrier within the Ti -th
MS-STSK slot
ABF precoder at the nsc -th sub-carrier

NAC

Number of combinations, where
nAC = 1, . . . , NAC

Z(nsc )
R

ABF combiner at the nsc -th sub-carrier
The nsc -th received MS-STSK symbol

NB

Size of the sub-carriers block,
where nB = 1, . . . , NB

Ĥ(nsc )

The frequency domain of the
discrete-time CIR

NF I

The number of ACs dedicated
to FI encoding, where
nF I = 1, . . . , NF I

H
R̄

Effective channel observed after
applying the transmit and receive ABF
Vectorized received signal

T

Number of STSK time slots,
where Ti = 1, . . . , T

H̄
Hc

Vectorized equivalent channel
Activated combination effective channel

M

Number of STSK spaces,
where m = 1, . . . , M

hc,q

The q-th column of the c-th
effective channel Hc

BASU

Number of bits fed into the ASU

X

Vectorized MS-STSK dispersion matrices

BST SK

Number of bits fed into the
STSK encoder

I
IC

AC activation matrix
Identity matrix at the c-th position in I

BM S−ST SK

Number of MS-STSK
encoded bits

K
4θc

QAM/PSK symbol activation vector
Phase-shift difference between two ACs

BF I
X̃
X

Number of bits used for the FI
STSK codeword
MS-STSK codeword

ŷc,q

Equalized received signal by the c-th
channel combination and the
q-th dispersion matrix

Ãq,nAC
sl

MS-STSK dispersion matrix
QAM/PSK symbol

ŝl

The estimate of the l-th transmitted
symbol

Mc

Table II
L IST OF S YMBOLS .

sidered a wideband mmWave channel, where Orthogonal
Frequency Division Multiplexing (OFDM) combined with a
digital-analogue hybrid structure is employed for overcoming
the effect of the time dispersive multipath channel with the aid
of a linear MU-Transmit precoding (MU-TPC) technique used
for MU access. Transmitting over wideband channels requires
wideband channel techniques, such as Code Division Multiple
Access (CDMA), Frequency Hopping (FH) and OFDM [6],
as shown in Figure 1. Furthermore, using the aforementioned
hybrid architecture is essential for mmWave systems [20],
where the digital part provides a high design flexibility in

terms of signal processing [21], while the analogue part is
capable of compensating for having a reduced number of RF
chains by providing high array gains with the aid of large
antenna arrays [22]. Hybrid system arrangements are capable
of striking an attractive design trade-off between the system
performance and the power consumption of high-frequency
system components [23].
In this paper, we propose a pair of system designs for
mmWaves, where the digital precoding part of the preferably
hybrid beamforming required for increasing the number of
data streams transmitted is replaced by applying MIMO
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signal processing techniques. The first is a novel realization
of MS-STSK combined with OFDM for communication over
mmWaves referred to as the OFDM-MS-STSK scheme shown
in Figure 1. This space-time subsidized system is capable of
striking a trade-off between the achievable throughput and the
diversity gains attained, which subsumes the SM [11], STSK
[17], and Space-Shift Keying (SSK) [24] schemes as special
cases. Using OFDM, the huge mmWave channel bandwidth is
partitioned into a high number of narrow sub-bands, where
an antenna combination (AC) is activated at each sub-carrier
to transmit an STSK codeword, hence implicitly transmitting
extra information over the activated antenna combination
index in addition to the explicit STSK coded bits. The concept
of sub-carrier indexing was utilized in the OFDM Index Modulation (OFDM-IM) scheme [25] for improving the achievable
throughput, where extra information is conveyed over the subcarrier index. This work was later extended both in [26]
by introducing an alternative sub-carrier grouping technique,
and in [27] by advocating a low-complexity optimal detection
technique. Furthermore, in [28] the minimum distance of
the classic constellation and index-constellation was jointly
optimized. Finally, the achievable performance was further
improved with the aid of compressed sensing in [29].
Furthermore, this work is extended to additionally exploit
the frequency dimension. The work in [30] applied frequency
indexing by transmitting modulated symbols in a unique block
pattern. Furthermore, the STSK concept was extended both
to Space-Frequency Shift Keying (SFSK) and to Space-TimeFrequency Shift Keying (STFSK) schemes in [31], where the
transmitted information is collectively spread over the space,
time and frequency domains.
In our second proposed scheme, we present an extended
version of the OFDM-MS-STSK technique, where the frequency index is exploited for the sake of implicitly conveying
extra information, with the total number of sub-carriers being
partitioned into blocks of sub-carriers and the frequency index
of the block is expressed by a unique antenna combination
activated at a specific sub-carrier. This system is referred to
as the Multi-Space-Frequency (MSF) STSK scheme is shown
in Figure 1. Both the proposed systems are combined with
analogue beamforming for the sake of mitigating the effect of
the high attenuations of mmWaves. As a benefit of the huge
available mmWave bandwidth, the channel can be partitioned
into a large number of sub-carriers, which can benefit the
system in terms of many aspects. More specifically, increasing
the number of sub-carriers would increase the normalized
throughput of both proposed systems by reducing the normalized overhead of the long Cyclic Prefix (CP) required at
mmWaves [32], [19]. Furthermore, as a benefit of reducing
the number of sub-carriers the number of frequency partitions
increases, which thereby implies that the extra information
conveyed by frequency indexing further increases.
The novel contributions of this paper can be summarized as
follows:
•

We intrinsically amalgamate the MS-STSK scheme both
with OFDM in order to operate over the wideband
mmWave channel as well as with beamforming for over-

coming the high path loss of the mmWave channel.
We propose the MSF-STSK concept, where the transmit
information is spread over the space-time-and frequencydomains. Hence, additional throughput enhancements
may be gleaned from beneficially combining the three
domains.
This paper is organized as follows. In Section II, we present
the OFDM-MS-STSK system proposed for mmWave communications. Then in Section III, we introduce the extended
frequency-domain version of MS-STSK referred to as the
MSF-STSK system. Finally, we conclude in Section IV.
Notations: Bold upper case letters represent matrices; b.c
denotes the flooring of a real number to the nearest smallest
following integer, while b.e denotes the rounding operation
of a real number tothe nearest
integer; mod(.) indicates the

n
modulus operation;
denotes the combinations without
r
repetition of n objects taken r at a time; ()T represents
the transpose operation and (.)H represents the Hermitian
transpose operation; Ca×b indicates a matrix of complex
numbers of the the size a × b; k.k denotes the Frobenius norm
and |.| indicates the modulus of a complex number; The ~
operator denotes the circular convolution operation.
•

II. M ULTI -S ET S PACE -T IME S HIFT K EYING S YSTEM F OR
MM WAVES
In this section, we intrinsically amalgamate the novel MSSTSK scheme proposed in [18] both with ABF and OFDM
for transmission over the mmWave channel. The MS-STSK
scheme is an SM-MIMO scheme, where as shown in Figure
2, instead of activating a single transmit antenna in order to
implicitly convey the antenna index, a unique, data-specific
combination of transmit antennas is activated for transmitting
an STSK codeword [17], [33]. STSK is a flexible scheme,
where the codewords generated can be flexibly tuned, which
could fit any arbitrary transmit antenna size, while striking a
trade-off between the achievable diversity gain and the attainable throughput. Different antenna combinations are shown in
Figure 2 as a distinct set of multiple antennas. The transmit
antennas are spaced far enough to experience independent
fading, where the ones activated can be viewed as a distinct
set of multiple antennas. The MS-STSK system conveys
information over both the STSK codeword and the transmit
Antenna Combination (AC) index. An AC is defined as a
combination of multiple transmit antennas that are activated
to transmit a single STSK codeword.
In order to formulate a symbol set, the number of combinations
should ideally be a power of two. This may be achieved either
by having a distinct set of AEs for each AC, or with the
aid of a distinct combination of AEs out of the total number
of available AEs. In the light of this principle, the pair of
AC allocation techniques shown in Figure 3 were proposed
in [18]. The antenna allocation technique shown in Figure
3(a) is referred to as the Shared Antenna Allocation (SAC)
technique, where one or more antenna elements can be shared
by several ACs. By contrast, the technique shown in Figure
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Figure 2. The MS-STSK transmitter block diagram viewed as an SM-MIMO.

Figure 4.

Nt

Transmitter block diagram of the OFDM-MS-STSK system.

M
MS-STSK
Encoder

(a)
M

MS-STSK
Encoder

(b)
Figure 3. MS-STSK block diagram associated (a) with ACs with shared
AEs (b) with ACs with distinct sets of AEs.

3(b) is referred to as the Distinct Antenna Allocation (DAC)
technique, where M unique AEs are assigned to each AC,
i.e. No AEs are shared by the ACs. Furthermore, the general
structure of the MS-STSK transmitter is shown in Figure 2,
where regardless of the AC allocation technique employed,
the MS-STSK transmission mechanism can be characterized
by activating one of NAC antenna sets, each formed of M
AEs.
Owing to the time dispersive and frequency selective nature
of mmWave wideband channels [34], [35], [36], wideband
techniques such as OFDM and SC-FDE have to be used for
communication over the mmWave channel for the sake of
mitigating the ISI imposed by the channel. In this study, we
employ the OFDM scheme, which subdivides the wideband
channel into a large number of orthogonal narrow-band subcarriers. Together with MS-STSK, extra information carried
over the activated AC index may be transmitted over each
OFDM sub-carrier with the aid of an MS-STSK encoder,
which can be used for mapping each STSK codeword at each
sub-carrier to its corresponding transmit antenna combination.
The amalgamated system combination of OFDM and MSSTSK is referred to as OFDM-MS-STSK and in what follows
it is invoked for NLOS mmWave scenarios.

The OFDM-aided MS-STSK transmitter referred to as OFDMt
MS-STSK is equipped with NRF
Transmit Antenna Arrays
(TAAs) for the sake of achieving analogue beamforming,
which is a key enabling technology for mmWave systems
relying on a pair of phase-shifters and power amplifiers
dedicated to each of the Transmit Antenna Elements (TAEs)1 .
r
Similarly, the receiver is equipped with NRF
Receive Antenna
Arrays (RAAs) for the sake of achieving further beamforming
gain.
A. OFDM-MS-STSK Transmitter
Consider the OFDM-MS-STSK transmitter shown in Figure
t
4 equipped with NRF
TAAs and a total of Nt TAEs, where
t
each TAA consists of NAA
antenna array elements for the sake
of applying ABF with the aid of a pair of phase-shifters and
t
RF chains comprise all the compower amplifiers. The NRF
ponents needed for baseband to RF up-conversion, including
the digital-to-analogue converter, up-conversion, filters, power
amplifiers (PA) and low noise amplifiers (LNA) [37]. Hence,
reducing the required number of RF chains is desirable for
reducing the transmitter’s cost. The MS-STSK encoder is fed
with a block of BM S−ST SK bits, which divides the input
bits into BST SK and BASU bits with the aid of the serial-toparallel (S/P) converter shown in Figure 4 in order to feed
the STSK encoder and multi-set (MS) precoder with their
corresponding bit streams.
The STSK encoder generates the STSK codeword X̃ by
spreading the BST SK = log2 (Mc MQ ) number of input bits
over T time intervals and M spatial dimensions, where Mc is
the QAM/PSK constellation size and MQ is the total number
of dispersion matrices. The STSK codeword is expressed as
X̃ = Aq sl ,

(1)

where sl is the Mc -PSK/QAM symbol and Aq ∈ CM ×T is
the activated dispersion matrix of the dispersion matrix set
MQ
{Aq }q=1
. The dispersion matrices are generated based on the
random search process described
in [33] satisfying the power

constraint of tr AH
A
=
T
for
q = 1, . . . , MQ .
q
q
As shown in Figure 4, the S/P converter located at the
transmitter’s input provides the MS-Digital precoder with BAS
bits used for mapping the STSK codeword to its corresponding
1 Transmit

antenna arrays contain multiple AEs used to apply ABF.
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transmit AC. Based on a bit-to-AC look-up table [18], the
MS encoder applies a phase-shift of θAC to the modulated
symbol sl and maps the STSK codeword to its appropriate AC,
regardless of the AC allocation technique employed, where a
zero phase-shift is applied for MS-STSK encoding associated
with the DAC.
The total number of ACs in the classical MS-STSK scheme
presented in [18] relies on both the total number of AEs and
the size of M . By contrast, the total number of ACs in the
OFDM-MS-STSK scheme is jointly determined by the total
number of TAAs and the size of M , since each TAA of
t
size NRF
AEs carries a single stream, while in the classical
MS-STSK scheme the streams are transmitted by each TAE.
Hence, the total number of encoded bits characterizing the AC
indices can be expressed as

 t 
NRF
BASU = log2
,
(2)
M
for OFDM-MS-STSK associatedwitht SAC
 and as
NRF
,
BASU = log2
M

(3)

for OFDM-MS-STSK associated with DAC.
The SAC technique represents the general AC allocation
technique of MS-STSK, which includes the DAC technique
as a special case [18]. Hence, we consider it as the main AC
allocation technique for the sake of reducing the total number
of RF chains required for achieving a specific throughput. The
DAC technique would require a higher number of TAAs than
the SAC to achieve a specific throughput, which would impose
an increased terminal cost as a result of the increased number
of RF chains.
When the same TAA participates in multiple ACs, an interdependence is introduced between them [18], [38], hence a
phase shift θnAC is applied to each STSK codeword in order
to overcome the correlation introduced by the common TAAs
in different ACs. In MS-STSK [18], each AC is given a predefined phase-shift based on the modulation scheme adopted.
The phase shift mainly rotates the symbol constellation used,
hence the rotated MS-STSK codeword can be expressed as


X =
Ãq sl ejθnAC
(4)
= Ãq,nAC sl
= [x1 . . . xnt . . . xNt ]T
= [X1 . . . XTi . . . XT ],
t

(5)

where Ãq ∈ CNRF ×T denotes the MS-STSK dispersion matrix representing the equivalent mapped version of Aq ,
t
Ãq,nAC ∈ CNRF ×T represents the MS-STSK dispersion matrix representing the q-th STSK dispersion matrix and the
nAC -th AC, xm ∈ C1×T represents the ntRF -th row of the
t
codeword X given that ntRF = 1, . . . , NRF
, where finally,
T
XTi = [XTi ,1 . . . XTi ,m . . . XTi ,M ] ∈ CM ×1 is the Ti -th
column representing the Ti -th time slot of the codeword X.
Again in order to overcome the frequency selectivity of the
wideband mmWave channel, OFDM is employed based on the
OFDM-aided STSK mapping technique in [32]. Prior to the
MS encoding, a total of Nsc STSK codewords are fed into the

Space

T

F requency
Nt

T ime

Figure 5.

Nsc

The transmitted OFDM symbols over the T STSK time slots.

AC
0
1
2
3

TAA Combination
{T AA1 , T AA2 }
{T AA1 , T AA3 }
{T AA1 , T AA4 }
{T AA2 , T AA3 }

Table III
t
AC MAPPING TABLE OF A TRANSMITTER EQUIPPED WITH NRF
= 4 AND
STSK ENCODER ASSOCIATED WITH M = 2, WHERE T AAi
CORRESPONDS TO THE TAA’ S INDEX .

space-time mapper of Figure 4 in order to generate T OFDM
symbols carrying the Nsc codewords. As shown in Figure 5,
the Ti -th OFDM symbol can be expressed as
t
FTi = [XTi (1) . . . XTi (nsc ) . . . XTi (Nsc )] ∈ CNRF ×Nsc ,
(6)
where Ti = 1, . . . , T represents the STSK time slot, nsc =
1, . . . , Nsc denotes the nsc -th sub-carrier, Nsc denotes the
total number of sub-carriers and finally, XTi (nsc ) represents the Ti -th component of nsc -th MS-STSK codeword
X(nsc ) defined in (1). Furthermore, the ntRF -th component
of XTi (nsc ) is denoted by XTi ,ntRF (nsc ), hence XTi (nsc ) =
t
[XTi ,1 (nsc ) . . . XTi ,ntRF (nsc ) . . . XTi ,NRF
(nsc )]T .
The MS encoder collects Nsc AC indices in order to map each
AC to its corresponding nsc sub-carrier, based on the predefined look-up table. For example, the AC mapping scheme
shown in Table III is that of a transmitter equipped with a
t
= 4 TAAs and an STSK encoder associated with
total of NRF
M = 2, where the total number of ACs is equal to NAC = 4
ACs. In this example, if the ASU produced the AC index of 2,
then T AA1 and T AA4 are activated in order to transmit the
data at the nsc -th sub-carrier, while when the ASU produces
the AC index of 3, T AA2 and T AA3 are activated instead, as
shown in Table III.
An example schematic of the mapping procedure of different
ACs to several sub-carriers is shown in Figure 6, where the input bits are encoded using the MS-STSK encoder. Afterward,
each STSK codeword is mapped to its corresponding TAAs.
The output of the ntRF -th OFDM modulator
is defined
n
o as:
p
x̄Ti ,ntRF [nsc ] = Nsc .IDF T XTi ,ntRF (nsc ) . (7)
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Figure 6. The MS-STSK codeword at each sub-carrier is mapped to its
corresponding TAAs based on the AC Nsc sequence fed from the MS encoder.
Figure 7.

Due to the short wave-lengths of mmWave signals, large
numbers of AEs may be accommodated in relatively compact
spaces for the sake of achieving high ABF gains, which is
imperative for mitigating the high path loss of mmWaves [35].
The OFDM-MS-STSK system proposed here may be readily
operated in the 28 GHz, 38 GHz, 60 GHz or 72 GHz frequency
bands having wavelengths of 10.7 mm, 7.9 mm, 5 mm and
4.2 mm, respectively. Each AE in the TAA is connected to a
phase-shifter and an amplifier, which steers the signal towards
the receiver. For instance, at the ntRF TAA, a steering vector of
t
w(θnTtx ) = [w(θnTtx ,1 ) . . . w(θnTtx ,N t )]T ∈ CNAA ×1 steers
RF
RF
RF
AA
the output of the TAA, where the overall ABF precoder at the
nsc -th sub-carrier
can be expressed as


w(θ1T x ) 0
0
···
0


..
..
..


.
.
.
0
0




.
.
T
x

,
W(nsc ) = 
0
0 w(θnt ) · · ·
.

RF


..
..
..
..
..


.
.
.
.
.


Tx
0
0
0
0 w(θN t )
RF
(8)
t
Nt ×NRF
where W(nsc ) ∈ C
and 0 is a vector of zeros. The
AEs of each TAA are spaced at a distance of λ/2 in order
to achieve a BF gain. Furthermore, the steering vectors of
inactivate antennas are zeros.
B. MS-STSK Receiver
The OFDM-MS-STSK receiver’s block diagram is shown in
r
Figure 7. The receiver is equipped with NRF
RAAs with
an identical number of RF chains. Each RAA is formed
r
of NAA
AEs employed for the sake of achieving a further
receive ABF gain. The nrRF -th RAA ABF weights vector
r
1×NAA
z(θnRx
) = [z(θnRx
) . . . z(θnRx
can be
r
r
r
r )] ∈ C
RF
RF ,1
RF ,NAA
r
generalized for all the NRF RAAs at sub-carrier nsc as


z(θ1Rx ) 0
0
···
0
..
..
..


.


0
.
.
0


.


..
Rx
Z(nsc ) = 
,
0
0
z(θ
)
·
·
·
r
nRF




..
..
..
.
.
.
.


.
.
.
.
.
Rx
0
0
0
0 z(θN
r )
RF
(9)
r
where Z(nsc ) ∈ CNRF ×Nr represents the ABF weights vector
at the nsc -th sub-carrier and 0 is a vector of zeros.

OFDM-MS-STSK receiver block diagram.

It was shown in [39], [40], [41], [42] that the mmWave channel
can be represented by a clustered multipath channel model,
where different multipath components propagate in distinct
clusters segregated both in space and time, as governed by
the angle-of-departure (AoD), angle-of-arrival (AoA) and the
delay characteristics. The mmWave channel between the nt -th
TAE and the nr -th receive AE is characterized by the doubledirectional impulse response [34], [39] as
hnr ,nt (t, τ, θ, ϕ) =

Ncl NX
p (nc )
X

αnc ,np

nc =1 np =1
Rx
.δ(ϕ − ϕ̄Rx
nc − ϕnc ,np )

.δ(θ − θ̄nRx
− θnRx
)
c
c ,np
.δ(ϕ − ϕ̄Tncx − ϕTncx,np )
.δ(θ − θ̄nTcx − θnTcx,np )
.δ(t − τnc − τnc ,np ),

(10)

where αnc ,np is the complex gain of the np -th multipath
component in the nc -th cluster. Both (θnTcx,np , θnRx
) and
c ,np
Rx
(ϕRx
nc ,np , θnc ,np ) characterize the (azimuth, elevation) AoD
and AoA at the transmitter and receiver, respectively, given
Rx
that (ϕ̄Tncx , θ̄nTcx ) and (ϕ̄Rx
nc , θ̄nc ) represent their corresponding
mean cluster angles. The parameter τnc ,np denotes the delay
of the np -th multipath component in the nc -th cluster and τnc
is the nc -th cluster delay. Hence, the discrete-time CIR of the
mmWave channel between the transmitter and receiver may
be expressed as
N̄p −1
X
Ĥ[nsc ] =
Ĥ[np ]δ[nsc − np ],
(11)
np =0

where Ĥ[nsc ] is a simplified representation of (10), which
denotes all sub-paths of all clusters in N̄p , given that N̄p =
PNcl PNp (nc )
np =1 1. Furthermore, a single coefficient of the
nc =1
matrix Ĥ[np ] represents the channel between the nt -th TAE
and the nr -th receive AE, and it is denoted by ĥnr ,nt [np ].
Hence, the signal received at the output of the nr -th receive
AE at the Ti STSK time slot can be expressed as
PNt PN̄p −1
rnr ,Ti [nsc ] =
np =0 ĥnr ,nt [np ] ~ x̄Ti ,nt [nsc − np ] ,
nt =1
+vTi [nsc ]
(12)
where x̄Ti ,nt [nsc ] is the STSK symbol transmitted by the nt -
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th AE at the Ti STSK time slot, vTi [nsc ] is the AWGN at
the nsc -th sub-carrier and ~ denotes the circular convolution
operation. For ease of observation, in what follows we consider
the signal produced after applying OFDM demodulation and
removing the CP. Hence, the signal received at the nsc -th subcarrier within the Ti -th STSK slot can be expressed as
RTi (nsc ) = Z(nsc )Ĥ(nsc )W(nsc )XTi (nsc )
+V(nsc ).

(13)

Assuming that the channel remains constant during the STSK
time interval T , after receiving all T OFDM symbols, the
demapper shown in Figure 7 applies space-time de-mapping
to each STSK symbol located at the nsc -th sub-carrier of
all the received T OFDM symbols to a single received MSSTSK codeword and forward it to the MS-Decoder. For ease of
notation, the sub-carrier index nsc is dropped in what follows,
hence the nsc -th received MS-STSK symbol can be expressed
as
R = ZĤWX + V.
(14)
The assumption made here is that the AoD and AoA knowledge is available at both the transmitter and receiver, respectively, which implies that the optimal transmit and receive
steering matrices W and Z are obtained at both ends. Therefore, the effective channel observed after applying the transmit
and receive ABF is defined as
H = ZĤW,
(15)
r

t

where H ∈ CNRF ×NRF . The received signal in (14) can now
be expressed as
R = HX + V.
(16)
Following the philosophy of [18], the received signal in (16)
can be reformulated to an SM equivalent model by applying
the vectorial stacking operation, where the nsc -th received MSSTSK symbol can be expressed as
R̄ = H̄X IK + V̄,
(17)
with
r

R̄ = vec(R)∈ CNRF T ×1 ,

(18)

r
t
NRF
T ×NRF
T

H̄ = I ⊗ H∈ C
,
r
NRF
T ×1
V̄ = vec(V)∈ C
,
X = [vec(Ã1,1 ) . . . vec(Ãq,nAC )
t

. . . vec(Ãq,NAC )]∈ CNRF T ×NAC MQ ,

(19)
(20)
(21)
(22)

given that I is a (T × T )-element identity matrix, Ãq,nAC is
the MS-STSK dispersion matrix of the nAC -th AC and nAC =
1, . . . , NAC .
The system in (17) is equivalent to an SM-MIMO system,
where rather than activating a single antenna to transmit a
single symbol as in SM, a combination of multiple antennas is
activated in order to transmit a single STSK symbol, which is
converted into an MS-STSK codeword after applying appropriate preprocessing. Furthermore, the matrix I∈ CNAC MQ ×MQ
is used for selecting the activated AC and it is expressed as
I = InAC = [0 . . .
InAC
. . . 0]T ,
(23)
↓
nAC −th element

where InAC is an (MQ × MQ )-element identity matrix used
for activating the nAC -th AC. Correspondingly, the q-th dispersion matrix is activated by introducing a single modulated
symbol sl in the q-th position of K, where K∈ CMQ ×1 and
it is defined as
(24)
K = [0, . . . , 0, sl , 0, . . . , 0]T .
| {z }
| {z }
q−1

Hence, (17) can be

H
 ..
Ȳ =  .
0
·




···

MQ −q

reformulated as

··· 0
.. 
..
.
. 
···


H
···

Â1,nAC


ÂQ,nAC



···

0
 .. 
 . 



·
 InAC 
 . 
 .. 
0


0
 .. 
 . 



·
 sl  + V̄,
 . 
 .. 
0



(25)

t

where Âq,nAC = vec(Ãq,nAC )∈ CNRF T ×1 .
t
The MS-STSK dispersion matrix Ãq,nAC ∈ CNRF ×T is the
modified version of the simplified STSK dispersion matrix Aq
of [18]. It can be defined as the counterpart of the dispersion
matrix Aq with zeros values representing the inactive antennas,
yielding


0
 .. 
 . 

 j(θ
nAC )

,
(26)
Ãq,nAC = 
 Aq,m  .e
 . 
 .. 
0
where Aq,m ∈ C1×T is the m-th row of Aq and m =
1, . . . , M .
With the aid of an ML detector, the receiver becomes capable
of obtaining q̂, ˆl and n̂AC , namely the estimates of the
dispersion matrix index q, the modulated symbol index l and
the AC index nAC , respectively, as
< q̂, ˆl, n̂AC > = arg min

q,l,nAC

2

R̄ − H̄X InAC Kq,l (27)
.

However, owing to the fact that hard-decision decoding is
employed at the receiver, the detection complexity order can be
further reduced from O(MQ Mc NAC ) to O(MQ NAC ), while
retaining the optimality of detection with the aid of the HardLimiter ML (HL-ML) detection employed in [18], yielding
2

< q̂, n̂AC > = arg min (|r̂nAC ,q − ŝl |
q,nAC

2

2

− |r̂nAC ,q | ) khnAC ,q k ,
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Mc
2
8
4
16

where HnAC = [hnAC ,1 . . . hnAC ,MQ ]∈ CNr T ×MQ , ŝl is the
estimated Mc -QAM/PSK symbol and r̂nAC ,q is the equalized
received symbol denoted by
hH
nAC ,q R̄
(29)
r̂nAC ,q =
2.
khnAC ,q k

The phase rotation θnAC in (4) is applied to each STSK
codeword transmitted over the nAC -th AC in order to overcome the correlation between the specific STSK codewords
sharing some TAAs [18]. Again, this correlation is introduced
by transmitting different STSK codewords over the same AC
and it was shown in [18] that this correlation can lead to a
performance degradation. For the sake of obtaining the best
rotation phase for each Mc -QAM/PSK modulation, we applied brute-force ML detection for several OFDM-MS-STSK
systems associated with different modulation schemes. All
simulations were carried out at high SNR with an incremental
step of 1° for each iteration of ∆θ from 0° to 360°, where
∆θ = θnAC +1 − θnAC is the phase difference between two
AC rotations. Furthermore, each simulation was carried out
by generating 25,000 bits over 50 iterations.
Four distinct scenarios were considered for determining
the best values of ∆θ as follows. OFDM-MS-STSK syst
= 4 and STSK(2,2,2,4,BPSK) encoder,
tem with NRF
t
t
= 4
NRF = 5 and STSK(2,2,2,4,8PSK) encoder, NRF
t
and STSK(2,2,2,4,4QAM) encoder and NRF = 4 and
STSK(2,2,2,4,16QAM) encoder. The number of TAAs was
t
r
set to NRF
= 4, the number of RAAs to NRF
= 2, the
number of STSK spaces to M = 2 and T = 2 time slots were
used for all systems the considered in order to exclusively
evaluate the impact of the modulation scheme employed on
the choice of the phase-shift θnAC . The BER performance
versus the phase-shift angle of the OFDM-MS-STSK(4, 2, 2,
2, 4,4QAM) system associated with the SAC configuration
and transmitting over the mmWave channel at SNR= 19 dB2
is shown in Figure 8. This figure shows that the phase-shift
has an impact on the performance of the system, where for
instance Figure 8 shows that the minimum BER of 1.6e-05
was achieved at ∆θ = 288° for the OFDM-MS-STSK(4, 2,
2, 2, 4, 4QAM) system at SNR= 19 dB, while the maximum
BER of 5.92e-05 was achieved at ∆θ = 311° at the same
SNR. Similarly, the best phase-shift values3 for the OFDMMS-STSK(4, 2, 2, 2, 4,BPSK), OFDM-MS-STSK(4, 2, 2, 2,
4,4QAM), OFDM-MS-STSK(4, 2, 2, 2, 4,8PSK) and OFDMMS-STSK(4, 2, 2, 2, 4,16QAM) systems were obtained from
Monte Carlo simulations, where a summary of their values is
provided in Table IV. Furthermore, the third row of Table IV
shows the best phase-shift values for the OFDM-MS-STSK(4,
2, 2, 2, 4, 8PSK) system at SNR= 21 dB, where zero errors
were detected over 50 iterations at ∆θ =85°, 111°, 129°, 305°
and 349°. The attainable throughput of the OFDM-MS-STSK
system is evaluated in the following subsection.
2 The SNR value is chosen such that the considered system achieves a BER
of ≤ 10−4 .
3 Best phase-shift corresponds to the phase-shift resulting in the lowest BER.

∆θ(degree)
42°/86°12°/100°
85°, 111°, 129°, 305°, 349°
288°
35°, 124°

Table IV
T HE PHASE ROTATION DIFFERENCE APPLIED TO DIFFERENT AC S WITH
BPSK, 8PSK, 4QAM AND 16QAM MODULATION TECHNIQUES .

-3

10

5
2
-4

10

5

BER

C. MS-STSK Phase Rotation

Modulation
PSK
PSK
QAM
QAM

2
-5

10

5
2
-6

10

5
2
-7

10

0

50

100

150

200

250

300

350

Angle (Degrees)
Figure 8. The BER versus phase-shift performance of OFDM-MS-STSK(4,
2, 2, 2, 4,4QAM) at SNR=19 dB with an incremental step of 1° for each
iteration of ∆θ from 0° to 360°.

D. OFDM-MS-STSK Throughput
In the OFDM-MS-STSK scheme, an OFDM symbol associated with Nsc MS-STSK codewords carries (Nsc + Ncp )
symbols, where Ncp is the length of the CP. Consequently,
the overall throughput of the system is affected by the length
of CP. Given that each sub-carrier carries log2 (Mq Mc ) bits
over the interval T by the STSK codeword and log2 (NAC )
bits by the AC index, the system’s throughput is defined as
RM S−ST SK

=

=

log2 (Mq Mc NAC )


(bps),
N
1 + Ncp
sc
log2 (Mq Mc ) log2 (NAC )

 +
,
N
N
1 + Ncp
1 + Ncp
sc
sc
|
{z
} |
{z
}
RST SK

(30)

(31)

RAC

where RM S−ST SK represents the throughput of the entire
MS-STSK OFDM symbol in bits per symbol, RST SK is the
throughput of the STSK part of the OFDM-MS-STSK, RAC
is the rate of extra bits conveyed by the AC index and bps
short for bits per symbol.
At mmWaves, the delay-spread is of an order of nanoseconds
[43], [44]. In principle, channels associated with short delay
spreads are preferable over large delay spread channels, since
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they impose zero ISI due to their non-dispersive nature. However, owing to their huge bandwidths, operating at mmWave
frequency bands requires high sampling rates, where for instance a minimum of 1 GHz sampling rate is required for using
a chunk of 500 MHz bandwidth at the 28 GHz frequency band.
Thereby, even a few nanoseconds of multipath delay spread
becomes non-negligible at say one nanosecond sampling time.
Hence, a long CP is necessary for overcoming the effect of the
time dispersive wideband mmWave channel. Nevertheless, the
large bandwidths of mmWave channels allow a huge number
of sub-carriers compared to the sub-3 GHz 
frequencybands,
N
/ 1.
which reduces the denominator of (30) to 1 + Ncp
sc
Hence, finally we arrive at
[RM S−ST SK ] Ncp ≈0 → log2 (Mq Mc NAC ) (bps).
(32)

Throughput Efficiency

1.0

Nsc

The OFDM-MS-STSK throughput per OFDM symbol associated with a CP length of Ncp = 100 versus the number
of sub-carriers Nsc compared to the MS-STSK scheme’s
throughput [18] is illustrated in Figure 9. The figure shows
that as the number of sub-carriers exceeds 1024 sub-carriers,
i.e. Nsc ≥ 1024, the OFDM-aided scheme attains 90% of the
maximum achievable MS-STSK throughput, which we refer to
as the normalized throughput ∂M S is defined by the ratio of the
attainable throughput of the MS-STSK OFDM-aided scheme
over that of the classical MS-STSK scheme’s throughput in
[18], which can be expressed as
=

=
=
=

RM S−ST SK
[RM S−ST SK ] Ncp ≈0
Nsc


log
AC )
2 (Q·L·N
N
1+ Ncp
sc

log2 (Q · L · NAC )
1


N
1 + Ncp
sc
Nsc
.
(Nsc + Ncp )

0.8

0.7

OFDM-Aided MS-STSK
MS-STSK

0.6
128

49.9825
46.9825
43.9825

(36)

Furthermore, dividing the bandwidth into 8192 sub-carriers
allows the OFDM-MS-STSK scheme to achieve a throughput
efficiency of nearly 98%.
The number of extra bits carried by the AC index RAC versus
t
the number of TAAs NRF
as a function of M associated with
Nsc = 8192 sub-carriers and Ncp = 100 is shown in Figure
t
10. The number of TAAs spans between M ≤ NRF
≤ 64,
where M =2, 4, 6, 8, 10, . . ., 32. Based on (2), as the number
of TAAs increases with respect to the value of M of the
STSK encoder, the number of ACs increases, which means that
more bits are conveyed over the activated AC index. However,
having more ACs widens the search space of the detector,
hence increasing its complexity order. Furthermore, as shown
in Figure 10, the OFDM-aided STSK schemes proposed in
[45], [46], [47], [32] constitute special cases of the OFDMt
aided MS-STSK, namely when NRF
= M.

1024

2048

4096

8192

16384

M=2
M=4
M=6
M=8
M=10
M=12
M=14
M=16
M=18

39.9825

(35)

512

Figure 9.
The efficiency of the OFDM-MS-STSK with Ncp = 100
throughput compared to the conventional STSK throughput versus the number
of sub-carriers Nsc .

(33)

(34)

256

Nsc

RAC (bits/symbol)

∂M S

0.9

35.9825
30.9825
24.9825
18.9825

9.9825

2

6 10 14 18 22 26 30 34 38 42 46 50 54 58 62
t
N RF

Figure 10. The achievable number of bits characterizing the AC indexes,
RAC , per sub-carrier associated with Nsc = 8192 sub-carriers and Ncp =
100.

E. Performance Results
In this section, we characterize the performance of our OFDMMS-STSK system for transmission over the 28 GHz wideband
channel using the Monte-Carlo technique. The simulation
parameters are summarized in Table V based on the channel
measurements in [34], [39].
The BER performance of the OFDM-MS-STSK system transmitting over the mmWave channel having different number of
sub-carriers is shown in Figure 11 for an MS-STSK transmitter
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Table V
M AIN SIMULATION PARAMETERS FOR THE OFDM-MS-STSK OVER THE
28 GH Z MM WAVE CHANNEL . RMS DS*: ROOT M EAN S QUARE D ELAY
S PREAD . AOA & AO D AS**= AOA & AO D A NGULAR S PREAD

Values
28 GHz
500 MHz
30 dB
24 dBi
24 dBi
MS-STSK
8192
100
<200 m
Poiss(µ = 3.4, σ = 2.1)
Exp(µ = 66.3, σ = 68.0)
Exp(µ = 13.4, σ = 11.5)
Exp(µ = 34.6, σ = 27.8)
U(0, 360)

5
2
-1

10

5
2
-2

10

BER

Parameters
Carrier Frequency
Bandwidth
Pt
GRx
GT x
Transmitter
Nsc
Ncp
Distance
Ncl
Np (nc )
RMS DS*
AoA & AoD AS**
ϕ̄Rx and ϕ̄T x

1

5
2
-3

10

5

No OFDM
Nsc=32
Nsc=64
Nsc=128
Nsc=8192

2
-4

10

5
2
-5

10

0

5

10

15

20

25

SNR [dB]
t
Figure 11. The BER performance of an OFDM-MS-STSK with NRF
=4
TAAs with single AE, STSK(2, 2, 2, 4, 4) encoder and ∆θ = 7°.

t
associated with NRF
= 4 single AE TAAs equipped with
an STSK(2,2,2,4,4QAM) encoder. Furthermore, based on the
values presented in Table IV, the phase rotation difference
between each of the NAC = 4 ACs is ∆θ = 288°. Moreover,
the receiver employed applies ML detection to each received
MS-STSK codeword at each sub-carrier.
When a single-carrier system is used, the performance of
the conventional MS-STSK [18] communicating over the
mmWave channel has an error floor, as shown by the curve
with the (*) marker in Figure 11. Furthermore, observe that
the number of sub-carriers is the huge 500 MHz bandwidth
affects the performance of the system. Explicitly, subdividing
it into a small number of sub-carriers produces an error floor
at Nsc = 32 and Nsc = 64 due to the wideband nature of
the sub-bands. On the other hand, using Nsc = 128 subcarriers is sufficient in the 28 GHz band for a bandwidth of
500 MHz. Furthermore, the performance of the system remains
unaffected by dispersion at Nsc = 8192 sub-carriers, which
facilitates more efficient transmission at a given CP length
owing to the reduced overhead.

The simulation results recorded for our proposed OFDM-MSSTSK system in conjunction with different system configurations compared to the corresponding OFDM-STSK at same
throughput is shown in Figure 12. The HL-ML detector of
Section II-B is employed, which matches the optimal ML
performance of [18]. Figure 12 shows the BER performance
t
of an OFDM-MS-STSK system equipped with NRF
= 4,
t
t
NRF = 5 and NRF = 7 TAAs, each with a single AE
and STSK(2,2,2,2,4QAM) encoder achieving a throughput of
6, 7 and 8 bps, respectively. The system associated with these
configurations is compared to an equivalent OFDM-STSK system relying on STSK(2,2,2,4,16QAM), STSK(2,2,2,16,8PSK)
and STSK(2,2,2,16,16QAM) encoders, respectively, for transmission over the mmWave channel [19] in conjunction with
Nsc = 8192 sub-carriers. Furthermore, based on Table IV, the

phase rotation differences used for 8PSK, 4QAM and 16QAM
are 4θAC = 85°, 288° and 35°, respectively. The proposed
OFDM-MS-STSK system outperforms the conventional STSK
scheme by nearly 5 dB, 10 dB and 13 dB at a throughput of
6, 7 and 8 bits, respectively.
When employing the optimal ML detector at all receivers,
the complexity order of all OFDM-MS-STSK detectors used
in all cases is equivalent to the corresponding OFDMSTSK detectors’ complexity order. For example, the complext
=
ity order of the OFDM-MS-STSK system having NRF
7 TAAs and STSK(2,2,2,4,4) is O (NAC × MQ × Mc ) =
O (8 × 4 × 4), which is equal to its equivalent throughput OFDM-STSK(2,2,2,16,8) system of O (MQ × Mc ) =
O (8 × 16). Furthermore, the complexity order of the OFDMt
MS-STSK system having NRF
= 4 and STSK(2,2,2,4,4) is
O (4 × 4 × 4), which is equal to its equivalent throughput
OFDM-STSK(2,2,2,4,16) system of O (4 × 16).
Similarly, when employing the HL-ML detector, which was
used in the simulations, the complexity order of both the
OFDM-MS-STSK detector, as well as of the equivalent
OFDM-STSK detector is reduced by Mc . For example, the
complexity order of the OFDM-MS-STSK system associated
t
with NRF
= 7 and STSK(2,2,2,4,4) is O (NAC × MQ ) =
O (8 × 4), while the equivalent-throughput system OFDMSTSK(2,2,2,16,8) has a complexity order of O(MQ ) = O(16),
which is lower than that of the former. This reduced complexity order is achieved as a result of the system configuration
choice, not as a benefit of the MS-STSK technique itself,
where changing the MS-STSK encoder’s settings is capable of
further reducing the complexity order at a given throughput.
By employing multiple AEs at each TAA and RAA, the
system is capable of acquiring extra SNR gain with the aid
of analogue beamforming. The effect of adding extra AEs
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Figure 12. The BER performance of the OFDM-MS-STSK system equipped
t
t
t
with NRF
= 4, NRF
= 5 and NRF
= 7 TAAs each with a single
AE and STSK(2,2,2,2,4QAM) encoder achieving a throughput of 6, 7 and
8 bps, respectively, compared to their OFDM-STSK equivalent systems with
STSK(2,2,2,4,16QAM), STSK(2,2,2,16,8PSK) and STSK(2,2,2,16,16QAM)
encoders, respectively, over mmWave channel. Based on Table IV, the phase
rotation differences used for 8PSK, 4QAM and 16QAM are 4θAC = 85°,
288° and 35°.

to each AA by invoking optimal analogue beamforming is
shown in Figure 13, which portrays the BER performance of
t
an OFDM-MS-STSK system associated with an NRF
= 7 and
STSK(2,2,2,4,4QAM) encoder equipped by different numbers
r
t
of AEs.
and NAA
NAA
Given that the optimal analogue beamforming gain is equal to
r
t
), it is shown in Figure 13 that employing
NAA
+10 log(NAA
t
r
t
r
t
(NAA = 2, NAA = 1), (NAA
= 2, NAA
= 2), (NAA
= 4,
r
t
r
NAA = 2) and (NAA = 10, NAA = 2) lends about 3 dB,
6 dB, 9 dB and 13 dB SNR gain to the system, which are of
great importance at mmWaves in order to overcome the high
path loss.

III. M ULTI -S PACE -F REQUENCY STSK OVER MM WAVES
In this section, we introduce our novel Multi-Space-Frequency
STSK (MSF-STSK) system. As described in Section II, the
wideband mmWave channel may be partitioned into sub-bands
in order to employ OFDM in the proposed OFDM-MS-STSK
system. Additionally, as in Section II, the number of ACs
used can be lower than the total number of ACs, where NAC
is limited to integer powers of 2, so that 2k binary sets
can be generated. Hence, the extra number of ACs may be
utilized in order to convey extra information over the subcarrier index domain in a similar way to the technique used in
the Generalized Space-Frequency Index Modulation (GSFIM)
[30].
In GSFIM, the bits are encoded over both the TAE index and
the sub-carrier index for the sake of enhancing the achievable
throughput [30]. In our MSF-STSK system, information is

15

20

25

30

SNR [dB]
Figure 13. The BER performance of the OFDM-MS-STSK(7, 2, 2, 2, 4,
4QAM) system equipped with TAAs and RAAs having multiple sizes.

transmitted over the following three components: The first
two parts are the STSK codeword and the AC index, similar
to the MS-STSK scheme, while the third component is the
Frequency Index (FI) of the sub-carriers with a block of subcarriers where the extra ACs are detected, as described next.
A. MSF-STSK Transmitter
The proposed MSF-STSK transmitter’s block diagram is identical to that of the OFDM-MS-STSK scheme shown in Figure
4. However, the MS-digital encoder is replaced by an MSFdigital encoder, which only differ at the digital encoding level.
Hence, the OFDM-MS-STSK and MSF-STSK schemes are
digitally interchangeable.
t
Given that the MSF-STSK transmitter is equipped with NRF
TAAs, the MSF-STSK encoder is fed with a block of
BM SF −ST SK bits, which divides the input bits into BST SK 4 ,
BASU 5 and BF I 6 bits with the aid of the serial-to-parallel
(S/P) converter in order to encode the STSK codeword as
well as to select the MS-STSK sub-carrier AC and the FI
of the sub-carriers block7 , respectively. The Nsc sub-carriers
are partitioned into blocks of sub-carriers each containing
NB = 2q̄ sub-carriers, where we have
BF I = blog2 (NF I NB )c ,
(37)
and NF I = 2p̄ is the number of ACs dedicated to FI encoding
with nB = 1, . . . , NB . For ease of implementation, consider
t
an MSF-STSK system with NRF
= 4 TAAs, M = 2 STSK
spaces and a block size of NB = 4. Here, the total number of
ACs is 6, of which the MS-STSK scheme utilizes only NAC =
4B
ST SK bits are used to select one out of Q STSK codewords.
5B
ASU bits are used to activate one out of NAC antenna combinations.
6B
F I bits are used to select the frequency index of the sub-carriers block
of size NB .
7 A block of sub-carriers is described as a set of consecutive N
B sub-

carriers, which are used to encode the frequency index.
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NB = 4

L1 = {|{z}
110 −
FI

· · 00} −
00 0| · {z
|{z}
M S ST SK

AC4

0

1

2

3

· · 00} −
01 0| · {z
|{z}

FI

M S ST SK

AC5

4

5

6

0| · {z
· · 00} −

7

ST SK

· · 00}},
11 0| · {z
|{z}
Figure 14. The 4-th AC describes the first four FI realizations FI= 0, 1, 2 or
3 when located at nB = 1, 2, 3 or 4, while the 5-th AC describes the next
four FI realizations FI= 4, 5, 6 or 7 when located at nB = 1, 2, 3 or 4.

(38)

M S ST SK

L2 = {|{z}
000 −
FI

0| · {z
· · 00} −
ST SK

· · 00} −
00 0| · {z
|{z}
M S ST SK

AC
0
1
2
3
4
5

TAA Combination
{T AA1 , T AA2 }
{T AA1 , T AA3 }
{T AA1 , T AA4 }
{T AA2 , T AA3 }
{T AA2 , T AA4 }
{T AA3 , T AA4 }

· · 00} −
11 0| · {z
|{z}
M S ST SK

· · 00}},
10 0| · {z
|{z}

(39)

M S ST SK

L3 = {|{z}
011 −
FI

10 0| · {z
· · 00} −
|{z}
M S ST SK

Table VI

11 0| · {z
· · 00} −
|{z}

MSF MAPPING TABLE OF A TRANSMITTER EQUIPPED WITH M = 2 AND
t
NRF
= 4, WHERE AC = 0, 1, 2 AND 3 ARE DEDICATED FOR THE
MS-STSK PART AND AC= 4 AND 5 ARE DEDICATED FOR FREQUENCY
INDEXING .

M S ST SK

01 0| · {z
· · 00} −
|{z}
M S ST SK

0| · {z
· · 00}},

(40)

ST SK

where the notation 0| · {z
· · 00} is used for describing a random bit
ST SK

4. Hence, in MSF-STSK, the extra NF I = 2 ACs may be used
for encoding the FI, which leads to BF I = blog2 (2 × 4)c = 3
and 23 = 8 FI realizations. As shown in Table VI, the first four
combinations 0, 1, 2 and 3 are used for mapping a symbol to
a specific sub-carrier based on the MS-STSK scheme, while
the remaining two ACs, namely 4 and 5 are used for applying
the block frequency indexing, or the FI encoding. As shown in
Figure 14, the 4-th AC, describes the first four FI realizations
of FI= 0, 1, 2 or 3 when located at nB = 1, 2, 3 or 4, while
the 5-th AC describes the next four FI realizations FI= 4, 5, 6
or 7 when located at nB = 1, 2, 3 or 4. In other words, the
location of each of the NF I ACs, given by the 4-th and 5-th
AC in this example, in a block of NB sub-carriers, given by
NB = 4 sub-carriers, defines the frequency index of the each
sub-carrier block.

For further illustration, let us consider three frequency blocks
of size NB = 4 sub-carriers encoded using the MSF-encoder.
Assuming that three input bit streams of L1, L2 and L3 are
defined as

sequence employed for generating the STSK codeword.
By referring to Figure 15, L1 is encoded into the first NB
sub-carriers block as follows. The first 3 bits describe the FI
encoding, where 110 refers to the 6-th FI realisation, which
can be encoded using the 5-th AC at nB = 3. The other 3
sub-carriers are encoded based on the conventional MS-STSK
scheme, where ACs 0, 1 and 3 are mapped to nB = 1, nB = 2
and nB = 4, respectively. Furthermore, L2 is encoded into the
next NB sub-carrier block as follows. The first 000 bits refer
to the 1-st FI realization, which can be encoded using the 4-th
AC at nB = 1. The other 3 sub-carriers at nB = 2, nB = 3
and nB = 4 are mapped to ACs 0, 3 and 2, respectively. Lastly,
L3 is encoded into the third NB sub-carrier block as follows.
The first 011 bits refer to the 3-rd FI realization, which can
be encoded using the 4-th AC at nB = 4, while ACs 2, 3 and
1 are mapped to nB = 1, nB = 2 and nB = 3, respectively.
Note that in other TAA-to-M configurations, where the number
of extra ACs exceeds the required NF I for FI encoding, it is
recommended to choose NF I out of the available extra ACs.
For example, consider an MSF-STSK system equipped with
t
NRF
= 6 RF chains and associated with an STSK encoder
having M = 2. The total number of ACs is equal to 15,
which means that NAC = 8 ACs are used for MS-STSK
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AC

< q̂n̄B , ˆln̄B , n̂AC > = arg min

(43)

q,l,nAC

543210

R̄nn̄sb
− H̄X InAC Kq,l
B

x

x

0

0

0

x

0

x

x

0

x

0

x

0

0

x

x

x

x

0

0

x

0

x

0

x

x

x

0

0

x

0

0

x

x

0

0

0

x

0

x

0

0

x

x

0

0

x

AC4

nB =3 nB =1

nB =4
AC5

Figure 15. MSF-STSK encoding of L1, L2 and L3 in (38), (39) and (40),
respectively.

encoding, while NF I = 2 or 4 ACs out of the extra 7 ACs may
be assigned for FI encoding. The procedure of constructing
the OFDM symbol and the switching process in the MSFSTSK encoding is identical to the OFDM-MS-STSK scheme
presented in Section II-A. In the next subsection, we introduce
the MSF-STSK receiver.

B. MSF-STSK Receiver
Similarly, the receiver block diagram of the MSF-STSK system is equivalent to that of the OFDM-MS-STSK receiver
shown in Figure 7, where the MS-STSK digital decoder is replaced by an MSF-STSK decoder. Assuming the same receiver
configurations as in Section II-B, the detection procedure of
the MSF-STSK decoder is applied on a per sub-carrier block
basis.
Consider that the Nsc sub-carriers are subdivided into NSB
blocks, each having NB sub-carriers and recalling (16), the received signal after applying receive beamforming and OFDM
demodulation at the nB -th sub-carrier in the nsb -th block is
modeled as
sb
Rnnsb
= Hnnsb
Xnnsb
+ VnnB
,
(41)
B
B
B
sb
where Rnnsb
, Hnnsb
, Xnnsb
and VnnB
are the received signal,
B
B
B
the mmWave channel, the received symbol and the noise at the
nB -th sub-carrier in the nsb -th block, with nsb = 1, . . . , NSB .
Then, the detection of each block is carried out in two stages
with the aid of an optimal ML detector. The first stage detects
the block’s FI by obtaining (n̂F I , n̂B ), which represents the
estimates of the AC used nF I = 1, . . . , NF I and the subcarrier index nB , while q̂F I and ˆlF I are the estimates of the
dispersion matrix and of the QAM/PSK symbol indices of the
(n̂F I , n̂B ) STSK symbol, yielding

< q̂F I , ˆlF I , (n̂F I , n̂B ) > = arg

nB ,q,l,nF I

R̄nnsb
B
NB , R̄nnsb
=
B
NF I MQ ×MQ

min

− H̄X InF I Kq,l

vec(Rnnsb
)
B

(42)
2

,

where nB = 1, . . . ,
and InF I =
[0 . . . InF I . . . 0]T ∈ C
, where an (MQ × MQ )element identity matrix InF I is used to activate the nF I -th
AC.
After determining the FI index of the nsb -th block, the second
stage is activated for detecting MS-STSK symbols at the other
sub-carriers as

2

,

where n̄B = 1, . . . , nF I −1, nF I +1, . . . NB and q̂n̄B , ˆln̄B and
n̂AC represent the estimates of the dispersion matrix index, of
the modulated symbol index and of the AC index nAC at the
n̄B -th sub-carrier in the nsb -th block, respectively.
However, owing to the fact that each sub-carrier in the MSFSTSK symbol is equivalent to the OFDM MS-STSK symbol,
the reduced-complexity HL-ML optimal detector of [18] and
defined in equation (28) can be invoked for further reducing
the complexity order of the MSF-STSK detector. Hence, the
stage one decoding can be formulated as
< q̂nB , n̂F I > = arg min ( r̂nB ,q − ŝlnB

2

(44)

q,nAC

2

2

− |r̂nB ,q | ) khnF I ,q k ,
where ŝlnB is the Mc -QAM/PSK symbol estimated at the nB th sub-carrier in the nsb block and r̂nB ,q is the equalized
received symbol denoted by
nsb
hH
nB ,q R̄nB
(45)
r̂nB ,q =
2 .
khnB ,q k
By contrast, the stage two detection at the n̄B sub-carrier can
be translated into
< q̂n̄B , n̂AC > = arg min ( r̂nAC ,q − ŝln̄B

2

q,nAC

2

(46)

2

− |r̂nAC ,q | ) khnAC ,q k ,
where ŝln̄B is the Mc -QAM/PSK symbol estimated at the n̄B th sub-carrier in the nsb block.
C. MSF-STSK Throughput
The main advantage of MSF-STSK over the OFDM-MSSTSK scheme is its enhanced throughput, where encoding the
FI of each block of sub-carriers adds extra information to the
transmitted symbol. The bit rate per sub-carrier of MSF-STSK
is defined as
log2 (Mq Mc )
Rns =
{(NB − 1) log2 (NAC ) (47)
NB
+ log2 (NB NF I )} (bit/sub-carrier),
while the bit rate per block as
Rnbs

= log2 (Mq Mc ){(NB − 1) log2 (NAC )
+ log2 (NB NF I )} (bit/block),

(48)

whereas the symbol rate of MSF-STSK, while taking into
consideration the CP length is defined as
RM SF −ST SK

=

Rnbs
(bps).
NB (Nsc + Ncp )

(49)

For the sake of achieving a higher throughput in MSF-STSK
than MS-STSK, the size of the block should be constrained
by the condition of
log2 (NB NF I ) > log2 (NAC ).
(50)
The specific choice of the block size NB is crucial in order
to achieve the optimal system throughput. At a given number
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of antenna combinations for NAC and NB , the total number
of bits transmitted per block using the MSF-STSK scheme
reaches its maximum, when 4R̃ reaches its maximum value,
given that
4R̃ = R̃M SF − R̃M S ,
(51)

NB
(sub-carriers)
128
86.98
64

4R̃

max

n
o
= max R̃M SF − R̃M S ,

(52)

where R̃M SF and R̃M S denote the total number of bits carried
by the Nsc sub-carriers using MSF-STSK and OFDM-MSSTSK, respectively, using both AC indexing and FI indexing
without taking the STSK codeword into consideration, while
4R̃ is the difference between both numbers. The values of
R̃M SF and R̃M S can be expressed as
Nsc
{(NB − 1) log2 (NAC ) + log2 (NB NF I )} ,
R̃M SF =
NB
(53)
and


Nsc
NB log2 (NAC ).
(54)
R̃M S =
NB
Hence, we have



4R̃ =

Nsc
NB




log2


NF I
NB .
NAC

= 0,

(56)

where


NAC
∂4R̃
Nsc
Nsc
= 2 log2
NB + 2
.
∂NB
NB
NF I
NB loge (2)

(57)

Now, by combining (56) and 
(57) we get
NF I
1
log2 NB
= 0,
+
NAC
loge (2)

(58)

log2 (NB ) =

1
loge (2)

+ log2 (

NAC
),
NF I

NB →

NAC
NF I



1

2 loge (2) .

21.75
10.87

16
8

5.44
4
2

Figure 16.
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(59)
Figure 17. The number of bits conveyed by ACs and FI indices per OFDM
symbol over Nsc sub-carriers versus NB .

and finally


32

(55)

In general, the numbers of ACs, NAC and NF I , dedicated for
MS and FI encoding is limited by the number of TAAs and
the size of the STSK codeword M , which means that their
values are constant for a specific transmitter configuration.
Therefore, we can modify the size of the block to satisfy (52)
by determining the maximum value of 4R̃ in terms of NB as
∂4R̃
∂NB

43.5

MSF (Bits / Nsc)

and

(60)

The best block size NB of MSF-STSK for different values of
NAC /NF I is shown in Figure 16. Given that (60) results in a
decimal number, the number of sub-carriers per block scales
down or up to the nearest integer power of two.
For example, consider an MSF-STSK system associated with
t
NRF
= 4 TAAs, M = 2, Nsc = 8192 sub-carriers. The total
number of ACs is 6, where the first four ACs are dedicated to
the MS-STSK component associated with NAC = 4 and the
remaining two ACs are used for FI encoding. The number of
bits conveyed by ACs and FI indices per OFDM symbol over
Nsc sub-carriers versus NB is shown in Figure 17. The optimal
block size is either NB = 4 or 8, where an extra 2048 bits

per STSK-OFDM symbol may be carried via the FI blocks.
However, the optimal size of the block here is NB = 4, since
it will be shown in the following section that it has a lower
complexity order at the same throughput.

D. MSF-STSK Complexity
The complexity order of the OFDM-MS-STSK detector for each codeword detected at each sub-carrier is
ŌM S−ST SK (MQ Mc NAC ) [18], which can be reduced to
OM S−ST SK (MQ NAC ) when employing the HL-ML detector
shown in (28). However, in conjunction with MSF-STSK, the
complexity order is increased as a result of increasing the
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throughput with the aid of an extra search space, which is the
FI.
Given that the MSF-STSK detector applies full search over a
block of NB sub-carriers in two consecutive stages for the
sake of detecting the transmitted MSF-STSK symbols, the
complexity order per block of an ML optimal detector is
defined as

t

5
2

♣ ♣
♣ ♣
♣

♣

-1

10

♣

♣

MSF-STSK(2,2,2,4,4), N RF =4, NFI=2,NB=4
t
MSF-STSK(2,2,2,4,4), N RF =6, NFI=4,NB=4
t
MSF-STSK(2,2,2,4,4), N RF =8, NFI=2,NB=16

♣
♣

5

♣
♣

= NB NF I MQ Mc +
(61)
(NB − 1)MQ Mc NAC ,
(62)
= MQ Mc {NB NF I + NB NAC − NAC } ,(63)

2

♣

-2

10

♣

BER

NB
ŌM
SF

1

5

♣
♣

2

♣

-3

which can be scaled down in the context of single codeword
per sub-carrier detectionto

1
ŌM SF = MQ Mc NF I + NAC (1 −
) .
(64)
NB
Furthermore, by employing the HL-ML detector of (44) and
(46) for both stages, the complexity order per block is reduced
to
NB
OM
(65)
SF = MQ {NB NF I + NB NAC − NAC } ,
while the complexity order
 to
 per codeword/sub-carrier
1
) .
(66)
OM SF = MQ NF I + NAC (1 −
NB
For a given number of sub-carriers Nsc , employing the MSFSTSK scheme would enhance the throughput of the OFDMMS-STSK scheme at the cost of an increased complexity order.
Using the same example as in Section III-C, choosing NB = 4
or NB = 8 would achieve the same throughput. However, the
NB =4
NB =8
complexity order of ŌM
SF is higher than ŌM SF . Hence,
based on the configurations specified in this example, the block
size of NB = 4 is preferable.
E. Performance Results
The simulation parameters used in this section are the same
as those used for the OFDM-MS-STSK system summarized
in Table V. Figure 18 shows the performance of the MSFSTSK system for different configurations for transmission over
the mmWave wideband channel. Given that all systems have
NAC = 4 ACs for the MS-STSK component of MSF-STSK,
the block size of each of the MSF-STSK systems considered
was chosen based on Sections III-C and III-D, where MSFt
STSK associated with NRF
= 8 should have a block size
of NB = 16 when using only NF I = 2 ACs for frequency
t
indexing, the MSF-STSK arrangement associated with NRF
=
6 should have a block size of NB = 4, when NF I = 4 ACs are
employed for frequency indexing. By contrast, the MSF-STSK
t
associated with NRF
= 4 should have a block size of NB = 4
when using only NF I = 2 ACs for frequency indexing. At a
given number of ACs for MS and FI, these configurations
were selected for achieving detection at the lowest possible
complexity order.
The number of bits transmitted over the MS-STSK component
of the system is equal to 32,768 spread over 8,192 sub-carriers,
which are divided into 2 bits, 2 bits and 2 bits conveyed by
the dispersion matrix, the modulated symbol and the AC over
each sub-carrier, respectively. However, the three systems of
t
t
t
Figure 18 have a total of NRF
= 4, NRF
= 6 and NRF
=8
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Figure 18. The BER performance of the MSF-STSK system with different
transmitter configuration and HL-ML detection employed at the receiver.

transmit antennas in conjunction with NF I = 2, NF I = 4
and NF I = 2 ACs employed for frequency indexing, each
with NB = 4, NB = 4 and NB = 16 sub-carriers per block.
Hence, they can convey 6, 144, 8, 192 and 2, 560 extra bits
over the 8, 192 sub-carriers using frequency indexing, respectively. Furthermore, the BER performance can be enhanced
by applying ABF with the aid of adding multiple AEs at each
of the TAAs and the RAAs at the transmitter and receiver.
Note that the MSF-STSK systems considered in this section
were not compared to their equivalent-throughput OFDM-MSSTSK counterparts, since for the considered configurations
no equivalent-throughput OFDM-MS-STSK systems can be
employed.

IV. C ONCLUSIONS
In this paper we proposed a novel OFDM-MS-STSK system
for communications over mmWaves, which strikes a flexible
trade-off between the attainable throughput and the achievable
diversity gain. This system sub-divides the overall bandwidth
into a high number of sub-carriers, where a single STSK
codeword is transmitted over each sub-carrier by implicitly
carrying the activated AC index. Furthermore, for the sake of
mitigating the effect of the high path loss, ABF is employed in
conjunction with a pair of phase-shifters and power amplifiers
connected to each antenna element, where each antenna array
contains multiple antenna elements at both the transmitter
and receiver. Furthermore, the OFDM-MS-STSK system was
extended to invoke the frequency domain for further enhancing
the transmission rate with the aid of frequency indexing in
the MSF-STSK system. Due to the large bandwidths available
at mmWaves, a high number of sub-carriers can be used
for OFDM systems, which can be subdivided into blocks in
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order to spread the transmit information both over space-timeand frequency. The MSF-STSK system is capable of further
enhancing the multiplexing gain of the system at the cost of
an increased complexity. However, for the sake of reducing
the overall detection complexity order, HL-ML was employed
for both the OFDM-MS-STSK and MSF-STSK schemes.
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