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Abstract

It is well-known that Multiple-Input Multiple-Output (MIMO) wire-
less systems are disposed by two conclusive goals: high data rate
and high performance. This thesis is concerned with transmis-
sion and detection techniques of MIMO systems, particularly on
Spatial Modulation (SM). SM is a lately developed transmission
technique for multiple antenna systems. The idea behind SM is to
map a block of information bits into two parts, carried separately
by the index of the active transmitter and the symbol chosen from
constellation points. All four transmission techniques presented in
this thesis are based on the SM principle. The first system, called
spatial phase shift keying (SPSK) modulation, follows the idea of
SM but uses multiple active transmitters and it shows a gain of
2 dB over a transmission technique based on SM. Antenna beam
pattern modulation (ABPM) is the second proposed technique. In
this technique, the antenna beam patterns are utilised to transmit
information. The contribution of this scheme is to improve the
data rate utilizing different beam patterns in order to generate an-
other dimension to the constellation diagram. Optimization of the
beam pattern design results in improved system performance. In
addition to all the benefits of ABPM at the transmission design,
a sub-optimal detection method based on lattice reduction (LR)
is used to reduce the computational complexity in comparison to
the optimal maximum likelihood (ML) method. The aim of this
proposed sub-optimal detection method (LR) is to achieve perfor-
mance similar to that of the ML scheme at affordable complexity.
ABPM shows a gain of more than 2 dB over transmission tech-
niques based on SM. The third scheme is called antenna pattern



shift keying (APSK) modulation. This scheme combines the idea
of SPSK and ABPM because the antenna beam patterns and the
indices of the active transmitters carry the symbol chosen from a
constellation diagram. APSK improves the data rate and the over-
all system performance. APSK has similar performance as a spatial
multiplexing scheme but APSK reduces the number of RF chains
and it has a gain of 3.5 dB in comparison to that of a technique
based on SM. The last scheme included in this thesis, is a pre-
coder technique based on LR. This novel LR pre-coder is applied
to the generalised pre-coding aided spatial modulation (GPSM)
scheme to improve the system’s performance and it shows a gain
of more than 1 dB over the traditional GPSM. Additionally, a sub-
optimal detector scheme is proposed to achieve performance similar
to that of the ML detector but with lower complexity. Using that
in combination with the LR pre-coding technique means that the
performance of the GPSM scheme is preserved with a much lower
detection complexity.
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Chapter 1
Introduction

Since 1864, with James C. Maxwell predicting electromagnetic radia-
tion, wireless communications have grown from something unknown to
a technology that gives services to billions of people. There are two

fundamental aspects for both analogue and digital wireless communications:
fading and interference. Dealing with these aspects is essential in the design
of wireless communication systems. The system design is usually focused on
either increasing the reliability of the transmission or improving the spectral
efficiency. Since the frequency spectrum is limited, it has to be utilised in a
very efficient manner.

From old cellular systems to current and future systems, the requirement
for high data rates varies depending on their applications. Recently, the in-
creasing demand for wireless communication services has resulted in numerous
proposals and deployments of new systems, which consequently require high
spectrum efficiency with the available resources. The concept of spectrum effi-
ciency proposes to mitigate the spectrum scarcity by improving the efficiency
of the spectrum usage.

In cellular mobile radio systems, the management of the electromagnetic
spectrum has to be effective and efficient, this is one of the main regulatory
challenges across the world. Traditionally, the spectrum management has been
structured by the governments which have control over the spectrum, issue
spectrum licenses and control the usage of particular services or technologies.



2 1. Introduction

Over the past years, spectrum management has increased with emphasis on
technology and service neutrality, which is driving towards increased demand
for spectrum and convergence. The result of this is that services which were
once handed over in specific bands, they are now on a range of different plat-
forms which are spreading into many different spectrum bands.

Future generation networks is a concept that includes both the core and
the access networks and these may be delivered by a number of technolo-
gies including fibre, cable, terrestrial fixed, copper, satellite or mobile wire-
less. The development of modern wireless communications has been based on
numerous technological innovations and implementations, such as multiple-
input multiple-output (MIMO), orthogonal frequency division multiplexing
(OFDM), cooperative network (CN), cognitive radio (CR), etc. Among all
these innovations, MIMO has been a watershed having many advantages which
never could have been achieved in the past.

Traditional MIMO systems have been established providing solutions to
some of the issues previously mentioned. Among the main attributes of MIMO
are: higher spectrum efficiency, robustness against multi-path dispersive chan-
nels and capability of dynamic resource management. These characteristics
have made MIMO a promising technology which benefits the spectrum shar-
ing system. Thus, intensive research has been carried out on MIMO based on
spectrum sharing systems. Consequently, the promising performance shown
in the recent research has demonstrated the MIMO systems’ increase in the
spectrum efficiency and this may reinvigorate the future of wireless communi-
cations [2]. In Chapter 2, MIMO systems will be discussed in detail.

The mobile network operators are dealing to swiftly increase the cellular
network capacity through the addition of radio spectrum. Then, spectral effi-
cient radio access technologies such as fourth generation (4G) networks which
are based on long term evolution (LTE) are essential to use the radio spectrum
in the most efficient manner. Many options exist to increase the system capac-
ity. Many of those include the increment of the number of frequency carriers
deployed and improvement of the spectral efficiency through the scalability to
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more advanced technologies such as high speed packet access (HSPA), LTE or
MIMO systems.

Moreover, the goal of the 4G wireless communication systems is to allow
peak data rates in the range of 100 Mbps for vehicular mobility networks and
1 Gbps for nomadic networks. 4G services have to fully exploit the benefits
of advanced techniques such as MIMO, cooperative communications, macro
diversity, interference cancellation, multi-hop relay techniques, adaptive mod-
ulation, multi-resolution techniques, multi-user environments, block transmis-
sion techniques, carrier aggregation, etc. The aforementioned improvement
methods allow for improvements in coverage of high data rate transmission, in
system performance and in the features required for 4G.

The main challenge that the mobile telecommunications industry has to
face is how to continuously improve the user experience, service interaction
and attractiveness. The technology has to achieve better performance, higher
throughputs, improved capacities and higher spectral efficiencies.

The increased use of mobile terminals has created a significant environmen-
tal footprint. To supply the operation of mobile terminals and the network
infrastructure, a huge quantity of electrical power is required. This currently
represents up to 50% of the operational costs [3, 4]. Thus, energy efficiency in
wireless communications contributes to the implementation of the green cel-
lular networks concept due to the fact that they help to reduce the carbon
emission footprint. The green network concept is approached through three
main dimensions:

• Energy provisioning: new strategies to generate power based on the use
of renewable energy sources.

• Architecture and protocols: novel transmission techniques, network pro-
tocols and architectures which improve the overall system performance.

• Hardware implementation: more efficient components in terms of energy
dissipation and dependency.
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The dimensioning and adjustments that are necessary to reduce the energy
consumption are achieved at the network level. It is possible to carry out
these modifications without radically compromising the network performance
and the spectral efficiency. Thus, a reduction in the transmit power between
the base station and the mobile terminals can be achieved [5].

Another alternative to reduce the carbon emission footprint is to study a
new energy supplying strategy based on the use of renewable energy sources.
This study has to include the implementation of wind generators and photo-
voltaic cells at the base station. At the receiver side, the implementation of
photovoltaic cells can be used by the mobile terminals [6].

1.1 Motivation

The wireless system data traffic is exponentially increasing across the globe. As
the number of devices increases, the radio spectrum becomes a scarce resource
due to the high amount of data consumed. MIMO systems have demonstrated
their advantages and benefits through improving the spectral efficiency and
becoming an important solution to the spectrum scarcity resource.

However, MIMO systems have some drawbacks such as high inter-channel
interference (ICI), large decoding complexity due to the ICI, high number
of radio frequency (RF) chains, high power consumption and an increased
hardware cost due to multiple parallel transmitters and receivers as it is shown
in Figure 1.1. There is also a tradeoff between improvement of robustness and
spectrum efficiency.

The improvement of spectral efficiency and throughput are not the only
major concerns for researchers in wireless communication systems. As the
energy consumption and complexity issues have had little or no attention,
it is now clear that the information and communication technology sector
have a substantial contribution to the global carbon emissions. Then, “Green
Radio” has been developed as a research discipline that intends to identify the
fundamental tradeoffs between system-wide performance and energy efficiency.
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Figure 1.1: Cellular network and base station power consumption [1].

Transmission techniques based on spatial modulation (SM) have been pro-
posed as a solution to deal with these issues because only a single transmitter
is used at any time. SM offers a simple design which achieves high data rate.
In these forms, combinations of antenna index in addition to conventional
amplitude/phase modulation (APM) symbols are used to convey the trans-
mitted messages. Therefore, a single RF chain will be utilised in the design of
the system. SM systems use maximum likelihood (ML) as a decoding method,
which is not feasible for implementation with larger number of antennas and/or
higher-order forms of modulation.

Inspired by the SM techniques, further investigation is carried out to pro-
pose higher spectrum and energy efficiency transmission techniques [7, 8]. In
particular considering potential application in future wireless communication
systems such as large-scale MIMO, where the ML detector is not feasible due
to its high complexity [2, 9]. Novel decoding techniques are also proposed,
which would not compromise the system performance but have reduced its
complexity.
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1.2 Overview of the Thesis

The focus of this thesis is on the design transmission techniques based on
the SM principle but with low complexity, high spectrum efficiency and high
system performance. The systems proposed have to improve the system capa-
bilities to accommodate for the user demands.

In Chapter 2, a general overview of key systems such as MIMO systems,
SM and large-scale MIMO are described. This overview includes the main
features and disadvantages of each one. The lattice basis reduction is also
reviewed in this chapter as a key technique used in this thesis for the purpose
of complexity reduction. As massive MIMO involves hundreds of antennas at
both sides, the detector complexity plays an important role for these systems.
As lattice reduction (LR) in combination with linear equalisers has shown
performance similar to that of ML [10, 11], it can be a suitable solution for
detection complexity reduction.

In Chapter 3, a scheme based on SM named Spatial Phase Shift Keying
(SPSK) modulation is introduced. SPSK improves the spectral efficiency by
not only sending energy on the active antenna indices, instead, SPSK sends
different APM symbols on its active antennas. A criteria to select these APM
symbols is deployed to maximise the distance between the SPSK vectors and
to achieve a better performance. The results show improvements in terms of
BER and a theoretical analysis validates the results.

Chapter 4 describes a transmission technique which uses all the trans-
mitters available. This scheme is called Antenna Beam Pattern Modulation
(ABPM) and the idea behind this transmission technique is to transmit dif-
ferent beam patterns which convey APM symbols. Based on this idea, an
optimal criterion for selecting the beam pattern is proposed. The criterion
takes into consideration the correlation of the main beam patterns based on
their degrees of difference. LR is proposed as a sub-optimal detection method
and the system achieves performance similar to that of ML detector in terms
of BER and with lower computational complexity. Theoretical derivation is
also presented to validate the simulation results.
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Chapter 5 introduces a transmission technique named Antenna Pattern
Shift Keying (APSK) modulation. APSK combines both the SPSK and ABPM
techniques explained in Chapter 3 and Chapter 4, respectively. APSK exploits
the advantages of these two techniques by dividing the transmit symbol into
three blocks. The first block selects the active transmitters to convey the extra
information. The second block chooses the beam pattern radiated by the active
transmitters. Finally, the third block carries the APM symbol information.
Therefore, APSK increases the spectral efficiency and outperforms techniques
based on SM and spatial multiplexing.

In Chapter 6, a pre-coding method based on LR is proposed to improve
performance in wireless communication systems where the channel state in-
formation at the transmitter (CSIT) is available. This pre-coding scheme is
applied in Generalised Pre-coding Aided Spatial Modulation (GPSM) system.
The idea of GPSM is to use the indices of the active receivers as additional
information to improve the spectral efficiency. GPSM utilises the ML algo-
rithm as the detection method, which for practical implementation may not
be suitable due to its high computational complexity. Thus, when LR is im-
plemented as a pre-coder, it facilitates the use of a low complexity detection
method and a linear equaliser instead of ML. This contributes to the reduction
of the computational complexity but maintains performance at a level similar
to that of the ML detector.

Finally, the thesis is concluded in Chapter 7. In this chapter, some poten-
tial applications of the transmission schemes in future wireless communication
protocols are suggested and some possible future work related to the LR as a
pre-coding and detection method are proposed.

1.3 Major Contribution

The work presented in this thesis provides a number of original contributions
about the transmission and detection techniques for multiple antenna wireless
systems. These contributions are:
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1. Three transmission methods are proposed to improve the spectral effi-
ciency. They are based on the SM principle and use antenna indices of
the active transmitters (SPSK), beam patterns (ABPM) and a combi-
nation of antenna indices and beam patterns (APSK) to convey extra
information. In SPSK and APSK, not all the transmitters are used, it
reduces the power consumption which results in a reduction of the system
complexity.

2. The ML detector is not feasible when the number of antennas increase
or with high modulation orders. Then, a sub-optimal detection based on
LR is proposed to reduce the computational complexity of the system
but preserving performance similar to that of the ML detector.

3. Finally, a novel pre-coding scheme based on LR in combination with a
sub-optimal detection scheme is proposed to reduce the system complex-
ity. These schemes are applied to GPSM.

1.4 Publication List

The research featured in this thesis has also been presented in the following
publications:

• R. Ramirez-Gutierrez, L. Zhang, and J. Elmirghani, “Antenna pattern
shift keying modulation for MIMO channels,” in Proc. Eur . Wireless
Conf ., Apr. 2013, pp. 1-5.

• R. Ramirez-Gutierrez, L. Zhang, J. Elmirghani, and A. F. Almutairi,
“Antenna beam pattern modulation for MIMO channels,” in Proc. IEEE
Int. Wireless Commun. Mob. Comput. Conf ., Aug. 2012, pp. 591-595.

• R. Ramirez-Gutierrez, L. Zhang, J. Elmirghani, and R. Fa, “Generalized
phase spatial shift keying modulation for MIMO channels,” in Proc. IEEE
Veh. Technol. Conf . Spring, May 2011.
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• R. Ramirez-Gutierrez, L. Zhang, and J. Elmirghani, “Antenna beam pat-
tern modulation with lattice reduction aided detection,” IEEE Trans. Veh.
Technol., accepted subject to revision.

• R. Ramirez-Gutierrez, L. Zhang, and J. Elmirghani, “Lattice Reduction
Pre-Coding Aided Spatial Modulation,” IEEE Wireless Commun. Lett.,
under revision.

1.5 Notations

The following notation is used throughout this thesis. Italicized letters/symbols
denote scalar values while boldface lower and upper case letters/symbols de-
note vectors and matrices respectively.

(·)T Transpose
(·)H Conjugate-transpose
(·)∗ Conjugate
‖ · ‖ 2-norm
d·c Rounding function
det(·) Matrix determinant
CN(n, σ2 ) Complex Gaussian distribution of a random variable
N
(
n, σ2

2

)
Independent Gaussian distributed real and imaginary parts
with mean n and variance σ2

2
IN N × N identity matrix
C Complex number set
O(·) Computational complexity in terms of number of arithmetic

operations
Tr(·) Matrix trace
Pe Error probability
η Spectral efficiency
H Complex valued, channel matrix





Chapter 2
Literature Review

2.1 Evolution of MIMO

2.1.1 MIMO

Nowadays, wireless communications have become the most important
growing technological industry of the modern world. Mobile commu-
nications have been serving billions of people around the world for a

little more than a decade. The demand for services is still growing, which is the
reason that future generation systems face a big challenges in supplying these.
One way in which the spectrum efficiency has been significantly increased, is
by the use of array antenna, also called MIMO systems. The antenna spac-
ing must be larger than the coherence distance to ensure independent fading
across different antenna elements [12].

Fig. 2.1 shows the different antenna configurations such as single input
single output (SISO), single input multiple output (SIMO), multiple input
single output (MISO) and the already mentioned MIMO. The MISO and SIMO
architectures are forms of transmit and receive diversity schemes, respectively.
MIMO combined these two forms of diversity to transmit parallel data or
spatial multiplexing.

There are many system models within the MIMO field but all these system
models may be adequately illustrated by a general multidimensional linear
model shown in Fig. 2.2. MIMO has shown extensive improvements over
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Figure 2.1: Antenna architectures.

typical single antenna systems. The most known MIMO techniques are space-
time coding (STC) [13] and spatial multiplexing [14] in cases where channel
state information (CSI) is not available at the transmitter.

MIMO schemes are utilised to improve the performance or capacity as much
as possible with the same spectrum bandwidth. However, MIMO provides
these improvements at the cost of an obvious increase in complexity.

2.1.2 Transmission techniques for MIMO

MIMO systems use several antennas to simultaneously transmit multiple data
streams over a wireless channel. MIMO improves the data rate, increases reli-
ability, increases energy efficiency and reduces interference. Transmit diversity
was implemented in the early 2000s and it is particularly used in the downlink
system because the use of multiple transmitters improves reliability. The two
most commonly used transmission techniques systems are transmit diversity
(for example STC) and spatial multiplexing [2].
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Figure 2.2: Traditional MIMO system model.

Beamforming

The beamforming idea is to use multiple antennas to control the direction
of the beam pattern by appropriately weighting the phase and magnitude of
each antenna signal (transmit beamforming), which provides better coverage
to specific users [15]. This is achieved because every single antenna in the
array makes a contribution to the steered signal, achieving an array gain called
beamforming gain. Using beamforming at the receiver side makes it possible to
determine the direction from which the signal will arrive, also called direction
of arrival (DoA). It can be used to suppress selected interfering signals by
choosing a beam pattern null in the direction of the undesirable signal.

The beamforming technique tries to provide the best signal possible to an
user at a specific location. Two basic methods for finding the weight vector can
be used which also affect the arrangement of the antenna array: determining
the weights utilising either DoA or channel estimation.

• Determining the weights using DoA: if the location of the user is known,
the beamforming weights can be adapted to optimise the transmission. A
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Table 2.1: Transmission Table of Alamouti Code.

Antenna1 Antenna2

Time1 s1 s2

Time2 -s∗2 s∗1

uniform linear array (ULA) is usually used, where the distance between
each antenna is the same and has to be equal to or greater than λ/2 in
order to determine the DoA.

• Determining the weights using channel estimation: this method uses
training sequences to estimate the channel conditions and then generate
the optimum beamforming weights. In a TDD system, downlink and up-
link are on the same frequency and therefore the channel characteristics
are similar. That makes feedback unnecessary when a suitable uplink
signal is present and thus the base station can be used to estimate the
channel.

Transmit Diversity

The most popular transmit diversity scheme is STC, in which the receiver has
to know the channel to decode the signal. STC aims to improve the reliability
of the link which can be achieved though the simultaneous transmission of
multiple replicas of the same information through independent fading paths
[13, 14], reducing the probability that the signal fades completely, at it is
unlikely for several signals to fade at the same time. There are many types
of space-time codes but space time block codes (STBCs) are the most studied
due to their simple implementation. The simplest STBC is called the Alamouti
code. It uses two transmit antennas and two symbols (s1 and s2) which are
transmitted over two symbol times.

The Alamouti scheme provides a coding gain over the repetition code.
This is the transmit diversity scheme that has been proposed in several 3G
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standards. Table 2.1 shows the design of the Alamouti scheme for two transmit
antennas. This scheme works for any constellation for the symbols s1 and s2.
The two symbols are transmitted over two symbol times instead of one symbol,
but with half the power in each symbol.

This Alamouti scheme can only be used in a system with two transmitters.
However, it belongs to a generic class of codes called orthogonal STBCs. The
distinctive feature of STBCs is that all rows of the transmitted sequences are
orthogonal to each other [13].

Spatial Multiplexing

The main idea of the spatial multiplexing process is to convert the sequence of
information bits into streams that will be treated differently. Thus, spatial mul-
tiplexing improves the spectral efficiency by transmitting multiple independent
streams across multiple antennas. The encoding process of these techniques
are divided into three different encoding cases:

• Horizontal: in this encoding case, the bits are demultiplexed into sub-
streams equal to the total number of transmitters that are encoded,
interleaved and modulated independently.

• Vertical: first, the data stream is encoded, interleaved and modulated.
Then, the resulting symbols are demultiplexed into sub-streams equal to
the total number of transmit antennas.

• Diagonal: this encoding case is similar to the horizontal case and the
only difference is that the sub-streams of symbols undergo a stream in-
terleaver, i.e. it has a diagonally-layered coding structure in which the
sub-streams are dispersed across diagonals in space-time.

An example of a spatial multiplexing scheme is the vertical Bell Laborato-
ries layered space-time (V-BLAST) architecture [16], which requires complex
detection and equal or higher number of antennas at the receiver side com-
pared to the transmitter side. In V-BLAST, the information data is treated
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according to the vertical encoding case. The transmitted symbols are indepen-
dent of each other and each set of symbols is dispersed in space-time through
the transmit antenna array.

The V-BLAST scheme has the characteristics of an interference avoidance
technique since each received signal is treated as an interferer to the rest and
the best received signal in terms of SNR is selected for detection. Then, this
selected signal is removed from the remaining signals, which have one interferer
less.

2.1.3 Precoding

MIMO requests to separate data streams which is one of the main difficulties
in the detection process. The pre-coding or pre-equaliser method of gener-
ating the transmitted signals for MIMO systems needs to have the CSI at
the transmitter. The CSI is obtained for a fixed channel (non-mobile) or an
approximately constant channel over a reasonably large time period.

When CSI is available at the transmitter side, the transmitted symbols
can be partially separated by means of pre-equalisation at the transmitter.
There are two types of systems, in which the pre-coding may separate the
data streams [7]:

• MIMO Single-user systems: as only one user is served over multiple
streams, is assumed that out-of-cell interference is treated as additional
Gaussian noise by the base station and users. Then, the channel model is
reduced to a point-to-point MIMO channel. Therefore, the equalisation
is divided between the transmitter and the receiver. A popular strategy
is based on the singular value decomposition of the channel matrix. In
this scheme, neither transmit power is increased, nor channel noise is
enhanced.

• MIMO Multi-user systems: since there is no collaboration between re-
ceivers, a joint procedure is not possible. Therefore, the schemes for
single-user systems cannot be applied and schemes such as QR factorization
are applied to the channel matrix.
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2.1.4 MIMO Drawbacks

As was explained, on one hand diversity techniques increase the robustness of
the signal path but not the data rates. On the other hand, spatial multiplexing
increases the channel capacity with the addition of transmit and receive an-
tennas. Therefore, some hybrid encoding schemes have been suggested which
increase diversity [17] and capacity [18] at the cost of increased computational
complexity. Also, diverse constrains have been identified in the implemen-
tation of MIMO transmission schemes that have not been fully investigated
[2, 19, 20], for instance:

• There is high inter-channel interference (ICI) at the receiver in BLAST
transmission systems due to simultaneous transmissions from multiple
antennas.

• The algorithm complexity of the receiver increases due to the presence
of high ICI.

• Performance of BLAST schemes degrades significantly under non-ideal
channel conditions [20].

• The above limitations are overcome with full diversity STCs [14, 18].
However, full-diversity STC systems can achieve maximum spectral effi-
ciency of one symbol per symbol duration for any number of transmitters.
Therefore, full-diversity STCs need to use higher modulation schemes to
achieve similar spectrum efficiency to that of BLAST techniques at the
cost of reduced reliability.

• To obtain efficient operation, the number of transmitters in BLAST
schemes must be smaller than or equal to the number of receivers [21].
On the other hand, STCs can be designed for different number of trans-
mitters and receivers. However, the design of STCs for more than two
transmitters decreases the data rate to achieve full diversity.
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2.2 Spatial Modulation

As previously mentioned, there is a wide range of MIMO transmission tech-
niques available, notably STCs, spatial multiplexing and the hybrid transmis-
sion technique multi-layered STCs [18] in cases where CSIT is not available.
STCs exploit the additional diversity of multiple antennas to combat channel
fading. It aims to improve the reliability of the link by transmitting mul-
tiple replicas of the same information through independent fading paths [22]
which also reduces the probability of signal fades. Spatial multiplexing exploits
multiple antennas to increase transmission rate. The V-BLAST architecture
requires complex detection and an equal or greater number of antennas at
receiver. Some hybrid encoding schemes have been suggested to achieve a
tradeoff between diversity and capacity in [17] and [18]. Despite the attrac-
tive benefits offered by the above schemes, they have drawbacks in common
described in the previous section. The mentioned disadvantages stimulate the
continuous research in multiple antenna transmission.

Recently, one technique named spatial modulation (SM) [4, 8] has been
proposed to deal with the previously mentioned MIMO issues. In SM, only one
transmit antenna is active at any instant. The index of the active transmitter
can carry information, this increases the spectral efficiency. This feature makes
SM different from other MIMO schemes such as space-time bit-interleaved
coded modulation [23], in which the antenna pattern is part of the spatial
constellation but in SM does have an impact, improving the spectral efficiency.

SM increases the spectral efficiency since it extends the constellation into
three dimensions: a spatial dimension in addition to the two at the complex
plane usually used. For that reason, SM is a spatial multiplexing MIMO tech-
nique that increases the spectral efficiency to overcome the ICI. The spectral
efficiency is improved because the transmit antenna index carries additional
information.

The SM research shows that performance can be improved by reducing
computational complexity in comparison to other MIMO schemes [8, 24, 25].
SM enables just one transmitter to radiate power at any time. Thus, the
inter-antenna-interference (IAI) and multiple radio frequency (RF) chains can
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easily be avoided at the transmitter side. The technique assumes that the
information can be delivered by the station whether the transmit antennas are
switched on or off.

The general concept of SM is to map the symbol information bits into
two blocks: the first block is a unique transmit antenna index, which is se-
lected from the set of transmitters in the antenna array (the three-dimensional
spatial-constellation diagram Fig. 2.3, proposed in [25]) and the second block is
an APM symbol, which is chosen from a complex signal-constellation diagram
[4].

Fig. 2.3 demonstrates two unique characteristics of SM:

1. The three-dimensional diagram is generated with the APM signal-constell-
ation diagram (PSK or QAMmodulation schemes) and a third dimension
is provided by the antenna array (spatial dimension).

2. The active transmitter may change at every channel realisation according
to the bits of the first block symbol. Then, the antenna switch performs
effectively as a mapper of the first block, increasing the transmission
rate. This principal is proposed in [26].

The transmission process begins with the bit stream being mapped into
symbols, which are divided into two blocks. The first block contains log2(Nt)
bits and the second block log2(M), where M is the total number of APM
symbols. Then, the length of the SM symbol is log2(Nt) + log2(M). Thus,
the receiver solves the Nt ×M hypothesis detection problem to estimate both
blocks jointly to properly decode the SM transmitted symbol. SM obtains
high capacity through the joint ML decoding technique for the data streams
at the receiver. The ML-optimum decoder calculates the Euclidean distance
between the received signal and the set of the total SM symbols. However,
the complexity of this decoder increases exponentially with higher number of
transmitters or high APM constellations [8, 9, 24, 27, 28, 29].

Therefore, SM is a spatial multiplexing MIMO scheme which offers multi-
plexing gain with a single antenna system without requiring extra bandwidth
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Figure 2.3: SM constellation diagram.

or extra transmission power. At the receiver, SM is designed for ML-optimum
decoding [4, 30].

Potentially, SM has many promising application areas due to its wide range
of features and characteristics previously mentioned. Among these potential
applications are:

• Recently, SM has been considered in green wireless communications due
to its energy efficient design. In traditional MIMO schemes, it is possible
to reduce the power consumption through the diversity and multiplexing
gains [31]. However, these schemes do not take the static power consump-
tion of the circuits into account. The work presented in [32, 33, 34] has
shown that systems using single-antenna transmission are more energy
efficient than traditional MIMO schemes if the total dissipated power
(circuit and RF chains) is taken into consideration. Thus, SM increases
the spectral efficiency when passive transmitter elements are used with
only a single RF chain. It also avoids the static power consumption
of the power amplifiers. SM also decreases the RF power consumption
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through the diversity and multiplexing gains achieved by the transmit-
ter hop encoding with the aim of reducing the use of only a few active
RF chains. All these considerations show the potential energy saving
in terms of green wireless networks, which are expected to be consid-
ered more as a compulsory feature than an additional benefit in future
wireless communication systems [3].

• Other potential techniques for future wireless applications are relaying
and user cooperation [35]. Cooperative communications improve the
transmission resources, which brings some benefits such as decreasing the
extra bandwidth required and minimising the resources of the network
nodes (relays). The combination of SM with relaying may bring some
benefits such as:

– Reduced transmit power and increased diversity: consider a relay
equipped with multiple antennas in the downlink cellular network.
Under this condition, SM transmission can be used instead of tra-
ditional MIMO to improve the performance and to achieve power
gains due to the SM characteristics previously mentioned [36].

– Energy and spectral efficiency in the uplink transmission: as only
a single RF chain is used for transmission, the SM scheme may be
exploited during uplink where the terminals can construct a large
scale virtual MIMO system. Thus, the indices of the terminals
are encoded into the information bits, which are spread across the
spatial domain, similar to SM during downlink [37].

– Energy and spectral efficiency relay-aided transmission: the spatial-
constellation diagram shown in Fig. 2.3 illustrates SM’s ability to
improve the bandwidth efficiency of half-duplex relaying due to the
addition of the spatial dimension. The APM-constellation diagram
conveys the data from the source and the spatial-constellation di-
agram conveys the data from the relay. Then, both data symbols
may be transmitted at the same channel, which enhances the energy
and spectral efficiency [3, 38, 39].
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• SM may also be considered for visible light communications (VLC). The
VLC concept was introduced in 1880 and then not used for many years
until 1979 in [40]. Recently, VLC has sparked interest due to the conges-
tion with the RF spectrum, which has been used for wireless communica-
tion systems. Optical SM was introduced in [41], which follows the same
principle as for RF application. The information data is mapped into
the index of a single light-emitting diode (LED) and into the light inten-
sity level. The results show that having some idle LEDs at transmission
reduces the channel’s correlation, which enhances the spatial multiplex-
ing and SM performances. These characteristics make VLC a promising
scheme for MIMO techniques.

• The single-RF and large-scale MIMO systems are two techniques with
promising fields of research in future wireless communication systems.
The combination of these techniques may lead to the development of a
new air interface, which can offer flexibility in energy and spectrum ef-
ficiency, complexity, error probability, reliability, etc. SM may avoid
two major problems in large-scale MIMO schemes: power consump-
tion/dissipation and high-cost hardware design [4].

Although SM has many benefits, the scheme also has some disadvantages
[4] such as:

• Suboptimal spectrum efficiency: as not all the transmitters are active,
SM offers a lower throughput than spatial multiplexing. SM needs a
larger number of transmitters to achieve the same spectral efficiency as
spatial multiplexing.

• Training overhead: the throughput of SM increases logarithmically with
the number of transmitters. Even though conventional SM schemes are
open loop and do not need CSIT, the receiver still needs to estimate the
channel impulse responses of all the transmitters for ML demodulation.
Then, large-scale SM implementation may incur in a non-negligible train-
ing overhead for channel estimation. However, if close-loop SM schemes
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are considered, the feedback overhead for CSIT reporting needs to be
taken into consideration.

• Fast antenna switching: as a single antenna is used in every channel use,
the RF implementation needs a sufficiently fast switch operating at the
symbol rate that introduces low insertion/switching losses. Then, high-
speed RF switches represent an important challenge for the transmitter
design.

• Propagation conditions: the efficient of SM schemes depend on the radio
environment, which implies that the channel impulse responses of the
transmit-to-receive links are different enough from each other. In fact,
the channel impulse responses represent the unique points of the spatial-
constellation diagram, which implies the demodulation process is easier
when there is a larger difference between them. As a consequence, the
lack of scattering in the propagation environment degrades the error
probability and the energy efficiency.

2.3 Massive MIMO

Multiple-antenna technology for wireless communications is becoming promi-
nent and incorporated into emerging wireless broadband standards such as
LTE and 5G. As mobile data traffic exponentially increases, further capac-
ity enhancement is needed. The more antennas the transmitter/receiver is
equipped with, the more the possible signal paths, the better the performance
in terms of data rate and link reliability. However, there are disadvantages
associated with this, such as increased complexity of the hardware (number of
RF amplifier front-ends) and the complexity and energy consumption of the
signal processing at both ends [42].

It has been suggested that massive MIMO (also known as large-scale MIMO,
hyper MIMO, full-dimension MIMO and Argos1) is becoming very different

1Argos is a giant with 100 eyes in the Greek mythology. Then, Argos’ vision is analogous
to the increased capacity of tens-antennas at the base station.
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from current practice through the use of a large excess of service-antennas
over active terminals and time division duplex (TDD) mode. The use of extra
antennas helps to steer energy into precise regions of space to improve the over-
all throughput and radiated energy efficiency. This technique includes other
benefits such as: reduced latency, simplified media access control (MAC) layer
and increased robustness to intentional jamming [43].

This technology benefits from all the advantages of traditional MIMO sys-
tems but is used on a greater scale. The channel acquisition in massive MIMO
is essential, which is rather difficult particularly for the downlink. Therefore,
TDD mode with channel reciprocity is adopted in most of the research [44, 45]
because for massive MIMO systems, a good channel knowledge is required on
both sides [42]. On the uplink, the process is simple as the base station esti-
mates the channel responses of the pilots sent by the terminals. The downlink
on the other hand, involves a more complicated procedure as the terminals
have to estimate big amount of channel responses which are proportional to
the number of antennas at the base station. Thus, the downlink pilots and CSI
feedback consume a big amount of the system capacity. The base station sends
pilots for which the terminals have to estimate their channel response. This is
not feasible in massive MIMO systems because the amount of time/frequency
resources utilised for downlink pilots is proportional to the number of antennas
therefore it would require hundreds of times more resources than conventional
systems. Generally, operating in TDD mode with reciprocal channel is the
solution [45].

The anticipated throughput depends on the propagation environment pro-
viding asymptotically orthogonal channels to the terminals. However, massive
MIMO faces other challenges [43] such as:

• Making low cost and low precision components that work efficiently to-
gether.

• Reducing the complexity in design, acquisition and synchronisation for
terminals.

• Reducing power consumption which results in energy reductions.
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• Exploiting of excess degrees of freedom.

• Improving TDD calibration.

• Developing techniques to avoid pilot contamination and easier channel
estimation measurements.

2.4 Lattice Basis Reduction

Transmission techniques based on SM seems to be a good candidates for being
used in large-scale MIMO systems due to its capabilities previously mentioned.
However, SM techniques utilise the ML detector [4], which can be infeasible
in the large-scale MIMO implementation. It is well-known that using the ML
algorithm to implement as a sequence estimator is the optimal way to remove
the effect of ISI for digital transmission communication systems. However, the
implementation of this algorithm may be infeasible for practical implementa-
tion when the number of antennas and/or the constellation size is large because
the decoding complexity exponentially increases. For high-rate transmission
systems, the performance of symbol-to-symbol estimation becomes inaccurate
since the ISI cannot be solved by simply raising the transmitted power. Linear
equalisers do not perform as well as the ML detector.

Linear equalisers are possible solutions [46] for lower complexity detection
schemes. However, for ill-conditioned channels these techniques show an infe-
rior performance compared to the ML detector. The concept of basis reduction
was proposed more than a century ago [47] to find simultaneous rational ap-
proximations to real numbers and to solve the integer linear programming
problem in fixed dimensions. The main purpose of lattice basis reduction is to
find a good basis for a given lattice. A basis is considered to be good when the
basis’ vectors are close to orthogonal. The concept of LR is to find a reduced
set of basis vectors for a given lattice to obtain certain properties such as short
and nearly orthogonal vectors [47].

A lattice can be represented by many different bases. A lattice is a set
of discrete points representing integer linear combinations of linearly indepen-
dent vectors, which are called basis. Given n linearly independent vectors
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c1, c2, ..., cn ∈ Rn, the lattice generated by them is defined as L(c1, c2, ..., cn) =
{Σn

i=1sici |si ∈ Z}. The c1, c2, ..., cn are referred to as the basis of the lattice
[48].

The representation of MIMO systems as a lattice and decoding them with
a lattice scheme, was first introduced in [49]. In this approach, the authors
separate the imaginary and real part of the channel matrix to get the lattice
representation of the channel model. The LR technique is exploited to improve
BER performance in wireless MIMO systems [46, 50, 51, 52], in which detectors
are used for MIMO systems to achieve performance with full diversity and low
complexity. In [50, 51, 53, 54], the results show the LR improvements over
linear detectors with only a small increase in complexity. LR can be applied to
MIMO systems to achieve a better conditioned channel matrix by improving its
orthogonality conditions. Arjen Lenstra, Hendrik Lenstra and Laszlo Lovász
introduced the LLL algorithm, as a polynomial-time lattice reduction. It was
proposed in 1982 and used in fields such as computer algebra, cryptology and
algorithmic number theory [55]. The original applications of the LLL algorithm
were to give polynomial time algorithms for factorizing polynomials, to find
simultaneous rational approximations to real numbers and to solve the integer
linear programming problem in fixed dimensions. For all its features, the LLL
algorithm is adopted by LR for being used in combination with linear detectors
in MIMO systems [56].

Taking the received signal in a MIMO system as:

y = Hx + v, (2.1)

where H,x and v are the channel matrix, the transmit signal and the noise
vector respectively. x ∈ Z, Hx forms a lattice spanned by the columns of H
[10].

Therefore, the detector estimates x as the lattice point closest to y. To
guarantee a correct estimation, the lattice basis must be orthogonal or close
to that. This does not affect the performance of the ML detector, since it per-
forms the same without taking the channel conditions into account. However,
the channel conditions are important when other detectors are used and the
performance degrades when the orthogonal conditions are not satisfied.
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To quantify the orthogonality of a matrix, the orthogonality deficiency (od)
[57] for a matrix H is defined as:

od(H) = 1− det(HHH)∏Nt
n=1 ‖hn‖,

(2.2)

where hn is the nth column of the channel matrix H. It is important to note
that 0 ≤ od(H) ≤ 1. If od(H) = 1, H is singular and when od(H) = 0 all the
columns of H are orthogonal. Generally, it is not possible to get od(H) = 0.
If od(H) is close to “0”, it is said that H is close to being orthogonal.

Figure 2.4, the LLL algorithm procedure is illustrated. δ is the parameter
which controls the performance and complexity of the LLL algorithm, it is
randomly selected from (1

2 , 1), to guarantee a firm basis reduction. However,
the computational complexity increases with larger values of δ [11, 54]. The
output of the LLL algorithm is an unimodular matrix T ∈ Z with the following
properties: it is formed only by integers and its determinant is ±1. Then, the
channel matrix with better orthogonal conditions is calculated as: H̃ = HT.

The fundamental principle, as previously stated, is to combine a lattice re-
duction approach with low complexity linear detectors to establish an effective
channel matrix H̃. Therefore, if the matrix H̃ represents a new basis from the
same lattice which is more orthogonal than H, it is anticipated that the per-
formance using linear equalisers should be closer to that of the ML detector.
The new channel matrix H̃ is obtained through the LR technique. The LLL is
the most popular algorithm used in LR aided detectors because in spite of not
guaranteeing that the optimal basis will be found, it guarantees finding a basis
with a better value of od. In attempting to find a new basis using the LLL
algorithm, the highest complexity in terms of number of arithmetic operations
is O(R4), where R is the size of the basis [52].

2.5 Summary

MIMO systems have been studied to overcome fading and to create wireless
communication systems with high reliability and high data rate. The main
idea behind MIMO is to spread the signals in the spatial domain at both the
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The matrix H is the input of 
the QR decomposition 

𝑸 ,𝑹 = QR Decomp(𝐇) 

The factor 𝜹 ∈ (1 2 , 1) 
is selected. 
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the columns of 𝑹  and 𝑸  are 

done. 

 
Initial conditions: 
𝑛 = size(𝐇, 2) 

𝑻 = 𝑰𝑛. 
 

Based on the iteration conditions, 
some columns of 𝑻 are swapped and 𝑻 

becomes an unimodular matrix. 

Figure 2.4: The LLL algorithm block diagram.

transmitter and receiver side. Then, they are combined to generate effective
parallel spatial data sub-streams (spatial multiplexing) and/or improve the
BER performance through the diversity.

Higher data rates are required to satisfy the user demands and services.
Recently, large-scale MIMO or massive MIMO has been introduced as a good
alternative to accomplish these aims. Massive MIMO is a traditional MIMO
but with a larger number of antennas at both ends. Increasing only the anten-
nas may supply the need for increased data rate but this solution is not optimal
due to the high cost of RF-chains and the power consumption. Additionally,
future standards are focusing not only on the improvement of the spectral effi-
ciency, but also the systems’ energy efficiency. Thus, the SM scheme which is a
13-year old technology, seems to be a good solution to solve these issues. The
research community recommends the SM’s features to be exploited by massive
MIMO since SM increases the spectral efficiency by making use of the index
of the active transmitter and reduces the amount of RF-chains used, as only
a single transmitter is active at any time.
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In this chapter the concept of LR was also introduced, where the main
idea is to treat the channel matrix H as a lattice. Then, through the LLL
algorithm, it is possible to find a channel matrix with better conditions in
terms of orthogonality. This procedure of transforming a basis into a reduced
one is called a basis reduction algorithm, which in combination with a linear
equaliser can improve the system performance keeping lower complexity than
the optimal ML.





Chapter 3
Spatial Phase Shift Keying Modulation

3.1 Introduction

MIMO has attracted intensive research due to its improved transmis-
sion rate and/or robustness compared to single antenna systems
[24] as discussed in Chapter 2. Also, in Chapter 2, SM was intro-

duced which is designed to reduce the number of RF chains while preserving
comparable performance with full MIMO schemes. SM offers a considerable
reduction of the receiver complexity as compared to V-BLAST since only a
single antenna is used for transmission.

Generalized space shift keying (GSSK) was introduced in [58] and it is con-
sidered as an SM variation that uses multiple transmitters. However, GSSK
transmits only energy on the active antennas. This motivated the design of
a scheme which transmits phase shift keying (PSK) signals on the selected
antennas, which provides higher spectrum efficiency with similar receiver com-
plexity.

Spatial phase shift keying (SPSK) modulation conveys information by ex-
ploiting both the antenna index and conventional APM symbols. At each
symbol period, part of the information is carried by the antenna indices as
in GSSK. The remaining part of the information is conveyed by the M-ary
PSK symbols transmitted by the selected antennas. In this way, the proposed
scheme greatly improves the spectrum efficiency compared to GSSK and SM.
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At the receiver, both the index and the transmitted symbol are estimated
based on the ML principle. SPSK utilises the same ML decoding scheme, so
the complexity of decoding does not change. However, the proposed SPSK
scheme offers better BER performance than GSSK. The average BER perfor-
mance is analysed by deriving a tight upper bound, which is used to deter-
mine the optimum criterion to choose the appropriate modulated symbols to
be transmitted on the selected antennas.

3.2 System Model

The SPSK system model is shown in Figure 3.1. The general system model
consists of a MIMO wireless link with Nt transmit and Nr receive antennas.
During the transmission of SPSK, not all antennas are active. The number of
selected antennas is denoted as nt. In this modulation scheme, the indices of
the active antennas are determined by the transmitted information bits. For
each symbol period, a block of information bits is divided into two parts: the
first part is used to select nt active antennas from Nt and the second part is used
to determine the transmitted signals on the active antennas, which have the
same amplitude but different phases. In this way, the group of bits are mapped
to a size Nt × 1 transmission vector, referred to as the transmission vector in
this chapter and denoted as x = [x1, x2, · · · , xNt ]T . The transmission
vector is conveyed over a Nr × Nt wireless channel H. The received signal
is given by y = √ρHx + v, where v = [v1, v2, · · · , vNr ]T represents
the additive white Gaussian noise (AWGN) and ρ is the average signal-to-
noise ratio (SNR) at each receive antenna. Both H and v have independent
and identically distributed (i.i.d.) entries with CN(0, 1). At the receiver, the
indices of the active antennas and the phases of the signals are estimated by
the SPSK detector, and de-mapped into the transmitted bits.

3.3 Transmission

Figure 3.1 shows that for each symbol period, a block of independent informa-
tion bits, denoted as b = [b1 b2 · · · bm], is sent to the SPSK mapper. The
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Figure 3.1: SPSK system model

SPSK symbol has a length of m bits. The SPSK symbol vector b is divided
into two blocks:

• The first l bits are used to determine the indices of the nt active antennas,
where

l 6 blog2M
′c, (3.1)

M’ =
(

Nt

nt

)
. (3.2)

Clearly, 2l must be smaller than or equal to M’. Hence the maximum
number of bits which can be conveyed by nt antenna indices is blog2(M’)c.
Assuming the CSI is only available at the receiver, c = 2l antenna com-
binations are randomly selected from the overall M’ possibilities.

• The remaining m− l bits indicate the M different phases. M = 2m−l and
each phase is represented as eiφ. All signals have the same amplitude of

1√
nt

to ensure unity power transmission, they are distinguished by their
phases and the positions of the transmit antennas.

The SPSK symbol vector b is mapped into a transmission vector denoted
as x = [x1, x2, · · · , xNt ]T . A spatial vector s collects the indices of the
active antennas, s = [s1, s2, · · · , snt ] ∈ [1, · · · , Nt]. The value of s is chosen
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by the first l bits. Then, the phase vector is p = [ 1√
nt
eiφ1 , 1√

nt
eiφ2 , ..., 1√

nt
eiφnt ],

selected by the second block. Therefore, the transmission vector is expressed
as

xn =

0, n /∈ s
p(k), n ∈ s, n = s(k),

(3.3)

for n = 1, ..., Nt and k = 1, ..., nt. Figure 3.2 illustrates an example of SPSK
transmission process using the following setup: Nt = 5, nt = 2 and M = 2.
Then, l =

⌊
log2

(
5
2

)⌋
= 3, m = log2(M)+ l = 4. So, the SPSK symbol transmits

4 bits.
As defined earlier, the transmission vector contains the phase values trans-

mitted by the nt active antennas. All the signals have the same amplitude but
different phases, i.e. the phases are selected based on Figure 3.3, where the
circumference of a circle with radius of 1√

nt
to ensure unity power transmission.
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Figure 3.2: 2-SPSK transmission system model with a specific example which se-
lects 2nd and 4rd antenna to transmit π4 and 5π

4 .

3.3.1 Proposed Mapping Design

In Section 3.3, the transmission design of the proposed SPSK was discussed,
where the phases were randomly selected. However, in order to guarantee a
better performance, the selection principle’s aim is to maximise the distance
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between the transmission vectors in the 2l dimension space. Figure 3.3 shows
the potential transmit phases, which can be selected. The selection criteria is
to maximise the distance between the M transmit vectors, which contain nt

phases selected on the circle shown in Figure 3.3. This can be explained more
clearly with the following example: 2-SPSK (Section 3.3.2), 4-SPSK (Section
3.3.3) and 8-SPSK (Section 3.3.4). When M > 8, it has been found that the
transmission performance of the system significantly degrades as in the conven-
tional modulation systems. This is due to the fact that the difference between
the used phases decreases in the signal vectors, the Euclidean distance between
transmission vectors also decreases and this increases the probability of erro-
neous detection. For this reason, this chapter only investigates M -SPSK with
M=2, 4 and 8. Figure 3.3 illustrates all the possible points transmitted in the
proposed modulation schemes. The M different phases must be selected from
these points in such a way that the distance between the transmission vectors
is maximized to achieve the best performance. Figure 3.4 illustrates the geo-
metric model, which represents the transmission vector in the 2l dimensional
space.

The mapping tables (Tables 3.1, 3.2 and 3.3) are described for M = 2, 4
and 8 respectively. To transmit the m information bits, the number of possible
transmission vectors is 2m for each table. For convenience, an index vector is
defined as j = [s, q], q ∈ [0, . . . ,M − 1], to identify the transmission vector in
the mapping table, where s is the index vector and q is the index of the APM
symbol. Since j is unique for each transmission vector, correctly decoding j
will de-map the bit information successfully.

In order to compare the SPSK performance system with the work proposed
in [58], the SPSK scheme is examined for M = 2, 4 and 8 under the same system
configuration: Nt = 5, nt = 2 and Nr = 4.

3.3.2 2-SPSK modulation scheme

In this section, SPSK is analysed with M = 2, where 2 different phases are
selected as shown in Figure 3.2. The 2-SPSK parameters are Nt = 5, nt = 2
and M = 2. Then, l =

⌊
log2

(
Nt

nt

)⌋
= 3, m = log2(2) + l = 4 and the total
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Figure 3.3: Phase constellation circumference diagram
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Figure 3.4: SPSK geometric model.
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number of transmission vectors 24 = 16. The first three bits [b1, b2, b3] are used
to choose one set of nt antennas. Note that the 2l selection from the overall
M ′ combinations is random in this chapter assuming no CSI available at the
transmitter. 2-SPSK is designed to transmit one more bit per symbol (b4)
compared to the GSSK system proposed in [58]. This additional bit identifies
two sets of phases from Figure 3.3 to be transmitted by the nt active antennas.

The value of the signal vector [ 1√
nt
eiφ1 , 1√

nt
eiφ2 ] is selected by the fourth

bit b4 as follows: for b4 = 0, the phases selected are φ1 = π
4 and φ2 = 5π

4 ,
corresponding to the two points at the ends of the red diameter shown in Figure
3.3. For b4 = 1, the phases selected are φ1 = 5π

4 and φ2 = π
4 , corresponding

to the same two points at the ends of the red diameter in Figure 3.3, but
with a phase shift of π. Clearly, the distance between these two vectors, with
different b4 only, is the maximum possible. Note that the selection of the
diameter is random (a phase rotation has no material effect). The mapping
table for this scheme is illustrated in Table 3.1, in which the first column shows
the four transmission bits. The second column shows the vector j, containing
the indices of active antennas, which are enclosed in a pair of parentheses, and
the index of the corresponding index of the APM symbol, q. Finally, the third
column is the corresponding transmission vector. For example, the four bits:

[1 0 1 1] are mapped to a transmission vector
[
0, e

i
5π
4√
2 , 0, e

i
π
4√
2 , 0

]
(i.e. to

transmit e
i
5π
4√
2 and e

i
π
4√
2 on the second and fourth antenna), with j = [(2, 4), 1].

3.3.3 4-SPSK modulation scheme

The 4-SPSK parameters are Nt = 5, nt = 2 and M = 4. The number of
different sets of phases is M = 4, which can convey two bits. Therefore, the
total number of bits transmitted per symbol is m = log2(4) + l = 5 (l = 3 as
in 2-SPSK) and this makes the total number of transmission vectors 25 = 32.
As in 2-SPSK, the first three bits [b1, b2, b3] select the active antenna indices,
using the same mapping rule as in 2-SPSK (shown in Table 3.1). The last
two bits [b4, b5] determine the transmitted signals on the two active antennas.
Then, this pair of bits generates four possible phase combinations, which will
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Table 3.1: Mapping table of a 2-SPSK scheme with the proposed selection of phase
constellation points

b = [b1 b2 b3 b4] j xj = [x1 x2 · · · x5]T

[0 0 0 0] [(1,2), 0]
[
e

i
π
4√
2

e
i
5π
4√
2 0 0 0

]T

[0 0 0 1] [(1,2), 1]
[
e

i
5π
4√
2

e
i
π
4√
2 0 0 0

]T

[0 0 1 0] [(1,3), 0]
[
e

i
π
4√
2 0 e

i
5π
4√
2 0 0

]T

[0 0 1 1] [(1,3), 1]
[
e

i
5π
4√
2 0 e

i
π
4√
2 0 0

]T

[0 1 0 0] [(1,4), 0]
[
e

i
π
4√
2 0 0 e

i
5π
4√
2 0

]T

[0 1 0 1] [(1,4), 1]
[
e

i
5π
4√
2 0 0 e

i
π
4√
2 0

]T

[0 1 1 0] [(1,5), 0]
[
e

i
π
4√
2 0 0 0 e

i
5π
4√
2

]T

[0 1 1 1] [(1,5), 1]
[
e

i
5π
4√
2 0 0 0 e

i
π
4√
2

]T

[1 0 0 0] [(2,3), 0]
[
0 e

i
π
4√
2

e
i
5π
4√
2 0 0

]T

[1 0 0 1] [(2,3), 1]
[
0 e

i
5π
4√
2

e
i
π
4√
2 0 0

]T

[1 0 1 0] [(2,4), 0]
[
0 e

i
π
4√
2 0 e

i
5π
4√
2 0

]T

[1 0 1 1] [(2,4), 1]
[
0 e

i
5π
4√
2 0 e

i
π
4√
2 0

]T
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[1 1 0 0] [(2,5), 0]
[
0 e

i
π
4√
2 0 0 e

i
5π
4√
2

]T

[1 1 0 1] [(2,5), 1]
[
0 e

i
5π
4√
2 0 0 e

i
π
4√
2

]T

[1 1 1 0] [(3,4), 0]
[
0 0 e

i
π
4√
2

e
i
5π
4√
2 0

]T

[1 1 1 1] [(3,4), 1]
[
0 0 e

i
5π
4√
2

e
i
π
4√
2 0

]T

be transmitted by the selected antennas. As in the previous section, the first
vector is selected at the two ends of the red diameter as illustrated in Figure
3.3, i.e. φ1 = π

4 and φ2 = 5π
4 and the second vector with π offset to the first

one, i.e. φ1 = 5π
4 and φ2 = π

4 . Then, the third vector is selected with π/2
offset to the second one, the two ends of the green diameter, i.e. φ1 = 3π

4 and
φ2 = 7π

4 . Finally, the fourth vector has π offset with respect to the third vector,
i.e. φ1 = 7π

4 and φ2 = 3π
4 . Table 3.2 shows the mapping table which contains

the phase constellation points selected for the two bits [b4, b5]. The mapping of
the first part of the SPSK symbol ([b1, b2, b3]) remains the same as in the case
of 2-SPSK. The complete constellation of transmission vectors for all 5 bits
can easily be found from Table 3.1 and Table 3.2. For example, the five bits:
[1 0 1 1 0], will transmit ei

5π
4 and ei

π
4 at the second and the fourth antennas

respectively, resulting in a transmission vector of
[
0, e

i
5π
4√
2 , 0, e

i
π
4√
2 , 0

]
, with

j = [(2, 4), 2].

3.3.4 8-SPSK modulation scheme

The 8-SPSK parameters areNt = 5, nt = 2 andM = 8 (which can convey three
bits). In the 8-SPSK modulation scheme, the total number of bits transmitted
per symbol is m = log2(8)+ l = 6 (l = 3 as in 2-SPSK) and this makes the total
number of transmission vectors 26 = 64. The three bits [b1, b2, b3] correspond to
the antenna indices using the mapping rule defined in Table 3.1. In 8-SPSK,
the last three bits determine the signals transmitted on the two antennas.
The mapping of the last three bits [b4, b5, b6] to eight possible phase vectors
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Table 3.2: Transmission Table of a 4-SPSK System with proposed selection of phase
constellation points

b = [b4 b5] q nt1 nt2

0 0 0 1√
2e
i
π
4 1√

2e
i
5π
4

0 1 1 1√
2e
i
3π
4 1√

2e
i
7π
4

1 0 2 1√
2e
i
5π
4 1√

2e
i
π
4

1 1 3 1√
2e
i
7π
4 1√

2e
i
3π
4

is shown in Table 3.3. The first four vectors are assigned as in 4-SPSK, and
the other four vectors can be selected with π/4 offset as Figure 3.3 illustrates
with the blue and purple diameter respectively. The complete constellation of
transmission vectors, with the phase constellation points selection can be found
using Table 3.1 and Table 3.3. For example, the six bits: [1 0 1 1 0 1], will
transmit ei

7π
4 on the second antenna and ei

3π
4 on the fourth antenna, resulting

in a transmission vector of
[
0, e

i
7π
4√
2 , 0, e

i
3π
4√
2 , 0

]
, with j = [(2, 4), 5].

3.4 Detection

As described in the Section 3.2, the received SPSK signal is

y = √ρHx + v. (3.4)

The objective of the detector is to estimate j, which contains the antenna
indices and the index of the transmitted phases (q), and to de-map j to its
corresponding information bits. As the transmission of all the transmission
vectors is equally likely, the optimum detection technique is the ML method

ĵ = arg min
j̃
‖y−√ρHxj̃‖2, (3.5)

for j̃ = 1, . . . , 2m.
Because of the presence of multiple 0’s in the transmission vector xj,

the matrix-vector multiplication Hxj becomes the linear combination of nt



3.4 Detection 41

Table 3.3: Transmission table of 8-SPSK system

b = [b4 b5 b6] q nt1 nt2

0 0 0 0 1√
2e
i
π
4 1√

2e
i
5π
4

0 0 1 1 1√
2e
i
3π
4 1√

2e
i
7π
4

0 1 0 2 1√
2e
i0 1√

2e
iπ

0 1 1 3 1√
2e
i
π
2 1√

2e
i
3π
2

1 0 0 4 1√
2e
i
5π
4 1√

2e
i
π
4

1 0 1 5 1√
2e
i
7π
4 1√

2e
i
3π
4

1 1 0 6 1√
2e
iπ 1√

2e
i0

1 1 1 7 1√
2e
i
3π
2 1√

2e
i
π
2

columns in the channel matrix H = [h1,h2, . . .hNt ]. Taking as an example the
second vector in column j in Table 3.1 (j = [(1, 2), 1]), Hxj is expressed as:

Hxj = zj = h1x1 + h2x2,

where x1 = 1√
2e
i
5π
4 and x2 = 1√

2e
i
π
4 . h1 and h2 are the respective columns

in the channel matrix H corresponding to the position of the non-zero values
in the transmission vector. As the channel is known at the receiver, the ML
detection of ĵ can be performed by an exhaustive search over all possible zj

values for the minimum Euclidean distance:

ĵ = arg min
j̃
‖y−√ρzj̃‖2. (3.6)

Once the index vector ĵ is detected, the bit information b can be de-
mapped. For the case of the 2-SPSK modulation system, there are 16 can-
didates for zj corresponding to 16 distinct index vectors j. Similarly, there
are 32 and 64 candidates for zj in 4-SPSK and 8-SPSK, respectively. Due
to the presence of zero elements in transmission vectors, the computational
complexity is significantly reduced. Then, even for the 8-SPSK scheme, the
complexity load at the receiver is not significantly increased comparing to the
GSSK modulation scheme.
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3.5 Random Selection vs. Proposed Selection

Figure 3.5 shows the performance comparison when the selection of the phase
constellation points are randomly selected or with the proposed method. In
the case of 2-SPSK scheme, the two pairs of phase constellation points ran-
domly selected can be any values. In the simulation, the phase selected are
ei0 and ei

π
4 for transmitter one and two respectively, when b4 = 0. On the

other hand, when b4 = 1, the first transmitter conveys (ei
π
4 ) and the second

transmitter (ei0). Then, a performance improvement is achieved using the
maximum distance between the phase constellation points (based on Figure
3.3). The performance decreases, as Figure 3.5 shows, when this distance is
shorter.

0 2 4 6 8 10 12 14 16

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

SNR (dB)

B
E

R

 

 

2−SPSK Proposed Selection

4−SPSK Proposed Selection

8−SPSK Proposed Selection

2−SPSK Random Selection

4−SPSK Random Selection

8−SPSK Random Selection

Figure 3.5: BER versus SNR for SPSK in the cases of two, four and eight vectors
with different selection of phase constellation points, MIMO system with Nt = 5,
nt = 2 and Nr = 4

In Table 3.4, 3.5 and 3.6, a random selection of phase constellation points
is given for 2-SPSK, 4-SPSK and 8-SPSK respectively. In Figure 3.5, the
resulting performances for both proposed and random selection are shown.
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Table 3.4: Transmission table of a 2-SPSK system with a random selection of phase
constellation points

b = [b4] q nt1 nt2

0 0 1√
2e
i0 1√

2e
i
π
4

1 1 1√
2e
i
π
4 1√

2e
i0

Table 3.5: Transmission table of a 4-SPSK system with a random selection of phase
constellation points

b = [b4 b5] q nt1 nt2

0 0 0 1√
2e
i0 1√

2e
i
π
4

0 1 1 1√
2e
i
π
2 1√

2e
i
3π
4

1 0 2 1√
2e
i
π
4 1√

2e
i0

1 1 3 1√
2e
i
3π
4 1√

2e
i
π
2

Table 3.6: Transmission table of a 8-SPSK system with a random selection of phase
constellation points

b = [b4 b5] q nt1 nt2

0 0 0 0 1√
2e
i
π
4 1√

2e
i
5π
4

0 0 1 1 1√
2e
i
3π
4 1√

2e
i
7π
4

0 1 0 2 1√
2e
i0 1√

2e
iπ

0 1 1 3 1√
2e
i
π
2 1√

2e
i
3π
2

1 0 0 4 1√
2e
i0 1√

2e
i
π
2

1 0 1 5 1√
2e
i
5π
4 1√

2e
i
3π
4

1 1 0 6 1√
2e
iπ 1√

2e
i
7π
4

1 1 1 7 1√
2e
i
3π
2 1√

2e
i
π
4
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Table 3.7: Minimum Euclidean distance with random and proposed phase selection.

M Random Selection Proposed Selection

2 0.5412 1.4142
4 0.5412 1.4142
8 0.5412 1.4142

All system models show improvement in terms of BER performance when the
phase selection is maximised as opposed to random. Therefore, to achieve a
better performance of the system, the distance between signal vectors and the
points within each signal vector has to be maximised.

Table 3.7 shows the minimum Euclidean distance between the transmission
vector phases, when the phases are selected randomly and with the proposed
method forM = 2, 4 and 8. As in SM (Section 2.2), each antenna combination
is considered a different space dimension.

3.6 Performance Analysis

In the following section, the performance of SPSK is analysed and a tight
upper bound on the BER is derived. As an ML detector is used at the receiver
side, the pairwise error probability (PEP) is given by

P(xj → xĵ) = Prob

 ‖ y−Hxj ‖2>‖ y−Hxĵ ‖2

. (3.7)

Using the union bounding technique analysed in [59], the BER of SPSK is
union bounded as follows:

Pe,bit ≤ Exj

∑
ĵ

N(j, ĵ)P(xj → xĵ)


≤
∑

j

∑
ĵ ,̂j 6=j

N(j, ĵ)
2l m P(xj → xĵ),

(3.8)

where j and ĵ denote the indices of the transmitted and estimated transmission
vectors, xj and xĵ respectively; N(j, ĵ) is the number of different information
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between the transmission vector xj and xĵ and P(xj → xĵ) is the PEP of
detecting xĵ for transmitted xj, which is calculated as [60]

P(xj → xĵ) =
1− 1

u

2

Λ Λ−1∑
k=0

2−k
(

Λ− 1 + k

k

)1 + 1
u

k, (3.9)

where u =
√√√√1 + 1

(d(j ,̂j)ρ
4ntNr

)
, Λ = NtNr and d(j, ĵ) is the Euclidean distance

between xj and xĵ , which is determined by both the antenna indices (posi-
tions of the non-zero values in the vector) and the phases (actual values on
the columns). Therefore, the phase and the active indices can be detected
simultaneously by the ML detector. As in traditional modulation techniques,
a better performance is achieved with a larger minimum d(j, ĵ). To calculate
the upper bound of the BER for SPSK, (3.9) is substituted into (3.8) and it
is expressed as

Pe,bit ≤
∑

j

∑
ĵ ,̂j 6=j

N(j, ĵ)
2l m

1− 1
u

2

Λ

Λ−1∑
k=0

2−k
(

Λ− 1 + k

k

)1 + 1
u

k.
(3.10)

3.7 Simulation Results

In this section, the performance of both the GSSK [58] and SPSK schemes
with M = 2, 4 and 8 are evaluated through simulation. For the purpose of
comparison, all the schemes are evaluated using the same configuration with
Nt = 5, nt = 2 and Nr = 4, over a flat Rayleigh fading channel. Monte
Carlo simulations are performed and are run for 107 channel realisations. It is
assumed that the receiver has channel state information.

In Figure 3.6, the average BER is shown against the average SNR per
receive antenna of 2-SPSK in comparison to that of GSSK and the upper bound
of SPSK. At Pe = 10−5, 2-SPSK presents a gain of approximately 8.5 dB over
GSSK and the bit rate transmitted per symbol is improved from 3 bits to 4 bits.
As discussed in Section 3.4, the correct detection of zj (3.6) plays an important
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role in this scheme because it contains the antenna indices and phases. The
performance improvement of SPSK over GSSK is because the transmission
vector is encoded by the signal vector and thereby the distance between the
transmission vectors is significantly increased. Besides, the simulated BER
performance of 2-SPSK is efficiently validated by the upper bound, which is a
very tight bound at high SNRs values.

0 2 4 6 8 10 12 14 16 18 20
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

SNR (dB)

B
E

R

 

 

2−SPSK Simulation N
t
=7, n

t
=2

2−SPSK Simulation N
t
=5, n

t
=2

2−SPSK Theoretical

GSSK

Figure 3.6: BER performance of GSSK vs 2-SPSK with M = 2

The spectrum efficiency can be further improved by transmitting additional
log2(M) bits/symbol using bigger M. Therefore, the cost of achieving higher
spectrum efficiency is a slight performance degradation and an increased com-
plexity of the receiver with higher values of M. Figure 3.7 shows the BER
performance for 4-SPSK and 8-SPSK, with data rates η = 5 and 6 bits/s/Hz
per period respectively. The increased number of bits only slightly degrades
the BER performance since the performance of the SPSK scheme is deter-
mined by the minimum Euclidean distance between the transmission vectors.
Then, the minimum distance between two transmission vectors is obtained
when both vectors have the same combination of active transmitters nt, i.e.
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Figure 3.7: BER versus SNR for SPSK in the cases of M = 2, 4 and 8

in these examples when b1, b2 and b3 are the same. As the three schemes have
the same configuration system (Nt = 5, nt = 2 and Nr = 4), and thereby the
same minimum distance between phases selected, then it is not surprising that
their BER performances are very similar.

Figure 3.8 demonstrates 2-SPSK’s performance compared to Alamouti and
V-BLAST. Alamouti uses 16-QAM transmission with Nt = 2 and Nr = 4.
V-BLAST uses Nt = 2 and Nr = 4 with QPSK modulation and three different
decoding techniques: zero forcing (ZF), minimum-mean square error (MMSE)
and sphere decoding. The transmission rate for all systems is the same, η = 4
bits/s/Hz.

The results shown in Figure 3.8 demonstrate the significant improvement
in terms of BER in comparison to both V-BLAST and Alamouti schemes [21].
The simulation shows that SPSK achieves a SNR gain of about 7 dB over
Alamouti at Pe = 10−4 and 8 dB over V-BLAST (SD), at Pe = 10−3. Finally,
SPSK shows a gain of 7.5 dB and 9 dB over V-BLAST (MMSE) and V-BLAST
(ZF) respectively.
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Figure 3.8: BER performance of SPSK versus Alamouti and Spatial Multiplexing
Systems, for η = 4 bits/s/Hz; two transmit and receive antennas

All these systems can be designed with various modulation sizes to achieve
the desired data rate and number of antennas. However, in this simulation,
the identical transmission rates and identical numbers of active transmitters
and receivers are used to allow fair comparison between different systems.

3.8 Summary

This chapter introduces a novel technique within the SM transmission family,
called spatial phase shift keying (SPSK) modulation. The GSSK modulation
is a type of SM scheme, which reduces the number of RF chains and improves
performance over traditional MIMO techniques. SPSK exploits all the advan-
tages of GSSK proposed in [58] including the inherent indices of the active
transmitters.

In addition to this, SPSK symbols transmit different phases to convey more
information. SPSK shows improvements over other well-known transmission
techniques in terms of BER. An upper bound has been derived to validate the
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results. Thus, SPSK enhances the spectral efficiency while its design flexibility
makes SPSK a rising candidate for future generations of wireless systems.





Chapter 4
Antenna Beam Pattern Modulation

4.1 Introduction

MIMO utilises multiple element antennas to improve spectral effi-
ciency almost linearly with respect to the number of transmitters
and receivers. This is discussed in Chapter 2. These kind of archi-

tectures have been included in communication standards such as 3GPP and
IEEE 802.11n. Directional antennas provide enhancement in system perfor-
mance and maximise the signal-to-interference noise ratio (SINR) by estimat-
ing direction of arrival (DOA) and direction of interference (DOI). Such an-
tennas direct the main beam radiation at the intended user and steer radiation
nulls towards the interference users. A beamspace-MIMO which maps PSK
modulated symbols onto orthogonal basis functions on the wavevector domain
of the multi-element antenna is proposed in [61, 62]. Its performance is com-
parable to traditional MIMO systems although only a single active element is
used for different beam patterns.

The first part of the chapter introduces the scheme called antenna beam
pattern modulation (ABPM). The proposed modulation technique further ex-
ploits the spatial channel in order to achieve more robust and efficient infor-
mation transmission. The ABPM scheme, unlike the previously mentioned
schemes, conveys information using both antenna beam pattern (which can be
determined by the antenna weights) and the conventional modulated symbols,
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to improve the spectrum efficiency. The beams are generated in a simple way,
using the angle of departures (AoD) from the transmitter antenna array. At
the receiver, the antenna pattern and the transmitted symbol are estimated
based on the ML principle to de-map the transmitted information bits. The
implied cost of using ML is high computation complexity, especially when the
number of antennas and/or the constellation size are very large, such as in
massive MIMO systems. Linear detection schemes based on the ZF or the
MMSE criteria are possible solutions [46, 63] for lower complexity detection
schemes. However, for ill-conditioned channels these techniques show an infe-
rior performance compared to ML detection. For this reason, the LR technique
[50, 51, 52, 64, 65] is exploited to achieve performance close to that of the ML
detector but with lower complexity. LR can be applied to MIMO systems to
achieve a better conditioned channel matrix by improving its orthogonality
conditions.

In the second part of the chapter, the ABPM scheme is evaluated by numer-
ical simulation over a Rayleigh fading channel. The result proves the feasibility
and potential improvement in both reliability and efficiency that could be of-
fered by the ABPM technique. The ABPM performance is compared to other
SM schemes and other transmission techniques such as STC and spatial mul-
tiplexing. In addition, to validate the results, an upper bound expression for
BER is provided for ABPM with ML detection.

This chapter is structured as follows: Section 4.2 reviews the concept of
ABPM and introduces the transmission design and the selection of antenna
beam pattern. The sub-optimal detection based on the LR scheme is explained
in Section 4.3. Analytic calculation of BER is shown in Section 4.4. Simulation
results and comparisons with other transmission techniques follow in Section
4.5. The chapter’s summary is in Section 4.6.

4.2 ABPM Description

The general ABPM system model consists of a MIMO wireless link between
Nt transmit and Nr receive antennas. Figure 4.1 illustrates the block diagram
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of ABPM. As shown in the figure, a random sequence of independent bits
b = [b1 b2 · · · bk]T enters the serial to parallel converter. The first m bits
select an antenna pattern and the remaining k−m bits choose the conventional
APM symbols. The output is mapped to a vector x = [x1, x2, · · · , xNt ]T .
The modulated signal is then transmitted over a Nr × Nt wireless channel H.
The received signal is given by y = Hx + v, where v = [v1 v2 · · · vNr ]T

represents the AWGN vector observed at the receive antennas with zero mean
and covariance matrix E[vvH] = σ2

vI Nr. The matrix channel H has i.i.d.
entries with CN(0, 1). The channel is assumed to be flat-fading, time invariant
and independently changing from symbol to symbol. Therefore, in this system
it is assumed that CSI is available at the transmitter, as in massive MIMO,
which is feasible in reciprocal propagation channels as in time-division duplex
(TDD) systems [42]. At the receiver, the antenna patterns and the APM
symbol of the signals are estimated by the ABPM detector, and de-mapped to
the transmitted bits.

Figure 4.1: ABPM system model.

4.2.1 ABPM Transmission

For each symbol period, a stream of independent bits b is sent to the serial to
parallel converter and the output of the converter is divided into two blocks.
The first m bits are used to indicate the antenna pattern which is realised
by antenna weight vector denoted as w = [w1, w2, · · · , wNt ]T . The
second part of the symbol will determine the transmitted signal s on each
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antenna. The ABPM transmitted signal vector is a linear combination of s
and w, denoted as x = [w1 · s, w2 · s, · · · , wNt · s]T .

The proposed ABPM is capable of transmitting symbols towards different
AoD at the transmitter side. Antenna patterns are realised by antenna weights,
which can be selected to make the best channel utilisation by exploiting the
CSIT. In order to facilitate the detection process, it is desirable for the selected
patterns to have minimum correlation between them. The array response
vector can be expressed as a(θ) = [1 e−i2π

q·sin θ
λ . . . e−i2π(Nt−1) q·sin θ

λ ]T , where
q is the space between antenna elements, θ indicates the AoD and λ is the
wavelength [66]. The distance between antenna elements has to be q ≥ λ

2 to
avoid correlation.

The weight vectors w should be obtained to satisfy wH [a(θ1) a(θ2) . . .

a(θNt)] = wHA = [1, · · · 0, · · · 1, · · · 0, · · · 0]T . Note that the “1” and
“0” in this vector represents the main beam or nulls in the radiation pattern,
respectively. In the case of where the steering of the main beam is wanted,
“1” is selected. On the other hand, “0” is chosen when the pattern’s nulls are
desirable for design purposes. In this way, the beam patterns can be specified
based on CSIT by the angles for the main beam and nulls. Clearly, as long as
the number of independent columns in A is larger than Nt, w can be solved.
Therefore, it is only possible to include Nt columns in A.

The main contribution of this scheme is to use the antenna pattern to trans-
mit symbol information, in addition to the conventional modulation symbols.
ABPM transmits conventional APM symbols by the selected beam patterns.
The transmitted vector is defined as [w1 · s, w2 · s, · · · , wNt · s]T (i.e.
ABPM symbol constellation points). Similar to traditional pulse-amplitude
modulation (PAM), larger distance between two possible transmitted vectors
will result in better performance. For ABPM, it is possible to maximise the dis-
tance between transmit vectors by choosing vectors with minimum correlation
between them. The correlation between antenna beam patterns is denoted
as γ with a range between 1 and 0, indicating completely correlated to no
correlation, which is not always possible to achieve. Table 4.1 illustrates the
correlation (γ) between two patterns (determined by AoD). Angles are sepa-
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Table 4.1: Correlation Table.

angle difference between
main beam patterns

γ

10◦ 0.9281
20◦ 0.4885
30◦ 0.3536
40◦ 0.2953
50◦ 0.2679
60◦ 0.2556
70◦ 0.2511
80◦ 0.2503
90◦ 0.2493

Table 4.2: Transmission Table of 2-ABPM System.

[b1 b2 b3] Beam s

0 0 0 1 1 + i
0 0 1 1 1 - i
0 1 0 1 -1 - i
0 1 1 1 -1 + i
1 0 0 2 1 + i
1 0 1 2 1 - i
1 1 0 2 -1 - i
1 1 1 2 -1 + i
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Figure 4.2: BER versus SNR for cases of using different values of correlation (γ)
between antenna beam patterns.

rated by 10◦. One of the angles is selected to 0◦ as starting angle for simplicity
and demonstrative purposes without loss of generality.

The 2m antenna weight vectors w are combined with the APM symbol
(selected by the second block), to generate the transmit vector x which is
transmitted over the channel. Thus, the information is carried by both the
beam pattern and the APM symbol through the channel H. To clarify the
transmission process an example is given below.

4.2.2 2-ABPM scheme

Using two different beam patterns and QPSK modulation, each ABPM symbol
carries 3 bits. The first block only has one bit and the second block contains two
bits. The mapping table for 3 bits transmission using QPSK signal modulation
and 2x4 MIMO antenna configuration is shown in Table 4.2. The column
‘beam’ in Table 4.2 indicates which weight vector is selected at transmission,
in other words, which antenna beam pattern is used to transmit s.
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Figure 4.3: The two possible beam patterns used in ABPM 2X4 with 3 bits/s/Hz.

Fig. 4.3 shows both antenna beam patterns corresponding to w1 and w2 in
the example above. The solid line shows the pattern corresponding to weight
vector w1 in which the main beam is observed at 30◦ and the angle of the null
at −30◦. The dashed line represents the second pattern which has the main
beam at −30◦ and the angle of the null at 0◦ to increase the directivity of the
main lobe, corresponding to weight vector w2.

Thus, the weight vectors can be calculated by

wH
1 [a(30◦) a(−30◦)] =

[
1
0

]
wH

2 [a(−30◦) a(0◦)] =
[
1
0

]
.

Solving the equations the weight vectors are: w1 = [0.5000+0.0000i 0.0000−
0.5000i]T and w2 = [0.5000− 0.5000i − 0.5000 + 0.5000i]T and b2 and b3 are
mapped to QPSK symbols according to Table 4.2.

From Table 4.1, it is concluded that the ABPM design for each of the 2m

patterns should have at least 20◦ separation in their main lobe to ensure a
low correlation. One of the beams was fixed to 0◦ and the second beam was
selected based on Table 4.1, to show the impact of different correlation values
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on the ABPM BER performance. Figure 4.2 depicts the BER performance of
ABPM based on different values of γ. The three curves are obtained under
the same conditions: Nt = 2, Nr = 4, two beam patterns, QPSK symbols and
the spectral efficiency (η) of 3 bits/s/Hz. The detection used for this figure is
based on ML to demonstrate the impact of correlation between beam patterns
on the performance. The different angles selected are 60◦, 20◦ and 10◦. Each
of these angles have a corresponding correlation value: γ = 0.2556, 0.4885
and 0.9281 respectively. It is shown that roughly 2 dB gain is obtained by
low correlation patterns (γ = 0.2556), compared to the highly correlated γ =
0.9281. When γ = 0.4885, the gain is less than 1 dB. However, in realistic
application there are many other factors to take into account, such as channel
conditions, pattern correlation and ICI mitigation. These factors are not being
considered in this chapter but are discussed in future work.

4.2.3 Detection

As previously stated, ML is used as the detection scheme. The output of the
channel is

y = Hx + v. (4.1)

The objective of the detector is to estimate the antenna pattern and then
de-map them to the information bits. Assuming all the weight vectors trans-
mitted are equally likely, the optimal detection is given by the ML method

ĵ = arg min
j
‖y−Hxj‖2. (4.2)

The ML detection of ĵ is performed by an exhaustive search across all possi-
ble xj for the minimum Euclidean distance ‖y−Hxj‖2. Then, the information
block can be de-mapped.

The computational complexity of ML is O((NtNr)2L), where L denotes the
size of the constellation points [67]. The complexity increases when L is large,
which causes problems when ML based on ABPM is applied. Linear detectors
such as ZF and MMSE equalisers are good solutions with low complexity.
However, their BER performance is far worse than ML.
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The ZF equaliser removes all inter-symbol interference (ISI), and is ideal
when the channel is noiseless. However, when the channel is noisy, the ZF
equaliser will amplify the noise greatly in the attempt to invert the channel
completely. The MMSE equaliser, on the other hand, does not usually elimi-
nate ISI completely but instead minimises the total power of the noise and ISI
components in the output.

4.3 Lattice Reduction Aided Linear Equilisa-
tion

LR aided detectors have been used for MIMO systems to achieve performance
with full diversity and low complexity. In [50, 51, 53, 54] is shown that some
improvements over linear detectors can be achieved by using LR, with only
a small increase in complexity in comparison to traditional linear detectors
such as ZF or MMSE as discussed in Section 2.4. A basis is considered to be
good when the basis vectors are close to orthogonal. Recently, these LR aided
linear equalisers have been utilised for detection in MIMO systems. Taking
the model in (4.1), x ∈ Z, Hx forms a lattice spanned by the columns of H
[10]. Therefore, the estimate of x (based on the received signal y) is the point
on the lattice that is the closest to y. High estimation accuracy is achieved
when the lattice basis is orthogonal or close to that. This does not affect the
performance of the ML detector, since it performs the same without taking the
channel conditions into account. However, when the ML detector is not used,
the channel conditions are important and in consequence when this condition
(orthogonality between lattice vectors) is not satisfied, the performance tends
to degrade.

The fundamental principle, as previously stated, is to combine a lattice
reduction approach with low complexity linear detectors to establish an effec-
tive channel matrix H̃ via the unimodular matrix T ∈ Z. The matrix T is
obtained based on the LLL algorithm [56] which is explained in Section 2.4.
This T has two properties: it is formed only by integers and its determinant
is ±1. Figure 4.4 illustrates the system model of LR. The model in (4.1) is
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rewritten as:
y = HTT-1x + v = H̃z + v, (4.3)

where H̃ = HT and z = T-1x. With the basis changed, the traditional detec-
tor is used to compensate for the new channel H̃ = HT. Then, it produces
the estimation of ẑ, and x̂ can be estimated through x̂ = Tẑ. In this way, the
LR algorithm is integrated into the linear detection equaliser.

Figure 4.4: Block diagram of the LR method in combination with linear detection
equaliser for MIMO system.

With this new system model, linear equalisers are applied to the channel
matrix H̃ to estimate z. When ZF and MMSE are applied to the received
signal y, the estimation of z is expressed as:

ẑ
ZF

= Q((H̃HH̃)−1H̃Hy), (4.4a)

ẑ
MMSE

= Q((H̃HH̃ + σ2
vTHT)−1H̃Hy). (4.4b)

The output of the equalisers LR-ZF and LR-MMSE are shown in (4.4a)
and (4.4b) respectively. Thus, the estimate x̂ can be calculated as:

x̂ = Tẑ. (4.5)

It is known that x̂ contains both the weight vector and the symbol in-
formation. Thus, ŵ is estimated as the weight vector which has the highest
correlation with the transmitted vector x̂

ŵ = arg max
`

‖w`x̂‖2, (4.6)
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where ` {1, ..., 2m}. The second block of data is estimated based on the
estimation of the first block and the channel matrix. The detection of ŝ is
calculated as follows:

ŝ = (Hŵ)−1y. (4.7)

As was explained, the estimation of the antenna weight vector is critical
since it directly affects the symbol estimation. Therefore, as the ABPM symbol
detection is obtained in two steps, an error on the antenna weight vector will
be propagated to the APM symbol detection.

4.4 Performance Analysis

The ABPM scheme has been described as hybrid modulation due to its com-
bination of antenna pattern with conventional APM schemes [68]. The ABPM
transmission design changes depending on the Nt transmitters and beam pat-
terns, i.e. different designs for different scenarios. Thus, it is not possible to
derive an exact BER probability equation. For this reason, a tight upper bound
on the BER is derived to validate and analyse the performance of ABPM. The
PEP of an ML detector is given by:

P
(
xj → xĵ

)
= P

( [
‖ y−Hxĵ ‖2 − ‖ y−Hxj ‖2

]
≤ 0

)
= P

( [
‖ H

(
xj − xĵ

)
+ v ‖2 − ‖ v ‖2

]
≤ 0

)

= E

Q


√√√√ 1

2N0

∑
j

∑
ĵ
‖ H

(
xj − xĵ

)
‖2


 .

(4.8)

Using the union bounding technique presented in [59], the BER of ABPM
is union bounded as:

Pe,bit ≤ Exj

∑
ĵ

N(j, ĵ)P(xj → xĵ)


≤
L∑
j

L∑
ĵ ,̂j 6=j

N(j, ĵ)
kL P(xj → xĵ),

(4.9)
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where k is the number of information bits carried by one ABPM symbol, j
and ĵ denote the indices of the transmitted and estimated symbols, xj and
xĵ respectively; Exj is the mean value of P(xj → xĵ), N(j, ĵ) is the number
of different bits between symbols xj and xĵ and P(xj → xĵ) is the PEP of
detecting xĵ for transmitted xj [60], which is calculated as:

P(xj → xĵ) =
1− 1

u

2

Λ Λ−1∑
n=0

2−n
(

Λ− 1 + n

n

)1 + 1
u

n, (4.10)

where u =
√√√√1 + 1

(d(j ,̂j)ρ
2+b )

, Λ = NtNr, b is the number of beams and d(j, ĵ) is

the Euclidean distance between xj and xĵ .
As expected, a larger minimum d(j, ĵ) results in better performance, similar

to other conventional modulation techniques. Substituting (4.10) into (4.9),
the upper bound of the bit error probability for ABPM can be expressed as:

Pe,bit ≤
L∑
j

L∑
ĵ ,̂j 6=j

N(j, ĵ)
kL

1− 1
u

2

Λ

Λ−1∑
n=0

2−n
(

Λ− 1 + n

n

)1 + 1
u

n.
(4.11)

Note that PEP = 0 implies no error in the detection of xj, this is only
possible if u has the value “1” in (4.10). Therefore, the accuracy of the tight
upper bound depends on if u is close to “1”. The parameter u depends on the
minimum Euclidean distance d(j, ĵ). With larger d, u is closer to “1”. As d
and b are inversely related, if b increases, d decreases and therefore the system
performance degrades.

This means that the larger distance between transmit vectors leads to bet-
ter performance. Therefore, it is desirable that the selected antenna beam
patterns have low correlation.

4.5 Simulation results

In this section, examples are presented in order to show the benefits achieved
by ABPM. Monte Carlo simulations are performed, and are run for at least



4.5 Simulation results 63

106 channel realisations. A flat Rayleigh fading channel with AWGN is used
and CSIT and CSIR are assumed for simulation purposes.

Figure 4.5 shows the BER performance of ABPM under different detection
schemes. It compares the optimal detector ML with high computational com-
plexity, to an LR aided detector combined with MMSE as a linear detector
with low computational complexity, for data rates of η = 3 and 4 bits/s/Hz.
When η = 3 bits/s/Hz, two different beam patterns are used to carry QPSK,
the angle difference selected is 60◦ to guarantee low correlation as explained
in Section 4.2. When η = 4 bits/s/Hz, four different beam patterns are used,
carrying QPSK, the minimum angle separation is 30◦ between each beam with
γ = 0.3536 (Table 4.1). This implies that the four AoDs used are 50◦, 20◦, −20◦

and −50◦. All schemes are presented with the same number of transmitters
Nt = 2 and receivers Nr = 6.

It should be noted that in the case of η = 3 bits/s/Hz, the LR-MMSE has
a performance very close to that of the optimal ML detector. This is possible
due to low correlation between the patterns used. However, in the case of η = 4
bits/s/Hz, it can be noticed a bigger difference between the two methods (2
dB at Pe,bit = 10−5). The reason for this is that the distance between transmit
vectors whenM = 4, is smaller than when the system is using only 2 patterns.
Another factor that impacts the BER performance, is that the detection is
made in two stages. If the estimation of the first stage (antenna beam pattern
represented by weights) is wrong, this error is carried through to the second
stage which degrades the system performance.

Figure 4.6 depicts ABPM’s performance using both optimal and sub-optimal
detections in comparison with SM [27], GSSK [58] and V-BLAST with LR
aided MMSE equalisation [52] with targeted η = 3 bits/s/Hz and Nr = 5.
Four different transmission techniques are investigated to compare with the
proposed ABPM which has QPSK modulation and two different antenna beam
patterns resulting in 8 constellation points. The first one is SM with Nt = 4
antennas and BPSK modulation. The second is SM with Nt = 2 antennas
and QPSK modulation (both result in Nt ×M = 8 constellation points). The
third transmission scenario is GSSK with Nt = 5 and two active transmitters
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Figure 4.5: BER performance versus SNR in comparison with ML, LR-MMSE and
MMSE detection for ABPM with η = 3 and 4 bits/s/Hz.

nT . All three schemes are based on the optimal ML detection. The fourth
transmission technique is V-BLAST-LR with Nt = 3, BPSK modulation and
η = 3 bits/s/Hz.

ABPM’s performance with ML detection and new antenna pattern design
described in this chapter clearly outperforms other schemes as shown in Fig.
4.6, where gains of 3 dB when compared to SM 2x5 and GSSK, and more
than 3.5 dB over SM 4x5 are observed at Pe,bit = 10−5. It should be noted
that the comparison between all schemes assumes identical transmission rate.
To achieve the desired rate, SM is designed with different number of transmit
antennas and modulation sizes as shown in Fig. 4.6. The complexity at the
receiver side of these three schemes (SM, GSSK and ABPM-ML) is comparable
because they all use the ML detector. As Fig. 4.6 shows, ABPM-LR (dashed
line) presents gains over schemes based on SM at Pe,bit = 10−5: around 2 dB
over SM 2x5 and GSSK, 2.5 dB when compared to SM 4x5; even when the
SM schemes are based on ML detection which has a higher complexity than
the linear detection used in ABPM-LR.
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Figure 4.6: BER comparison between ABPM with optimal and suboptimal detec-
tors, spatial modulation and GSSK. For all systems Nr = 5.

In comparing ABPM-LR to V-BLAST, it can be observed that the BER
performance of the two is almost the same at low values of SNR. At Pe,bit =
10−5, V-BLAST has less than 1 dB gain when compared to ABPM-LR. How-
ever, it should be noted that ABPM-LR uses less transmit antennas to achieve
the same spectral efficiency as V-BLAST. The advantages of using fewer trans-
mitters are decreased costs of RF chains, saving of physical space, reduced re-
quirement in synchronisation and less interference between transmit antennas.
The performance gain of ABPM-ML can be attributed to the improvement of
spectral efficiency using antenna beam patterns which permit higher transmis-
sion diversity by transmitting the same information at each antenna.

Fig. 4.7 shows the comparison of ABPM and SM schemes with CSIT and
CSIR. An exhaustive study of SM is presented in [4, 69], including an analysis
of SM considering CSIT. Adaptive spatial modulation (ASM) [70] and optimal
hybrid spatial modulation (OH-SM) [71] have explored the transceiver channel
diversity through the use of CSIT to minimise the transmission rate. ASM
utilises different modulation order for different channel conditions. OH-SM
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Figure 4.7: BER versus SNR to compare ABPM and schemes based on SM con-
sidering CSIT and CSIR.

is an extension of ASM, which incorporates the transmission mode switching
(TMS) to use different transmission modes. All the schemes have a data rate
of η = 3 bits/s/Hz. ABPM achieves a gain of 1.5 dB when compared to ASM
and performance similar to that of OH-SM at Pe,bit = 10−3. However, at low
SNRs, ABPM outperforms OH-SM of 2 dB. In addition, adaptive modulation
and TMS require high computational complexity and the number of required
bits for feedback is large, particularly at high spatial dimension [71]. The
traditional SM curves are shown in Fig. 4.7 only as a reference.

Figure 4.8 illustrates ABPM’s performance with different number of trans-
mit and receive antennas. Examples are presented to evaluate ABPM’s per-
formance using the same data rate (3 bits/s/Hz) with two different antenna
beam patterns and QPSK modulation. It can be noticed that when Nt ≤
Nr, ABPM has better performance with larger amounts of transmitters and
receivers, since this scheme exploits the diversity at both sides. However, it is
also noticeable that when Nt > Nr, (such as Nt = 3, Nr = 2) the performance
is degraded compared to Nt = 2, Nr = 2 scheme. This is because each element
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Figure 4.8: Performance of ABPM with different MIMO scheme features (Nt and
Nr), two different transmission beam patterns and QPSK symbols.

of the vector w is transmitted by one antenna and then multiplied with one
APM symbol. This transmission process is similar to spatial multiplexing.
Then, it is expected that the constraint Nt ≤ Nr must be satisfied to recover
the signal at the receiver.

Figure 4.9 illustrates the BER performance of ABPM with Nt = 2, Nr = 5
with two and four beam patterns carrying 4-QAM symbols in comparison
with their upper bound. Each ABPM scheme has a spectral efficiency of 3
and 4 bits/s/Hz respectively. The 4-QAM with 2 beam patterns outperforms
the system using 4-QAM with 4 beam patterns. The ML detector is used
to demodulate the ABPM symbols. From this observation, it is clear that
increasing the number of patterns degrades the BER performance due to the
fact that the minimum distance between transmit vectors is reduced when
more beam patterns are introduced. The upper bound is presented in order to
validate the results obtained by simulations as explained in Section 4.4. It can
be noticed that in the case of ABPM with 2 beams, the upper bound is tighter
than ABPM with 4 beams. The reason for this is because (4.11) depends on
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Figure 4.9: BER versus SNR for 4-QAM modulation scheme with 2 and 4 beam
patterns and their respective upper bounds.

the number of beams and the Euclidean distance. Therefore, by increasing
the number of beams, the value of parameter u in (4.11) increases, which will
impact the accuracy of the bound.

It has been demonstrated that LR in combination with linear detectors
(e.g. ZF, MMSE, etc) guarantees a performance similar to that of the op-
timal detector ML but with a lower computational complexity. Figure 4.10
compares the complexity between ML O((NtNr)2L), LR-MMSE and MMSE
O(2NrN

2
t + b2 +NtNr) detectors. It has been shown that ML has higher com-

putational complexity in comparison to LR-MMSE. The number of arithmetic
operations are increased when the numbers of Nt and/or Nr increase. The in-
creased computational complexity of LR-MMSE over MMSE is caused by the
calculation of the LLL algorithm O(N4

t ) to find the new basis and the inverse
of T for ABPM. As previously mentioned, the utilisation of an LR-MMSE de-
tector reduces the computational complexity achieving almost the same BER
performance as with an ML detector.
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Figure 4.10: Number of arithmetic operations of three different detectors.

4.6 Summary

In this chapter, the ABPM scheme is presented. This is a transmission tech-
nique which proposes a criterion to select the antenna beam patterns based
on the correlation between them and also introduces a new detection scheme
based on LR which provides a performance close to that of the ML. In an
ABPM system, the ML detector may not be viable for practical implemen-
tation when the constellation size or the number of antennas are large. For
that reason LR techniques are employed, the performance of linear detectors
approaches that of optimal detector ML while preserving low complexity.

In this chapter, an LR-aided linear equaliser for ABPM is proposed to
reduce the detection complexity with the BER performance approaching that
of the optimal detector ML. Simulation results show that even with this sub-
optimal detection method, performance gain is achieved compared to different
SM techniques using ML detection. The beam pattern design is based on
the angle difference between main beam patterns to achieve low correlation.
This ABPM with ML detection outperforms V-BLAST since ABPM exploits
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diversity by sending the same information on all the transmitters. For the
detection, an LR-aided algorithm combined with MMSE, is proposed as a
suitable solution to achieve performance similar to that of the ML detector
but with lower complexity. BER simulation results show that the ABPM
outperforms the schemes based on SM using the optimal detector ML.

Therefore, a deeper study about the ABPM scheme regarding transmission
and detection design has been presented. The antenna patterns are selected to
minimise their correlation. A new LR-aided algorithm combined with MMSE
is proposed as suboptimal detection to achieve performance which is similar to
that of the optimal ML detector but with lower computational complexity. The
BER results show that the ABPM-LR outperforms SM/ML and GSSK/ML
by around 3 dB. An analytic upper bound has been derived to validate the
simulation results. The performance of the antenna beam pattern modulation
has indicated that it is a promising candidate for low complexity transmission
techniques in future generations of communications systems such as in massive
MIMO.



Chapter 5
Antenna Pattern Shift Keying
Modulation

5.1 Introduction

GSSK modulation is a technique which exploits low-complexity spatial
multiplexing for MIMO wireless systems. It is based on an SM sys-
tem and improves the spectral efficiency compared with traditional

MIMO transmissions. SM utilises the active antenna indices to carry infor-
mation, as was discussed in Chapter 2. The scheme called generalised spatial
modulation (GSMod) [72, 73] can be considered a generalisation of SM because
GSMod sends identical symbols from any combination of the active antennas
at each transmission time. GSSK and GSMod have the constraint of only
using numbers of transmitters equal to powers of two to convey information
among the possible active antenna combinations.

ABPM presented in Chapter 4 exploits the spatial channel using the an-
tenna pattern to carry information, in order to achieve efficient information
transmission. The beam pattern is determined by the antenna weights, using
the AoD from the transmitter antenna array. The detectors of ABPM and
the previously mentioned SM techniques, all use the ML detector. It is well-
known that ML is the optimal detector but at the cost of high computation
complexity when the number of antennas and/or the constellation size are very
large.
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The transmission techniques based on SM exploit receive diversity when
channel state information at the receiver (CSIR) is available, while ABPM
exploits the space domain to achieve more robust and efficient transmission.
Motivated by these considerations, a new transmission technique is proposed
based on the above features. This scheme called antenna pattern shift keying
(APSK) modulation combines GPSSK [74] and ABPM [68]. The proposed
scheme takes advantage of the benefits of both techniques to achieve higher
spectral efficiency with a simple design. The APSK symbol contains three
blocks respectively corresponding to the indices of the active transmitters, the
antenna beam pattern and the conventional modulated symbols. After being
transmitted, the symbol is estimated at the receiver side using the ML principle
to de-map it into the three blocks. At the end of the chapter, the APSK scheme
is evaluated by numerical simulation over an i.i.d. Rayleigh fading channel.
The result proves the potential improvement in both reliability and efficiency
that this technique offers.

APSK may be considered in large scale antenna array (massive MIMO)
because it is critical to reduce the number of RF chains for better channel
conditions (reducing the correlation between many elements) and to improve
the energy efficiency by reducing the power consumption.

5.2 System Model

The general APSK modulation system model consists of a MIMO wireless link
with Nt transmit and Nr receive antennas. Figure 5.1 illustrates the block
diagram of a transmitter in the proposed scheme. A random sequence of
independent bits b = [b1 b2 · · · bk] enters a serial-to-parallel converter,
where the output is divided into three blocks. The first block of m bits selects
the indices of the active transmitters in the entire transmit antenna array.
The second block, bm+1 to bn, chooses an antenna pattern to transmit the
conventional amplitude/phase modulation (APM) symbol, which is selected
by the last k− n bits, the third block, and mapped to the transmission vector
x = [x1, x2, · · · , xNt ]T .
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The modulated signal is then transmitted over a Nr × Nt wireless channel
H. The received signal is given by y = Hx + v, where v = [v1 v2 · · · vNr]T

represents the additive white Gaussian noise (AWGN) vector observed at the
receive antennas with zero mean and covariance matrix E[vvH] = σ2

vI Nr. The
matrix channel H has i.i.d. entries with CN(0, 1). The channel is assumed
to be flat-fading where the channel coefficients are invariant during each sym-
bol and independently change from symbol to symbol. H is known at the
transmitter side and at the receiver end. At the receiver, the three blocks are
estimated by the ABPM detector to de-map them into the transmitted bits.

Figure 5.1: APSKM system model.

5.2.1 Transmission

For each symbol period, a stream of independent bits is sent to the serial-
to-parallel converter and the output of the converter is divided into three
blocks: the m bits in the first block indicate the antenna indices of nt out of
Nt transmission antennas. The number of possible combinations of nt active
antennas is M’ =

(
Nt

nt

)
. Then, 2m must be smaller than or equal to M’. Hence

the maximum number of bits that can be conveyed by nt antenna indices is
blog2(M’)c. This model randomly selects 2m antenna combinations from the
overall M’ possibilities and each m bit uniquely select one set of nt active
antennas. The second block determines the antenna pattern which is formed
by nt active transmit antennas. This second block corresponds to a certain



74 5. Antenna Pattern Shift Keying Modulation

antenna beam pattern represented by a weight vector, which is denoted as
w = [w1, w2, · · · , wnt ]. As previously mentioned, APSK is a combination
of SPSK and ABPM schemes. The design criterion for the phase selection and
the beam pattern can be found in Chapter 3 and Chapter 4 respectively.

Finally, the third block will determine the mapped PSK symbols and is
denoted as s. Then, the weight vector w and the transmitted signal s are
combined to generate the signal conveyed by all the active transmitters as
shown in Figure 5.1. This signal is defined as d = [w1 ·s, w2 ·s, · · · , wnt ·s]T .
The algorithm used to generate the antenna beam pattern weight vectors is
explained in detail in Section 4.2.1.

The same symbol s is transmitted by all the active antennas, which is
conveyed by the third block. Therefore, the transmission constellation vector,
[ 1√

nt
w1 s , 1√

nt
w2 s, ..., 1√

nt
wnt s] selected by the second and the third block can

be mapped to the nt active antennas which are selected by the first block. The
factor 1√

nt
is used to normalise the power of the transmission vector to 1. All

the other Nt− nt antennas remain idle (transmit 0) during the symbol period.
In this way, the transmission vector x = [x1, x2, · · · , xNt ]T is determined.
Mathematically, it is expressed as

xn =

0, n /∈ d
1√
nt

wls, n ∈ d and n = d(l),
(5.1)

for n = 1, ..., Nt and l = 1, · · · , nt .
Once established, the groups of k bits are mapped in a transmission vector

x, which contains the information of the active antenna beam pattern and
the selected APM signal as Table 5.1 shown. The vector x contains informa-
tion about the nt active antennas, the antenna beam patterns and the APM
symbols. To clarify the APSK modulation transmission scheme, a simple ex-
ample with two different antenna beam patterns and BPSK modulation will
be explained below. In this example, Nt = 5 and nt = 2.

The first step is to calculate the number of bits that the APSK symbols can
convey. The first block is calculated as M’ =

(
5
2

)
= 10, the maximum number

of bits can be contain in for this block in this example is m ≤ blog2(10)c = 3.
In this example, the scheme only has two different patterns, so the second
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Table 5.1: APSK modulation mapping rule with BPSK

b = [b1 b2 b3 b4 b5] j x = [x1 x2 x3 x4 x5]T

[0 0 0 0 0] 1
[
−w11√

2 − w12√
2 0 0 0

]T
[0 0 0 0 1] 2

[
+w11√

2 + w12√
2 0 0 0

]T
[0 0 0 1 0] 3

[
−w21√

2 − w22√
2 0 0 0

]T
[0 0 0 1 1] 4

[
+w21√

2 + w22√
2 0 0 0

]T
[0 0 1 0 0] 5

[
−w11√

2 0 − w12√
2 0 0

]T
[0 0 1 0 1] 6

[
+w11√

2 0 + w12√
2 0 0

]T
[0 0 1 1 0] 7

[
−w21√

2 0 − w22√
2 0 0

]T
[0 0 1 1 1] 8

[
+w21√

2 0 + w22√
2 0 0

]T
[0 1 0 0 0] 9

[
−w11√

2 0 0 − w12√
2 0

]T
[0 1 0 0 1] 10

[
+w11√

2 0 0 + w12√
2 0

]T
[0 1 0 1 0] 11

[
−w21√

2 0 0 − w22√
2 0

]T
[0 1 0 1 1] 12

[
+w21√

2 0 0 + w22√
2 0

]T
[0 1 1 0 0] 13

[
−w11√

2 0 0 0 − w12√
2

]T
[0 1 1 0 1] 14

[
+w11√

2 0 0 0 + w12√
2

]T
[0 1 1 1 0] 15

[
−w21√

2 0 0 0 − w22√
2

]T
[0 1 1 1 1] 16

[
+w21√

2 0 0 0 + w22√
2

]T
[1 0 0 0 0] 17

[
0 − w11√

2 − w12√
2 0 0

]T
[1 0 0 0 1] 18

[
0 + w11√

2 + w12√
2 0 0

]T
[1 0 0 1 0] 19

[
0 − w21√

2 − w22√
2 0 0

]T
[1 0 0 1 1] 20

[
0 + w21√

2 + w22√
2 0 0

]T
[1 0 1 0 0] 21

[
0 − w11√

2 0 − w12√
2 0

]T
[1 0 1 0 1] 22

[
0 + w11√

2 0 + w12√
2 0

]T
[1 0 1 1 0] 23

[
0 − w21√

2 0 − w22√
2 0

]T
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[1 0 1 1 1] 24
[
0 + w21√

2 0 + w22√
2 0

]T
[1 1 0 0 0] 25

[
0 − w11√

2 0 0 − w12√
2

]T
[1 1 0 0 1] 26

[
0 + w11√

2 0 0 + w12√
2

]T
[1 1 0 1 0] 27

[
0 − w21√

2 0 0 − w22√
2

]T
[1 1 0 1 1] 28

[
0 + w21√

2 0 0 + w22√
2

]T
[1 1 1 0 0] 29

[
0 0 − w11√

2 − w12√
2 0

]T
[1 1 1 0 1] 30

[
0 0 + w11√

2 + w12√
2 0

]T
[1 1 1 1 0] 31

[
0 0 − w21√

2 − w22√
2 0

]T
[1 1 1 1 1] 32

[
0 0 + w21√

2 + w22√
2 0

]T

block only carries one bit. Finally the third block is represented by the APM
symbol, and in this example the modulation is BPSK, so this block contains
only one bit.

Taking all the above into account, the transmission vector will convey five
bits. The first three bits (b1 b2 b3) indicate which antennas are active or in other
words, the indices of active antennas. Thus, b4 indicates the antenna beam
pattern used to carry the symbol information corresponding to b5. Then, the
total number of constellation points in this example is 32. Table 5.1 shows the
list of the transmission vectors for two different beams and BPSK modulation.
In this example, when b4 = 0, the first beam is generated by the weight vector
w1 = [0.5000 + 0.0000i 0.0000− 0.5000i]. When b4 = 1, the second beam is
generated by the weight vector w2 = [0.5000 + 0.5000i − 0.5000i− 0.5000i].
Thereby, b5 is mapped to BPSK symbols based on Table 5.1, i.e. when b5 =
0 s = −1 and when b5 = 1 s = +1. These patterns have been selected
because of their low correlation. The design and selection of antenna patterns
have been explained in Section 4.2.1.

Figure 5.2 illustrates the transmission process for APSK explained above,
where an APSK symbol has 5 bits and is transmitted using nt = 2 out of Nt =
5. In this example, two possible weight vectors are selected in combination
with BPSK modulation symbols.
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Figure 5.2: Transmission for APSK modulation.

5.2.2 Detection

The information data contains the indices of the nt active transmitters which
convey an antenna beam pattern and an APM symbol. Therefore, the esti-
mation of the three blocks is an important task in the scheme. As previously
described, the output of the channel is

y = Hx + v. (5.2)

The objective of the detector is to estimate the APSK symbol, which con-
tains three blocks: the indices of the active antennas, the antenna patterns and
the APM symbols. Assuming all the constellation vectors are equally likely to
be transmitted, the optimum detection is given by the ML method

ĵ = arg min
j
‖y−Hxj‖2. (5.3)

The ML detection of ĵ can be performed by an exhaustive search over all
possible transmission vectors xj for the minimum Euclidean distance ‖y −
Hxj‖2. As soon as ĵ is detected, the APSK symbol can be de-mapped. For
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the case illustrated in Table 5.1, there are 32 possible vectors for xj . This
number increases with larger amounts of beam patterns, modulation orders or
transmitters. For example, there are 64 xj vectors when APSK modulation is
used with the same antenna array (Nt = 5, nt = 2) but with 4 beam patterns
and 2 APM symbols or with 2 beam patterns and 4 APM symbols. However,
even with 64 vectors, the complexity load at the receiver is not significantly
increased compared to the systems based on SM schemes.

Considering the advantages previously mentioned, a potential application
of APSK in future wireless systems may be in large scale antenna systems,
where the reduction of the RF chains numbers is vital.

5.3 Simulation Results

In this section, simulation results of APSK are presented. The performance
is evaluated using Monte Carlo simulations for 106 channel realisations and
the plots illustrate the BER performance versus the signal-to-noise ratio. The
simulated channel is of a flat Rayleigh fading with i.i.d. fading over all wireless
links.

The APSK data rate per symbol is η = 5 bits/s/Hz transmission with Nr

= 5 antennas. Figure 5.3 shows the average BER performance for APSK,
GSSK and V-BLAST schemes. For comparison purposes all the systems are
based on the ML detector. In order to achieve the same η, APSK is set with
the parameters described in Section 5.2.1. GSSK has Nt = 5 and nt = 3.
V-BLAST transmits BPSK symbols to Nt = 5 transmit antennas, this scheme
utilises all the transmitters at any time. The number of RF chains of APSK,
GSSK and V-BLAST is 2, 3 and 5 respectively. Then, the power consumption
used by APSK is lower in comparison to GSSK and V-BLAST.

Figure 5.3 shows that the APSK modulation scheme outperforms both the
GSSK and V-BLAST schemes. It can be noticed that APSK has a gain of
3 dB at Pe,bit = 10−4 over GSSK. The gain is smaller when APSK is com-
pared to V-BLAST. Nevertheless, in this simulation APSK is designed with
nt = 2 active transmitters whereas in V-BLAST all transmitters are always
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active (Nt = 5). Therefore, APSK has less RF chains which has an impact
on hardware design, channel estimation, synchronisation, ICI and cost. The
performance gain obtained by APSK is attributed to the low correlation of the
two selected beam patterns and the space diversity of the APM information,
achieved through sending the same data from each transmitter.
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Figure 5.3: BER performance of APSK versus GSSK and V-BLAST for η = 5
bits/s/Hz transmission (Nr = 5).

5.4 Summary

In this chapter the APSK modulation is introduced. The APSK modulation
is a novel hybrid transmission scheme for multiple antenna wireless systems.
It conveys information jointly using a general phase modulation, the indices
of active transmitter antennas and antenna beam patterns to improve the
spectral efficiency and reliability while keeping the detection affordable. The
idea behind this transmission technique is to map the bit vector corresponding
to one transmission vector in three information-carrying blocks: the first block
determines the active antenna indices, the second maps to the antenna beam
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patterns and the third block maps to the conventional APM symbols. The
detector estimates these three blocks and uses them to de-map the signal.

APSK modulation combines two novel transmission schemes: SPSK modu-
lation and ABPM. SPSK was proposed in [74] and exploits the antenna indices
to carry information. ABPM was presented in [68] and uses the beam patterns
to carry information.

Throughout the chapter, APSK modulation principles are laid out as the
building ground for new hybrid modulation schemes. APSK outperforms
GSSK and V-BLAST when all three have the same data rate since APSK
uses low correlated beam patterns and exploits space diversity to transmit
APM symbol information. BER simulation results were illustrated where the
APSK scheme outperforms GSSK modulation (up to 3 dB) and the V-BLAST
scheme with the same ML detection and the same spectral efficiency. These
advantages make APSK modulation a promising candidate for low complexity
transmission techniques in future generations of communications systems such
as massive MIMO.

APSK might be implemented in large scale antenna systems by activating
a few transmitters only, yet it can improve the efficiency of both spectrum
usage and power consumption. Improving these parameters is very important
and represents a major challenge for massive MIMO schemes APSK could be
a good solution to these challenges.



Chapter 6
Lattice Reduction Pre-Coding Aided
Spatial Modulation

6.1 Introduction

Using multiple antennas at the transmitter and receiver side in wireless
communications has led to unprecedented improvements over single
antenna systems. For this reason, MIMO techniques such as V-

BLAST [16] and STBC [13] have been adopted in many standards such as
3GPP-LTE and 802.11 as was mentioned in Chapter 2.

In Chapter 2, the concept of SM proposed in [8] has been established as
a beneficial transmission scheme, subsuming the numerous MIMO systems
family. MIMO transmission SM is more suitable for massive MIMO because it
reduces the requirement of estimation of huge number of channel paths. It is a
single-RF large-scale MIMO wireless system but exploits multiple antennas in
a novel fashion compared to high complexity classic MIMO systems. SM takes
advantage of the whole antenna array at the transmitter, while using a limited
number of RF chains [27]. This effectively simplifies the channel estimation
and makes it an ideal choice for massive MIMO. The distinctive feature of SM
is that its symbols are divided in two blocks, where the first block contains
the active transmitter index and the second block carries the information of
the conventional APM. These unique characteristics facilitate high data rate
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MIMO implementations with reduced signal processing and system complexity,
as well as improved energy efficiency [30].

Currently, the schemes based on SM assume that the transmit antenna in-
dices carry information and that the receiver has CSI. In some MIMO systems,
the CSIT mode is preferable because it reduces the complexity of the receiver
[75]. Additional advantages of using CSIT have also been observed such as:
SNR gain can be observed at the receiver in space-time diversity schemes,
in addition to the transmit diversity gain. Another advantage is, higher sys-
tem capacity than with CSIR for MIMO systems with more transmitters than
receivers [76].

Given CSIT, the family of pre-coding aided spatial modulation (PSM)
schemes are proposed by Yang in [77] to convey extra information by choosing
the receivers’ indices wisely. In PSM, the indices provide additional informa-
tion in the spatial domain. PSM successfully decreases the cost and complexity
of the receiver side. Thus, it may be considered suitable for downlink trans-
mission. The scheme called Generalised Pre-coding Aided Spatial Modulation
(GPSM) described in [29, 77] is a variation of SM [8, 24, 27, 28, 58, 78].
GPSM uses the indices of the antennas at the receiver to convey information
in addition to a conventional APM. The GPSM transmission contains two
components, the first one is the preprocessing scheme which selects a desired
receive antenna and the second one chooses the conventional APM symbol.
GPSM requires a perfect CSIT and uses ML detection.

As massive MIMO usually works for TDD mode, GPSM can be a good
candidate for this systems. However, the use of hundreds of antennas is not
affordable with ML detection. This chapter proposes a sub-optimal detection
method to address this disadvantage. However, as expected this sub-optimal
detection method causes performance degradation. To solve this problem,
a novel LR based pre-coder is proposed, which greatly improves the BER
performance and makes the use of a low-complexity detector possible. As a
result, the BER performance of [29] and the proposed scheme is comparable
in spite of the latter using a linear detector. In this chapter, the proposed
pre-coding technique is used to improve the performance of GPSM. However,
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it is also possible to utilise the technique to improve the BER performance of
other systems.

The chapter is structured as follows. Section 6.2 introduces the conven-
tional GPSM system model, the pre-coding transmission matrix and the origi-
nal detection. Section 6.3, the LR pre-coder matrix and the linear detector are
introduced. Section 6.4 presents simulation results and the chapter summary
can be found in Section 6.5.

6.2 Generalised Pre-coding Aided Spatial Mod-
ulation

The GPSM method presented in [29] will be explained first. GPSM can be
defined as a system which relies on activating a set of receivers with the aid
of a pre-coder at the transmitter side. The particular set of active receivers
selected (i.e. indices of active receive antennas) convey additional information,
to that carried by the conventional APM symbols mapped to it.

6.2.1 GPSM Transmission

The general system model consists of an MIMO wireless link with Nt transmit
and Nr receive antennas. GPSM mitigates the ICI at the transmitter side
using a pre-coding matrix P ∈ CNr×Nt before the source signal is transmitted,
exploiting the CSIT [77]. The GPSM symbol is divided into two blocks, the
first block indicates the indices of the active receivers (nr) out of Nr and the
second block is mapped to the APM symbol sent by all the transmitters. Thus,
the GPSM symbol scm ∈ CNr×1 is defined as scm = Ωcbm, where c = 1, ...,B,
B is the number of all the possible selections of nr out of Nr, bm is a vector
nr×1 which contains the particular APM symbol selected by the second block
of the GPSM symbol and Ωc represents a diagonal matrix corresponding to
the c selected receivers, representing the information given by the first block
of the GPSM symbol.

In [77], the transmitter pre-processing scheme applied to the Nr antennas is
based on the ZF algorithm. The transmitter pre-coding matrix P allocates all
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the energy received to the selected receivers, trying to generate the maximal
possible output through preventing the power leaking to the other receivers.
P is expressed as:

P = βH∗(HTH∗)−1, (6.1)

where β =
√

Nt is a normalising factor. After the pre-coding process, the
resultant transmit signal x ∈ CNt×1 is expressed as:

x = PTscm. (6.2)

GPSM Transmission Design

An example of the GPSM transmission scheme is given in Figure 6.1 which
illustrates the system utilising Nt = 5, Nr = 4 and nr = 2 active receivers. In
this example, GPSM transmits QPSK modulation symbols.

The length of the two GPSM blocks has to be calculated to set the number
of bits per transmit symbol. The first block contains information related to
the possible nr active receiver combinations and it is calculated as follows

m =
⌊
log2

(
Nr

nr

)⌋
= blog2

(
4
2

)
c = 2,

where m is the number of bits contained in the first block. It is also important
to define c, which indicates the number of possible combinations of nr active
receivers. Then, c is expressed as:

c = 2m = 4.

In Table 6.1, the four possible combinations of c are shown. It is observed
that each pair of bits are mapped to their corresponding nr combination. Then,
nr1 and nr2 are thr active antennas out of the four receivers Nr (Nr1 , Nr2 , Nr3

and Nr4).
In the example provided in Figure 6.1, the GPSM symbol is [1 0 0 1]. The

first block [1 0] assumes that the nr active receivers are Nr1 and Nr4 and the
second block [0 1] is mapped into a QPSK symbol equal to −1+ i. The matrix
Ωc3 ∈ ZNr×nr is shown in Figure 6.1. The vector bm = [−1 + i − 1 + i]T .
Then, the vector scm is obtained to finally, with the pre-coder P, generate the
transmit signal x ∈ CNt×1.
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Table 6.1: Mapping table for the first block in a GPSM system with Nr = 4 and
nr = 2

[b1 b2] c nr1 nr2

0 0 c1 Nr1 Nr2

0 1 c2 Nr1 Nr3

1 0 c3 Nr1 Nr4

1 1 c4 Nr2 Nr3

1 
 

0 
 
 

0 
 

1 

c 
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Figure 6.1: Transmission design for GPSM.
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6.2.2 GPSM Detection

The signal observed at Nr receive antennas, is written as

y = Hx + v, (6.3)

where v = [v1 v2 · · · vNr ]T represents the AWGN vector observed at the
receive antennas with zero mean and covariance matrix E[vvH] = σ2

vI Nr . H ∈
CNr×Nt represents the matrix channel involved, where each entry is assumed
to be flat Rayleigh fading and all entries are uncorrelated.

In [29] an ML based detector is employed. The detection process can
be divided into two stages. The first stage detects the indices of the active
receivers and is expressed as:

k̂ = arg max
w∈[1,c]

nr∑
p=1
|yw(p)|2, (6.4)

where yw is the matrix that contains the rows extracted from y with subscript
set w indicating the selected nr rows out of Nr. p indicates the index of
the corresponding row. The second stage estimates the APM symbol and is
expressed as:

n̂ = arg min
n∈[1,M ]

|yk̂/β − bn|2. (6.5)

This two-step decoding method has the complexity of O(N2
rL+ n2

rc) which
is lower than a conventional ML detector for MIMO.

6.3 Proposed GPSM System Model

The GPSM system model has attractive features which are useful for future
wireless system applications such as massive MIMO. However, as massive
MIMO increases the number of transmitters and receivers, an estimator based
on ML, even with separate detection, is not feasible due to its high computa-
tional complexity. Taking this into consideration, a linear detection algorithm
which has lower complexity than the ML estimator is proposed. As linear de-
tectors generally do not perform as well as ML, a novel pre-coding matrix based
on the LR algorithm is employed to compensate the performance degradation.
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In Section 2.4, the lattice reduction algorithm was presented. As was men-
tioned, a lattice can be represented by different bases. The lattice reduction
goal is to find the basis with the best orthogonal conditions for a given lattice.
Recently, LR in combination with linear equalisers has been used to improve
the performance for detection in MIMO systems. The performance improve-
ment is achieved when the lattice basis is orthogonal or close to that. The ML
detector is based on exhaustive search so it is not limited by the aforemen-
tioned condition. However, when the ML detector is not used, this condition
is not satisfied which consequently degrades the performance.

Typically, LR aided detectors utilise the LLL algorithm [55] because in
spite of not guaranteeing that the optimal basis will be found, it guarantees
finding a basis with better orthogonal conditions than without it[48].

Using LR with linear detectors has proven a good solution for achieving
performance which is comparable to that of ML but with lower computational
complexity [11, 48, 50, 51, 52, 55, 64, 65].

6.3.1 Transmission

As previously mentioned, LR detectors have been utilised to achieve perfor-
mance similar to that of ML through the channel treatment. Then, the im-
proved orthogonal conditions of a channel with the LR scheme can make the
detection more accurate. The LR algorithm has also been used as part of the
decoder to improve the performance of linear equalisers in MIMO systems. The
LR algorithm replaces H for H̃ with improved orthogonality between columns.
The output of the LLL algorithm is a matrix T, which has two properties: it
is formed only by integers and its determinant is ±1.

Based on this principle, the LR scheme is used to enhance the GPSM
performance by maximising the energy to the nr active receivers. The H̃ =
HTT matrix channel is close to orthogonal.

In this chapter, the pre-coding matrix is calculated based on the matrix
obtained from the LR procedure and is expressed as:

P̃ = βH̃∗(H̃TH̃∗)−1. (6.6)
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Thus, the GPSM transmit signal x ∈ CNt×1 is rewritten as:

x = P̃scm. (6.7)

6.3.2 Detection

The received signal observed is written as:

y = Hx + v. (6.8)

The proposed detection method can be divided into two steps. First, the
rows of the z̃ are sorted in descending order based on their power magnitude
as follows:

z̃ = sort{y}.

=



z̃λ̂1
z̃λ̂2...

z̃λ̂nr−1

z̃λ̂nr
z̃λ̂nr +1...
z̃λ̂Nr

,



(6.9)

and then the indices of the first nr elements in (6.9) are the estimation of
the indices of the nr active receive antennas. The estimation of the nr active
receivers is done based on the mapping list associated with the B possible
combinations. The mapping list is expressed as:

c1
c2
...
cB

⇒


0 0 · · · 0
0 0 · · · 1
... . . . ...
1 1 · · · 1


If the estimation is correct, the indices of the nr elements should be identical

to one of the selection patterns. This can be detected by comparing with all
possible selection of nr out of Nr. This method is sub-optimal because if the
combination is not found in the selection patterns, the z̃λ̂nr

element is replaced
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by the z̃λ̂nr +1
element, z̃λ̂nr +2

and so on. This process is repeated until the first
block is de-mapped.

The resulting vector with the nr elements is defined as y(k̂). Then, the
APM symbol m̂ can be estimated as:

m̂ = Q
( nr∑
p=1

yk̂(p)
)
, (6.10)

where Q() is the symbol quantiser to the APM constellation set and y(k̂)
includes the nr maximum values from the vector ẑ.

The computational complexity of the proposed decoding method is O(N2
r +

nrc). This complexity is assuming that the pattern c is found until the last
possible combination. Thus, it requires Nr operations but this scenario is not
likely for all the iterations.

Initialise the 
decoding process 

The received signal “y” is 
sorted based on the power of 
each element, producing the 

vector 𝒛 . 

 
Indices 
of y𝒌 ∈

 𝓑  

The indices of the first 𝑛𝑟 
elements “y𝒌 ” are compared 

with the “c” patterns. 

yes no 

Replace the 𝑛𝑟
𝑡ℎelement 

for the 𝑛𝑟+1
𝑡ℎ in 𝒛  and 

generate a new y𝒌  vector. 

Decode the GPSM 
symbol  

 y𝒌  and estimate the 
APM symbol 𝒎   

Figure 6.2: Diagram block algorithm for the proposed GPSM decoding method.
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Fig. 6.2 illustrates the block diagram of the decoding algorithm proposed

for GPSM. This diagram shows how (6.9) and (6.10) work to estimate the

receiver indices and the APM symbol, respectively. It is worth noticing that

(6.9) is repeated until a pattern c can be estimated. The nthr element is replaced

because it is most likely that the elements with lowest power may be the

idle receivers. However, the simulation results show that it is most likely

that the indices of the first nr elements represent the right active receivers,

particularly at moderate or high SNRs. Therefore, the possibility of repeating

the comparison is very low, and hence this procedure has very low complexity.

The ML detection method of the original GPSM works in the following

manner (GPSM/ML); the power of all elements are calculated, the highest

elements are selected and compared with the power of all the possible patterns.

In addition, the proposed detection method utilises linear method to detect the

APM symbol. On the other hand, with the original GPSM, APM is detected

by comparing with all the possible APM symbols, which may increase the

complexity significantly for high APM constellation schemes.

Fig. 6.3 shows the comparisons between the original GPSM/ML and the

proposed LR-GPSM using linear decoding scheme (LR-GPSM/LD) in terms

of computational complexity. Both systems (GPSM/ML and LR-GPSM/LD)

are analysed using different percentages of active receivers nr. The proposed

decoding scheme requires less operations because it only utilises a matrix mul-

tiplication, a sort function and the quantisation operator. On the other hand,

the GPSM/ML decoding method uses the ML algorithm at each step to de-

code the symbol. For that reason, the LR-GPSM/LD decoding scheme does

not utilise as many comparisons as the conventional GPSM/ML and the de-

coding process is faster than GPSM/ML. Another aspect to highlight is that

the complexity is higher when the number of possible patterns c increases be-

cause the decoder has to compare all the possible combinations. This has a

bigger impact on the ML scheme than a linear scheme.
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Figure 6.3: Decoding processing computational time of GPSM/ML vs LR-
GPSM/LD.

6.4 Simulation results

In this section, the proposed LR-GPSM results compared to the original GPSM
scheme [29] are presented. Monte Carlo simulations are performed at least 106

channel realisations. For simulation parameters are: a flat Rayleigh fading
channel, η = 4 bits/s/Hz transmission with Nt = 8, Nr = 4 and nr = 3.

Fig. 6.4 shows the BER performance of the GPSM/ML [29] in comparison
with the proposed LR-GPSM using ML detection (LR-GPSM/ML) and LR-
GPSM/LD.

As seen in the figure, LR-GPSM/ML produces a gain of more than 1 dB
over the original GPSM in terms of BER, showing the effectiveness of LR-based
pre-coding. The LR-GPSM/LD has a performance comparable to the original
GPSM but with much lower complexity. It is noticed that at low SNR the
original GPSM performs sightly better than GPSM-LR/LD. This is because
the impact of noise at low SNRs is bigger and will lead to wrong estimation of
the indices and worse performance.
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Figure 6.4: BER performance of GPSM versus SNR, for Nt = 8, Nr = 4 and
nr = 3.

6.5 Summary

In this chapter, a novel pre-coding scheme and a sub-optimal detector ap-
plied to GPSM are proposed, which also can be used in other systems. It is
demonstrated that performance gain and complexity reduction are achieved in
comparison with the work presented in [29]. The simulation results demon-
strate that GPSM-LR/LD has performance which is similar to that of the
conventional GPSM but with significant complexity reduction in the decod-
ing process. The LR based pre-coding GPSM with low complexity detection
scheme can be considered an ideal candidate for emerging technologies such as
massive MIMO.



Chapter 7
Conclusions and Future Work

7.1 Conclusion

In this chapter a brief revision of the main contributions of this thesis and
some proposed directions for future work are explained. At the outset,
the objective of this thesis is to explore alternatives for novel transmis-

sion schemes and low complexity decoders, which may improve the overall
system performance for future wireless communication systems. The proposed
techniques are designed to improve the traditional system as follows:

• Three transmission methods based on SM are proposed to improve the
spectral efficiency. These methods convey extra information through the
use of the antenna indices, beam patterns and a combination of these. In
addition, these methods reduce the power consumption and complexity
as not all the transmitters are used.

• The ML detector is not feasible when there is a large number of anten-
nas or with higher-order forms of modulation. A sub-optimal detection
scheme based on LR is proposed to reduce the decoding complexity. This
sub-optimal scheme achieves performance similar to that of the ML de-
tector.

A summary of the technical work already explained in the previous chap-
ters now follows. Some suggestions for potential future research in wireless
communication systems are then discussed.
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7.2 Thesis Summary

• The first chapter explained the motivation of this work and the necessary
prerequisites to solve some of the difficulties in wireless communications.
It begins with some historic facts in the development of communication
systems. The evolution of wireless systems and some concepts are ex-
plained briefly as background information and to ensure understanding
of the later chapters.

• In the second chapter, traditional MIMO is described, explaining the fun-
damental concepts of the diversity and multiplexing tradeoff for MIMO
systems. All the advantages and disadvantages for its most important
transmission schemes are explained in detail. Pre-coding and decoding
definitions are explained and the importance of these schemes in the
communication systems is discussed. Then, an alternative to reduce the
decoding complexity is introduced, which uses LR in combination with
traditional low-complexity decoders. The aim of LR is to transform the
original channel matrix into a new one but with better orthogonality
conditions.

• In the third chapter, a new transmission technique scheme is proposed
in order to bridge the gap between spectral and energy efficiency. The
proposed scheme is based on SM and is called SPSK modulation. In
SPSK, only a few antennas are active at any time. In addition to the
antenna indices, the phases transmitted on active antennas also carry
information to further improve spectral efficiency. The phases selection
criterion is analysed and optimised by choosing the phases with the larger
diameter (distance between the phase points). This selection impacts the
performance in terms of BER. Thus, the SPSK modulation scheme shows
performance gain when compared to systems based on SM and spatial
multiplexing. An upper bound is also derived to validate the results
achieved by SPSK and it can be proposed as a good alternative for a
future MIMO transmission scheme.
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• In the fourth chapter, ABPM is introduced as a novel transmission tech-
nique for MIMO channels. ABPM improves the spectral efficiency by
selecting different antenna beam patterns to carry additional informa-
tion. An optimum method is proposed to select the beam pattern based
on low correlation to achieve BER performance gain. Another novel fea-
ture proposed for this scheme is the decoding algorithm based on LR.
This technique improves the BER performance by improving the orthog-
onality conditions to the channel matrix. Then, a linear equaliser is used
to estimate the transmitted signal. Simulations show that ABPM out-
performs systems based on SM even with the LR decoder. Analytical
performance is derived to support the ABPM with ML decoder’s results.

• The fifth chapter investigates a novel transmission scheme (APSK), which
combines the ABPM principle and SPSK modulation. It increases the
spectral efficiency by sending extra information by the antenna indices
and the beam patterns. This scheme only utilises a few transmitters at
any time, so APSK scheme can be considered an energy efficient system.
APSK results show improvements when compared to technique based on
SM and spatial multiplexing, which makes this scheme a great candidate
for future generation wireless systems such as massive MIMO.

• In the sixth chapter, a pre-coding scheme based on LR is proposed as
the pre-coder in GPSM. CSIT is assumed to be available to use LR as
a pre-coding matrix, which facilitates the detection at the receiver side.
The use of pre-coding scheme in GPSM improves the spectral efficiency
and system reliability. This technique uses all the transmitter antennas
but only a few receiver antennas at any time. As LR is used as pre-
coder, it facilitates the use of a linear equaliser at the receiver side. The
simulation results show that if these two proposed techniques are applied
to GPSM, the BER performance is improved with reduced computational
complexity.
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7.3 Suggestions for Further Work

Many interesting questions arise from the work previously presented. The most
important problem would seem to be to design a system with high spectral
efficiency, simple transmission design, low decoding complexity and as few RF
chains as possible. There are some schemes, which propose a tradeoff between
these features. Achieving all these characteristics appears quite challenging
and particularly for future wireless system communications such as massive
MIMO. Therefore, this section outlines some of the potential areas for future
work based on the work presented within this thesis.

• Extending the proposed schemes to massive MIMO.
Massive MIMO seems to be the future for wireless communications. How-
ever, the research on this topic still raises a lot of questions which have
to be resolved, such as the transmission mode for the downlink (TDD or
FDD). Then, with the addition of large amounts of antennas but only
utilising a few of them, a criterion should be established to set the opti-
mum number of active transmitters. In addition to this idea, a criterion
has to be established for when not all the receivers are active.

• Evaluation under realistic channels.
Many novel transmission techniques have been analysed, which have
good features and characteristics in comparison with the well-known spa-
tial multiplexing (V-BLAST) and SM. However, the performance of these
proposed schemes and all the gains may be radically different in realis-
tic channels. The European WINNER project [79], which is part of the
Framework 6 effort, is currently researching the outline of a system design
of such a “beyond-3G” system. The WINNER project started recently
and there is an immediate demand for models suitable for initial usage.
This channel modelling is used for initial evaluation of “beyond-3G” tech-
nologies in outdoor scenarios within the WINNER project. It is high-
lighted in [80, 81] that the WINNER channel modelling takes the follow-
ing key cluster parameters into consideration: delay, power, AoD, AoA,
Ricean K-factor, mobile station, mobile station speed, number of rays
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per cluster, ray powers, cluster and composite cluster azimuth-spread at
mobile station and at base station. All the schemes analysed are going
to be affected by the WINNER channel modelling.

• Exploit the CSIT in a more efficient way.
ABPM and APSK are schemes which use the CSIT. However, they did
not take into consideration the channel conditions in the design of the
patterns at the moment. Therefore, the establishment of a criterion
where the CSIT can be made in a more efficient use to achieve better
channel diversity and overall performance can be investigated.

• Adaptive modulation scheme.
The channel conditions change with time. For that reason, link-adaptation
schemes are required to achieve better system performance. For different
channel conditions, a low-complexity modulation order selection criterion
is developed to decide the optimal transmission mode that yields the best
BER performance while remaining with the average transmission bit rate
target. Throughout this thesis, many systems have been proposed with
diverse features that show some improvements over well-known MIMO
techniques. Each of these novel methods have demonstrated better per-
formance at either low or high SNR. The channel information is made
available through the feedback information. This means that not only
the transmission information rate can be varied but also the number
of active transmitters and/or receivers can change between transmission
techniques.

• Unification of the proposed schemes.
Different schemes have been analysed in this thesis, which propose many
good characteristics for future wireless communication systems. Many
improvements have been shown, where some of them are for systems
that use all the transmitters and others for systems which only have a
few active transmitters. Schemes for pre-coding and decoding have been
introduced which aim to improve the overall system performance and/or
reduce the complexity. Therefore, an interesting research topic would be
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to analyse the possibility of designing a framework which utilises only a
few transmitters and a few receivers but exploits the advantages of the
whole antenna array at both sides as in the proposed schemes in this
thesis.

In summary, much remains to be done in this area because the demand
for high data rates continuously increases. In addition to these demands, the
future wireless systems are focused on being energy efficient. Taking into
consideration that massive MIMO seems to be the future in wireless commu-
nications, the reduction of RF chains and decoding complexity in combination
with other techniques such as SM, CSIT, LR, etc. may fulfil the user demands.



Appendix A
Pairwise Error Probability Derivation

In this appendix the derivation of the PEP for MIMO block fading channel
is explained. For code systems, the PEP uses the basic structure for the
union bound calculation of the error probability and it is utilised as the

main criteria for code design. Considering a signal constellation which contains
a set of M signal vectors {s̃m}Mm=1. As all the signal vectors are equally likely
the Pm = 1/M [82]. Observing the received signal r̃, the ML detector selects
the signal vector s̃m that reduces the squared Euclidean distance ‖r̃− s̃m‖2. It
is important to notice that all r̃ ∈ Rm, where Rm indicates the decision regions
and is defined as:

Rm = {r̃ : ‖r̃− s̃m‖2 ≤ ‖r̃− s̃m̃‖2,∀m̃ 6= m}. (A.1)

The decision regions are hyperplanes that are defined by the locus of the
signal points which are equidistant from two neighbouring signal vectors.

Then, the conditional error probability linked with s̃m is expressed as:

P (c, s̃m) = P (r̃ /∈ Rm)

= 1− P (r̃ ∈ Rm)

= 1− P (e|s̃m),

(A.2)

where P (e|s̃m) indicates the conditional probability of correct estimation. Then,
using the joint conditional probability density function (PDF), (A.2) can be
expressed as:

P (c, s̃m) = 1−
∫
Rm

p(r̃|s̃m)dr̃. (A.3)
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Therefore, the average error probability is

P (c) = 1
M

M∑
m=1

P (c, s̃m). (A.4)

The PEP determines the probability of decision error at the receiver, con-
sidering that only two signal points exist. Then, the PEP can be defined for
each pair of signal vectors in the constellation. Considering two signal vectors
s̃j and s̃k, separated by the squared Euclidean distance d̃2

jk, the PEP is

P (c, s̃j) = Q

√√√√α2d̃2

jk

4No

, (A.5)

where α is the magnitude of the fading gain andNo is the noise density. Finally,
P (c, s̃j) = P (c, s̃k) and the PEP between the signal vectors is

P (s̃j, s̃k) = P (c, s̃j) = P (c, s̃k) = Q

√√√√α2d̃2

jk

4No

. (A.6)

Applying these definitions to the techniques proposed in this thesis, the
PEP between two arbitrary code-words c and e over N time slots in the
Rayleigh L-block fading channel [60] is expressed as:

P(c→ e) = 1−
∫
Rm

p(c|x)dx

= aEw

Q

√√√√ Nt∑

j=1

Nr∑
v=1
| wv

j |2
, (A.7)

where Rm is the decision regions, p(c|x) is the joint conditional probability
density function (PDF), a = Es

4NtNo
, Es is the symbol energy, No is Gaussian

noise variance and | wv
j | is Rayleigh distributed.

Denote w = w1
1 and zvj = wv

1
w , (j,v) 6= (1,1). Their joint PDF, f(w, zvj · · · zNr

Nt
)

can be obtained from their cumulative density function
F(w, zvj · · · zNr

Nt
) and expressed as:

f(w, zvj · · · zNr
Nt

) =w2NrNt−1·

Nt∏
j=1

Nr∏
v=1

(j,v)6=(1,1)

zvje
−w

2

2

(
1+
∑Nt

j=1

∑Nr
v=1(j,v)6=(1,1)

(zv
j )2

)
.

(A.8)
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One of the properties of the complementary Gaussian cumulative distribu-
tion function (Q-function) is the integral property [83], which is expressed

∫ ∞
0

x2n−1e−x2
2 Q

(
x

No

)
dx

= (n− 1)!
2 (1− (N2

o + 1)− 1
2 )n

×
n−1∑
k=0

2−k
(
n− 1 + k

k

)
(1 + (N2

o + 1)− 1
2 )k.

(A.9)

Utilising (A.8) and (A.9), the PEP can be expressed as:

P(c→ e) =
1− 1

u

2

Λ Λ−1∑
k=0

2−k
(

Λ− 1 + k

k

)1 + 1
u

k, (A.10)

where u =
√

1 + 1
a
, Λ = NtNr.
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