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Abstract

Spatial modulation (SM) is a unique single-stream, mugtiplput multiple-output (MIMO)
transmission technique. Unlike traditional MIMO schem®d) sends out signals through a
single active antenna, and achieves multiplexing gainsnopding information bits into the
index of the currently active antenna. In contrast to matittam MIMO systems, this partic-
ular characteristic offers great superiority in two maipexds. Firstly, SM completely avoids
inter-channel interference. Secondly, SM requires a singtlio-frequency chain, regardless
of the number of antennas used, and therefore exhibits #isagn energy saving. However,
the property of a single active antenna challenges the ehastimation process for SM: the
transmit antennas have to be activated sequentially fatisgrpilot signals. As a result, the
time consumed in pilot transmission is proportional to thenber of transmit antennas. How-
ever, this fact has so far been neglected in related reseadsb, published research on SM
has focused on point-to-point communications, and few bavered a network perspective. In
this thesis, a comprehensive study is undertaken on SMraegstesingle-user, multi-user and
multi-cell scenarios.

As a unique three-dimensional modulation scheme, SM esaiede-off between the size of
the signal constellation diagram and the size of the spediadtellation diagram. In this thesis,
an optimum transmit structure is proposed for SM to employadaptive scale of antennas
against channel correlations. Unlike traditional anteseglaction methods, this new approach is
not sensitive to fast fading, due to the exploitation ofist&ial channel state information (CSI)
instead of instant CSI. The proposed transmit structurernsahstrated to have a near-optimal
performance against exhaustive search, while achievingle® computational complexity.

In addition, three novel methods are developed to improgecttannel estimation process for
SM. A first method estimates the entire MIMO channel by semgiiitot signals through only
one of the transmit antennas, among which the channel ataelis exploited. In a similar
way but focusing on the receiver, a second method can imphevestimation accuracy without
increasing the pilot sequence length. A third method ba&sarice transmission power between
pilot and data to minimise the bit error rate. A framework ofrtbined channel estimation is
also proposed, in which the three methods are jointly agplie

Furthermore, the antenna allocation in multi-user SM idisi, in order to explore multi-user
diversity gains. A method that jointly manages transmieanas and receive antennas for all
co-channel users is proposed. The aim of this new methodhigtamise the channel capacity
for each user, and the fairness among users is taken intairgtcctt is demonstrated that the
proposed method significantly improves the performance wfitaser SM, especially when
serving a large number of users.

Finally, a novel cooperative scheme is proposed for SM in Hi+oell scenario. Based on the
concept of coordinated multi-point transmission (CoMRis scheme enables the coordinated
users to swap the base station antennas pertaining to thehmeéktier cellular architecture is
further developed to switch between CoMP and the cooperatiieme.
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Chapter 1
Introduction

1.1 Motivation

At the present time, the whole information and communicatechnology industry contributes
2% to the global carbon emission [1]. With the aim of reduding carbon footprint and the
operating cost of wireless networks, an overall energy cgolu is required in the region of
two to three orders of magnitude. Meanwhile, a significantéase of the network spectrum
efficiency from currently around 1.5 bit/s/Hz to at least itisiHz is needed to cope with
the exponentially increasing traffic loads [2]. Due to thdsetors, a mass of attention has
been drawn to spatial modulation (SM), a unique singleastrenultiple-input multiple-output
(MIMO) transmission technique [3-5]. In SM, in addition tigrsal modulation, the antenna
positions are used to carry information bits. Unlike cori@ral MIMO schemes, SM activates
a single transmit antenna and conveys a single data streany #itne instance. Therefore SM
requires one radio-frequency (RF) chain only, regardiésbheonumber of transmit antennas
used. This characteristic makes SM a truly energy efficiel®! technique, since each RF
chain contains one power amplifier that consumes about 608eoéntire energy of an RF
chain [6]. Another significant advantage due to a singlevaaitenna is that SM completely
avoids inter-channel interference (ICI). Conversely,iKlhevitable in the conventional MIMO

schemes, leading to a drawback in their decoding processes.

The concept of SM has emerged and been developed in the tisgade. The original idea of
exploiting antenna positions to carry information bits wasoduced by Chaet al. in 2001,
where the signal can be sent by different numbers of transm@nnas [7]. In 2004, Haas

al. first considered conveying information bits via activatioige transmit antenna out of the
antenna array [8], which forms the foundation of SM. LateR@®6, this unique single-stream
MIMO scheme was termed as SM by Mesktdtal,, and a two-stage detection method was pro-
posed to estimate the transmit antenna index and the triadrsignal [3]. Since then, research
related to SM has been conducted extensively. A joint maminfilkelihood (ML) detection

method was proposed in [9], where the transmit antenna iaddxhe transmitted symbol are
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estimated together, providing an optimal detector for SM[10], endeavours were made to
combine SM with space-time block coding (STBC). In additishMO-orthogonal frequency-
division multiplexing (OFDM) is one of the most sought-aftesearch directions. When SM
confronts an OFDM system, the main challenge lies on the icobitween the constraint of
a single RF chain in SM and the requirement of different stieéor OFDM subcarriers [11].
Furthermore, theoretical work has been done to analysedfiermance for SM in terms of
bit error probability [12—-14]. Results show that SM offerbetter performance than many

state-of-the-art MIMO techniques, while achieving a lowmplexity implementation [12].

Some variants of SM concepts have also been studied. Regqthansignal modulation part
from SM, space shift keying (SSK) transfers the informatia solely by antenna indices [15].
Instead of activating a single transmit antenna, genebgatial modulation (GSM) activates
a certain number of antennas at any time instance, and &xfi@ combinations of the active
antennas to construct the spatial constellation diagr&h [Compared with the original SM,
GSM can effectively increase the spectrum efficiency whemguhe same number of transmit
antennas. Receive-spatial modulation (R-SM) uses thefoearimg technique in order to carry
information bits through the index of the antenna receigmgpals [17]. This thesis is focused
on the SM structure, and the proposed methods are also alplglito the above variants. So
far, most studies on SM have been conducted in the singlesaseario under the assumption
of known channel state information (CSI). In order to study EM system in a practical and
comprehensive environment, three cases will be considertils thesis: i) a single user with
perfect channel state information (PCSI); ii) a single usiéh practical channel estimation;

and iii) multi-user and/or multi-cell scenarios.

When PCSIlis assumed in a single-user scenario, one of theaiigsues raised in MIMO sys-
tems is the performance degradation caused by channelatmmns. Table 1.1 summarises the
technologies that have been reported to improve the bit eate (BER) performance of MIMO
schemes against multipath imperfection. Like all other Nidchemes, SM experiences per-
formance degradation over correlated channels [18]. Viighaim of increasing the antenna
diversity, the transmit antenna selection (TAS) techrscare widely applied in the MIMO sys-
tems, where a subset is selected from an antenna array taHergroup of transmit antennas
[19]. However, few studies have been done with respect teldping TAS methods for SM,
and in those few, the subset contains a fixed number of ardd@fa22]. In [23], an adaptive

spatial modulation method was proposed, which selects andidate from several optional
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SM structures of different transmit-antenna numbers. @lgh the performance of SM can
be improved to some extent, this method has the followingkwesses: i) it offers a limited
range of options; ii) it requires instant CSl and therefaradt suitable for fast fading; and iii)
in despite of using a simplified modulation order selectigtedon, it still requests significant
processing power. To date, the optimal transmit structareéSM has not been addressed in

literature.

Perfect channel knowledge is however impractical, and rélaastimation (CE) is of vital
importance. A massive body of literature, e.g. [44] and [4&]s been done on the topic of
CE for multi-stream MIMO systems, where all transmit antshoan send their respective pilot
signals simultaneously. While the property of a singlevaciintenna benefits SM in saving
energy and avoiding ICl, this challenges the channel estimarocess: the transmit antennas
have to be activated sequentially when sending the pilotasigAs a result, the CE time for
SM is proportional to the number of transmit antennas. Uafately, this fact has so far been
neglected in literature. In [46] and [47], the BER performarof SM with imperfect CSl is
studied for uncorrelated channels and correlated chgmesisectively. A similar work on SSK
was reported in [48], where the effects of pilot sequencgtlenwere considered. Although the
above papers fill some gaps in the knowledge, they have twordirajtations: i) the CSl errors
are artificial instead of being obtained from practical CEhods; and ii) the relation between
the CE time and the number of transmit antennas is not adattekktil now, only a few studies
have been conducted to develop the CE methods for SM. Inf#@huthors attempted to apply
recursive least square (RLS) to SM. Another CE method for Sid introduced in [50], using
joint channel estimation with data detection. Howeverséghmethods are based on existing CE

techniques, and the issue of the costly CE time in SM remaibg tunsolved.

When the scenario changes from single-user to multi-usstifcell, the interference between
co-channel users becomes the bottleneck in wireless comatioms. Multi-user detection
(MUD) methods for SM offer multiple accessing at the cost wfirecrease in the complexity
of receivers [51, 52]. Alternatively, precoding technigygroposed in [53, 54] aim to cancel
inter-user interference at the transmitter, while maimtej the same receiver structure as that
for a single user. The above studies, however, failed tooggble multi-user diversity, and their
performance degrades as the number of users increases, Bagaears that no user selection
method has been investigated for multi-user SM systemshdnnrtulti-cell scenario, with the

aim of improving the overall system capacity in the multitseenario, coordinated multi-point
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(CoMP) transmission techniques and distributed anterystieras (DAS) are two research di-
rections that draw considerable attention. The former lesathe dynamic coordination of
transmission and reception over a variety of different ksagons, turning inter-cell interfer-
ence into useful signals. The latter focuses on enhancimguhlity of desired signals, where
the antennas are distributed within a geographic areasidsté being centralised. Research
has been conducted to apply SM to CoMP or DAS systems [55 H@}vever, both methods
have their respective shortcomings: CoMP is ineffectivairzgl multipath fading, while DAS
is costly in deployment of antennas and backhauls. Effelgtiapplying SM in a multi-cell

scenario is still an open issue.

1.2 Contributions

In this thesis, the optimal transmit structure balancing lamber of transmit antennas with
the order of signal modulation is studied for SM in a singberuscenario. In addition, the
difficulty in estimating CSI caused by a single active antgeimanalysed, and three channel
estimation methods specially tailored for SM are propod&dally, the application of SM in
multi-user/multi-cell scenarios is investigated, andaeianethods are proposed to exploit the
multi-user diversity for SM systems. The results of the msichave been published in two
journal papers in théEEE Transactions on Communicatioasd thelEEE Transactions on
Wireless Communicatiori7, 58]. In addition, the results have been presented int eign-
ference papers #EEE GLOBECOMIEEE ICC, IEEE VTG IEEE PIMRCandIEEE CAMAD
[59-66].

1.2.1 Antenna selection

As a unigue three-dimensional modulation scheme, SM esaiede-off between the size of
the spatial constellation diagram and the size of the sigoastellation diagram for a certain
spectrum efficiency. As a first contribution of this thesisyavel two-stage TAS method is
proposed to obtain the optimal transmit structure for SM thamimises the average bit error
probability (ABEP). In the first step, the optimal number @rtsmit antennas is determined to
balance the diversity gain against the degradation caugethdnnel correlation. The second
step is to select the required number of transmit antenmas & antenna array. The BER

performance of the proposed method is analysed for gesedafading channels as well as a
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special case of Rayleigh fading channel, and in the lattezogiment table of the transmit
structure is developed. In addition, the BER performandadefproposed method is compared
with exhaustive search. The detailed work is presented ap€ 3, and it has been published
in [58-61].

1.2.2 Channel estimation

Because of the fact that SM has to activate transmit antese@gentially for sending pilots,
the CE process becomes challenging and using the tradit@Baechniques for SM would
severely compromise its throughput. As a second contabudf this thesis, novel CE methods
are developed for SM in two aspects. On the one hand, thelaiore information between
antennas at the transmitter/receiver is exploited to ingthe CE performance for SM. Based
on the transmit-side antenna correlation, a novel CE meth@idoposed which enables SM
to estimate the entire MIMO channel by sending the pilot @ighrough one antenna only.
Another CE method, focusing on using the antenna correlaidhe receiver, can increase the
estimation accuracy without adding the pilot sequencetlen®n the other hand, the power
allocation between pilot symbols and information-cargyBymbols is significant to the BER
performance. Allocating more energy to pilot symbols cairéase the estimation accuracy,
and thus reduce the probability of misdetections causednpgifect CSls. Meanwhile, the
level of signal-to-noise ratio (SNR) is impaired since lesergy is available for information-
carrying symbols. Based on this fact, the optimal powercallion (OPA) between those two
types of symbols is studied for SM systems. In addition, Of&ble to combine with the above
two methods to further improve the performance of SM. Thdistwith respect to the channel
estimation for SM are presented in Chapter 4, and they haxe jpeblished in [57, 62—64].

1.2.3 Exploitation of multi-user diversity

As a third contribution of this thesis, the exploitation ofiltiruser diversity is studied for SM
systems in the multi-user/multi-cell scenario. When seguvinultiple users in the same time-
frequency slot, the transmit antennas of a SM system ardetivinto groups and each group
is dedicated to one user. In order to intelligently alloghtantennas to users, a novel method
is proposed to deal with the management and selection ofmesde The performance of the
proposed method is compared with multi-user SM when no aatemanagement is applied.

This study is presented in Chapter 5, and it has been publishf66]. When considering
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the multi-cell scenario, a novel cooperative scheme isgseg to combine the advantages of
CoMP and DAS techniques. The proposed scheme enables tlike msérs to be served by
multiple BSs dynamically. Similar to the multi-user sceagantenna management is needed
here for the co-channel users in different cells. The caper scheme can improve the quality
of service for cell-edge users significantly, but barelydeli-centre users. A three-tier cellular
architecture is therefore proposed to demarcate the iwffaetgion for the cooperative scheme.

The cooperative SM framework and the results of the studepr@sented in Chapter 6.

1.3 Thesis outline

The remainder of the thesis is organised as folloBisapter 2 introduces the fundamentals of
SM, including the transmission principle, the detectiorthnds and the analysis with respect

to its advantages and disadvantages.

Chapter 3 presents the work on optimising the transmit structure of 8Ma single user.
Section 3.2 introduces the system model, including theasigrodel, the channel model and
the detector. In Section 3.3, the optimal transmit strictafrSM is derived. Section 3.4 dis-
cusses the optimal transmit structure in a special caseydéigh fading. The optimality of the

proposed method is verified through a Monte Carlo simulatidBection 3.5.

Chapter 4 elaborates the CE process for SM systems. Section 4.2 itesdhe channel model
and the model of pilot-assisted estimator. Two novel CE ough focusing on exploiting
the correlation between antennas at the transmitteniexceare presented in Section 4.3 and
Section 4.4, respectively. Section 4.5 presents the optiaiation to allocate the transmission
power between pilot symbols and information-carrying sgiabThe framework of combined
CE is studied in Section 4.6.

In Chapter 5, the general model of multi-user SM is presented in Secti@n B includes the

bitstream mapping for multiple users and the channel m@ksition 5.3 depicts the precoding
method for multi-user SM and the decoding process. In Seétié, a novel method is proposed
to manage the antennas in multi-user SM. The performandegfroposed method is analysed

in Section 5.5.

Chapter 6 discusses the application of SM in a multi-cell scenariccti®a 6.2 introduces the

model of cellular networks. The work of applying SM to the CeMystem is presented in
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Section 6.3. Section 6.4 presents a novel cooperative sef@anSM which enables the users
to be served by multiple BSs. In Section 6.5, the effectiggare of the proposed scheme is

discussed. Simulation results of the studies are shownatd®es.6.

Finally, Chapter 7 concludes the thesis with the key findings of this study. Tingdtions of

the work are discussed, and an outlook for future work isepries.

1.4 Chapter summary

Acknowledging the costly energy consumption of multi-atreMIMO schemes, some of the
notable advances in the current SM systems have been pdsetiis Chapter. The main chal-
lenges in improving the capacity of SM systems consideriglitnitations of a single active
antenna have been introduced. In this context, methodsxomse the system capacity of SM
in single-user, multi-user and multi-cell scenarios hagerbsummarised as the contributions

of this thesis. The Chapter concluded with the thesis auitlin
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Category Description

A subset of antennas is selected from a large
Antenna selection antenna array in order to increase the antenna

diversity.

A precoding mask is added before sending out the
Precoding signal so that the channel characteristics can be

altered as designed.

An equaliser is a filter at the receiver that tackles
inter-symbol interference. Those filters are
normally based on the knowledge of the channel
statistics or the transmitted signal’s statistics.

Equalisation

STCs are aimed to improve decoding reliability by
Space-time coding (STC) transmitting multiple, redundant copies of a data
stream.

Channel coding introduces redundant bits, i.e.
Channel coding parity bits, into each symbol to reduce decoding
errors.

Relevant

Advantages Limitations
references

: , A large number of antennas and
Antenna selection does not increase | .~ .

. . additional processing power for [19, 24-28]
the complexity of receivers.

selection are required.

Feedback is needed to inform the
transmitter of the channel [29-32]
knowledge.

[%]

Precoding does not require
additional antennas.

The equalisation process increases
the complexity of receivers and [33-36]
causes delay.

STCs are readily implemented as| Both STCs and channel coding
they simply duplicate the signals to schemes cost additional bandwidth [37—40]
be transmitted. and increase decoding complexity.

Channel coding does not require

any channel knowledge at the [41-43]
transmitter.

Equalisation does not require any
change of the transmitters.

Table 1.1: Major categories of technologies on improving the BER permce for MIMO
schemes in a single-user scenario.



Chapter 2
Background

2.1 Introduction

Multiple-input multiple-output (MIMO) refers to the metts that use multiple transmit and
receive antennas to multiply the capacity of a radio linkmpared with the traditional wire-
less communication system of a single antenna, MIMO teclasicare able to increase the
data rate significantly without additional bandwidth omseission power. Due to the dense
deployment of wireless networks and the enormous increbs®bile devices, the spectrum
resource of radio-frequency (RF) band has become exhauBteslhas drawn much attention
to the development of MIMO systems to satisfy the expon#yntiacreasing demand for data
rates. In this chapter, a new perception of categorisingthdO techniques is introduced,
where spatial modulation (SM) is presented as a uniqueesstgtam MIMO scheme. Next,

the transmission principle of SM and different detectiorthnds are discussed.

2.2 Multiple-input multiple-output

2.2.1 The development of MIMO

The concept of MIMO has emerged over the past two decadeqih1®96, Gregory Raleigh

and John Cioffi were first to propose that natural multipathppgation can be exploited to
transmit multiple, independent information streams usioipcated antennas and multi-dimensional
signals [67]. Up to that time, radio engineers had treate¢drabmultipath propagation as an
impairment to be mitigated. Later that year, Gerard Foscso suggested it is possible to
multiply the channel capacity of a wireless link throughdesd space-time signalling [68].

Two years later, Bell Labs demonstrated the first laborapoojotype of spatial multiplexing,

which is well known as vertical Bell Laboratories layerecdaap-time (V-BLAST) [69]. At

the same time, Siavash Alamouti proposed the famous Aldmoding [70], which was then
extended to space-time block coding (STBC) by Tareklal. [71]. MIMO techniques are

often combined with orthogonal frequency division mukixihg (OFDM) to achieve higher
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data rates [67, 72]. In the recent decade, MIMO-OFDM has pecthe foundation of most
advanced wireless local area network (WLAN) standards haddbminant air interface for
broadband wireless communications. In 2003, Airgo Netwatisigned and shipped the first
MIMO-OFDM chipsets for what became the IEEE 802.11n stash@@mmercialised as WiFi),
supporting up to four spatial streams and a maximum net d#taof 600 Mbit/s. Meanwhile,
MIMO-orthogonal frequency division multiplexing acce$gI1O-OFDMA) based solutions
were developed for IEEE 802.16e standard (commercialised/ifMAX). Multi-user MIMO
was included in IEEE 802.11ac standard, allowing up to famnukaneous downlink clients
with up to eight spatial streams for each client. MIMO tedbgg is also planned to be used
in mobile radio telephone standards, such as high-sped@tpaccess plus (HSPA+) and long-
term evolution (LTE) in 3rd Generation Partnership Pro{8GPP).

When compared with single-input single-output (SISO) ayst, MIMO techniques offer a
number of advantages that are usually described by the tmasgain, diversity gain and mul-
tiplexing gain [73]. The array gain denotes the improvenwrgignal-to-noise ratio (SNR) at
the receiver, which can be obtained through a coherent congpéffect of the information sig-
nals, such as equal-gain combining, selection combinimgraaximum-ratio combining. Al-
ternatively, those combining schemes can request lessiiasion power than SISO to achieve
the equivalent level of SNR, leading to interference mitabetween co-channel users. Based
on this point of view, the diversity gain is defined as the &se in signal-to-interference ratio,
while there is not a loss of SNR against SISO. The array gaintlaa diversity gain are both
metrics with respect to the capability of decoding trantedisignals. In contrast, multiplexing
gain measures the growth in data rates offered by spatidiplexing schemes, e.g. V-BLAST
and STBC. Those methods convey different data streamstsineausly, and thus can increase
the channel capacity without additional bandwidth or traission power. It is worth noting
that the three types of gains are exchangeable [74]. Spatiliiplexing schemes can also

achieve array gain or diversity gain by lowering the modatabrder of each data stream.

Another widely used classification of the MIMO techniquesda&sed on exploiting antenna
diversity at the receiver side or at the transmitter sidee fidteive-diversity MIMO, such as
the combining schemes, benefits from the propagation diffax between the receive antennas.
Those methods however normally work with one transmit ardeamly, due to the fact that two
signals received at the same antenna could diminish eaeln dfhe remedies, such as maxi-

mum ratio transmission (MRT) [75], request channel siderimiation at the transmitter (CSIT)
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for modifying the signals to be transmitted. The propagatdference between transmit an-
tennas, on the other hand, is exploited in the transmitrsiiyeMIMO, e.g. STBC. Note that
STBC does not need CSIT, and multiple receive antennas plieage. In addition, V-BLAST
is a transmit-receive diversity scheme which relies on to&iplicity of both transmit antennas

and receive antennas.

Recent research on MIMO includes antenna selection, msér-MIMO, massive MIMO and
cooperative MIMO. Antenna selection methods, includiransmit antenna selection and re-
ceive antenna selection, aim to increase the diversity dgivoperative antennas by selecting
a subset of an antenna array that minimises the bit erroBER) [24]. Multi-user MIMO
allows multiple transmitters to send separate signals anlipie user terminals to receive
separate signals simultaneously in the same band [76]. i-Madtr detection (MUD) [77] or
the precoding technique [78], making use of channel siderimétion at the receiver (CSIR)
and CSIT respectively, is normally employed to eliminate ititerference between co-channel
users. In order to boost the spectrum efficiency by supppditarge number of user termi-
nals in the same time-frequency slot, massive MIMO considevery large number of base
station antennas (e.g. hundreds or thousands) operatiagnulti-user MIMO environment
[79]. Cooperative MIMO enables single-antenna terminaks inulti-user system to share their

antennas and thus creates a virtual multiple-antennantigtes for uplink services [80].

2.2.2 A new perception of MIMO classification

While MIMO techniques offer a variety of gains over SISO, m&F chains are needed to fit
the increase in the number of data streams. Each RF chaiireequpower amplifier (PA),
which consumes about 60% of the entire energy of an RF ch&inA$ a result, the system
requires more quiescent power to increase the number of BRHWhen delivering the same
amount of total transmission power, using more RF chainshtiO system leads to a lower
energy efficiency. This raises a concern over the number othins needed, and MIMO

schemes are thus classified into two categories: mul@stiIMO and single-stream MIMO.

The traditional MIMO schemes, e.g. V-BLAST and STBC, are tiratteam MIMO as they
convey different data streams simultaneously. In V-BLABE, data stream is split into several
slices, and each slice is emitted through one antenna. Sdi&rent from V-BLAST, sends
multiple copies of the slices and exploits channel orthadjpnbased on the various received

versions of the data. Nevertheless both V-BLAST and STBQiregpne RF chain for each
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transmit antenna, i.e. the number of required RF chainsualdéq the number of transmit an-
tennas. Another type of multi-stream MIMO is that the numifeequired RF chains is smaller
than the number of transmit antennas but larger than onegergeralised spatial modulation
(GSM).

Conversely, single-stream MIMO refers to the MIMO schemapleying a single RF chain,
regardless of the number of antennas used. There are tw® ty@ngle-stream MIMO. One
is when the same signal is sent through multiple transmérarats simultaneously, e.g. MRT.
The other one is that a single transmit antenna is activdtadyatime instance, such as space
shift keying (SSK) [15] and SM [3]. In SSK, the entity of tranig antennas comprises the
constellation diagram of modulation, and the informatids &re solely carried by the index of
the active antenna. With the same mechanism of antennatatias that in SSK, SM conveys
extra information bits by combining with the conventiongr&l modulation. Due to the need
for a single RF chain, single-stream MIMO schemes exhibitemigsaving in quiescent power

in comparison with multi-stream MIMO.

2.3 Spatial modulation

2.3.1 Transmission principle

The basic concept of SM is to map the information bits of edolekbinto two information

carrying units:

* One transmit antenna is activated from the antenna array.

» One symbol is determined out of a certain signal constetiadiagram.

Taking four transmit antennas as an example, Fig. 2.11#tes the bitstream mapping of SM
systems. For instance, quadrature phase shift keying (pRSionsidered. The bits used for
selecting the active antenna are in given red colour, wisettea bits for picking one symbol

from the signal constellation diagram are shown in blue woldrhe chosen symbol is then
sent from the currently active antenna. At the receiverjntlex of the active antenna and the
transmitted symbol are both decoded to retrieve the infoomaits. The detection methods

for SM are discussed in Section 2.4.

12



Background

antenna
index
00
_ |10 ) ) )
© spatial constellation diagram
g 01
&
i)
2100 ) } )
= signal constellation diagram /4
10
e.g. QPSK Im
01 11
100000100111~ Re 1
00 10

Figure 2.1: Bitstream mapping in SM.

A N; x N, SM system is considered in a general way, whfeand N,. are the number of
transmit antennas and the number of receive antennas,ctesgpe The size of the spatial
constellation diagram is exactly the number of transmieanés, and the size of the signal
constellation diagram is denoted By. The bitstream is divided into blocks with the length
of n, bits, wheren; = log,(NVy) + logy (M) is the number of bits per symbol. Each block is
then split into two units ofog, (V;) andlog, (M) bits. The first part activates a single transmit
antenna from the spatial constellation diagram, and theectly active antenna is denoted by
tact- The second part selects one sympp{l < [ < M) from the signal constellation diagram,
and sends it out through the activated antenna. The trateshsignal of SM is represented by
avectorx = [0,..., 24, ...,0]7 of N; elements, where thg.rth element isy; and all other
elements are zero. The received signal is denoted by a veawbrV, elements, and it is

expressed as:

y =Hx +w, (2.1)

whereH denotes the MIMO channel matriy = [w1, ..., w,,...,wy, ]’ andw, is the noise
at ther-th receive antenna. Theth column ofH is denoted byh,. Since all elements ir but

T, @re zero, (2.1) can be reduced to:

y= htactxtact +Ww. (22)
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2.3.2 Constellation diagram

In addition to the two dimensions of signal constellatioagiams, i.e. amplitude and phase,
SM adds in an extra dimension of antenna index. For this reaSM is entitled as a tri-
dimensional modulation scheme. The received signal is hemill of two dimensions, and
this raises a question: what is the constellation diagrafaMflike in the domain of two di-

mensions?

Fig. 2.2 shows the equivalent constellation diagram of Shvio dimensions. The two charts
on the left side are the signal constellation diagram anddthgram of channel coefficients.
Each dot in the latter diagram denotes the link attenuatiom fone of the transmit antennas
to a certain receive antenna, and the dot related to theeaatitenna is marked in red colour.
On the right side is the constellation diagram of receivadlsyls at a certain receive antenna.
The dot in pink colour represents the desired symbol, wis¢he production of the transmitted
symbol and the channel coefficient of the active antenna.r@maining dots are the symbols

that can possibly be decoded.
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Figure 2.2: The equivalent constellation diagram of SM in two dimersion

When compared with phase shift keying (PSK), SM offers mldtievels of amplitude in the
constellation diagram. This property is similar to quadiratamplitude modulation (QAM),
but SM does not need to grade the transmit power, leading tora efficient usage of transmit

energy than QAM. However unlike fixed symbol positions in QAfe symbol positions in
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SM are variable as they depend on channel coefficients. ftrizdiuces an uncertainty in the
Hamming distance between symbols. In this case, the paymobsls “0010” and “0111” and

other three pairs have a much smaller Hamming distance kigaother pairs of symbols. This
is because the corresponding two channel coefficients ase ¢b each other in amplitude.
As the channel correlation increases, the channel coeffcief different transmit antennas
would become statistically closer to each other. Consetyiehe Hamming distances in the

constellation diagram of SM decrease, making it difficulti&bect the desired symbols.

2.3.3 Advantages and disadvantages of spatial modulation
2.3.3.1 Advantages of spatial modulation

The four main advantages of SM can be summarised as follows:

» SM offers a higher spectrum efficiency than SISO systemadtition to the traditional
signal modulation, SM conveys extra information bits tlgloactivating one of the trans-
mit antennas. The multiplexing gain offered by SM is a loiemni to base 2 with respect
to the number of transmit antennas. This also results in SNhba larger capacity than

the traditional low-complexity coding methods for MIMO $gm1s such as STBC.

* In contrast to the conventional MIMO schemes, e.g. V-BLAST STBC, SM com-

pletely avoids inter-channel interference (ICI) due tongsa single active antenna.

» Another important benefit from a single active antennaas 8M requires only one RF
chain, regardless of the number of transmit antennas usedthp&ed with the multi-
stream MIMO schemes of multiple RF chains, SM exhibits aiiigant energy saving in

terms of quiescent power at the power amplifier stage.

* SM is able to operate under the conditidi < N;. In contrast, V-BLAST requires a
number of receive antennas larger than or equal to the nuaflteansmit antennas. In
addition, V-BLAST needs a high-complexity receiver to penfi successive interference
cancellation, whereas SM inherently has a simple recestingture, due to the complete

avoidance of ICI.
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2.3.3.2 Disadvantages of spatial modulation

The four main disadvantages of SM can be summarised as ®llow

* SMrequires at least two transmit antennas.

* When compared with V-BLAST, SM can offer only a logarithr{iostead of linear)
increase of the data rate with the number of transmit antefinis could impede SM to
achieve a high spectrum efficiency when the number of trarsnténnas is limited due

to some practical reasons, e.g. the compact size of mobileete

» The BER performance of SM is impaired by channel correftatidike all other MIMO
schemes. As previously analysed, when the links of differ@msmit antennas are not
diverse sufficiently, SM might encounter difficulties in idiying the active antenna

from the idle antennas.

* SM needs channel state information (CSI) to decode thesrmdted signal. In order
to acquire CSI of the entire MIMO channel, SM has to activdtdransmit antennas
sequentially for the sending of training signals. Thereftre time consumed by the
channel estimation process for SM is proportional to the lmemof transmit antennas.
This leads to a significant compromise of throughput, egfigaivhen a large number of

transmit antennas are used.

2.4 Detection methods for spatial modulation

2.4.1 Two-stage detection

A two-stage detection method was proposed for SM in [3]. Trw fitep is to estimate the

index of the currently active antenna, and this is formulate follows:

tAact: argmin” g Ha (2-3)

tact

whereg = [g1,...,9:,--.,9n,]" andg, = hfy. The second step is to detect the transmitted

symbol based on the decoding resultgf:
[ = arglmin|| Xt — g |- (2.4)
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The computational complexity of this two-stage detect®®{N; + M), whereO(-) is used
to classify algorithms by how they respond to changes intisae. The two-stage detection
method is however not optimal, as it causes error propaggatihen an incorrect decision is

made on detecting the active antenna.

2.4.2 Joint maximum likelihood detection

With the aim of implementing an optimal detection for SM, jhiat maximum likelihood (ML)
detection was introduced in [9]. The active antenna andrtesinitted symbol are decoded

together as follows:
[face I] = arg min|| hox, —y | (25)
t7
Although offering much better decoding performance thanttbo-stage detection method, the
joint ML detection requires much higher computational ctexity (O(N,M)) than the two-
stage detection. Despite this, the joint ML detection is@mmon use due to the need for

analysing the BER bound.

2.4.3 Sphere decoding

With the aim of reducing the computational complexity of jomt ML detection, the sphere
decoding (SD) techniques for SM were proposed, includicgiver-centric SD (Rx-SD) [81]
and transmitter-centric SD (Tx-SD) [82]. Rx-SD aims to reelithe search space of receive

antennas. The decoding process can be written as follows:

Ni(t,0)
A~ ~ o . 2
[tact, l] resp ar%’lmm ; | yr = heexa |7, (2.6)
wherel < N,(t,1) < N, is the number of Euclidean distance evaluatiofg. — h,+x; [|2)
that have to be calculated by the Rx-SD detector. Given arsphith radiusR, N, (t,1) is
computed by:

N.(t,1) =  max {n
ne{l,2,...,N,}

> v = heaxa IP< RQ} : (2.7)
r=1

Rx-SD is most effective when the number of receive antemnége. Otherwise Rx-SD fails
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to lower the computational complexity of the ML-optimum egbr. Alternatively, Tx-SD

reduces the range of symbols to be searched as follows:

fact | =arg min|| hyx; —y I, (2.8)
|: ac ]TX-SD (t,1)EOR

whereOgr is the subset of pointg, /) that lie inside a sphere centred around the received signal
and with radiusR. Due to a reduction of the full search space, the computaticomplexity

of sphere decoding methods is lower than the joint ML dedectout higher than the two-stage

detection.

2.5 Chapter summary

In this chapter, a brief summary of the history of MIMO hasteeesented. According to the
number of required RF chains, a new perception of MIMO cfecsgion has been introduced.
It was pointed out that SM is a unique single-stream MIMO4draission technique. The trans-
mission principle of SM has been detailed, and the equivalenstellation diagram of SM in
two dimensions has been analysed. In addition, the advestagd disadvantages of SM have

been presented. Finally, the detection methods for SM haga Bummarised.
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Chapter 3

Optimum transmitter design for
spatial modulation

3.1 Introduction

One key property of spatial modulation (SM) is that thereteu® constellation diagrams: the
spatial constellation diagram and the signal constefiatiagram. Using the antenna index to
carry information bits can offload the density of signal detiation points, especially when a
high spectrum efficiency is required. However, this factsdnet mean the SM system should
use as many transmit antennas as possible. As the channglation increases, the channel
coefficients of different antennas are closer to each othkis impedes the ability of distin-

guishing the active antenna from the others, leading toraltod using less transmit antennas.
Given a spectrum efficiency, SM enables a trade-off betwkersize of spatial constellation
diagram and the size of signal constellation diagram. Giuresatly, there exists the optimal
combination of those two constellation diagrams that misas the bit error rate (BER). In this
chapter, an optimum transmit structure is proposed for SMédweloping the above concept.

In addition, the total energy consumption of base stati®&®s] is studied.

3.2 System model

3.2.1 Dynamic modulation

A N; x N, SM-MIMO system is considered for a single user, whakeand /NV,. denote the

number of transmit antennas and the number of receive adenaspectively. Unlike in the
original SM system, only a subset of the transmit-antenrayas in use. The number of used
transmit antennas, i.e. the size of the spatial constatiatiagram, is denoted hy. The size

of the signal constellation diagram is denoted My The bit stream is divided into blocks
with the length ofy, bits, wherens = log,(NN) + logy (M) is the number of bits per symbol.
Each block is then split into two units dfg,(N) andlog, (M) bits. The first part activates a
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single transmit antenna from the spatial constellatiogdian, and the currently active antenna
is denoted by, The second part selects a symhol(1 < I < M) from a specific signal
constellation diagram, such as phase shift keying (PSKuadture amplitude modulation
(QAM), and sends it out through the activated antenna. Tmsinitted signal is represented by
avectorx = [0,..., 4, ...,0]7 of N elements, where thgerth element isy; and all other

elements are zero. The received signal is expressed as:

y =Hx +w, (3.1)

whereH stands for the channel matrix, of which the details are mteskin Section 3.2.2;
W = [wy,wo,...,wy, ]’ is the noise vector, and each noise component is a samplevgfien
additive white Gaussian noise with distributiéV' (0, Ny). Across the receive antennas, the
noise components are statistically independent. The Isignaoise ratio (SNR) is defined as
v = E,L/Ny, whereE,, denotes the average energy per symbol transmissiori.éadhe
path loss without shadowing. In addition, the radio-frempye(RF) output energy consumed
for conveying one bit is denoted by, = E,,/ns. At the receiver, the transmitted signal is

decoded by the joint maximum likelihood (ML) detection ingR

3.2.2 Channel model
3.2.2.1 Channel distribution

The fading coefficient of the link from theth transmit antenna to theth receive antenna
is denoted by, : = G.:exp(jert), Whereg,; and ¢, , are the amplitude and the phase,
respectively. The channel fading distribution as well aanctel state information (CSI) is
assumed to be known at the receiver. Nakagauiading is widely used to model attenuation
of wireless signals traversing multiple paths. Titiys ~ Nakagamim,,,+), wherem,.,

is the shape parameter (when.; = 1, the channel is Rayleigh fading) afit} ; is the spread

controlling parameter. The phage; is uniformly distributed betwee-, 7].

3.2.2.2 Channel correlation

Since we focus on selecting the transmit antennas, theveeegitennas are assumed to be

independent without loss of the generality. The corretatioefficient between the amplitudes
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of the two propagation paths from the transmit antentpad¢; to ther-th receive antenna
is denoted by, ¢, . Note that the correlation model here is for the purpose detstanding
the relationship between the proposed method and the dheomelation. For the sake of
simplicity, the exponential correlation matrix model irB[8s considered, which is based on
the fact that the channel correlation decreases with isgrgahe distance between antennas.
As shown in Fig. 3.1, the transmit antennas are located inrmalsed square area, i.e. the
distance between andt 4 is unity. The correlation coefficient between betweégandt 4 with
respect to the-th receive antenna is denoted fy,.). The number of antennas on each side of

the antenna array is formulated as follows:

VN, if log,(N;) is even
A: t g2( t) (32)

3x /& if log,(IV;) is odd

A antenna A antenn
ennas —— — antennas

—
Yo Y Y uf Yo Y Y Y Yy

J v v g%g/ﬁ???

A inner
antennas

Y9759 999999

(@) N; = 16 (b) N, = 32

Figure 3.1: Placement of transmit antenna arrays.

Whenlog,(N;) is even, the antennas form a square array with the dimengioh>o A. If
log, (NNV;) is odd, the antennas are placed in the shape shown in Fitp) 3nt{ereAinner = 1/ %
Denoting the absolute distance betweeandt; by d;, .., the correlation between those two

antennas is given by [83, Eg. (10)]:

Ptitir = ps(::)tja 0< Ps(r) <1, (33)
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and the average channel correlation, denotegdgbyis calculated by:

N, Ny Ny

1 1
Pavzﬁr; mz Z Ptitir | - (3.4)

ti=1t;7t;=1

3.2.3 Base station power model

In [6], a linear relationship between the RF output power tredoverall consumed power of a
multi-sector BS was established. The overall BS power aopsion is divided into two parts:

the load-dependent portion and the constant portion. Timeebis dependent on the RF output
power, while the latter is invariant. In addition, when ndade transmitted, a sleep mode is
enabled to reduce the consumption by switching off unneedetponents. The details of the

BS power model are presented as follows.

3.2.3.1 Power model

Based on the above literature, a power model named SOTA 2@%Qoposed for BSs with
one sector and one RF chain [84]. This power model is chosenchee to two facts: i) it is
based on empirical results; ii) it suits the the property sirale RF chain in SM. Table 3.1
specifies the parameterBiax is the maximum RF output poweP, and P; denote the constant
power consumption in the active mode and the sleep modesateggly; ¢ stands for the slope
that quantifies the load dependence. The instantaneousv&S ponsumption, denoted ¥,

is formulated as a function of the RF output powgy; [84, Eq. (1)]:

Py + (Pout if 0<Pout§Pmax‘ (3.5)

PS if Pout:0

Power model| Pnax (W) Py (W) Py (W) ¢
SOTA2010 | 40 119 63 2.4

Table 3.1: BS power model parameters.

Also, the ratio of the time consumed in the active mode andataé period is referred to as the
activation ratiop. The average power consumption of a single-RF-chain BSus tomputed
by:

Pas = o(Po + (Pout) + (1 — 0) Ps. (3.6)
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Unlike SM using a single RF chain, multi-stream MIMO schemegguire multiple RF chains
to activate the transmit antennas simultaneously. ¥gf activatedantennas, the RF output
power of each antenna 15/ Nyt Of Poyr. As a result, the overall power consumption of a BS

with multiple RF chains is calculated by:

Pas = Nact [g <P0 + <P°“‘> +(1- g)PS} : 3.7

3.2.3.2 Continuous mode and DTX mode

There are two modes for operating the RF chains: the coni;wamde and the discontinuous
transmission (DTX) mode [85]. In the continuous mode, thecR&ins are always delivering
output power of the same level. As a resul; is equal to the average RF output power,
denoted byP,y, andp = 1. Substituting those conditions into (3.7), the overall BSvpr

consumption in the continuous mode is obtained by:

Pgs(cont) = Nacthh + ¢ Pout. (3.8)

The data rate of the continuous mode is equal to the averdgerate, which is denoted by
Ry, = Poy/Ey. Conversely, the DTX mode conveys data with full load, araitistantaneous
data rate iSRymax = Pmax/E} that is higher thanz,. Then the system is enabled into sleep
mode during the saved time to maintain the same average atata The parameter of the

DTX mode is computed by:

_ Rb _ Pout
Rbmax Pmax

0 (3.9)

Substituting (3.9) andyt = Pmax into (3.7), the overall BS power consumption in the DTX

mode is expressed as:

Nacl Py — Py)\ =
Pasprx) = NactPs + << + M) Pout. (3.10)

Pmax

3.3 Optimum transmit structure over generalised channels

As mentioned, SM enables to trade off the size of signal ellatibn diagrams with the size
of spatial constellation diagrams. To achieve a certaictspa efficiencyn,, there are); + 1

possible combinations ¢f\/, N), based on the requirement of a power of two to provide a full
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usage in the constellation diagrams. In order to supply aptete selection range a¥, V;

is set to be equal t@":. In this section, an optimisation algorithm is presenteddtect the
best(M, N) as well as the specific antennas. The context is arrangediirpfartions: i) an
average bit error probability (ABEP) upper bound is introeld for SM over generalised fading
channels; ii) the ABEP upper bound is simplified to suit th@imisation on the subject of
either M or N; iii) the optimum (M, N) is obtained by solving the minimisation problem; and

iv) the required number of transmit antennas are selected fine antenna array.

3.3.1 ABEP upper bound

Union bound is widely used to evaluate event probabilityichisays that the probability that at
least one of the events happens is no greater than the sum pfdbabilities of the individual
events [86]. Based on the joint ML detection, the ABEP uppeaurtdl of SM is given by
[12, Eq. (6)]:

ABEP < ABEPspatia|+ ABEPsignaI + ABEPJointa (3-11)
where:
' loga(V) L
O,
ABEPypatial = S:M X;ABEPSSK(Z) (3.12a)
log, (M) «
ABEPsignal = 772N ZABEPMOD(t) (3.12b)
N M
ABEPint = MNZZ Z Z ABEPuix (3.12c)
Nls ti=11=1t;#t;=11;#l;=1

with the terms in summations expressed as:

N N
ABEPssk(l) = WZ Z Np(t; — t:)APER(tj, x1) — (ti,x1)) (3.138)
2 A=

ti=1t;7t;=

M
1
ABEPR, )= ———— P(l,t 3.13b
MOD( ) MIOgQ(M) ; ( ) ( )
L ABEPwix = NH((tj>le) - (thxli))APER(tj?le) - (ti>Xli)) (313C)

wherePs(l,t) is the average symbol error rate of the symbpoémitted from transmit antenna

t; Ny (-) denotes the Hamming distance; the probability of pair-wiser event is defined as

24



Optimum transmitter design for spatial modulation

the average pair-wise error probability (APEP), which impoted by [12, Eq. (5)]:

QXL — O X |2
APER(t;, x1,) — (tisx1,) = E {Q (\/V Ay X ) } (3.14)

whereE{-} is the expectation operator afi{x) stands for the Q-function.

3.3.2 Optimisation problem

Due to the relaxation of linearity requirements, unlike QAREK can work in power amplifier
(PA) saturation [87]. This makes PSK a more energy efficiemdutation scheme. In addition,
results in [12] have shown that for SM, PSK is not worse thanMJA many cases and in
some cases it is even better. For those reasons, PSK modukatssumed where each symbol
has an equal amplitude. As a result, the average over diffsignal symbols in (3.12) can be
neglected and(t, ) reduces taP,(t).

3.3.2.1 ABEP of spatial part

First, we focus on the term ABERsiaiin the union bound. Assuming a sufficiently high SNR,
the APEP of SSK over correlated Nakagami fading can be ddday the moment generate
function (MGF) as follows [88, Eq. (15)]:

23Nr 1FN +05
Hf

APERt; t; 3.15
where
£(r) my (g, Qrt ) 1(1 - pt“tj,r) mr—1
(QT,ti + QT, j)QmT_IF(mT)
[e.9] T 2kr

+Z: pi’tj’rF(Qm’” + 2k, — 1) V8 (3.16)

o (kT (my + k) Qe + Qr,tj ) )
We define:

1 22N=ID(N, +0.5)
Ct.t.:—x Hf

A7
o =g N T AT (N, + 1) (3.17)

Note thatC, ;, is constant whemn,., €2,.;, andp;, ;. - are fixed. Consequently, (3.15) can be
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rewritten as:
APERt; — t;) = 2Cy, 1. v . (3.18)

Gray codes are assumed for encoding. When a certain anteaotvated, there at®¥/2 other
antennas that can cause an error for any particular bit.efdrerthe total Hamming distance of

any symbol to the others is calculated by:

al N
> Nu(ty —t;) = = logy(N). (3.19)
ti#ti=1

Combining (3.19) and (3.13a), this gives:

ABEPssk(l) _1 Z Z APERt; — t;). (3.20)

N N
N1 N
ABEPspatiaI: 0g2( ) ( _1 Z Z Ctz,t]) 77NT. (321)

Ns

3.3.2.2 ABEP of signal part

The average symbol error rate (SER) of PSK modulation ovéwbyami fading is given by
[89, Eq. (9.16)]:

M ’yr7tSin2(%) o
/ H( Qstin2(é))> @, (3.22)

where®,; = Q, v is the average SNR of the symbol sent from tk transmit antenna at
. . . . sin? (L
the input of ther-th receive antenna. The assumption of a high SNR resu mTSI(néVE(;) > 1.

Hence (3.22) can be rewritten as:

1 N 2m, " TR i %ﬂ 2my

r=1
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Ny Ny
LMoY 2m, 2 2my
WhenM > 4, we have: i)f, " (sing)*=1  df =~ [ (si)=1  df, which is independent
of M; and ii) sin(r/M) ~ ©/M. The average shape parameter of the fading distributions
Ny
across all receive antennas is denotedry= NL >~ m,. Then the average SER of PSK can
r=1

be formulated by:

N, N
1 = (2m " [T . M2\™
Py(t) = { ———— r ing)2mrNrqg & | — . 3.24
0= (g [T (5) ] [Jomm v (7). 2
A simplified ABERsjgna is obtained by substituting (3.24) into (3.12b):
BN 2my Ny —my N,
ABEPs|gna| = T] M T T’y T T, (325)

with

N o2m, \""
H( a t> . (3.26)

r=1

) i | N
Ao - \2m, N,
By = (WerNrJrl /0 (sing) d«9> N ;_1:

It is worth noting that similar to ABERatialin (3.21), ABERjgnhalis also a function ofV after
replacingM by 2"s /N.

3.3.2.3 ABEP of joint part

Using PSK modulation, the symbgl; of the signal constellation diagram is given Ry =

exp(jyr) wherep; = 2m(I — 1) /M. Thus (3.14) can be rewritten as follows:

APER((t;, x1,) — (tinx1,)) =

exp(ior. + jor.) — Be.expljos + jop.)]?
£lo \/’ylﬁt] Pt + Jei;) — Br.explier, ml)) . @3.27)

4

wherey; is a constant, while, is uniformly distributed betwee-, 7] as mentioned before.
The sum ofp; andy; also complies with a uniform distribution over the same oagasy;.
As aresult, APER?;, x;,) — (ti, x1;)) = APERt; — t;). Similar to (3.19), the Hamming
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distance in (3.13c) can be obtained by:

N M
Z Z Nu((tj, xi;) — (ti xi;)) =
tiAti=11#4,=1
M —1)N N-1)M
%logQ(N) + ( 5 ) log,(M). (3.28)
Substituting (3.18) and (3.28) into (3.12c), this gives:
N
Ns2" — M logy M — N logy(N) 1
ABEPint = s NV ) Y>> Cuy |- (329

ti=1t;#t;=1

3.3.2.4 Simplified ABEP expression

Combining (3.21), (3.25) and (3.29), the ABEP expressioSNfis simplified as follows:

M2 Ny B 21 — M1 M) -
ABEP(M, N) = Byl 4 1 oga(M) 7~ (3.30)
Nls Ns
with
- 1 N N
On = —— Cir.. 3.31
NS NN D) > bt (3.31)
ti=11;4t=1

The termCy quantifies the effects of the fading distribution and thencieh correlation on
selecting the antenna array. Since the production/oand NV is fixed for a certain spectrum
efficiency, the optimisation problem of (3.30) is subjedie@ne variable, eithek/ or N. The
aim is thus to determine the optimal transmitter structingyuding the number of antennas and
their locations. However, a joint optimisation of both oéth requires an exhaustive search of
prohibitive computational complexity. Alternatively, wd-stage approach is proposed where
the optimisation problem is split into two steps: i) obtaie best combination af\/, V) that

minimises the ABEP of SM; ii) select the specific transmiteamas from the antenna array.

3.3.3 Optimisation on the number of transmit antennas

In the first step, the minimisation of the simplified ABEP esgsion with respect ta/ is
carried out for a given scenario, which is comprised of trecspm efficiency, the number of

receive antennas, the SNR, the fading distribution, anddineelation coefficients. The term
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1/ns in (3.30) is a positive constant, hence it can be removedowtthffecting the optimisation
result. In addition, the difference between antennas isidered in the second step. As aresult,
By andCy are replaced by, andCl, to avoid the dependence on the antenna dissimilarity.
The optimisation problem is thus formulated as follows:
. B . C
Mopt = argmin - ——c_ pp2meNe o 280 (ons M log, (M)
M "

oy N N , (3.32)

S.t. 1< M <2

where bothC'y, v~V and By,y~™ N are constant for a certain scenario. In other words, they
are independent of the variahlé. The above optimisation problem can be solved numerically
by non-linear programming [90]. Note that the optimisatiesult oflog, (A1) could be, and
most likely is, a non-integer. However, without considgrapecial encoding methods such as
fractional bit encoding [91], botti/ and N must be a power of two to supply a full usage of
the constellation diagram. This can readily be achieveddoyparing the ABEP values of the
two nearest integers around the optinddl Afterwards, the best combination i/, N) is
obtained and denoted By/opt, Nopt).-

3.3.4 Selection on antenna locations

The second step is to select a subarrayVgfi antennas from the siz&; antenna array. The
chosen subset should minimise the BER among all subarrdiisthe same size. Sindéy in
(3.30) is irrelevant to the channel correlation, the proble equivalent to finding the subarray

that minimisesCy'.

Like the traditional transmit antenna selection (TAS) roel this issue can be solved through
exhaustive search. However, this results in unaffordableputational-complexity for a large
ns. Takingns = 6 andNopy = 16 as an example, the full search space is about0'4 possible
subsets. Alternatively, a novel selection method is pregam the basis of circle packing, in

which the subset can be selected directly.

Since the channel correlation is inversely proportionathi distance between two antennas,
a rational solution is maximising the minimum geometrictalige between any pair of the
chosen antennas. This forms the circle packing problem thenaatics that can be worked out
numerically [92]. Fig. 3.2 shows the circle packing solagdor various numbers of antennas,

where the antennas are located at the circle centres. Imithiead problem, each circle must fit
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Normalised vertical distance

Y

Normalised horizontal distance

Figure 3.2: Examples of the circle packing solution.

inside the square boundary. The problem at hand is sliglifigreint where the circle centres
are restricted to be inside the boundary, and in Fig. 3.2ish&hown by dashed lines. This
solution requires fully flexible positions, and thus is rede to as ideal circle packing (ICP).
However, the antenna positions are normally fixed in pracind those antennas closest to the
ideal positions are selected instead. This method is thuedaealistic circle packing (RCP).
Fig. 3.3 shows the RCP solution for selecting 8 out of 32 arden As can be observed, the
selection presents a similarity to the solution fr= 8 in Fig. 3.2. AsN, increases, the RCP

solution becomes closer to ICP because the antenna argag affarger flexibility in positions.

3.4 Optimum transmit structure over Rayleigh channels

In this section, the optimum transmit structure for SM iddgtd in a special case of Rayleigh
fading channels. It is presented that the optimum transtmitture is independent of SNR
in this specific scenario. In addition, a look-up table idtbiair quickly determining the best
choice of(M, N'). The SM system using the optimum transmit structure is nama@gmission
optimised spatial modulation (TOSM). Furthermore, a alisk@m expression of the BS energy

consumption is derived for TOSM, allowing us to evaluategi@posed scheme analytically.
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Figure 3.3: An example of the RCP solution.

3.4.1 Analytical modelling

For correlated and identically distributed (c.i.d.) Ragtefading channels, we have, = 1
andQ,; = Q for all t andr. As a result,By in (3.26) andCy in (3.31) can be reduced to:

Nr s
B— <3> 72,1 / (sind)2V7 dp, (3.33)
Q 0
and: .
22Ne=21 (N, 4 0.5) | <X T2k +1
C= (N +0.5) > (%) L@kt (3.34)
QNe/mT(N, + 1) =\ 4 (KDT(k + 1)
Correspondingly, the ABEP expression in (3.30) reduces to:
N
ABEP = (B(M)*Nr + C(2"ns — Mlogy(M))) . (3.35)
Ns

The termy~* /n, is a positive constant, and therefore can be removed withfiuencing the
optimisation result. After further removing the constaaim C2": 1, the optimisation problem

over Rayleigh fading can be formally expressed as follows:
Mopt = argmin - B(M)*"" — C'M log, (M)
M

(3.36)
s.t. 1< M <2
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3.4.2 Look-up table

From the objective function derived in (3.36), it is not hawdind thatMo is irrelevant to SNR
in the case of c.i.d. Rayleigh fading. Alsb/yp is independent of; whenn, is large enough.
In other words, for a certaitV,. and a sufficiently largey,, the optimum transmit structure is
determined by, only. As shown in Table 3.2, this allows us to build a look-ablé to quickly
decide the best SM deployment for various channel coroegladegrees. The look-up table is

analysed in detail in Section 3.5.2.

3.4.3 Base station energy consumption

Substitutingy = E,,, L /Ny into (3.35), the required’,,, using TOSM is computed by :

1
B, = =2 (v ) 3.37
L < NsRe ( )

where F(M) = B(M)*N* 4+ C(2"n, — M log,(M)) and R, denotes the value of the target
BER. The required RF output power, denotedHyy, is then given by:

1
Preq = 0L < R . (3.38)
3.4.3.1 Continuous mode
The BS energy consumption per bit, denotedHyy, is obtained by:
Pgs
Egs = —. 3.39
BS = L. (3.39)

Substituting (3.8), (3.38) ani¥,; = 1 into (3.39), the energy consumption per bit for a BS

using TOSM in the continuous mode can be formulated as:

Egs

fo , SN (F(M°p‘)> " (3.40)

B Ry nsL NsRe
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N, =1 N, =2

Pav | Ns=4 | Ms=5|ms=6|ns=7T | ns=4|ns=5|ns=6|n=7

0.0| (16,) | (16,2) | (16,4) | (16,8) | (4.4) | (4.8) | (4.16) | (4,32)

0.1| (16,1 | (16,2) | (16,4) | (16,8) (4,4) (4,8) | (4,16) | (4,32)

0.2| (16,) | (16,2) | (16,4) | (16,8) (4,4) (4,8) | (4,16) | (4,32)

03| (16,) | (16,2) | (16,4) | (16,8) || (4.4) | (4.8) | (4.16) | (4,32)

04| (16,0 | (16,2) | (16,4) | (16,8) || (4,4) | (4,8) | (4,16) | (4,32)

05| (16,) | (16,2) | (16,4) | (16,8) (4,4) (4,8) | (4,16) | (4,32)

0.6| (16,9 | (16,2) | (16,4) | (16,8) || 8,2) | (84) | (8,8) | (8,16)

07| 16,0 | 32,0 | 322) | 32,4) || (8,2) | (8,4 | (8,8) | (8,16)

08| (16,) | 32,0 | 32,2) | 32,4) || (8,2) | (8,4) | (8,8) | (8,16)

09| (16,) | (32, | 64D | 642) || (82) | (84) | (8,8) | (8,16)

10| (16,7) | (32,) | (64,1 | (128,) || (16,) | (32,)) | (32,2) | (32,4)

N, =3 N, =4

Pav | Ns =4 | Ms=D|Ns=6|ns=T7T]|ns=4|n=5|ns=6|n=7

00| (44 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

0.1 (44 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

02| (4,4 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

03| (4,4 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

04| (4,4 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

05| (44 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

06| (4,4 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

0.7| (4,4 (4,8) | (4,16) | (4,32) (4,4) (4,8) | (4,16) | (4,32)

08| (82) | (84) | (88) | (8,16) (4,4) (4,8) | (4,16) | (4,32)

09| 82 | 84 | 88 | 816)| (82 | (84 | (88) | (816)

1.0 (16,) | (16,2) | (16,4) | (16,8) || (16,) | (16,2) | (16,4) | (16,8)

Table 3.2: TOSM deploymentM, N) in the case of Rayleigh fading.
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3.4.3.2 DTX mode

Similarly, based on (3.10}ss in the DTX mode can be computed as follows:

1
Ps NO ( PO_PS> (F(Mopt)>NT
Egs= —+ — + X . 3.41

BS Rb 775L C Pmax nsRe ( )

3.5 Results

In this section, Monte Carlo simulations are implementedalidate the performance of the
proposed scheme. Two scenarios are studied: i) c.i.d. Nakag fading and ii) c.i.d.
Rayleigh fading. In the first case, we focus on verifying theumacy of the simplified ABEP
expression. The reason for choosing the second case ialdre® multipath fading is typ-
ically modelled by a Rayleigh distribution; ii) by fixing th@arametern, the main trends of
TOSM in relation to the channel correlation can be studiedt i) a look-up table is formed
within this scenario to exhibit the optimum transmit sttuet The complexity and feedback
cost introduced by TOSM is negligible, as TOSM is based omigbbstatistics and does not
require frequent updates. Therefore this section is fatosghe BER performance of TOSM,
which is evaluated against some other schemes includind-&ké, vertical Bell Laboratories
layered space-time (V-BLAST) and space-time block cod®igRC). Also, the BS energy con-
sumption and the maximum transmission rate are analysetidquroposed scheme. In order
to guarantee the fairness of different valueg gfthe transmission energy per bit against noise,
i.e. Ey/Np, is used instead of SNR.

3.5.1 Accuracy of the simplified ABEP expression

In Fig. 3.4, the simplified ABEP expression of SM in (3.32) &rified against simulation
results. In order to present an extensive comparison, @edifierent scenarios are illustrated
in terms of shape factamn, the number of receive antennas., spectrum efficiency); and
Ey/Ny. A unit spread controlling factor is considered. For ea@nacio, the BER performance
of TOSM is shown as a function of the average correlation eegyg,. As can be seen, in
general, the theoretical curves match the simulation tesdll. Because the simplified ABEP
expression is an approximation based on the upper boundspeetesome deviations especially
at high channel correlations. Despite this, the simplifi@E®R expression is still very close to

the simulation results.
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Figure 3.4: Simplified ABEP expression versus simulations.

3.5.2 Optimality of the look-up table

Table 3.2 quantises the relationship between the optintaben of transmit antennas for SM
and the channel correlation. Bold font is used to highlidgtg situations where the optimal
number of transmit antennas is one. In other words, SM is pwlied in those situations. The
following outcomes are observed: i) givgn and IV,, Nop: decreases whepy, increases, as
expected; ii) if V. = 1, the optimum transmit structure regresses to a singlertragwatenna
scheme whem,y is high; iii) when increasingV,, SM is suitable for more cases 0fs, pav),
andNopt becomes larger; and iv) givel, andpay, the best selection @i/ maintains a constant

whenn; is large enough.

10

—o— fixed—SM (N = 16)
—aA— fixed—SM (N = 8)
—v—fixed—SM (N = 4)
—a—fixed-SM (N=2) (4 o o
10 “j —e—SIMO : :

Figure 3.5: BER performance of fixed-SM schemBg/(Ny = 25 dB,n; = 6 and N,. = 2).
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The look-up table can be extended to any needed situatioreasity used to configure the
deployment of the TOSM system. The parametdjsand n, are usually fixed in practice.
Therefore the only parameter which needs to be determint isorrelation coefficient, and
this can be obtained by the structured correlation estinf@fj. Takingns, = 6 and N, = 2
as an example, Fig. 3.5 shows the BER performance of variged-8M schemes &5 dB.
As shown, SM usingV = 16 outperformsN = 8 when p, is below0.5. However, the
opposite result happens for6 < pay < 0.9. At an extremely high correlation ofy, = 1,
two transmit-antenna SM achieves the lowest BER. It can lserebd that Table 3.2 fits the

simulation results.

3.5.3 Optimality of direct antenna selection

The performance of the proposed RCP is evaluated againsbaselines: i) the exhaustive
search (ES); and ii) the worst situation (WS) where neighibguantennas are selected. Fig. 3.6
and Fig. 3.7 show the BER performance of RCPifor= 4 and5, respectively. Due to the

intractable complexity of ES, the results when> 5 are not presented.

RCP
A ES
v WS

25 30

15
E,/N, [dB]

Figure 3.6: BER performance of RCR\, = 16 and N = 8).

The antenna arrays are assumed to be located in the sama awelern to ensure the fairness
of differentn,. For this reasory; is used instead g¥,,. As can be seen, RCP achieves almost
the same performance as ES, with a gap of less than 0.3 dB, thisaegligible difference
between RCP and ES is hardly affected by channel correfatiGonversely, the performance

of WS becomes much worse asincreases.
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Figure 3.7: BER performance of RCR\V, = 32 and N = 8).

3.5.4 BER performance of TOSM

The complexity of a MIMO system depends on the number of REnshather than the total
number of transmit antennas. TOSM requires only one RF chagardless of the number of
antennas used. Thus it is reasonable to compare TOSM with 8k schemes using the same
ns. Fig. 3.8 and Fig. 3.9 show the BER performance of TOSM as atilom of the channel

correlation forn, = 4 and5, respectively.

10 ;
——TOSM
—a— fixed-SM (N = 4)
—v—fixed-SM (N = 2)
—e— SIMO g
10°%}
od
w e © o—o e —o © o
[a]
10
A4 v v M
,5‘
10 i i i i
0 0.2 0.4 0.6 0.8 1

p

S

Figure 3.8: BER performance of TOSM against channel correlatidfg/ (Vo = 25 dB,ns = 4
and N, = 2).

The following trends are observed: i) fixed-SM with more an@s is not always better than

those using fewer antennas, as expected; ii) TOSM alwaysrpes better than or equal to the
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fixed-SM schemes, and this validates the optimality of TO8M iii) asn, increases, TOSM
tends to employ more transmit antennas, and performs mutgr iigan fixed-SM with a small
number of transmit antennas. Far = 4, TOSM slightly outperforms fixed-SM witlv' = 2

at low correlations. However, foy; = 5, TOSM can always achieve a significant gain against
fixed-SM with N = 2, except when the channel correlation is extremely high.il&inmbut less

pronounced trends are noticed at lower SNRs.

——TOSM

—a&— fixed—SM (N = 8)
—v—fixed-SM (N = 4)
—&— fixed-SM (N = 2)
|| —e—SsIMO

BER

0 0.2 0.4 0 0.6 0.8 1

S

Figure 3.9: BER performance of TOSM against channel correlatidtg/(Vo = 25 dB,ns = 5
and N, = 2).

0 4 TOSM
: fixed-SM (N = 2)
v SSK
® SIMO
— =0
---P,=05

ps=0.8

BER

40

Figure 3.10: BER performance of TOSM against SNR+£ 6 and N, = 2).

Assumingns, = 6, the BER performance of TOSM is shown as a functionfpf Ny in
Fig. 3.10, in comparison with fixed-SM witly = 2 as well as space shift keying (SSK) and
single-input multiple-output (SIMO). As shown, TOSM outfmems the other schemes signif-

38



Optimum transmitter design for spatial modulation

icantly for all presented SNRs and channel correlation eleggr When the channel links are
independent{; = 0), TOSM achieves SNR gains of 0.8 dB, 8.7 dB and 15.1 dB ag&8iBit,
fixed-SM with N = 2 and SIMO, respectively. As the channel correlation ina@ea3OSM
outmatches SSK more significantly. Fixed-SM with= 2 is slightly affected by the channel
correlation, and the gain of TOSM is diminishing with an &se ofp,. However, this gain
still exceeds 4 dB at, = 0.8.

3.5.5 BS energy consumption

The BS energy consumption of TOSM is studied in comparisdh VHBLAST and STBC. The
simulations are restricted in two aspects. On the one hhadiumber of transmit antennas for
V-BLAST is limited due to the constrainVv; < N,. On the other hand, SM can save more
energy in RF chains for a largé¥;. The purpose here is to present the energy efficiency of
TOSM. In order to carry out a relatively fair comparison, ttese ofn, = 4 and N, = 4 is
chosen, where TOSM employs four transmit antennas whemaries from 0 to 0.8. The same

4 x 4 MIMO structure is arranged for both V-BLAST in [69] and rat&l STBC in [71]. In
addition, the path loss is assumed to be 100 dB without shadd@4].

10" T T
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| —a—V-BLAST
| —e—STBC
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Figure 3.11: Transmit energy consumptioms( = 4, N, = 4 and a target BER value of
1 x1079).

For a target BER value df x 10~4, Fig. 3.11 shows the required transmit energy consumption
for various schemes. It is noticed that, TOSM provides a rkatde and stable gain of around
5 dB against STBC and much more against V-BLAST. The over@leBergy consumptions in

both the continuous mode and the DTX mode are shown in Fig. 3d maintain a certaif,
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Figure 3.12: BS energy consumption,(= 4, N, = 4 and a target BER value df x 107%).

the restriction orPax leads to a ceiling of the transmission rate. For this reagtmransmission
rate of 30 Mbit/s is chosen to ensure the BS works physicatig TOSM is compared with
STBC to show the trends. The following outcomes are obsemading the DTX mode for
TOSM offers an energy gain of 1.4 dB over the continuous maylepmpared with STBC,
TOSM requests much less energy because of the single RFrelgainement. In the continuous
mode and the DTX mode, TOSM saves at leasti@@ule/bit (56%) and 5.8Joule/bit (62%)
against STBC, respectively; iii) in both modes, TOSM outpens STBC more significantly as
ps increases; and iv) compared with STBC, TOSM saves more giretije DTX mode than in
the continuous mode, especially at high channel correigtieor a higher spectrum efficiency,
the power efficiency decreases for all involved methods, TMEM still achieves noticeable

gains over other schemes.

3.5.6 Maximum transmission rate

The above simulations are conducted when the same RF oubpugrps considered for all
involved techniques. In contrast to the multi-stream MIM&emes, SM requires only one
RF chain, and therefore less energy is requested to dritApitiever, the maximum RF output
power for SM is1/Ngc of that for a MIMO system withV,¢: simultaneously-active anten-
nas. This fact restricts the maximum transmission rateen3N systems. Fig. 3.13 presents
the maximum transmission rate as a function of the chanmetlation. Note that maximum

RF output signifies a very high SNR, and in this case the BEFopeance of V-BLAST is
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bottlenecked due to the inevitability of ICI.

——TOSM
12 T T T | —&— fixed-SM (N = 2)
——SsK
—e—V-BLAST
—e—STBC

Ny

100-

oo}
o
T

(2]

Maximum Transmission Rate [Mbits/s]
N
S
7

N
o
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

s

Figure 3.13: Maximum transmission rate){ = 4, N,, = 4 and Pyt = Prnay-

As shown, the maximum transmission rate of fixed-SM outperéoV-BLAST, but is much
smaller than STBC. Meanwhile, TOSM yields a great improvenower fixed-SM (up to 1.8
times) and diminishes the gap between SM and STBC signifjcdntaddition, the BS energy
consumption gains between TOSM and STBC with respect tadihsrission rate is presented
in Fig. 3.14. The gain obtained by TOSM in the DTX mode is lathan that in the continuous
mode. Also, the DTX mode performs much better than the coatis mode whew,, increases

to the full load. This signifies that TOSM is more energy effitiwhen combined with DTX.
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Figure 3.14: BS energy saving ratio between TOSM and STRCH4, N, = 4).
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3.6 Chapter summary

In this chapter, an optimum transmit structure for SM has\lqgesented, which balances the
size of the spatial constellation diagram and the size déitireal constellation diagram. Instead
of using exhaustive search, a novel two-stage TAS methothdws proposed for reducing the
computational complexity, where the optimal number of $rait antennas and the specific
antenna positions are determined separately. The firsisstegalculate the optimal number of
transmit antennas by minimising a simplified ABEP expressio the second step, based on
circle packing, a direct antenna selection method named RSheen developed to pick the
required number of transmit antennas from an antenna @ag/to the exploitation of channel

statistics, the complexity, latency and feedback cost oEWOare negligible in comparison

with the conventional TAS methods. The optimality of thegweed scheme as well as its BER
performance has been presented. TOSM shows a lower SNReewanit for the same spectral

efficiency as compared with fixed-SM.

In addition, a look-up table has been built in the case ofl.c.Rayleigh fading, which can
readily be used to obtain the optimum transmit structurathiéamore, the overall BS energy
consumption of TOSM has been compared with both V-BLAST am@&. Thanks to the

requirement of a single RF chain, TOSM exhibited a much higinergy efficiency than the
other two schemes for achieving the same BER and transmiszie targets. A further study
has shown that TOSM is more energy efficient when combineld v DTX mode than the
continuous mode. Moreover, the issue with respect to thearmar transmission rate in the
SM systems has been addressed, which is caused by the lioitpdt power of a single RF
chain. It was shown that TOSM uplifts the maximum transmissate of fixed-SM greatly and

diminishes the gap between fixed-SM and STBC.
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Chapter 4

Channel estimation for spatial
modulation

4.1 Introduction

In spatial modulation (SM) systems, a single transmit amddn activated at any time instance,
and the remaining antennas are idle. While this propergrefh high energy efficiency as well
as a complete avoidance of inter-channel interferenchaltenges the channel estimation (CE)
process. In current literature, the CE methods for SM séglgrastimate the channel links that
pertain to different antennas. In order to estimate theeeMiMO channel, SM has to activate
the transmit antennas sequentially for sending the trgisignal. Therefore the time spent
on the CE process is proportional to the number of transniérenas, leading to a substantial
reduction in throughput especially when using a large nurob&ansmit antennas. Also, the
pilot sequence length is restricted for each transmit axatewhich impedes SM to improve
the CE performance by increasing the pilot sequence lerdgghv CE methods are needed to

strengthen the performance of SM in practical systems.

In this chapter, the CE process for SM is studied in two aspégh the one hand, the research
focuses on improving the CE accuracy by exploiting the cbhioorrelation between anten-

nas. Two novel CE methods are proposed for SM, making a useedrtenna correlation at

the transmitter and at the receiver, respectively. On therdband, the power allocation be-
tween training symbols and information-carrying symbatposes on the bit error rate (BER)

performance. With more power allocated to training symbitie CE results are more accu-
rate. However, this reduces the signal-to-noise ratio (5NIRce less power is available for

information-carrying symbols. A trade-off is thereforeabled between the power of those two
types of symbols. Based on this fact, an optimal power dilosdas proposed by minimising

the BER. In addition, a framework that combines differentr@&hods is proposed.
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4.2 System model

A N; x N, SM-MIMO system is considered for a single user, whakeand N, denote the
number of transmit antennas and the number of receive aademaspectively. The signal
modulation and the decoding method are referred to SectnThe channel model and the

estimator used for CE are introduced in the following contex

4.2.1 Channel model

A space-correlated and time-variant MIMO channel is casreid. The channel coefficient
between the-th transmit antenna and theth receive antenna is denoted by, ,,), wheren
is the discrete time index. The correspondiNg x N; channel matrix, denoted iy ,,), is
generated in two steps: i) create the channel matrix at itialipoint, i.e. H, of which the
entries are correlated; and ii) produce a consecutive ehdrased on the temporal correlation,
while maintaining the same spatial correlation. It is warthing that the proposed CE method
is not restricted to a specific channel model. The channelemiogre is for the purpose of

evaluating the performance of the proposed method in siinuk

4.2.1.1 Spatial correlation

The Kronecker model is commonly used for spatially-coteglachannels [95]. According to

this model, the channel matrix is initialised as follows:
H
Ho = Ri"*G@ (Ri?) (4.)

where matrixG has the same dimension ldg)), and its entries are independent and identically
distributed (i.i.d.) complex Gaussian distributiot\V(0,1); R; and R, denote the transmit
correlation matrix and the receive correlation matrixpexgively. The correlation coefficient

between the transmit antennasandt; is denoted by, +,. The transmit correlation matrix is
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then expressed as:

1 P12 PLN:
P21 L - pan,
Re= 7 . (4.2)
PNy1 PNi2 e ]

Similarly, the elemenp,, ,, in R; represents the correlation coefficient between the receive
antennas andry. The correlation between antennas is modelled in the sargeasvthat in
Section 3.2.2.2, and the Euclidean distance between thdidgonal ends of the antenna array
is normalised to be unity. The correlation coefficient betwany pair of transmit antennas is

then formulated as:

d
Ptyta = pt)flhv (4.3)

wheredy, ;, is the Euclidean distance between transmit antempasd ¢2; pix denotes the
correlation degree when two transmit antennas are sefdaatitbe reference distance. Similar

to py, +,, the correlation coefficient between any pair of receivemas is given by:

d’r T
Prirs = Prx' 2. (4.4)

4.2.1.2 Temporal correlation

The Gauss-innovations channel model formulates the chani@tion as a function of the
speed of users [96]. Using the Gauss-innovations channgéinthe channel matrix at theth

time index can be expressed as:
Hiny = VEH o1y + VI = kH,, (4.5)

wherek is a parameter related to the user speed, and it is given h¥E@RG10)]:

2
ﬁ:%<ﬁ%§>, (4.6)

C

where Jy(-) is the zeroth-order Bessel function of the first kirfid; is the sampling period;
fc is the centre carrier frequency;and c denote the speed of mobile user and the speed of

light, respectively. The terrhl’(n) in (4.5) is also generated from (4.1), but it is independént o
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Hn-1)- In addition,Hzn) is independent from time to time. Substituting (4.1) ané: 1 into

(4.5), this gives:
H
Hay = RIZ (VG + V1= kG ) (R?) . (4.7)

Note thatH ;) is a Rayleigh fading channel of the same correlation matrasl . Similarly,

the expression fo ,, in (4.5) is rewritten as:

_ H
H = RY2G() (RI) (4.8)
and N
Gy = > (VI=R) ™ (VR)" " Gy, (4.9)
m=0

where sgi¢) is the sign function. It is straightforward to infer th&t,,) is also a correlated
Rayleigh fading channel of the same correlation matriceld gs Note that the above model
also suits spatially-uncorrelated and/or time-invari@rannels, by setting the correlation coef-

ficients and/or the speed of mobile user to be zeros.

4.2.2 Pilot-assisted channel estimation

So far, the channel estimation methods for SM has been basexisiing CE techniques, such
as least square (LS), minimum mean square error (MMSE) andgiee least square (RLS).
All those estimators are also available for the proposed €thauls. In order to keep simplicity
and ensure a fair comparison, LS is adopted for both the ctioveal methods and the proposed

methods in this chapter. The pilot signal and the LS estimai® described as follows.

4.2.2.1 Pilotsignal

A large quantity of studies have been performed on the optilesign of the training signal
for estimating correlated MIMO channels [97-99]. Thosdropt patterns are also applicable
to the channel estimation for SM. However, the study herades on developing CE methods
that are specially tailored for SM. For this reason, a sinptet signal of V,, repeated symbols
is considered, wher®), is the pilot sequence length. The optimal pilot design ig kexpfuture

research.

The estimation period, denoted B, is defined as the interval between two adjacent CE
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processes of any transmit antenna. In addition, the pitid ia defined as the ratio of the
number of pilot symbols to the number of total symbols duing estimation period, and it is
denoted by denoted by. Furthermore, we usg,,,) to represent the pilot symbol transmitted
through transmit antennaat then-th time index. To be distinguished from the information-
carrying symbols, the transmission energy per pilot synibolenoted byr,. The signal-to-
noise ratio (SNR) for pilot signals is denoted gy= E, /Nj.

4.2.2.2 Least square estimator

When sending out a pilot symbol through thth transmit antenna at theth time index, the

received signal at the-th receive antenna can be obtained by replaging (2.1) withp,,,):

Yr(n) = P t(n)Pe(n) + Wr(n)- (4.10)

We focus on a single CE period, and the LS estimate duringdhsidered period is denoted

by IRM, where the time index is neglected for simplicity. Accoglio [100, p. 224, Eq. (8.9)],

h,+ is calculated by:
NP

;’/r,t = arghminz || Yr(m) — hpt(m) ||2> (411)

m=1
wherem is the symbol index of the pilot sequence. Since hpth,) andp,,,) are scalar, we

have:
Np

7 1 Yr(m)
hry = — . (4.12)
TN, ﬂ; Pt(m)

4.3 Channel estimation across transmit antennas

In the conventional channel estimation (CCE) for SM, alhsmit antennas are activated in
sequence to send the pilot signal. In the following conttd,pilot structure of CCE is intro-
duced, followed by a novel CE method, named transmit croaaral estimation (TCCE). By
exploiting the channel correlation between transmit amisnthe new approach is able to esti-
mate the entire MIMO channel by sending the pilot signal tlgfoonly one transmit antenna.
In order to clearly demonstrate the concept of the proposettiod and keep a moderate com-
plexity of analysis, the pilot sequence length is assumdmttone in this section, i.€V, = 1.

The case of a generaliséd, is studied in Section 4.6.
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4.3.1 Conventional method

In Fig. 4.1, the pilot structure of CCE is presented for anngxa of four transmit antennas.

During each blue coloured slot, a pilot symbol is sent oubulgh the corresponding transmit
antenna. Those slots are referred to as pilot slots. Theingrgaime slots are used to convey
information-carrying symbols. The estimated channeksitafiormation (CSl) is used instead

of the perfect CSlin (2.5). Based on the estimation resnl(4.i.2), the detected symbols using
CCE are obtained by:

Nr
[face | = argminy_ ||y — e |12 (4.13)

tl r=1

~— Data Transfer

VF LT T TP

VI[ICEII

A1 ITRIEIN (A
NN IR B

Transmit
Antennas I Pilot-assisted CE

Figure 4.1: The pilot structure of CCE.

The estimation period of CCE is calculated by:

N T

Pce = (4.14)

Note that the estimation period of CCE is proportional toraenber of transmit antennas, as
mentioned previously. Each LS process requires one divisidnich costst? operations for
&-digit numbers. Thus the computational complexity of CCEmiyone estimation period is
given by:

Occe(NN,€2). (4.15)
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4.3.2 Proposed method

The channel difference information (CDI) is defined as thiéedince between the channel
coefficients of a pair of transmit antennas. If CDI is knowmert it is possible to obtain the
CSiI of the entire MIMO channel by estimating the channelrimfation of any single transmit
antenna. In the other words, only one transmit antenna isinestjto send the pilot signal.
The CE time is therefore significantly shortened in compariwith CCE. A constant channel
difference is however unrealistic. In order to make it aali for time-varying channels, the
channel difference information needs to keep updated. nfjataur transmit antennas as an

example, Fig. 4.2 depicts the schematic diagram of the gepmethod.

CurrentTilme Index
7! Himm HHHHHHHHHI

Yl HHHHHHHHHMHHH\I

Vlﬁll

;rinsmlt | Pilot-assisted CE
ntennas
| cDIupdate

U Correlation-assisted CE

Figure 4.2: The pilot structure of TCCE.

The pilot transmissions are represented by blue coloud, dimilar to Fig. 4.1. Note that,
unlike CCE, the pilot slots pertaining to different transamtennas are equally allocated along
the time. At any pilot slot, the CSI of the currently activdema is obtained in the same way
as that of CCE. For those idle antennas, CSI is measured lbasta: estimated CSI of the
active antenna and the CDI between the active antenna awdrtesponding idle antenna. We
refer to this type of CE as correlation-based CE, which iswshby yellow coloured slots. The
CDl for a certain idle antenna is calculated at the latest gibt of that antenna. The CSI of the
currently active antenna at that slot, which is highlighiegink colour, is corrected by using
interpolation based on the estimated CSils at the curresttgddt and some previous pilot slots.

At any pilot slot, the algorithm is comprised of four stepdaws:

49



Channel estimation for spatial modulation

Step 1: Pilot-assisted CE

In the first step, the pilot-assisted CE in Section 4.2.2 iglémented for the currently active
antenna, i.etsc. The corresponding estimation result is denoted}m((n), where the index

for receive antennas is neglected for simplicity.
Step 2: CDI update

For each transmit antenna, the pilot is conveyed once fayeVe pilot slots. At the previous
N; — 1 pilot slots, the CSI ot is estimated by the correlation-assisted CE which will be
detailed in step 3. In this step, those CSls are correctedlby-gass interpolation based on
Ritae(n) AN L — 1 previous estimates;, ., i, /n), | = 1,2, ..., L — 1. The number of totally
used estimates, i.eL, is defined as the interpolation sequence length. The dedeCSI is
denoted b;iztad(n_k/n), k=1,2,...,N; — 1. For clarity, the simplest case &f= 2 is chosen,

and the corrected CSl is computed by:
. E\ - E\ -
htact(n—k/n) =11- ﬁt htact(n) + Ft htact(n—Nt/n)7 k=1,2,...,Ny— 1. (4.16)

For L > 2, interested readers are referred to [101]. Regardingrirdrastenna, the last pilot

slot is at the time index af — k¢ +,.,/n, and:

tact— 1 if ¢ <tac

Kt o = (4.17)

tact - t + Nt If t > tact
The channel difference information betwegamndt,c, denoted by\, ;,., is updated as follows:

A toen ke pmg/m) = P s/ n) — Pactn e soee/m) (4.18)

Step 3: Correlation-assisted CE

After collecting the CDI, it is possible to measure the CSihaf idle antennas. The estimation

result of correlation-based CE is denotedﬂq%) and it is obtained by:

fbt(n) = iltact(n) + At tacln—kiagq/m): b 7 tact (4.19)
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Substituting (4.16) and (4.18) into (4.19), this gives:

7 Y kt,tac Y 7
ht(n) = ht("*k’t,tac[/n) + N; t (htact(n) - htac[(ﬂ*Nt/n)) ;b # tact (4.20)

Note that whent = tain (4.17), the value ok, ., equals zero. Correspondingly, the right
side of the above equation reducesﬁ;gct(n). Therefore, the estimated CSI obtained by both
pilot-based CE and correlation-based CE can be writteneasame expression in (4.20). The
estimated CSI of any transmit antennas is denoteﬂtpy, and (4.20) can be rewritten as:

2 7 kt7tac 7 7
ht(n) = ht("*k’t,tac[/n) + N, t (htact(n) - htac[(ﬂ*Nt/n)) , t=1,..., Ny (4.21)

Step 4: Antenna index update

The index of the transmit antenna to convey the pilot nex¢tisthen updated to:

tact + 1 if tact < Nt
tact — . (422)
]_ |f tact — Nt
The CE period of TCCE is computed by:
T.
Pcg = -, (4.23)
n

The CE period of TCCE is independent of the number of trananignnas. In addition to one
LS process for the currently active antenna, TCCE requinesrderpolation and two additions
for each idle antenna. According to (4.16), the interpolatheeds two multiplications and
one addition. As a result, TCCE consuni&g + 3¢ operations for each idle antenna. The

computational complexity of TCCE during one estimationiguis given by:

Orcce(N, (€2 + (N — 1)(262 + 3¢))). (4.24)

Compared with CCE, TCCE approximately doubles the comjamalt complexity.
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4.3.3 Results

In this section, Monte Carlo simulation results are presgtd validate the performance of the
proposed method. Various numbers of transmit antennasbasdered. In order to conduct a
fair comparison, the antennas are located in a square atie@awormalised diagonal distance.
The BER performance of SM using TCCE is compared with CCEo Alse effects of channel

correlations on both CCE and TCCE are studied. In all sirfariat a user speed of 5 m/s is

assumed, and the pilot ratio is fixed to be 5% [102].

4.3.3.1 Effects of channel correlation

TCCE[n_=5]|
TCCE[r]S:6] A
g2 ——CCE [N =5] | v
_a-CCE [n_=6] f AL

Figure 4.3: BER performance of TCCE against channel correlations (SNRO=dB and
N, = 16).

In Fig. 4.3, the BER performance of TCCE is shown as a funation,. The SNR is assumed
to be 20 dB, and 16 transmit antennas are considered.nJwalues of 5 and 6 are considered.
As shown, the proposed method falls behind CCE whgis smaller than 0.3. The reason for
this fact is as the channel correlation decreases, the Clidelea antennas becomes larger and
more random. Therefore the CDI updating process in TCCEss decurate in this situation.
However, wherpy is greater than 0.4, TCCE offers a much better BER performémen CCE.

Similar, but less pronounced trends are noticed at lowerSNR
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4.3.3.2 Effects of the number of transmit antennas

Fixing pi to be 0.8, Fig. 4.4 presents the BER performance of TCCE forfvalues of 8
and 16. The number of bits per symbol is fixed to ensure a faipawison. Also, the case of

perfect channel state information (PCSI) is consideredizssaline.

BER

SNR [dB]

Figure 4.4: BER performance of TCCE against the numbers of transminaate pr, = 0.8).

The following outcomes are observed: i) unlike PCSI, theeaglble BERs of both TCCE and
CCE tend towards saturation with an increase of SNR, dueeartsvitability of estimation
errors; ii) compared with CCE, the BER performance of TCCligh closer to that of PCSI;
and iii) TCCE outperforms CCE more significantly a5 increases. FoWN; = 8 and 16,
to achieve the same BER value of CCE at 20 dB, TCCE requiresiB.@nd 7.5 dB less,
respectively. This is because the CE period of CCE is praput to NV, while that of TCCE
is regardless ofV;. At a lower channel correlation, the gain gap between TCCE GEGE
diminishes. Despite this, TCCE can still effectively impecthe achievable BER over CCE

whenpy = 0.5, as shown in Fig. 4.5.

4.4 Channel estimation across receive antennas

In order to improve the CE accuracy, a longer pilot sequeangth or a larger transmission
power is usually required. However, as mentioned, the asitom time in the CCE methods

for SM is proportional to the number of transmit antennaser&fore the pilot sequence length
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Figure 4.5: BER performance of TCCE against the numbers of transminaate i, = 0.5).

for each transmit antenna is constrained to avoid compingitee throughput significantly. In
addition, the transmission power is limited due to the dyicaenge of power amplifiers. This
raises the question, how to improve the CE performance witimereasing the pilot sequence
length or the transmission power. Based on exploiting tfokl correlation between receive
antennas, another CE method for SM is proposed in this seckor the sake of simplicity,
here we consider the pilot structure of Section 4.3.1, arag kbe relevant study on the pilot
structure of TCCE in Section 4.6.

441 Conventional method

In the CCE methods for SM, the CSI related to each receivenaates estimated separately.
Since the focus is on the receiver side, the indices of triaramennas are neglected without
loss of generality. For a certain transmit antenna, the G&Hlr of ther-th receive antenna at

then-th estimation slot is written as:

(4.25)
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4.4.2 Proposed method

The proposed method is named spatially-averaging chamstielaion (SACE), of which the
schematic diagram faiv,, = 2 is shown in Fig. 4.6. Unlike CCE, SACE jointly estimates the
channel of different receive antennas, which resemblesvtheof exploiting the correlation
between transmit antennas in TCCE. A similar definition ofl @used in receive antennas,
and itis used to estimate the channel of one receive antenmgtlie estimation result of another
one. The estimated CSI of SACE for each receive antenna isaination of the CCE results
of all receive antennas. For a arbitrary number of receiteraras, the detailed algorithm of
the proposed method is comprised of two steps.

Vo

%
o
el
Y E
<
tact g
9
l_f‘(p}"lJ"Z) <f(pl"1‘7'2) @@l
Yo b b
0 aaa 'S e L0

Figure 4.6: Schematic diagram of SACE for two receive antennas.

Step 1: channel difference update

Regarding the proposed method, we ﬁ$@l) to denote the estimated CSI of theh receive
antenna at the-th estimation slot. The CDI between theth andrs-th receive antennas, de-

noted byA,., ., is obtained by differentiating the previous estimatiogults of those antennas:

~

Arl,rz(nfl) = }tLrl(nfl) - hrg(n71)~ (4.26)

Step 2: weighted average

Based on the CDI obtained in (4.26), the channetofan be estimated via the CCE result of

ro, €. ﬁm(n). In order to reduce the affect of noise, the estimate for aegive antenna is
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formed by a weighted average of the samples from all receitenaas. The estimation result
of SACE is then formulated as:

N, Ny
hr1 (n) = 1- Z f(pm,rz) hr1 (n)+ Z f(prl,rg) (hrg(n) + Arl,rg(n—l)) ) (427)
ro=1#ry ro=1#r1

wheref (pr, r,) is the weight for the pair of; andr, and it is subject to:

0< f(pri) <1 (4.282)
Ny
0< > flonm) <1 (4.28b)
7‘2:1#7’1

Besides the above conditions, two extreme situations.of, = 1 andp,, ,, = 0 are analysed
to further restrict the weights. When the antennas are cetelcorrelated, the weights for all
components in (4.27) should be equal. On the contrary, itliennas are independent of each
other, the estimation based on other antennas becomesiltlifiiterefore, it is better to just

useﬁrl(n) in this situation. Then the weighfi(p,, »,) is required to satisfy:

0 if Prira = 0
Florir) =4 1 _ : (4.29)
E if Prire = 1

Combining (4.28) and (4.29), one solution for the weightction is simply given by:

Pry,r
f(pTIJ"Q) = ]\1[_: (430)

Besides the estimation process of CCE, the weighted averagess for each receive antenna
mainly requiresV,. multiplications. Therefore, the computational comphexit SACE is esti-
mated as:

Osace(Ni (N, + N2)E?). (4.31)

Compared with (4.15), it can be found that the complexity A€CE is N, + 1 times as much as

CCE. In practice N, is restricted due to the compact size of mobile devices. &bexr SACE

requires limited processing power in addition to CCE.
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4.4.3 Results

In this section, Monte Carlo simulation results are shownalidate the performance of the
proposed method. In all simulations, quadrature phase lgying (QPSK) symbols are sent
from a transmitter of four antennas. The pilot ratio and therispeed are set to be the same
values as in Section 4.3.3. The BER performance of SACE ispepad with CCE in two

aspects: the receiver correlation and the number of reesitennas.

4.4.3.1 Effects of channel correlation

Assuming two antennas at the receiver, Fig. 4.7 presentBHfe performance of SACE for
different channel correlations. Due to the facts tNatis smaller thanV; and the system uses
practical CSls, both SACE and CCE require a relatively I&88ER to achieve a certain BER
target. Two outcomes are observed: i) SACE always offerstterbperformance than CCE;
and ii) when the channel correlation increases, SACE oigpas CCE more significantly. For
prx = 0.2 and0.8, SACE achieves SNR gains of 0.2 dB and 0.6 dB against CCEscéasgely.
As pix decreases, the CDI between receive antennas becomesdaderore random, which
is similar to the situation in TCCE. However, unlike TCCE, @A still performs better than
CCE when the channel correlation between receive antesnasvi Because there are only
two receive antennas involved in this case, the advanta§AGE is not well pronounced. The

following context discusses the performance of SACE witrgdr number of receive antennas.

BER

0 5 10 15 20 25 30
SNR [dB]

Figure 4.7: BER performance of SACE{ = 4 and N, = 2).
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4.4.3.2 Effects of the number of receive antennas

Fig. 4.8 shows the BER performance of both SACE and CCE whestdive antennas are
employed. As can be seen, the SNR gaps between SACE and CGigarethan those in the
case of 2 antennas. Whep, = 0.8, for example, an SNR gain of 1.8 dB is obtained by SACE
over CCE, which is greater than the gain of 0.6 dB wikdén= 2. The reason is simple and
direct. When more receive antennas are involved, more sasnapé available for the averaging
process in SACE, and this is equivalent to increase the gglgtience length. Correspondingly,

SACE requires higher computational complexity (4 timegdathan CCE) in this case.

0 5 10 15 20 /25
SNR [dB]

Figure 4.8: BER performance of SACE{ = 4 and N, = 4).

4.5 Optimal power allocation in channel estimation

Since the CE process for SM occupies a substantial portibmefperiod, the power consumed
for transmitting pilot symbols cannot be neglected. In entrliterature about the channel
estimation for SM, equal power allocation (EPA) is consadebetween the pilot symbols and
the information-carrying symbols. However, the powerakion needs to be treated carefully
because it affects the BER performance in two aspects. Gonnband, an increased power for
pilot symbols can improve the estimation accuracy, esfigaidnen the pilot sequence length
is constrained. On the other hand, allocating less powerftomnation-carrying symbols leads

to an increase in the impairment caused by noise. This indaables a trade-off between
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the transmission power of pilot symbols and the transmispimwer of information-carrying

symbols. In this section, an optimal power allocation (ORfEthod in CE for SM is proposed.

4.5.1 Optimisation problem

In [47], an average bit error probability (ABEP) upper bousderived for SM in the presence
of channel estimation errors. However, the ABEP bound issndbsed-form, and hence, it is
difficult to be minimised. Alternatively, we focus on minisimg the pair-wise error probability
(PEP), which is given by [47, Eq. (12)]:

1 w/2 g ) A
PER, (Xp) — Xpy) = — 1+ =25 ) w, e
H( t,l — t,l) 7_(/0 < - 4sin%6 % N0(1+0'62)+E502> 7 ( )

wherex; ; means the symboy; is sent from the-th transmit antennas? denotes the variance

of CE errors; and:

2, it t At
O, = : (4.33)

i — xul?, if t=t

The PEP of SM under the assumption of PCSI is computed by HQ3(5)]:

1 (/2 Osm7s A
PERy (X¢y — Xy ) = ;/ <1 + 4ssi“ﬂn29> ds. (4.34)
0

It can be found that in (4.34) is replaced by. when CE errors are involved, where:

Es

= 4.35
and~. is thus referred to as effective SNR. The variance of CE eligcalculated by:
N
2 0
= 4.36

where N is a parameter depending on the chosen estimation appr&@dh [When the LS

estimator is considered, this resultshh= 1, and (4.35) is thus rewritten as:

_ EpES
7T (B, + B, + No)No

(4.37)
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Similar to the situation of PCSI, minimising the PEP in (4.82equivalent to maximising the
effective SNR. The power allocation is hormally restricted certain power budget. In other
words, the average energy consumption per symbol is predefind it is denoted by,.
Correspondingly, the average SNR is definedas- E,/Ny. During a unit interval, the time
consumed in conveying pilot symbols %s while the time for sending information-carrying

symbols isl — % The optimisation problem is then formulated by:

(El,El) = arg max ~.(E,, E.),
(EZNES)

st. nE,+(1—-n)Es =E,
E,>0,E, >0

(4.38)

where(E], ET) denotes the optimal solution ¢£,,, E.).

4.5.2 Analytical Modelling

The Lagrange multiplier maximisation method [105] is apgiile to solve the problem in

(4.38), for which the Lagrangian function is formed by:
A(Ezn E;, )\) = Ve(Epa Es) + )‘(nEp + (1 - U)Es - Ea)> (4-39)

where) is the Lagrange multiplier. In order to achieve the maximdrthe above Lagrangian

function, stationary points are obtained by solving théofeing system of equations:

OA(ES, E3,X%)/0E; =0
ONES, E5,X°)/0E: =0, (4.40)
OA(ES, B3, X%)/0X° =0

where\® is the Lagrange multiplier associated to the stationarptddi;, £5). The stationary

points of £, are thus computed by:

f(a) \/f%a) + 2100

B = B, - , (4.41)
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where:

Flrn) =14+ 221 (4.42a)

a

g=1-n)Np,—n (4.42b)

Note thatf(v,) is always positive, ang > 1 — 2n because ofV, > 1. In practice, the pilot
ratio is usually less than 10% [102]. Therefore the paramgig also positive. Consequently,
E;t is positive wheread? is negative. However, energy is non-negative, and fiiisis the

only possible stationary point.

Proposition 4.5.1. E;! is the maximum point for the effective SNR in (4.37).

Proof. The second derivative of with respect tar, is calculated by:

ONEy) _ _2NEx  0f” () + 91 (7a) (4.43)

0K No  (9Ep+ f(a)Ea)®

Substituting (4.41) into (4.43), this gives:

OA(E,) N, g 2
T = ) CACOREICR) (4.44)

It is obvious that the right side of (4.44) is always negatiBased on the second derivative

rule, it is proved that the effective SNR in (4.37) achiewssniaximum value ak), = E,*.

]
Therefore the optimal solution df,, is obtained by:
2 1—n
f?(va) + TNp— 1) f(va) = f(7a)
E'=E, . 4.45
’ TN, (449
4.5.3 Simplified solution for high SNRs
Assuming the SNR is sufficiently high, i., > 1, (4.42a) can be approximated to:
f(ve) = 1. (4.46)
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Substituting (4.46) into (4.45), this gives:

1—
—an —1
El =B 1 (4.47)

It can be found that, in this case, the ratiola}]‘ to F, depends on the pilot sequence length
N, and the pilot ratio). Fig. 4.9 plots the OPA solutions agai$} andr, in comparison with
EPA. As shown, when the product &f, and is larger than one, the optimal power of pilot
symbols is slightly below the average power. However, aptbduct of N, andn decreases in

the region ofyV,, < 1, the optimal power of pilot symbols increases dramatically

Il oPA
[ JEPA

r & O
e e,
AT S

Figure 4.9: Power allocation in channel estimation for SM.

454 Results

The performance of the proposed OPA method is validatedisnstbction.  Simulations are
implemented for two purposes: i) to verify the accuracy efdiptimisation solutions; and ii) to
compare the BER performance of OPA with EPA for differenueal of NV, and». In all sim-

ulations, 4 antennas are assumed at both the transmitteahamdceiver, without considering
the correlation between antennas. QPSK is used for thelsigpdulation. Since the temporal
correlation is not involved here, the users are assumed siabie for the sake of convenient

analysis.
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4.5.4.1 Optimisation accuracy

First, assumingy, = 20 dB, the BER performance of OPA is shown as a functiofgf £, in
Fig. 4.10. Different choices falV,, andn are considered to validate the optimisation accuracy
for a broad range of scenarios, and the OPA results of theifiedpsolution are highlighted by

red dots.

-6

3x 10
o N=1%N =1
A = =
e —y-N=2%, N 27
' o N=5%N =5
©
® OPA
2,
.
'EH 15 Ep/Ea =1.83 o
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oo ¢
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Figure 4.10: Optimality of the proposed OPA methog, (= 20 dB, N; = 4 and N,. = 4).

As shown, the proposed OPA method always achieves the mniBitiR. For different; and
N,, the optimal value of’,/ E, varies. In general and as expected, it is better to allocate m
transmission power to the pilot signal when the pilot ragcrases. Ay = 5%, the optimal
E,/E, approaches one, i.e. the EPA method. When the pilot ratiecesito 2%, the optimal
power of pilot symbols is 4.59 times of the average power.h&gdilot ratio is further decreased
to 1%, the optimum ratio of the pilot power to the average panereases to 9.13. The reason
for this trend is that a low pilot ratio results in a poor CE @racy, which impairs the BER
performance more significantly than reducing the trandomnsgower of information-carrying
symbols. Therefore, it is beneficial to trade off the powelindbrmation-carrying symbols
for the power of pilot symbols, so that the CE errors can beiged. On the contrary, more
power should be allocated to information-carrying symhbdien a CE of sufficient accuracy is

achieved.
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4.5.4.2 BER performance of OPA

In Fig. 4.11, the BER performance of OPA is presented as aiamof the average SNR. To
ensure a fair comparison, the CE perigq& is fixed for different values ofif, V,). Besides

EPA, the case of PCSI is considered as a benchmark.

OPA

) 4 A EPA
_N < 5 I’]:l%, Np:l
N b Lo N=2% N =2
n=5%N =5

BER

0 5 Y, J[gB] 15 20

Figure 4.11: BER performance of OPA\; = 4 and N,. = 4).

The following outcomes are observed: i) the performance BA@ closer than EPA to the
results of PCSI; and ii) the performance of EPA degradesihgpihen reducing the pilot ratio.
In contrast, OPA provides a fairly stable performance aiaime change of pilot ratio. To
achieve the same performance as PCSI, OPA requires an é¥RaoBless than 1 dB. This

makes OPA superior to EPA in a more significant way when tha mitio becomes smaller.

4.6 Combined channel estimation

In the previous context, three novel CE methods have begropeal to improve the BER per-
formance of SM in the presence of CE errors. Among those msthiitCCE and SACE focus
on exploiting the channel correlation between antennakeatrainsmitter and at the receiver,
respectively. In addition, OPA balances the transmissamgp of pilot symbols with the trans-
mission power of information-carrying symbols to achielve minimum BER. In this section,

a combined CE technique for SM is presented, where the abBue&lhods are integrated.
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4.6.1 Concept

The block diagram of the combined CE for SM is shown in Fig24\hich consists of four
main modules: i) the pilot structure; ii) the power allooati iii) the CE for individual receive
antenna; and iv) the CE across receive antennas. At thertitieis an adaptive switch between
CCE and TCCE is used in accordance with the channel cooelagtween transmit antennas.
After the pilot structure is determined, the OPA algorittsyapplied for allocating the optimal
transmission power to pilot symbols.

CE across Receive Antennas

|

|

Y :

I CCE/TCCE ‘

i1 5 : ! L

Pilot % 2 ’ | I ' |SACE
Symbols A g / \/ | : : !
- VN,.- l !
< hert ~~-| CCE/TCCE [ !
: B :
1 : I :
w, | L !
| CCE/TCCE [+ !
_____ Lo _______" l________‘
Pilot Structure Power Allocation CE for each Receive Antenna

Figure 4.12: Block diagram of the combined channel estimation for SM.

A dedicated channel is required to inform the receiver of gbkection result regarding the
pilot structure. According to the selection of pilot sturet, either CCE or TCCE is used to
estimate the CSI between the active transmit antenna afdreeeive antenna. Afterwards,
the SACE method is enabled, and the estimation results anedtiitput to decode the following

information-carrying symbols.

4.6.2 Results

Fig. 4.13 presents the BER performance of combined CE, wdrei®@M system of 8 transmit
antennas and 4 receive antennas is considered. In additidimoy,, and px are assumed to
be 0.5. In order to ensure a fair comparison, the CE periocesifii.e. the ratio ofV, to n

is constant. Besides CCE, two cases of PCSI are considaredrtparison: i) time-invariant

channel; and ii) time-variant channel, and PCSI is only atdstimation slots.

As shown, the error floor occurs in all cases with time-vdr@rannels, due to the inevitable
errors between the CE results and the varying channel. Waepared with CCE, the BER
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Figure 4.13: BER performance of combined channel estimatip-£ 8 and N, = 4).

performance of combined CE is much closer to that of PCSIintak,, = 2 as an example,
combined CE obtains an SNR gain of 1.2 dB against CCE, whichdee pronounced than
any CE method being used individually. Also, the perfornreaoE CCE degrades significantly
as the pilot sequence length decreases. Whigns reduced from 2 to 1, CCE requires an
extra SNR of 1.3 dB to maintain the BER performance. In cattreombined CE presents a
stable performance against the reduction of the pilot segpikength. As a result, the SNR gain
achieved by combined CE over CCENgf = 1 is larger than that a¥,, = 2.

4.7 Summary

In this chapter, three novel CE methods have been presemtieaptove the performance of
SM in the presence of CE errors. In order to shorten the tinmswoed in the CE process,
TCCE enabled to estimate the entire MIMO channel by sendilogsphrough one transmit
antenna only. By exploring the channel correlation betweamsmit antennas, this particular
method offers a better estimation accuracy than the coioveitmethods for medium and high
correlation degrees. Considering SM as well as other MIMi@s®es encounters performance
degradation over correlated channels, an accurate CE mepfrtance in particular. Results
have shown that TCCE can effectively improve the performmapicSM against the channel

correlations.

66



Channel estimation for spatial modulation

In addition, SACE has been presented, aimed to increase Ehge€@formance for SM under
the constraint of a limited pilot sequence length. SACE eixplthe channel correlation in a
similar way to TCCE but at the receiver, and jointly estinsatee channel of receive antennas.
Simulation results have been presented to compare therpenfice of SACE with CCE. It
has been shown that SACE improves the CE performance for Shutiincreasing the pilot
sequence length. For various channel correlations, uitk€E, SACE always offers a better
CE accuracy than CCE.

Furthermore, the power allocation between pilot symbols iaformation-carrying symbols
has been studied. An optimal power allocation has been mext¢o balance the impairment
caused by the CE errors and the noise, in order to minimis8E#. It has been shown that
for a high SNR, the optimal transmission power is only deteet by the pilot ratio and the
pilot sequence length. Results have been presented ty Yieeifoptimality of the proposed
method and to evaluate its performance against EPA and RGBéover, a framework on the
combined CE for SM has been presented, where the above CBasethe combined in order
to further improve the performance of SM systems. Accordmmthe practical environment,
combined CE can adaptively switch between CCE and TCCE, @jndtahe weights of SACE

at the cost of limited feedback and complexity.
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Chapter 5

Spatial modulation in a multi-user
scenario

5.1 Introduction

In current literature, the research on spatial modulat®@W)(in the multi-user scenario focuses
on coordinating the interference among users [53, 54], aMhik user selection is neglected.
Like other MIMO schemes, the precoding technique is apple@o SM in order to cancel

inter-user interference (1Ul). However, multi-stream MIMcan be decomposed into parallel
non-interfering spatial layers, and each layer is avaldbl one user. In contrast, the SM
system requires at least two transmit antennas for eachiruseder to keep its function. This

fact challenges the process of allocating the transmitnaiaie of the SM system to the users.
In this chapter, an novel method that adaptively groups éindades the antennas of the SM

system is presented.

5.2 System model

5.2.1 SM system for multiple users

Consider the signal is transmitted from one base statior) {B$ultiple users at the same
time-frequency slot. The number of users is denotedVhy and each user is equipped with
N, antennas. The total number of antennas at the BS is denotd&,bylrhose antennas are

divided into N,, groups, and each group contaiNg = Nt/ N,, antennas.

Fig. 5.1 draws the block diagram of the SM system in the nmugér scenario. For each user, a
N; x N, SM-MIMO is operated in the same way as in Section 2.3. At thesi88, one antenna
out of each group is activated at any time instance. Thezetoere areV, antennas being
active simultaneously, and each user receives the sigaatsfrom all groups. For a certain

user, the signal from the corresponding group is the desigrthl, while the signals from the
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remaining groups are interference. The desired signalshenidterfering signals are shown by

solid lines and dashed lines, respectively.

Activated Antenna for User 1

!

Bit stream

for User 1 —{SM Mapper [—>[RF chain User 1

Activated Antenna for User 2

!

Bit stream

for User 2 —>|SM Mapper |—>| RF chain User 2

Activated Antenna for User N,

!

Bit stream :
for UserNu_>|SM Mapper —=|RF chain

Figure 5.1: SM system in a multi-user scenario.

The symbol chosen from the signal constellation diagranu$erk is denoted by, and the
channel from the transmit antenhaf group; to the receive antennaof userk is denoted by
ht; .- Assumingt; is the currently active antenna of grogipthe received signal at theth

receive antenna of uséris expressed as:

Ny
Yry, = htk,rksk + Z htj,rksj + Wy (51)
j=1#k

wherew,, is the noise at-th receive antenna of usgr

5.2.2 Channel model

Consider a Rayleigh fading channel without shadowing. Tdwstant correlation model in
Section 3.2.2 is applied to the channel links from the BS thasser. Across the users, the
channel links are statistically independent. For the sdlggnaplicity, the same channel corre-

lation degree is assumed for all users. The correlatiorfic@afts of the transmit antennas and

70



Spatial modulation in a multi-user scenario

the receive antennas are denotegpRyandpx, respectively.

5.3 Multi-user SM

Unlike the traditional MIMO schemes, SM encodes part of tiferimation bits into channel
impulse responses. As a result, the conventional precddicighiques, such as zero forcing
(ZF) and minimum mean square error (MMSE), are not appleadMU-SM. In this section,

the precoding method in [55] is introduced.

5.3.1 Design of precoding mask

Fig. 5.2 shows the application of the precoding techniquBslhSM, where perfect channel
state information (PCSI) are assumed to be known at bothrémsrnitter and the receiver.
Note that the precoding method proposed in [55] is only atéel for a single antenna at each
user terminal. The precoding mask is defined as the vectbighsed to shape the signal
before transmission. The precoding mask is denote® by [p1, ps, . .., pn, |7, wherepy is
the element pertaining to uskr The transmitted signal for uséris the product of the chosen
symbol and the precoding mask, i&.= spr. Replacingsy in (5.1) bys,, the signal received

by userk is expressed as:

N’U.
Yrp = Nty rp S5+ Z ht]-,rkéj + Wy, . (5.2)
" j=1#k
Substitutings, = sgpx into (5.2), this gives:
Yr, = [htl,rk81> htg,rk827 ) h‘tNu ,TksNu]P+wTk' (53)
B

In order to cancel the interference among users, ®nsirequired to be equal to terafor all
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Bit st .
folr %sfrain_» SM Mapper
S1 S1
\ |

i S s
Bit strean__[o\ i NMapper} 22+ Precoding [ *2+[RF chain

SNy

SNy

Bit stream
for UserN, SM Mapper

Figure 5.2: The application of the precoding technique in MU-SM.

\

users. The effective channel-modulation matrix is defired a

htl,rlsl htz,rl 52

ht1,1”281 th,TQ 52

ht1 Ny S1 ht2ﬂ’Nu S2

htNu 71 SNu

htNu T2 SNu

htNu Ny SNu

and the desired signals of all users formulates a vectorliasvi

EqualisingA and B for all users is thus equivalent to solve the following egprat

ht1 1 S1

htz,rz 52
Hreq =

h‘tNu TNy SNy

HeffP — Hreq.

(5.4)

(5.5)

(5.6)

Note thatH eq is the diagonal of the matriket, and receive constellation optimisation is not

72



Spatial modulation in a multi-user scenario

considered here in order to keep moderate complexity ofyaisal Therefore the precoding
mask is obtained by:
P = (Her)'diag(Hef), (5.7)

where diag-) extracts the diagonal of a matrix.

5.3.2 Normalisation of precoding mask

In order not to affect the average transmission power, themd the vectolP must be restricted

to one. The normalised precoding mask is denoteB Ry, and it is calculated by:

IDnorm = /Bpa (5-8)

and:

1
T o

whereE{-} is the expectation operator, and-jrdenotes the trace of a matrix. Substituting

(5.7) and (5.9) into (5.8), the normalised precoding maskfd-SM is computed by:

Prorm = E ! (Her)'diag(He). (5.10)
tr ((Her)~'diag(Her) ((Her) ' diag(Her))" )

The decoding process for each user is the same as that imtiie-siser scenario.

5.4 Spatial modulation multiple access

Although MU-SM eliminates IUl and realises space divisionmultiple users, it is based on a
fixed grouping of the transmit antennas. Like the frequemyi€rs can be allocated to different
users, the antennas are also a manageable resource, amgersgynificant for improving the
performance of MU-SM. A novel method that adaptively allesathe antennas to the users in
MU-SM is presented in this section. The new method is nametiadpnodulation multiple
access (SMMA).
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5.4.1 Concept

In Section 3.3.4, the transmit antenna selection (TAS)xi$suSM in the single-user scenario
has been addressed, which selects a portion of the anterayaimiorder to minimise the bit
error rate (BER). Similarly, there exists an antenna seleathen multiple users are involved.

In MU-SM, each user require; transmit antennas from the total number\gf;. The basic
concept of SMMA is to adaptively allocate the transmit antento multiple users. Fig. 5.3
depicts the block diagram of SMMA in the case of two users.eBam the knowledge of CSlI,
the transmit antennas and the receive antennas are joohtdsled for all users. Since MU-
SM also requires CSI at the transmitter, SMMA in fact doesaost additional feedback. At
the BS, the antennas are divided img groups, and each group is corresponding to one user.
At the same time, one of the receive antennas is determimeshfin user. After the process of

antenna allocation is done, MU-SM is applied to the SMMA sgst

Antenna
CSI Allocation [ =7
Bit stream
for User 1
User 1
Activated Antenna for User 1
SM mapper | g, 1 $
Precoding
S2 S2
SM mapper
Activated Antenna for User 2
. User 2
Bit stream
for User 2

Figure 5.3: Block digram of spatial modulation multiple access.

Exhaustive search is commonly used in solving TAS issuesweler, from single-user to
multi-user, the TAS problem becomes more complicated anek roleallenging. In Table 5.1,
the exhaustive search methods for TAS in single-user anti-osdr scenarios are compared in
terms of the computational complexity and the feedback ¢dste that in MU-SM, the number
of transmit antennas per user depends on the total numbemshtit antennas and the number
of users. Therefore the computational complexity in thaecia formulated as a function of
the number of users. Using exhaustive search in the mudti-srsenario costs a much higher

complexity than that in the single-user scenario. Takg = 16 andV; = 2 as an example.
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The TAS for single-user SM has 120 possible solutions, wh8 for MU-SM needs to deal
with over8 x 10'° candidates even if a single receive antenna is considemeatidition, TAS
for MU-SM has an exponentially increasing complexity whiee humber of receive antennas
increases. As aresult, exhaustive search is not feasibfled@ntenna allocation in SMMA, due
to the prohibitive complexity. Regarding the feedback gestuser, TAS for MU-SM requires
the same amount of CSl as TAS for single-user SM. In the fatigueontext, a low-complexity

method on the antenna allocation in SMMA is presented.

Scenarios | Search space | Feedback required for CS

- Niot!

Single-usery| ————— Niot N,
° N,/ (Not — Np)! tot
. Niot! N Vu

Multi-user ot Ty NiotN, N,

Table 5.1: Search space and feedback cost of TAS in single-user anduseitscenarios.

5.4.2 Antenna allocation

The antenna allocation here is focused on maximising theived SNR, which is defined as
the ratio of the received signal power to the noise power.ifithgence of channel correlations
is reserved for future research. First, consider a singleive antenna at each user end. In order
to maximise the channel capacity for a certain user, thetnirantennas of strong SNR values
should be chosen, and they are referred to as strong capdidegnnas. However, one antenna
could be a strong candidate to several users. In order td ama user from occupying all strong
candidates of other users, the users are arranged to $&eénsmit antennas sequentially, and

each user selects one antenna at a time.

When N, receive antennas are used at each user end, thef&aré: possible combinations
for choosing one receive antenna from each user. Each catidircorresponds to a receiver
structure of MU-SM, where the above antenna scheduling adathapplicable. Regarding the
channel link from the-th transmit antenna to theth receive antenna of usér the received
SNR is denoted by ., . The average received SNR is defined as the average valuelpf.al

in a certain combination, and the combination of the largakte is chosen for SMMA. The set

of all possible combinations is denoted By For then-th combination, the average received
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SNR is denoted by ,,. In addition,G,, is used to to denote the setlof,, for all ¢t andry, in the

n-th combination. The antenna-scheduling algorithm is engnted as follows:

1. Select the:-th combination ofiry, ..., 7k, ..., ry,] from Z, wheren is initialised to be

one;

2. The index of the antenna-selection round is denote@ byhich is initialised to be one.
Setf = 0, wheref = [f1,..., fr,..., fn,] and fi indicates whether usdr has been

allocated one transmit antenna in the current round;

3. Select the strongeky ., in G,,, and the corresponding antenna and user are denoted by
andk;

4. If f; =0, then allocaté to userk, and setf; = 1. Otherwise, ignore the chosen result
and repeat 3);

5. Remove all';,, related tof from G,,. If f = 0 for anyk, repeat 3);

N,
6. If F < ﬁ let 7 = F + 1 and repeat 2);

u

7. Computel’,, for then-th combination;

8. Letn = n + 1 and repeat 1). After all combinations have been gone throsgjlct the
one of the largesk,;

The flowchart of the antenna-scheduling method is drawngn Bi4. It is worth noting that
for each combination of receive antennas, the transmitnaaseare directly allocated to the
users, without the need of exhaustive search. Thereforgetiieh space of the above method is
(N,.)N«. Compared with the complexity of exhaustive search in Talethe proposed method

requests much less processing power, and thus is moreléeasjiractice.
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Remove It | N
from J
Y

Allocate 7 to user k, set fj = 1
Remove I3, for all k¥ from G,

N

<>

f=1
Y
Y

n=n-4+1

Figure 5.4: Flowchart of the antenna-scheduling method in SMMA.

5.5 Results

In this section, Monte Carlo simulation results are presgrid validate the performance of
SMMA. The analysis is conducted in two cases: i) independbannels; and ii) correlated
channels. In each case, the cumulative density function=)Gid received SNR is compared
between SMMA and MU-SM. Also, the BER performance of SMMA @npared with the
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exhaustive search, in order to verify the optimality of thdeana-scheduling scheme. Due
to the extensive computational complexity, exhaustivectes implemented for some simple
cases only. In all simulationg;s = 4 is assumed for all users, and quadrature amplitude

modulation (QAM) is adopted for signal modulation.

5.5.1 Independent channels

First, the case of independent channels is studied. Differansceiver structures and user

numbers are considered in order to perform a comprehensalgse of SMMA.

5.5.1.1 CDF of received SNR

The transmitted SNR is defined as the ratio between the tiapemer of a signal and the noise
power. Assuming a fixed transmitted SNR of 20 dB and Rayleaghing channels, Fig. 5.5
presents the CDF of the received SNR for both SMMA and MU-Ske Total number of

transmit antennas is 16, while 4 and 8 users are considered.

o— SMMA (N, = 4) AAAA

0.9/1 _ g -MU-SM (N, =4) ;
0.8/ _a— SMMA (N, = 8) N e
-a-MU-SM(N =8) PR

0.7p

0.6

CDF
o
o

0.4
0.3f
0.2

0.1f £
v\

0 5 10 15 20 25 30
Received SNR [dB]

Figure 5.5: CDF of received SNR for SMMA over independent chanélg £ 16 and trans-
mitted SNR = 20 dB).

The outage probability is defined as the probability thatréeeived SNR is below a certain
target. A smaller outage probability signifies that the camioation system is more reliable.

As can be seen, SMMA achieves a much smaller outage pradiyathiin MU-SM. Take the
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SNR target of 10 dB for example. The outage probabilities &f-BM are 9% and 24% for
the cases of 4 users and 8 users, respectively. Meanwlel@uttage probabilities of SMMA
achieving the same SNR target are merely 2.1% and 3.3%. Anétiding is that when the
target SNR increases (e.g. to 15 dB), the outage probabflifU-SM increases significantly.

In contrast, SMMA remains at a relatively small outage phbilig of the received SNR.

5.5.1.2 BER performance

In the following, the BER performance of SMMA is studied fofferent transceiver structures
and different numbers of users. As mentioned, MU-SM is bigtéor only one receive antenna
at the user end. To ensure a fair comparison, a single reaatemna is taken into account for

both methods, except when analysing the effect&,0bn the performance of SMMA.

BER

o Ng=4 E\CC)
A Ny =8
o N =32
10_3 T | | | |
0 5 10 15 20 25 30

Transmitted SNR [dB]

Figure 5.6: BER performance of SMMA for different values\g§; (V, = 2 and N,. = 1).

Fig. 5.6 shows the performance of SMMA with different nunsbef transmit antennas, while
the number of users is fixed to be two. The exhaustive searelfieiged to as ES in the figure.
The following outcomes are observed: i) the performanceMi¥®\ is tightly close to ES, with

a SNR gap of less than 0.3 dB; ii) SMMA performs better than BM-for various numbers

of transmit antennas (up to 3 dB). A increases, the performance of MU-SM increases at
first and then drops, of which the trend is the same as that ifd8M single user [103]. On
the contrary, the performance of SMMA keeps increasing wiNgpincreases. The reason

for this trend is that when more transmit antennas are ueedyumber of candidate antennas
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is correspondingly increased in SMMA. Therefore the useesnaore likely to be allocated
strong candidate antennas. Note that the BER curves of SMMA/§; = 8 and32 are almost
overlapping in this case. In order to clearly show the tre@d8/4 (code rate) convolutional

coding [106] is applied in the rest of this chapter.

The effect of the user number on the performance of SMMA isvshim Fig. 5.7, where the
total number of transmit antennas is fixed to be 16. As can ée, $be BER performance of
MU-SM decreases as the number of users increases. The iiedsahan increased number of
users causes a decrease in the number of transmit antemnesepdeading to a reduced diver-
sity gain. This performance degradation becomes morefigignt when the number of users
increases from 4 to 8, where MU-SM requires an extra SNR ofiB.60 maintain the same
BER. In contrast to MU-SM, the performance of SMMA is slighdiffected by the number of
users, with an SNR gap of less than 0.5 dB. The reason issti@iggard. WWhen more users
are involved, the antenna allocation in SMMA becomes mopebile, and thus each user has
a larger chance to obtain strong candidate antennas. Asily, I8MMA is more robust than
MU-SM against the performance degradation caused by thectied of NV;. In other words,
SMMA outperforms MU-SM more significantly for a larger numtzé users. Compared with
MU-SM, SMMA obtains an SNR gains of 3.2 dB in the case\f = 4. This gain increases to
6 dB in the case oV, = 8.

BER

0 5 10 15 20 25
Transmitted SNR [dB]

Figure 5.7: BER performance of SMMA for different values\gf (Viot = 16 and N, = 1).

In Fig. 5.8, different numbers of receive antennas are egpti the SMMA system. The total
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number of transmit antennas is still fixed to be 16, while 8sisee assumed. As shown,
the performance of SMMA increases along with the number ofive antennas. At the same
time, the performance of MU-SM is limited due to the resimigtof a single receive antenna.
When compared with MU-SM, SMMA achieves an SNR gain of 5.5 di&wa single receive
antenna is used in both methods. When 4 receive antennampteyed in SMMA, this gain

is increased to 8 dB.

-=o
Se

BER

o SMMA (N = 1)
10l —a-SMMA (N =2)

g SMMA (N = 4)
- - -MU-SM

0 5 10 15 20 25
Transmitted SNR [dB]

Figure 5.8: BER performance of SMMA with different numbers of receiteraras (Vio; = 16
and N, = 8).

5.5.2 Correlated channels

Second, channel correlations are considered among theehiarks of each user. The main
purpose is to analyse the effects of channel correlatiortheperformance of SMMA. For the
sake of simplicity, the total number of transmit antennas #we number of users are fixed to

be 16 and 8, respectively.

5.5.2.1 CDF of received SNR

Fig. 5.9 presents the CDF of received SNR for SMMA over categl channels. Since a single
receive antenna is assumed, only the correlation betwaesniit antennas is considered. As
expected, the received SNR of MU-SM is independent of themdlacorrelation. However,

the outage probability of SMMA becomes larger when the ckhoaorrelation increases. This
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is because the similarity between antennas impairs thefibefieantenna allocation. If the
channel links are completely correlated, the antennadsdimg method would lose its function.
Although the channel correlation causes a performancedation in SMMA, the performance
of SMMA is still much better than MU-SM. Takg, = 0.7 and a target SNR of 10 dB for
example. The outage probability of MU-SM is 25%, while it idyp5% for SMMA.

1

—SMMA ‘,,p("‘
091 - - -MU-SM ¢
0.8H o plX =02 "'
o7 “ o™ 0 #
. v ptx =07 "
0.6 &
L I'
0 05) "
0.4f M
'I
0.3f /nr
0.2t ’/zef
0.1 2
P
0 Il Il Il Il
0 5 10 15 20 25 30

Received SNR [dB]

Figure 5.9: CDF of received SNR for SMMA over correlated channdlg:(= 16, N, = 8 and
transmitted SNR = 20 dB).

5.5.2.2 BER performance

Considering different channel correlations between trahantennas, the BER performance
of SMMA is shown in Fig. 5.10. As can be seen, for various valaépy,, SMMA always
performs better than MU-SM. In addition, an increaggdcauses a performance degradation
to SMMA and MU-SM both. However, the reasons for those twohoes are different. With
respect to MU-SM, the performance degradation is causetidogifficulties in distinguishing
the active antenna from the idle ones, since the channdiaeeats of different links becomes
statistically closer to each other. Asfor SMMA, in additimrthe decrease in decoding capacity,
the channel correlation impairs the effectiveness of therara-scheduling method. Therefore,
as the channel correlation increases, the performance M/&Shecreases faster than MU-SM.
Despite this, SMMA still outperforms MU-SM significantly athigh correlation degree. For
px = 0.7, SMMA achieves an SNR gain of 5 dB in comparison with MU-SM.
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Figure 5.10: BER performance of SMMA with correlated transmit antennéig:(= 16 and
N, = 8).

In Fig. 5.11, the BER performance for SMMA is shown when tharttel correlation between
receive antennas is considered. The number of receiveragarsed in SMMA is assumed
to be 4. In order to study the trends of SMMA in relation to tiamnel correlation between
receive antennas, the transmit antennas are assumed tddpeiment of each other. Two
outcomes are observed: i) the performance of SMMA sligletjuces ag,y increases. When
prx 1S increased from 0.2 to 0.7, SMMA needs an extra SNR of 0.5adBaintain the same
BER; and ii) SMMA achieves a much better BER performance tMahSM, with an SNR gap
of at least 7.3 dB.

5.6 Summary

In this chapter, the concept of SMMA that adaptively allesathe antennas in MU-SM has
been presented. Unlike MU-SM using a fixed group of antenmasdch user, SMMA exploits

multi-user diversity by enabling the users to swap the tranantennas pertaining to them.
Aimed to maximise the channel capacity for each user, SMM#tlp manages the selection
on the transmit antennas and the receive antennas, witdditiomal feedback requirement as
compared with MU-SM.

In addition, a novel antenna-scheduling method has beesemied, which implements the
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Figure 5.11: BER performance of SMMA with correlated receive anteniég; (= 16 and
N, =8).

antenna allocation for SMMA instead of exhaustive seardmad been shown that the proposed
method has a near-optimal performance in comparison whhustive search, while achieving
very low computational complexity. Simulation results @aween presented to validate the
performance of SMMA against MU-SM. Furthermore, the eBeaftthe transceiver structures
on the performance of SMMA have been studied. Moreover, grf@®opnance of SMMA in

relation to the channel correlations has been analysed.
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Chapter 6
Spatial modulation in a multi-cell
scenario

6.1 Introduction

In this chapter, the application scenario of SM is extenadeahtltiple cells, with the focus on
mitigating inter-cell interference (ICI). Network MIMO (/'] is a relative new technique in the
field of ICI coordination, which is also known as coordinatedlti-point (CoMP) transmission
in the long-term evolution-advanced (LTE-A) standard. Toacept of network MIMO is
similar to multi-user MIMO, but the users are located in eliint cells. Therefore network

MIMO can effectively eliminate the interference inside aup of cells.

The application of network MIMO to the SM system is studiedhiis context, which is named
network SM-MIMO. In addition, the limitation of network MIK that the user can only be
served by its closest base station (BS) is addressed. Like imulti-user scenario, the antenna
allocation among users is of great potential to improve gstesn capacity of network SM-
MIMO. Motivated by this fact, a novel scheme named coopegatpatial modulation (CoSM)
is proposed, which enables the user to be served by multiSle & the same time. More
importantly, a novel three-tier cellular architecture isgosed that can effectively improve the

performance of cell-edge users.

6.2 System model

6.2.1 Fractional frequency reuse

Fractional frequency reuse (FFR) is a widely-used teclmifpu avoiding the interference
caused by frequency repetition among cells. By partitigrtime bandwidth of each cell, FFR
can: i) avoid cell-edge users in adjacent cells from interéewith each other; and ii) increase
the frequency reusability of cell-centre areas. FFR sceane commonly classified in two

categories: strict FFR and soft frequency reuse (SFR).rict $iFR, the same bandwidth is
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allocated to the centre areas of all cells [108]. In contiastrict FFR, the bandwidth of cell-
centre areas in SFR is a superposition of the cell-edge bdtidof neighbouring cells [109],
and this offers a higher frequency reusability but with mioterference among users. For the
sake of simplicity, only strict FFR is considered in this &, and two different types are

introduced: regular FFR and rearranged FFR.

6.2.1.1 Regular FFR

Fig. 6.1(a) depicts the schematic diagram of strict FFR in-aector cellular network. As
shown, each cell is divided into two tiers: the interior tigr circular area in the cell centre,
and the exterior tier is the remainder of the cellular cogeraThe exterior tier is equally
partitioned into three sectors. Each cell is thus split fotor regions in total. The bandwidth is
also divided into four equal portions, with each portion goised of a number of subcarriers
and using the same power level. Each region is allocated ortioip of the entire bandwidth.
Since the interior tiers of all cells are separated from e#blr in geography, they can share
the same bandwidth without severe interference. On the btmal, the adjacent sectors in the
exterior tiers use different bandwidths in order to avoigiference. Note that the partitioning

patterns of all cells are identical, and this type is thustmas regular FFR.

Power level

A

Subcarrier

-
>

Frequency
fA fB1 fBz fBS

3 &
P GG

(a) Regular (b) Rearranged

Figure 6.1: Fraction frequency reuse in a tri-sector cellular network.
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6.2.1.2 Rearranged FFR

Another type is called rearranged FFR [107], which was p&lly proposed in [110]. Re-
arranged FFR is a variety of regular FFR, and its schemagigrdim is drawn in Fig. 6.1(b).
As shown, in rearranged FFR, the adjacent sectors of twdnbeiging cells employ the same
bandwidth. As aresult, the adjacent sectors of three neigfiy cells reunite a near-hexagonal
cell of a single bandwidth. Unlike the traditional cell ugione BS in the cell centre, the re-
united cell has three BSs in corners, and the precoding iggodns applicable to eliminate
interference inside the reunited cell. In contrast to reg&FR, this arrangement can achieve
interference avoidance inside a group of cells, and thexeio more robust against the fre-

guency reusing requirement.

6.2.2 Cellular network model

Consider a cellular network of 31 cells based on rearrandg€d, Bs shown in Fig. 6.2. At
each BS,N; omni-directional antennas are used to serve the mobiles usehe cell-centre
area, whileN; directional antennas are equipped for each sector. An equmaber of receive
antennas is assumed for all mobile user, and it is denoted,.byn order to keep a moderate
complexity of analysis, the wrap-around technique is nosatered. In this case, the affect of

interference from those sectors in grey colour is negl@gtblthe users in BS 1.

|:| Not concerned

Figure 6.2: Cellular network model.
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6.2.3 Channel model

With respect to the channel links from B&to userk, the fading coefficient between tidh
transmit antenna and theth receive antenna is denoted bS;L’"k. Consider a flat Rayleigh
channel, of which the coefficient is denoted &y ,.. In addition, A, is used to represent

the gain patten of directional antennas [111], and it isesged as:

. Ormie \ 2
A,,,,)d8 = —min [12 <ﬂ> s Am | (6.1)

348

whered,, ; is the angle between B& and uselt with respect to the main-beam direction of
the transmit antenndlsgg is the angle at which the signal power is half of the signal gow
at the main-beam directiord,,, is the maximum attenuation for the side-lobe. According to
[111], it is assumed thdtzgg = 70° and A,,, = 20 dB. The fading channel is then formulated

as follows:

hfﬁf,k = aqu,k \/A(Qm’k)Lm,kBm,ky (62)

whereL,, ,, andB,, ;, are the path loss and the shadow fading in relation tovB&hd userk.

Using the log-distance path loss model [112]}, ;. is calculated by:

do e\ H
L = < ’“) : (6.3)
dref

whered,, ;. denotes the distance between BSnd userk, while dyet is the reference distance;
1 denotes the path loss exponent. In the SM systems, only ansntit antenna is activated
at any time instance, and the currently active antennasnisteé byi. Also, the interference-
free signal-to-noise ratio (SNR), denoted ﬂbf;[k is defined as the received SNR of a certain
user when interference is not taken into account. Basedealtannel expression in (6.2), the

interference-free SNR is calculated by:

Lr l,r

Tk = |am,k 2A(9m,k)Lm,kBm,k’7ref, (6.4)

where~es denotes the received SNR at the reference distance.
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6.3 Network SM-MIMO

6.3.1 Cellular grouping

Network MIMO coordinates a number of geographically-adjg#cBSs in order to mitigate the
interference caused by the frequency reuse among those A&Smentioned, the precoding
technique is used to cancel the interference inside eaalpgrbcoordinated BSs. Therefore
the performance in terms of interference mitigation depedthe number of coordinated BSs.
When more BSs are coordinated, the users receive lessirece since the interfering source
is further away. The number of coordinated BSs, howeverssgicted in a realistic system,
due to the prohibitive computational-complexity and théeagive feedback requirement. In

this chapter, the size of coordinated BSs is considered thrbe [107].

Correspondingly, the cellular network in Fig. 6.2 is dividato seven groups, and each group
is comprised of three reunited cells. The users are unifothstributed in the cells. Consider
downlink communications, i.e. the signal is transmitteoihfrBS to user. The information
bits are modulated by SM to serve each user, and see Sedidar2he system model of
SM. For the sake of simplicity, multi-user SM is not consgbkinside cells. In each sector,
one subcarrier serves one user at a time. As a result, therhrae users sharing the same
bandwidth in each group. The precoding method in [53] is usedancel the interference

among those co-channel users.

6.3.2 Inter-group interference

Since network MIMO eliminates the interference among canttel users inside each group,
the users are mainly affected by the interference coming fwther groups, which is referred
to as inter-group interference (IGl). With respect to Uusethe set of BSs outside the group is
denoted byZ;. The signal-to-interference-plus-noise ratio (SINR)éfied as the ratio of the

signal power to the total power of interference and noisd,itis calculated by:

l,r

Vim.k
rbr —_ Jmk (6.5)
m,k v, )
1+ Z 'Ym/r,k
m!' €Ly

wherel'"” denotes the SINR at theth receive antenna of usér while 'yi;’,r . represents the

SNR of the interfering signal sent from B&' to userk.
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6.4 Cooperative spatial modulation

6.4.1 Concept

In the multi-cell scenario, the users in cell centres uguave a quality link because the signal
source is much closer than the interfering source. Unfaiely, the quality of service for
cell-edges users is compromised for two reasons: i) theatksignal experiences a relatively
severe attenuation; and ii) the users receive strongerféndé@ce as they are moving towards
interfering BSs. Although network MIMO manages to mitigateerference, it cannot improve

the quality of the desired signal against channel fading.

In order to strengthen the desired signal, CoSM enablesdkehannel users inside groups
to swap the transmit antennas that are allocated to thene tRat this antenna-rescheduling
process is not necessary but available. As a result, the uaarbe served by one or multiple
BSs at a time. Compared with network SM-MIMO that serves ther wvith its closest BS
only, this novel cooperative scheme offers each user a hgftenna diversity, and therefore
is more powerful against selective fading. The antennahexduling process is similar to the
antenna allocation for multi-user SM in Chapter 5, but alamme user to select antennas from
different BSs. The problem at hand is to allocate the antefid@Ss in the same group to
their co-channel users. Therefore this process also faeeshallenge that each user requires a
certain number of transmit antennas, and each transmit@atie dedicated to one user. Two

antenna-rescheduling algorithms are presented in thre@afilfy context.

6.4.2 Antenna rescheduling
6.4.2.1 Strongest prior

Similar to the antenna allocation method in Section 5.4straghtforward strategy is to select
the antennas of the largest SNR for each user. Again, onarantaight be the best candidate
for several users at the same time. Therefore the same s#ogienodel is used in order to

avoid a certain user from occupying all strong candidaterards of another one. Note that the
precoding method in [53] is suitable for multiple receivéesmas, and the decoding capability
is in fact dominated by the receive antenna of the strongd&. Regarding the channel links

from thet-th antenna of B3 to different receive antennas of uggramong them the strongest

SNR is denoted by, ,.. In addition,S is used to denote the setf, , for all m, k, andt in
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a certain group. Since aimed to allocate the strongest timkise users, this method is named

strongest prior(SP). The detailed algorithm is illuminated as follows:

1. select the transmit antenna of the largest SNR valdefor a certain user. The chosen

antenna is denoted by
2. remove alf/, , from S;

3. move to the next user and repeat 1), until all users hava biecated the required

number of antennas.

6.4.2.2 Weakest-avoiding prior

Despite the SP method is aimed to allocate the antennas aitritregest SNR to the users,
it may result in the situation that the worst candidate amaeis assigned to a certain user.
Table 6.1 illustrates an example of using SP when there ardramsmit antennas in each BS
sector. The chosen antennas for each user are highlighbeddfiont. As shown, user 1 obtains
two antennas of the largest SNR values. User 2 does not dethmtwo strongest links, but

still has a better quality than being served by its closesbB$ However, user 3 has no choice

but to use the antenna of the smallest SNR value, which islyné/@dB.

BS1 BS 2 BS 3
Tx1 | Tx2 || Tx1 | Tx2 | Tx1| Tx2
Userl| 11.5| 16.1| 14.6| 19.3 | 15.8| 18.7
User2|| 13.2] 10.1|| 15.1| 8.2 7.2 | 10.3
User3|| 10.6| 8.0 || 13.2| 15.2|| 49 | 8.3

Table 6.1: An example of antenna rescheduling based on SP.

In order to conduct a relatively fair allocation for all useanother method focuses on avoiding
the worst candidate antenna alternatively. This metholus teferred to aweakest-avoiding

prior (WAP). The corresponding algorithm is comprised of five stap follows:

1. select the antenna of the smallest SN jrand denote the chosen antenna by

2. select the user of the largest SNR with respect to antgrerad denote the chosen user
by k;
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3. if k has been allocated a full number of antennas, remdvem the candidate users and

repeat 2);
4. allocate antennato userl};

5. remove allﬁﬁ%k from S and repeat 1); until all user have been allocated the redjuire

number of antennas.

Unlike the SP method, WAP tries to allocate the best canglidsg¢r to each antenna. Under the
same conditions as Table 6.1, the antenna reschedulini G€8YAP is shown in Table 6.2. As
can be seen, by using WAP instead of SP, the link quality fer @ss increased from [4.9 dB,
10.6 dB] to [13.2 dB, 15.2 dB]. Meanwhile, the link qualityrfiaser 1 and user 2 slightly drops
(with a gap of less than 3 dB).

BS1 BS 2 BS 3
Tx1| Tx2 | Tx1| Tx2| Tx1]| Tx2
Userl| 11.5| 16.1| 14.6| 19.3 || 15.8| 18.7
User 2|l 13.2| 10.1|| 15.1| 8.2 7.2 | 10.3
User3| 106| 80 || 13.2| 15.2| 49 | 83

Table 6.2: An example of antenna rescheduling based on WAP.

In both SP and WAP methods, the only needed information ataimsmitter side is the largest
SNR value for each pair of the BS antenna and the user, regardf the number of receive
antennas used at each user. Note that the precoding teehnigetwork SM-MIMO requires
each user to feedback the full channel state information)(i@$elation to the operating BS as
well as other BSs in the same group. Therefore, CoSM requoextra feedback in addition
to network SM-MIMO.

6.4.3 Theoretical analysis

As mentioned, in CoSM, the antennas of one BS can be allotatdifferent users. As a result,
the currently active antennas pertaining to different siseay come from the same BS, while
some BS has no active antennas. This leads to difficultiesatysing the SINR of users, as
the activation status of the interfering BSs is indetertg@nén this context, the probability of a

BS being activated is derived, and an expression for the QiNRers in CoSM is presented.
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6.4.3.1 The probability of a BS being activated

The locations of the three BSs in a certain group are denaoteld, bP, and P;, respectively.
Without loss of generalityP; is assumed to be the origin point. Usgeis located in one sector

of the reunited cell, and that sector is denoted by Arealhe user position is denoted by
Pus = vel?, wherev and@ are the distance and the angle between the user and the, origin
respectively. The interference-free SNR for this user wapect to BSn is denoted byy,,,

and it is expressed as:

Ym = ‘am‘QCma (66)
where:
Pus — P\ #
Cm = A,,) (‘Msdi‘> B yrer. (6.7)
ref

Note thatC, is constant for giverPys and P,,,. For a Rayleigh fading, the random variable
| |? has @ Gamma distribution. Thereforg,, is also Gamma distributed with the shape
parameter equal to 1 and the rate parameter equ@l,to The probability of a certain user

choosing antennas from B8 other than BS»’ can be formulated as:

P(’Ym > 'Ym’) = P(’Ym — Ym! > O) (68)

The probability density function (PDF) of differentiatifgyo Gamma-distributed variables was
derived in [113]. Definé = ~,, — v, and then the PDF of can be determined by the

MaKay's distribution as follows:

_uertir g )
f((s)_ﬁQabaJrlF(a—l—%)e Ka b )’ (6.9)

whereK,(-) is the modified Bessel function of the second kind and of tderofa, and:

1
a=3
b= % . (6.10)
_ qu/_d)m
€= Bt
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Thus, (6.8) is calculated by:

+o00o
P > o) = /0 £(6)ds. (6.11)

The antenna that is chosen for activation is denoted. b¥he event of selecting the active

antenna from B$n is denoted by € BSm, and the corresponding probability is given by:

P(l € BSm) H P(Ym > Yt )- (6.12)
m/'=1#m

Note that the above derivation is for a fixed user positionewithe user moves in the available

area, the probability of B8: being activated for uséris computed by:

3
P(m, k) = IT POm > yow)dvas. (6.13)
Areak M =1Fm

Now consider the situation of multiple users. The probgbiif the event that B&: activates

nactantennas is denoted Wy(m|nacr), and it can be obtained as follows:

3

P(mlnaet=1) = 3 P(m,k) [[ (1—=P(m,k))
=1 k'=1#k
3

P(mlnae=2) = > (1= P(m,k)) TI PlmK) . (6.14)
k= k' =1k

3
Plminac=3) = 11 P(m. )

o

—_

6.4.3.2 Analytical bound for inter-group interference

With respect to a certain user, the directional antennasS¥ inpose an influence on the
strength of interfering sources. If the use does not drofnéntieamforming coverage of an
interfering BS, then the interfering signal from that BS ahstiver a very slight influence on
the user. Otherwise, the user would receive a relativetyngtinterference. Fig. 6.3 depicts
the schematic diagram of IGI situations with respect to tbersi located in the central cell.
The group of coordinated BSs is denoted @y. In this caseGy = {1,2,3} is the group
providing service to the users, whife; = {8,19,31}, G2 = {9,20,21}, Gz = {10,11, 22},

Gy = {4,12,13}, G5 = {5,6,15} andGs = {7,17,18} are the groups concerned as the
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interfering sources. The set of interfering groups is detidtyZg. According to the strength
of influence, the interfering BSs can be classified into twegaries: strongly-interfering BS
and weakly-interfering BS. As shown, the strongly-interfg BSs are further away from the
coverage ofy than those weakly-interfering BSs are. This signifies thatlGl in network

MIMO can be effectively reduced by using directional antsn

|:| Cooperating BS
|:| Strongly-interfering BS
|:| Weakly-interfering BS

Figure 6.3: IGI situations in network MIMO.

As mentioned, the BSs in the same group of CoSM are not nedgssctive at the same
time. This offers an opportunity that a strongly-intenfgriBS could be not sending signals
temporarily. The SNR with respect to the total interferereeeived by usek is denoted by

YiGi(k)» @nd it can be obtained by:

MGl (k) = Z Z Z P(m ‘nact NactYm’ k- (6.15)

G;€Zg m'eG  nact

Substituting (6.15) into (6.5), the SINR of users in CoSM barevaluated by:

TYm,k
T, = : . (6.16)
I+ Y X X P |nacynactim
G;€Zg m'eGj nact
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6.5 Three-tier cellular architecture

6.5.1 Concept

In CoSM, the users are enabled to select transmit antenomstfre coordinated BSs instead
of using the antennas of the closest BS only. Since the cumieli BSs are located in different
corners of the reunited cell, CoSM in fact constructs aithsted antenna system for the users.
As a result, the users benefit from an increased diversityd®t antennas. However, when a
user is much closer to one of the BSs than the others, it is fil@ly to select the antennas
from the closest BS, of which the channel experiences a muetiier path loss. In this case,
CoSM would lose the advantage against network SM-MIMO. R teason, it is beneficial
to operate network SM-MIMO and CoSM for users in differerdioms. A three-tier cellular

architecture is thus proposed, as shown in Fig. 6.4.

Exterior Tier

Middle Tier

Active antenna

Idle antenna

Figure 6.4: A three-tier cellular architecture for CoSM.

Based on the two-tier structure of FFR, the exterior tieurshfer split into two parts, and each
cell has three tiers in total: the interior tier, the middér tind the exterior tier. The interior tier
remains the same as that in FFR, and the other two tiers alengarith coordinated BSs. For

those users in the middle tier, network SM-MIMO is used tmeiate the interference among
them, but the antenna-rescheduling scheme is not ap@ic@loiSM is only applied to the users
that are located in the exterior tier. The area ratio of aageregion is defined as the ratio of the

area of that region to the entire cell coverage. Assumingsage uniformly distributed, the area
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ratio signifies the percentage of users that drop in the spording region, as compared with
the user population in a cell. Therefore, the regions fdiedéht tiers are expressed in terms
of area ratios rather than radius. The three-tier cell isateated by two circles with the same
centre. The circular area of the smaller one defines thaontger region. The region between
those two circles is the middle tier, while the remainingagpertains to the exterior tier. The
area ratios of the smaller circle and the larger circle areothsl bya; anda,. Consequently,
the area ratios of the middle-tier region and the exter@riiegion areas — a; and1 — ao,

respectively.

6.5.2 Effective region

In order to analyse the superiority of CoSM against netwdvk8IMO, the cellular coverage

is divided into a series of rings, and the performance corspaibetween CoSM and network
SM-MIMO is conducted for the users that are uniformly datted in each ring. The inner
radius of the ring is denoted by The user population in each ring is assumed to be equal in
order to facilitate the analysis. In other words, the défese of the squares between the outer
radius and the inner radius is the same for all rings, andphrameter is referred to as the
ring step. A smaller ring step provides a more accurate atialy but leads to a larger number
of rings. Assuming a ring step of 0.05, Fig. 6.5 presents ¢hation between the SINR gain
achieved by CoSM over network SM-MIMO and the user-to-B Satise.

A
3

IN
T

SINR gain [dB]
) w
6] w [é;]

N

Figure 6.5: SINR gains achieved by CoSM against network SM-MIMO.
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Different numbers of receive antennas are taken into a¢cdlote that the number of trans-
mit antennas does not affect the SINR, as SM activates aesireghsmit antenna at any time
instance. In order to determine the effective region for pBe. the value ofl — as in the
three-tier cellular architecture, the minimum SINR gaim@guired. Consider the minimum
SINR gain of 2 dB to balance the additional processing poeguested by CoSM. For each
case ofN,. in Fig. 6.5, the minimum SINR gain corresponds to a certalneaf 2, and this
value is in fact the choice fai,. Table 6.3 lists the deployment of the effective region for

CoSM with different numbers of receive antennas in use.

Cases| N,=1| N, =2 | N, =4
1—as | 35.6% | 30.7% 29%

Table 6.3: Deployment of the effective region for CoSM.

As mentioned, the area ratio of effective region represietpercentage of users that are served
by CoSM. It is noticed that the user percentage for CoSM daspsore receive antennas
are employed at the user ends. The reason for this trend tiCthaM takes advantage of
transmit antenna selection. Therefore when increasingitimeber of receive antennas, the
SINR performance of CoSM increases slower than network SIMIM Despite this, CoSM

can still benefit 29% of the users in the case of 4 receive aaten

6.6 Results

In this section, the performance of CoSM is validated by Mo@arlo simulations. The
BS-to-BS distance is assumed to be 2 km, while the path Igssnext is 4 and the standard
deviation of shadowing is 8 dB [111]. In each cell, the useesumiformly distributed. Perfect
CSlis assumed to be known at both the BS and the user end, addrsgised feedback links
are considered between the coordinated BSs. The intecieifeee SNR at the cell edge is fixed
to be 18 dB [111], i.e. the transmission power is fixed, in otdeanalyse the received SINR
at different locations. Also, the average bit error rate RBperformance of CoSM is com-
pared with spatial multiplexing (SMX) using the same antergscheduling method, where

the interference-free SNR at the cell-edge varies from OodBotdB.
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6.6.1 Effects of the effective region

First, the SINR performance of CoSM is studied against tifferéint choices for its effective
region. Four antennas are assumed at each BS sector as wekash user end. In addition
to network SM-MIMO, the cellular network that uses a singnthwidth inside each cell is
considered as a benchmark, and this is referred to as theaaihnThe cumulative distribution
functions (CDFs) of the received SINR in the casesi9f= 0.5 anda, = 0.9 are shown in

Fig. 6.6 and Fig. 6.7, respectively.

As shown in Fig. 6.6, CoSM significantly improves the perfanoe of network SM-MIMO.
When compared with network SM-MIMO and omni-cell, WAP asleie SINR gains of 2 dB
and 5.5 dB at the 50-th percentile, respectively. Using SEead of WAP, CoSM can further
increase this SINR gain by 0.8 dB. However, SP is overcome Al When the SINR is below
the 30-th percentile. At the 10-th percentile, for exampie, SINR achieved by SP is 1.5 dB

less than WAP. This trend validates that WAP is relativelyflar vulnerable users against SP.
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Figure 6.6: SINR Performance of CoSM fag = 0.5 (N; = 4 and N,. = 4).

When the value o#; is increased from 0.5 to 0.9, the users served by CoSM redooe50%
to 10% accordingly, and they are concentrated in the areellcddge. By comparing those two
cases ofuy, it can be found that with respect to network SM-MIMO, the BllFerformance
degrades rapidly as, increases, i.e. the users are moving towards the cell edgie0-th
percentile, network SM-MIMO experiences an SINR loss ofdB3wvhenas is increased from
50% to 90%. In contrast to network SM-MIMO, CoSM has a verg#iiSINR reduction of up
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to 0.3 dB, leading to an SINR gain of more than 4 dB against ogt8M-MIMO. This trend
matches the fact that CoSM is more effective for cell-edgeaithan cell-centre users. Similar
to the case ofi; = 0.5, SP outperforms WAP when the SINR is above the 30-th paleebut

the opposite result happens otherwise.
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Figure 6.7: SINR Performance of CoSM fag = 0.9 (N; = 4 and N,. = 4).

6.6.2 Effects of the antenna number

Second, the SINR performance of CoSM in relation to the nunobantennas is analysed.
The case ofi, = 0.9 is assumed. The coverage probability is defined as tHmpildy that
the received SINR is above a certain requirement. Consiglerarious MIMO transceiver
structures in terms olV; x N,., Fig. 6.8 presents the coverage probability of CoSM with an
SINR requirement of 10 dB.

The left-side three cases compare the results for differentbers of receive antennas, while
fixing the number of transmit antennas. Three outcomes aseredd: i) when the number
of receive antennas increases, the coverage probabditia$ candidate schemes increase; ii)
compared with network SM-MIMO, CoSM improves the coveragebpbility more signifi-
cantly when fewer receive antennas are used; and iii) thégapeen SP and WAP reduces as
the number of receive antennas increases. When using foeiveeantennas, WAP achieves

almost the same coverage probability as SP.
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Figure 6.8: The probability for an SINR above the requirement of 10@B= 0.9).

Fixing the number of receive antennas at four, the right-sidtee cases present the results
for different numbers of transmit antennas. As expecteglctiverage probability of network
SM-MIMO as well as omni-cell is constant against the vaoiatof V;. Unlike network SM-
MIMO, the coverage probability of CoSM increasesMgsincreases. This reason is that when
more transmit antennas are involved in the antenna-restihgdprocess of CoSM, each user

is more likely to be allocated the strong candidate antennas

6.6.3 Comparison with spatial multiplexing

At last, the BER performance of CoSM is compared with spatialtiplexing (SMX) using
the same SP method. The later is referred to as CoSMX. Twe cdigg are studied: iq, =

0, i.e. the users are distributed over the entire cell; anaii= 0.9, i.e. the cell-edge users
only. In addition, a 3/4 (code rate) convolutional codin@gllis applied in order to present
the BER range of interest. Fig. 6.9 shows the BER performémcboth CoSM and CoSMX
as a function of the interference-free SNR at the cell edgs.c@n be seen, the error floor
occurs due to the inevitable interference among groups.paosa with CoSMX, CoSM offers

a better performance of BER for both cases:@f To achieve the BER target afx 10~ at

as = 0, for example, the cell-edge SNR required by CoSM is 1.2 @B than CoSMX. When
achieving the same BER target@at= 0.9, CoSM obtains an increased SNR gain of 1.7 dB in

comparison with CoSMX.
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Figure 6.9: BER performance comparison between CoSM and CoSWiX%=(4 and N,. = 4).

6.7 Summary

In this chapter, the implementation of SM systems has bestiest in the multi-cell scenario.
Combining SM with the concept of CoMP, the framework of natw8M-MIMO has been
presented. A further research has been conducted on Co$Mrnhbles the co-channel users
in network SM-MIMO to swap their transmit antennas. Two angerescheduling methods,
SP and WAP, have been proposed. SP is aimed to allocate tinga$t candidate antennas to
each user, while WAP focuses on avoiding the weakest catedésdennas from being used. It
has been shown that between those two methods, SP has ategdviarachievable SINR, but

WAP offers a better fairness among the users.

Furthermore, an expression for the received SINR in CoSMbeas derived. More impor-
tantly, a three-tier cellular architecture has been pregow/hich adaptively switches between
CoSM and network SM-MIMO in accordance with the distancevieen user and BS. Results
have shown that CoSM outperforms network SM-MIMO by up to 4 d8so, CoSM has a

superior performance as compared with SMX using the samgecative scheme.
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Chapter 7
Conclusions

7.1 Key findings

This thesis presented a novel and comprehensive study délspedulation (SM) in three
different scenarios, i.e. single-user, multi-user andtiroell. In the single-user scenario, an
optimum transmit structure balancing the number of trabhamiennas with the order of signal
modulation has been proposed for SM. Considering praatitahnel state information (CSI),
three novel channel estimation (CE) methods speciallpred for SM have been developed
in order to deal with the challenge in the CE process raised $ingle active antenna. When
the scenario moves to multiple users, the management afiiiiantennas has been studied
to exploit the multi-user diversity for SM systems. In aduit a novel cooperative scheme
has been proposed for SM systems in the multi-cell scen@lie.new scheme enables mobile

users to be served by multiple base stations (BSs) simuitese

In the first part of the thesis, a simplified analytical bouridhe bit error rate (BER) perfor-
mance of SM has been presented. Based on the minimisatidre aferived BER bound, an
optimum transmit structure has been developed in two stadesfirst stage is to determine the
optimal number of transmit antennas by balancing it withdtder of signal modulation. In the
second stage, based on the mathematical solutions of pacléng, a direct antenna selection
method has been proposed to select the specific antennasafrantenna array. Unlike the
conventional adaptive SM methods relying on instant C&ksproposed structure exploits sta-
tistical information, and thus does not require frequerdtaips. Simulation results have shown
that in comparison with exhaustive search, the proposeladeichieves a near-optimum BER

performance, and requires very low complexity of compatati

The research on the CE process for SM, presented in the speonhdf the thesis, addressed
the issue that SM has to activate the transmit antennas rsteajlyefor sending pilot signals.

By exploiting the correlation information between antes)rtavo novel CE methods have been
proposed to improve the estimation accuracy for SM. One oge#tmables SM to estimate the

entire MIMO channel by sending pilot signals through onesmit antenna only. Results have
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shown that when the correlation between the transmit aageismmedium or high, this method
can improve the BER performance of SM by up to 7.5 dB over thevetional CE method.
The other method treats the reception at different anteasas multiplicity of sending the
same pilot signal, and implements a joint CE across theve@gitennas. This method results
in an increase in the estimation accuracy without increattile length of pilot sequences or
the transmission power. In addition, considering the éffet both CE errors and noises on the
BER, the optimisation of allocating power between the fglghal and the information-carrying
signal has been studied under the constraint of the averagentission power. Results have
shown that using optimal power allocation, SM achieves a B&formance close to that in the
presence of perfect CSI, with an SNR gap of less than 1 dB. derethe above three methods
can be combined to further improve the CE performance, anahagiwork of combined CE for

SM has been presented.

The study on improving the system capacity in a multi-usenado has been presented in the
third part of the thesis. Instead of the fixed or random araesuheduling given in published
research, a novel method has been proposed for adaptiletatahg the transmit antennas to
different users. The basic concept is to allocate the aatenhthe best channel quality to their
corresponding users. In order to ensure fairness betwesg, ube proposed method restricts
each user to selecting only one antenna at a time. This puoeedn prevent a certain user from
occupying all strong candidate antennas. It has been shmtmhen managing the antennas
in a fixed way, the BER performance of multi-user SM degradeerely as the number of
users increases. Fortunately, the adaptive antenna dicigedan effectively improve the BER

performance (up to 8 dB), and counteract the impairmentethbg dense users.

In the last part of the thesis, a novel scheme CoSM has be@oged for the SM systems in
the multi-cell scenario. This new scheme takes the advastafjboth coordinated multi-point
(CoMP) transmission and distributed antenna system (DAS)Ibwing multiple BSs to share
their antennas in the downlink service. In other words, tBeaBtennas dedicated to a certain
user are selected from multiple BSs instead of from its &bB&. This offers an opportunity to
reschedule the antennas of multiple BSs to their co-charmsek. Results have shown that the
cooperative scheme improves the system capacity espeftaktell-edge users. As expected,
those cell-centre users can benefit little from sharing thieranas of multiple BSs. Based on
this fact, a three-tier cellular architecture has beenguresl, which enables a switch among
full-bandwidth service, network SM-MIMO and CoSM.
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7.2 Limitations of work, outlook and future work

The proposed methods have been shown to be powerful in inmgrtive performance of SMin
various scenarios. However, several essential assursgtiewe been made for the purpose of
keeping moderate complexity of analysis. The violationhafsie assumptions in some system
implementations is not envisioned as a fundamental ligpifactor for the performance of the
SM system, although it can lead to a sub-optimum system medioce. The following sug-
gestions can be considered to validate the performanceegbritposed methods in practical

implementation setups.

First, the optimum transmit structure for SM is derived oa bfasis of channel modelling. Al-
though a generalised channel model is considered, the roadebt fully represent the channels
in practice. Therefore the performance of the optimum #inecis still to be studied for prac-
tical channels, in order to understand the benefit of batgnitie number of transmit antennas
with the order of signal modulation comprehensively. Femhore, the proposed structure re-
lies on the assumption that the correlation between a paintghnas decreases as the distance
between them increases. The exponential channel coomrlatodel is assumed in the simula-
tion setup. Moreover, the correlation of the receive ardgegmnay is not considered. A study of
the influence of these system building blocks on the the pedace of the proposed structure

can be considered in future work.

Second, the spatially-averaging channel estimation (SA@&hod relies on the knowledge
of the correlation degree of the receive antenna array. Memvehe process of estimating
the correlation degree is not considered. Future work cande analysing the performance
of SACE in the presence of errors in the correlation infororat Also, the complexity of
SACE is linear to the number of receive antennas, and the-wfdetween the benefit and
the complexity remains to be studied. Furthermore, the dewvbin manner is used in the
transmission cross channel estimation (TCCE) method iathiivation sequence. A further
study of an adaptive activation sequence can be consideradidress the issue caused by the

dissimilarity of antennas.

Third, the knowledge of channel side information at thedraitter (CSIT) is assumed for the
antenna management in the multi-user SM system, and the &@8&iiTis not considered in the
study. In addition, the proposed antenna scheduling Ishstilristic where the users are ranked

in an arbitrary way. Optimising the user queue and analygiegperformance in the presence
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of CSIT errors can be included in future work. Further to thewe considerations, user priority

can be involved in the antenna management to meet the derobpdsmium users.

Finally, in the study of SM systems in the multi-cell scenahiexagonal cells are used to per-
form the simulations. The positions and ranges of pracB&d are however complicated and
variant. In addition, an analytical capacity bound for tlemerative scheme is absent due to
the complexity of celluar networks. Therefore, a closearf@xpression of the system capacity
should be studied for the proposed scheme through stochpsimetry. Furthermore, perfect
synchronisation is assumed between BSs in order to exchihageformation for sharing their
antennas. Future work can include validating the perfooeaari the proposed method under a

more practical implementation setup.
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Abstract—In this paper, we propose an optimum transmit
structure for spatial modulation (SM), a unique single-stream
multiple-input multiple-output (MIMO) transmission technique.
As a three-dimensional modulation scheme, SM enables a trade-
off between the size of the spatial constellation diagram and
the size of the signal constellation diagram. Based on this
fact, the novel method, named transmission optimized spatial
modulation (TOSM), selects the best transmit structure that
minimizes the average bit error probability (ABEP). Unlike the
traditional antenna selection methods, the proposed method relies
on statistical channel state information (CSI) instead of instant
CSI, and feedback is only needed for the optimal number of
transmit antennas. The overhead for this, however, is negligible.
In addition, TOSM has low computational complexity as the
optimization problem is solved through a simple closed-form
objective function with a single variable. Simulation results show
that TOSM significantly improves the performance of SM at
various channel correlations. Assuming Rayleigh fading channels,
TOSM outperforms the original SM by up to 9 dB. Moreover,
we propose a single radio-frequency (RF) chain base station (BS)
based on TOSM, which achieves low hardware complexity and
high energy efficiency. In comparison with multi-stream MIMO
schemes, TOSM offers an energy saving of at least 56% in the
continuous transmission mode, and 62% in the discontinuous
transmission mode.

Index Terms—Spatial modulation (SM), channel correlation,
transmit antenna selection, MIMO

I. INTRODUCTION

HE need to curtail the carbon footprint and the operation

cost of wireless networks requires an overall energy reduc-
tion of base stations (BSs) in the region of two to three orders
of magnitude [3]. At the same time, a significant increase in
spectrum efficiency from currently about 1.5 bit/s/Hz to at
least 10 bit/s/Hz is required to cope with the exponentially
increasing traffic loads [4]. This challenges the design of
multiple-input multiple-output (MIMO) systems associated
with the BS. A typical long-term evolution (LTE) BS consists
of radio-frequency (RF) chains, baseband interfaces, direct
current to direct current (DC-DC) converters, cooling fans,
etc. Each RF chain contains a power amplifier (PA), and
PAs contribute around 65% of the entire energy consumption
[5]. The efficiency of state-of-the-art (SOTA) PAs is about
30% only [6], i.e. more than two thirds of the energy is
consumed in quiescent power. This drives research on min-
imizing the overall BS energy consumption instead of the

IThis paper was presented in part at the [IEEE GLOBECOM 2012 [1] and
IEEE CAMAD 2012 [2].

energy required for the RF output stage only. As a result,
power optimization of PAs has been studied. In [7], cell
discontinuous transmission (DTX) was proposed to enable
the BSs to fall into a sleep mode when there is no data
to convey, so that the overall energy consumption can be
reduced. Based on that concept, another optimization method
using on/off PAs was reported in [8], and a similar work was
conducted for MIMO orthogonal frequency division multiple
access (OFDMA) systems [9]. However, those studies have
the following limitations: i) they focus on the operation of
RF chains, while modulation schemes are not considered; ii)
the optimization is implemented within each individual RF
chain; and iii) the benefit is inversely proportional to the traffic
load. When the BS has to be operated in the active mode
continuously, the above methods would fail to achieve any
energy-saving gain. Therefore it is necessary to study energy
reduction on a more comprehensive level, including not only
hardware operations, but also modulation schemes.

‘While multi-stream MIMO schemes, such as vertical Bell
Labs layered space-time (V-BLAST) and space-time block
coding (STBC), offer high spectrum efficiency, unfortunately,
they need multiple RF chains that heavily compromise the
energy efficiency. Meanwhile, spatial modulation (SM) is a
unique single-stream MIMO technique [10]-[12], where the
bit stream is divided into blocks and each block is split into
two parts: i) the first part activates one antenna from the
antenna array while the remaining antennas do not emit a
signal; ii) the bits in the second part are modulated by a
signal constellation diagram, and sent out through the activated
antenna. The use of a single active antenna makes SM a
truly energy-efficient MIMO transmission technique, because
only one RF chain is required, regardless of the number of
transmit antennas used. At the same time, SM ensures spatial
multiplexing gains as information is encoded in the antenna
index. However, like all other MIMO schemes, SM suffers
performance degradation caused by channel correlations [13].
Trying to improve the performance of SM against channel
variations, an adaptive method was proposed in [14], where
one candidate is selected from several optional SM structures.
Although the performance of SM can be improved to some
extent, this method has the following weaknesses: i) it requires
instant channel state information (CSI), and therefore it is not
suitable for fast fading channels; ii) the relation between the
adaptive selection and the channel correlation has not been
exploited; and iii) despite using a simplified modulation order

1536-1276 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
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selection criterion, it still requires significant processing power.

In this context, we propose a novel adaptive antenna
selection method for optimum transmission in SM. As a
three-dimensional modulation scheme, SM enables a trade-off
between the size of the spatial constellation diagram and the
size of the signal constellation diagram, while achieving the
same spectrum efficiency. Based on this unique characteristic,
transmission optimized spatial modulation (TOSM) aims to
select the best combination of these two constellation sizes,
which minimizes the average bit error probability (ABEP). In
order to avoid the prohibitive complexity caused by exhaustive
search, a two-stage optimization strategy is proposed. The first
step is to determine the optimal number of transmit antennas,
and this is performed at the receiver. In the second step, the
required number of antennas are selected at the transmitter.
In addition to low computational complexity, TOSM needs
very limited feedback because of two aspects: i) since it
is based on statistical CSI, the frequency of updating is
relatively low; and ii) feedback is required only to inform
the transmitter of the number of selected antennas, instead of
the index of each selected antenna. Therefore, the feedback
overhead is negligibly low and not considered in this paper.
In addition, assuming the SOTA 2010 power model [15], the
overall BS energy consumption is studied for TOSM. The
DTX technique is combined with TOSM to further improve
the energy efficiency. Compared with our preceding studies
in [1] and [2], the contributions in this paper are four-fold: i)
a two-stage optimization method is proposed to balance the
spatial modulation order with the signal modulation order in
SM systems; ii) a complete derivation of a simplified ABEP
bound for SM over generalized fading channels is presented;
iii) a direct antenna selection method based on circle packing
is proposed; and iv) the energy efficiency of TOSM in terms
of the BS energy consumption is evaluated for both the
continuous mode and the DTX mode.

The remainder of this paper is organized as follows.
Section II describes the system model, including the SM
transceiver, the channel model, and the BS power model. In
Section III, a two-stage antenna selection method is proposed
for optimum transmission in SM. Section IV studies the
proposed method in the case of Rayleigh fading channels.
Simulation results are presented in Section V to validate the
optimization accuracy and the bit error rate (BER) perfor-
mance of the proposed method. Finally, the paper is concluded
in Section VI

II. SYSTEM MODEL
A. MIMO System and Signal Model

A N; x N, SM-MIMO system is considered, where N;
and N, are the number of transmit antennas and the number
of receive antennas, respectively. Unlike the original SM,
only a subset of the transmit antennas is used. The size of
the spatial constellation diagram, i.e. the number of utilized
transmit antennas, is denoted by N, while the size of the
signal constellation diagram is denoted by M. The bit stream
is divided into blocks with the length of 7, bits, where
7s = logy(N) + logy(M) is the number of bits per symbol.

Each block is then split into two units of log,(N) and log, (M)
bits. The first part activates a single transmit antenna from the
spatial constellation diagram, and the currently active antenna
is denoted by ta. The second part chooses the corresponding
symbol x; (1 <1 < M) from a specific signal constellation
diagram, such as phase shift keying (PSK) or quadrature
amplitude modulation (QAM), and sends it out through the
activated antenna. The transmitted signal of SM is represented
by avectorx = [0,...,Z¢,,...,0]T of N elements, where the
tact-th element is x; and all other elements are zero.

The received signal is given by y = Hx+w, where H stands
for the channel matrix and it is described in Section II. B;
the vector w = [wy, ws, ...,wy,|T and w,, the noise at the
r-th receive antenna, is a sample of complex additive white
Gaussian noise with distribution CA(0, No). Across receive
antennas, the noise components are statistically independent.
The signal-to-noise ratio (SNR) is defined as v = E,,L/Np,
where E,, is the average energy per symbol transmission and
L denotes the path loss without shadowing. In addition, the
required RF output energy per bit is denoted by Ep = E,y, /7.
The transmitted information bits are decoded by the joint
maximum likelihood (ML) detection in [12] as follows:

[fuco 1] = ang min || b 2 ~2R{y"hexs}, (D
t,

where h; is the t-th column of H; R{-} is the real part of a
complex number; ¢, and [ are the detection results of ¢,e and
1, respectively.

B. Channel Model

1) Channel Distribution: The fading coefficient of the link
from the ¢-th transmit antenna to the r-th receive antenna is
denoted by hy, = [ rexp(jor,r), where By, and ¢y, are
the amplitude and the phase, respectively. The channel fading
distribution as well as the CSI is assumed to be known at
the receiver. Nakagami-m fading is considered in this paper,
ie. B, ~ Nakagami(my,,; ), where m,, is the shape
parameter (when m;, = 1, the channel is Rayleigh fading)
and €, is the spread controlling parameter. The phase ¢y,
is uniformly distributed between (—m, 7].

2) Channel Correlation: Since we focus on selecting the
transmit antennas, the receive antennas are assumed to be
independent without loss of the generality. The correlation
coefficient between the amplitudes of the two propagation
paths from the transmit antennas ¢; and ¢; to the r-th receive
antenna is denoted by py, s, . The exponential correlation
matrix model in [16] is considered, which is based on the
fact that the channel correlation decreases with increasing the
distance between antennas. As shown in Fig. 1, the transmit
antennas are located in a normalized square area, i.e. the
distance between t1 and ¢ 4 is unity. The correlation coefficient
between t; and t4 with respect to the r-th receive antenna is
denoted by ps(r). The number of antennas on each side of the
antenna array is formulated as follows:

vV N if log, IV; is even )
3 x /R if log, Ny is odd @
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Fig. 1. Examples of the transmit antenna array

When log, N, is even, the antennas form a square array with
the dimension of A x A. If log, V; is odd, the antennas are
placed in the shape shown in Fig. 1(b), where Ajyner = %.
The absolute distance between ¢; and ¢; is denoted by d, ¢,
and the correlation between those two antennas is given by
[16, Eq. (10)]:

di; s
Pritir = Py’s  0< Py S 1. 3)

The average degree of the channel correlations, denoted by

Pav, 1s calculated by:

1 X 1 N N
W 1, o) (S T - R
Ne = \ NN = 1) ti=11t;74t=1 ’

C. Base Station Power Model

In [17], a linear relationship between the RF output power
and the overall consumed power of a multi-sector BS was
established. The overall BS power consumption is divided into
two parts: the load-dependent portion and the constant portion.
The former is dependent on the RF output power, while the
latter is invariant. In addition, when no data is transmitted, a
sleep mode is enabled to reduce the consumption by switching
off unneeded components. In this section, a practical BS power
model is introduced for the purpose of evaluating the energy
efficiency of the proposed method.

1) Power Model: In [15], based on the above literature,
a power model named SOTA 2010 was proposed for a one-
sector, single-RF-chain BS. Table I specifies the parameters:
Prax is the maximum RF output power; Py and Ps denote the
constant power consumption for the active mode and the sleep
mode, respectively; ¢ stands for the slope that quantifies the
load dependence. The instantaneous BS power consumption,
denoted by P, is formulated as a function of the RF output
power Py, [15, Eq. (1]:

Py + (P, if 0<Pouw<P,
Piu — 0 C out ] out max ) (5)
P, if Pou=0

Also, the ratio of the time consumed in the active mode
and the total period is referred to as the activation ratio p.
The average power consumption of a single-RF-chain BS is
then computed by:

Bs = M(PO + CPout) M (1 - M)Ps (6)

TABLE 1
BS POWER MODEL PARAMETERS [15].

Power model | Puax W) Po (W) Ps (W) ¢
SOTA 2010 | 40 119 63 24

Unlike SM using a single RF chain, multi-stream MIMO
schemes require multiple RF chains to activate the transmit
antennas simultaneously. For N, activated antennas, the RF
output power of each antenna is 1/Ny of Pyy. As a result, the
overall power consumption of a BS with multiple RF chains
is calculated by:

P out
Nacr

PBS:Nact|:,u<PO+C >+(1*ﬂ)Ps:| (7)
2) Continuous Mode and DTX Mode: Two modes are
considered to operate the RF chains: the continuous mode and
the DTX mode [7]. In the continuous mode, the RF chains are
always delivering output power of the same level. As a result,
Poy is equal to the average RF output power P, and =1,
Substituting those conditions into (7), the overall BS power
consumption in the continuous mode is obtained by:

PBS-cont. = NactPO == Cpouh (8)

The data rate of the continuous mode is equal to the average
data rate, which is denoted by Ry = Py /Ey. Conversely, the
DTX mode conveys data with full load, and the instantaneous
data rate is Rpmax = Pmax/Es that is higher than Ry. Then the
system is enabled into sleep mode during the saved time to
maintain the same average data rate. The parameter 4 of the
DTX mode is computed by:

Ry Pou
s Rbmax B max . (9)

Substituting (9) and Poy = Pmax into (7), the overall BS

power consumption in the DTX mode is expressed as:

Nact(PO = Ps)
P,

max

Pgs.prx = Naat Ps + (C iy ) Pout- (10)

III. TOSM OVER GENERALIZED FADING CHANNELS

As mentioned, SM enables to balance the size of the signal
constellation diagram with the size of the spatial constellation
diagram. To achieve a certain spectrum efficiency 7, there
are 75 + 1 possible combinations of (M, N), based on the
requirement of a power of two to provide a full usage in the
constellation diagrams. In order to supply a complete selection
range of N, NN is set to be equal to 27¢. In this section, an
optimization algorithm is proposed to select the best (M, N)
as well as the specific antennas. The context is arranged in
four portions: i) an ABEP upper bound is introduced for SM
over generalized fading channels; ii) the ABEP upper bound
is simplified to suit the minimization on the subject of either
M or Nj iii) the optimum (M, N) is obtained by solving the
minimization problem; and iv) the required number of transmit
antennas are selected from the antenna array.
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A. ABEP Upper Bound

The ABEP upper bound of SM with the joint ML detector
is given by [18, Eq. (6)]:

ABEP < ABEPguia + ABEPgigna + ABEPjgine,  (11)
and:
M
log, (IV
ABEP i — 282V 3 ABEPssk (1) (12a)
nsM =
logy (M) +
ABEPggnq = ;—N > ABEPyop(t) (12b)
s t=1
1 N M M
ABEPjjiny = —— ) Z Z > ABEPyix  (12¢)
nsMN t=1li=1=11=1

with the terms in summations expressed in (13) where: i)
Ps(l,t) is the average symbol error rate (SER) of the [-th
signal symbol x; emitted from the ¢-th transmit antenna; ii)
Ny (+) denotes the Hamming distance between two symbols;
iii) the average pair-wise error probability (APEP) is defined
as the probability of pair-wise error event which is calculated
by (14). The denotation E[-] is the expectation operator, and
Q() is the Q-function.

B. Simplification

Due to the relaxation of linearity requirements, unlike
QAM, PSK can work in PA saturation [19]. This makes PSK
a more energy efficient modulation scheme. Moreover, results
in [18] have shown that, for SM, PSK is not worse than QAM
in many cases and in some cases it is even better. Therefore,
PSK modulation is applied in the rest of this paper to keep a
moderate level of analytical complexity. Every symbol has an
equal weight and the average of different signal symbols in
(12) can be neglected. In addition, Ps(¢,!) reduces to Ps(t).

1) ABEP of Spatial Part: At first, we focus on ABEPgyata1
in the union bound. Assuming a high SNR, the APEP of space
shift keying (SSK) modulation over correlated Nakagami-m
fading channels (with the assumption of m;, = m, for t =
1,2,...,N;) can be obtained based on the moment generate
function (MGF) as follows [20, Eq. (15)]:

_y 2NN, 4 0.5)
N,
N1 gf(r), (15)

where f(r) is computed in (16). We define:
23N-=11 (N, +0.5)

1
2 X T /AN, + 1) Hf

Note that Cy, ;, is constant when my., Q4 and py, s, » are
given. Consequently, (15) can be rewritten as:

APEP(t; — t;) =

Ciit; = an

APEP(t; — t;) = 2C4, 4,7 ™. (18)

The log,(N) bits provided to the spatial constellation is
assumed to be encoded by Gray codes. When a certain antenna
is activated, there are N/2 other antennas that may cause
an error for any particular bit. Therefore the total Hamming

distance from one symbol to the other symbols is calculated
by:

il N
Y. Nultj - ti) = 5 loga(N). 19)

t#ti=1

Combining (19) and (13a), we have:

Z Z APEP(t; — t;). (20)

t =1t;#t;=1

ABEPssk (1) =

Substituting (18) and (20) into (12a), this gives ABEPgpatia1
as a function of N:

s YL

ti=1t;7t,=1

ABEPspatial (2 1 )

2) ABEP of Signal Part: The average SER of the PSK
modulation over Nakagami-m fading channels is given by
[21, Eq. (9.16)]:

Py(t) = /_TNT <1+

where 7, , = Qu,7v is the average SNR of the symbol
sent from the ¢-th transmit antenna at the input of the r-th
receive antenna. The assumption of a high SNR results in

%ﬁé"’w)) > 1. Hence (22) can be rewritten as:

TS GO 4 22
2m,.sin?(6) ’

Ny

M—1 szr N, m.
Cfy ™ T(sind)=rdf T (2me /)
Py(t) = = O eez) @

fysmz (38)

When M > 4, we have: i) fo s1n6‘)zizl medy a

Ny
Jo (sind) 2. #mr 49, which is independent of the signal
constellation size M; ii) sin(r/M) ~ m/M. The average
shape parameter of the fading d1str1but10ns across all receive

antennas is denoted by m, = N Z m,. Then the average
SER of PSK can be formulated as follows

Ps(t) =

Ny [T (o Ny 19 Nr m
MPeNe [ (sing) 2N df <2mr> 24)

A Ne 2 Ny 1 Qr

Substituting (24) into (12b), a simplified ABEPggn, is
obtained by:

27N, o N, ,

B
ABEPsignal = nN (25)

with

— Sy (sing)?™-Nrdg 2m,,.
Bl = 2 N1 N ; I[l (26)
Note that similar to ABEPgpaia in (21), ABEPgigna is also

a function of N after replacing M by 27 /N.
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Z Z Ng(t; — t;)APEP((tj, x1) — (ti; x1))

ABEPssk (1 (13a)
C N1°g2 ti:1 ti#ti=1
M

ABEP Py(l 13b

Mob () = Mlog2 ; (13b)

ABEPwvix = Nu((tj,x1;) — (ti, x1,))APEP((t5, x1,) — (ti, x1,)) (13¢)
APEP((t;, x1,) = (1)) = B [Q (/7w x1; — v P/4)] (14)

o) - 2k,
Fr) = My (e + Qy )72 (1= gy )™ i pfi,tj,rr(2mr + 2k, —1) [ /Q, o, r (16)
(QtuTQtj,T)l_mrr(mT) kr=0 (kT!)F(mT + k'r) Qtzm + Qt;,r

3) ABEP of Joint Part: The symbols of the PSK modulation
are expressed as x; = exp(jg;), where ¢; = 2w (l — 1)/M.
Thus, (14) can be rewritten as (27), where ¢, is uniformly dis-
tributed between (—, 7] and ¢, is a constant. The new random
variable ¢; +¢; complies with a uniform distribution over the
same region as ;. As a result, APEP((t;,xi,) — (i, x1,))
is reduced to APEP(¢; — ¢;). Similar to (19), the Hamming
distance in (13c) can be expressed as (28). Substituting (18)
and (28) into (12c), ABEPjyy is simplified in (29).

4) Simplified ABEP: Combining (21), (25) and (29), a
simplified ABEP of SM is derived as follows:

M2mrNr s2Ms — M 1 M) —
apep= Mg e M)y, 30)
sy NsYr
with
— 1
O8=Nw—D Z Z Ciyty- 31

ti—l ti#ti=1

The term C)y reflects the average degree that the selected
antenna array is affected by the fading distribution, the channel
correlation, and the method of transmit antenna selection.
Since the production of M and N is fixed to be 27, the
optimization problem in (30) is actually subjected to one
variable, M or N. The aim of TOSM is to determine the
optimal transmit structure, including the number of antennas
and their locations. However, jointly optimizing both of them
requires an exhaustive search of prohibitive computational
complexity. Instead, we propose a two-stage approach which
separates the optimization problem in two steps: i) find the best
combination of (M, N) that minimizes the ABEP of SM; and
ii) select the specific antennas from the antenna array.

C. Optimal Selection of the Number of Transmit Antennas

In this step, the minimization of the simplified ABEP with
respect to N (or M) is implemented for a given scenario,
which is comprised of the spectrum efficiency, the number
of receive antennas, the SNR, the fading distribution, and the
correlation coefficient. The term 1/7s in (30) is a positive

constant, hence it can be removed without affecting the opti-
mization result. In addition, the difference between antennas
is not considered in this step. As a result, By and Cy are
replaced by By, and Cl, to avoid the dependence on the
antenna dissimilarity. The optimization problem can thus be
formulated as (32).

Note that both C,y~Vr and B,y ™+ are constant for
a certain scenario. In other words, they are independent of
the variable M. The optimization problem in (32) is a non-
linear programming problem and can be solved numerically
[22]. The optimization result of log, (M) could be, and most
likely is, a non-integer. However, without considering special
encoding methods such as fractional bit encoding [23], both
M and N must be a power of two to supply a full usage
in the constellation diagram. This can readily be achieved by
comparing the ABEP values of the two nearest integers around
the optimal M. Afterwards, the best combination of (M, N)
is obtained and denoted by (Mop, Nopt)-

D. Direct Antenna Selection

The second step is to select a subarray of Ny antennas from
the size-N; antenna array. The chosen subset should achieve
the minimum ABEP of all subarrays with the same size.
Since By in (30) is irrelevant to the channel correlations, the
problem is equivalent to finding the subarray with a minimum
Cy. Like the traditional transmit antenna selection (TAS)
methods, this issue can be solved by an exhaustive search.
However, this results in an unaffordable complexity for a large
ns. Taking 1, = 6 and Ny = 16 as an example, the full
search space is about 5x 10*4, which is prohibitive for practical
implementations. Here we propose a novel TAS method based
on circle packing, which can directly determine the selection.

As the correlation coefficient py, ¢, is inversely proportional
to the distance d,;, a rational solution is to maximize the
minimum geometric distance between any pair of the chosen
antennas. This is equivalent to the circle packing problem in
mathematics which can be worked out numerically [24]. Fig. 2
shows the circle packing solutions for various numbers of
antennas, where the antennas are located at the circle centers.
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APEP((t;,x1;) = (b 1)) = B [Q (1/718,exp(i(, +01,)) = Buexpipr + 01.))12/4) @
N M
M —-1)N N-1)M
S Narlltax) = (o xe)) = LN vogy vy + =DM a0,y e8)
ti#ti=1 £l =1
ns2" — Mlogy M — N logy(N) 1 S .
ABEPjgip = SN Gy |7™ 29)
Ms NN -1) ti=1t;£t;=1
i=1t;7#t;
ENt 2y Ny 61\75 Ns . ) s
Moy = argmin - —— + — " < (2"ns — Mlogy(M)), subject to: 1< M <2 (32)
YY Y'Y
YY Yy
] YYYYYY
: YYyvyy
Y Selected Antenna
N=8 N=16
- - - Y Unselected Antenna
Normalized Horizontal Distance
Fig. 2. Examples of circle packing problems Fig. 3. RCP for selecting 8 out of 32 antennas

In the original problem, each circle must fit inside the square
boundary. The problem at hand is slightly different where the
circle centers are restricted to be inside the boundary, and
in Fig. 2 this is shown by dashed lines. It is worth noting
that this solution requires fully flexible positions. Thus, we
refer to it as ideal circle packing (ICP). However, the antenna
positions are fixed in practice, and the subarray cannot be
perfectly allocated by ICP. Instead, a realistic circle packing
(RCP) is developed by selecting those antennas closest to the
ideal positions. In Fig. 3, an RCP solution is demonstrated
for the case of N; = 32 and N = 8. As can be observed,
the selection presents a similarity to the solution for N = 8
in Fig. 2. With an increase of V;, the RCP solution becomes
closer to ICP as the antenna array supplies a larger flexibility
in positions.

IV. TOSM OVER C.I.D. RAYLEIGH FADING CHANNELS

In this section, we study TOSM in the special case of
channel fading, Rayleigh fading. We present that TOSM is
independent of SNR in this particular scenario, and a look-
up table can be built to quickly determine the best choice of

(M, N). In addition, given a target bit error rate (BER) and
transmission rate, a closed-form expression of the BS energy
consumption is derived for TOSM. This allows us to evaluate
the proposed scheme analytically.

A. ABEP of TOSM

For correlated and identically distributed (c.i.d.) Rayleigh
fading channels, we have m; = 1 and Q¢ = for all ¢ and
r. As a result, By in (26) and Cy in (31) reduce to:

2\ M 1 e
and
4N =ID(N, 4 05) (<X T(2k+ 1) i
T + + 1o
b= QNe\/zT(N, + 1) (ZM )) - G4

Correspondingly, the ABEP expression in (30) reduces to:
B(M)*Nr + C(2" 1, — Mlog,(M))
nsyNe '

ABEP = (35)
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The term 7,y is a positive constant, and therefore can
be removed without influencing the optimization result. After

further removing the constant item C277,, the optimization N, =1
i . Pav \Ts Ns=4 | Ms=5 | ns=6 | ns=7 ns =8
problem is reduced to: P = 0.0 | (6D | (162 | (16H | (168 | (16,16)
Moy = argmin - B(M)?*N* — C M log, (M) pw =01 | (16D | (162) | (164 | (168) | (1616
M (36) pw =02 | (16 | (162 | (164 | (168) | (16,16
: . s oy =03 | (161 | (162) | (164 | (168) | (16,16)
St s lsM<2 pw =04 | (6D | (162 | (164 | (168) | (16,16
It is not difficult to find that the optimal solution of TOSM fre =05 823 822 822 Sgg 8212
over c.i.d. Rayleigh fading is independent of SNR. Also, Moy 2:: —07 (16:1) (32,’1) (32:2) (32:4) (35,8)
is independent of 1 when 7 is large enough. In other words, py =08 | (16,1) | (32.1) (32.2) (32,4 (32,8)
for a certain NV, and a large enough 7, the optimal solution Py =09 | (16,1) | (32,1 (64,1) | (642 (64,4)
is only dependent on p,,. As shown in Table II, this allows p = 1.0 EGIINEET (G R(128 DN BE6iT)
us to build a look-up table to quickly decide the best SM — _NT =2 — — —
depl it dliff et clizmme] onslation o fisdin Lot | Gb L ilie—t [ 7 | ek
eployment against different channel correlation degrees. pay = 0.0 @4 4.8) (4,16) (4.32) (4,64)
py =01 | (44 38) (4,16) | (432) | 469
v = 0.2 4,4 4,8 4,16 4,32 4,64
B. Base Station Energy Consumption based on TOSM ﬁw —03 24,4; 54,8; 54,16; 24’32; 54,64;
ituti = i i i pav = 0.4 (4,4) (4,8) (4,16) (4,32) (4,64)
T OSSul\b;Ist.ltutmg y dEbm[-//NO into (35), the required E,,, using o s T ah a5 am a5 st
5 compuiso. by - =061 B2 | BH | (88 | (3,16 | (832
1 pav = 0.7 8,2) (8,4) (8,8) (8,16) (8,32)
iy No F(Mo)\ 37) Py =08 | (82) 8.4 (8.8) 8,16) | (832
™ L NsRe ’ Py =09 [ B2 (84) (8.8) (8.16) | (8,32)
p =10 | 6D | G2 | (322) | (324 | (328)
where F(M) = B(M)*Nr +C(2"n, — M log,(M)) and R, N, =3
denotes the value of the target BER. Substituting (37) into Py\Ts | Ns=4 | Ns=5 | ns =6 | ns =7 | ns=38
_ . . . pay = 0.0 (4,4) (4,8) (4,16) (4,32) (4,64)
P,,.L E . Ry/ns, the required RF output power is obtained TS SCY) x @16 @ T as
by: " py =02 | (44 @38) 416) | (432) | 464
Ry Ny ( F(Mopt)\ ™ pv =03 | (44) 4.8) (416) | (432 | (464
Pn=—"7\" R . (38) =04 | _GH | 48 | G16) | 432 | @46d)
s M5 fte pav =05 | (G4 43 | &416) | (432 | @464
The BS energy consumption per bit Egg is given by: pw=06 | (44 4.8) 416) | (432) | (464
p =0.7 | (44 @,38) 4,16) | (432 | 469
_ Pgs v =08 | 82 8.4 8.8 816 | 832
Eps = & B9 =09 G2 | GAH | (38 | BI6) | (532
b pav = 1.0 (16,1) (16,2) (16,4) (16,8) (16,16)
1) Continuous Mode: In the continuous mode, the energy N, =4
consumption per bit of a BS based on TOSM is obtained by Pov\Ts | 1s=24 [ =5[] na=6 [ na=7] n.=8
substituting (8) and (38) into (39) with Ny = 1: pv=00 | (44) 4.8) 416) | (432) | (464
: pav = 0.1 (4,4) (4,8) (4,16) (4,32) (4,64)
Nr pav = 0.2 (4,4) (4,8) (4,16) (4,32) (4,64)
Egs = P (No (F (MOP')) " (40) py =03 | (44) (4,8) 4,16) | (432) | (4.64)
Ry~ L\ nsRe P =04 | @4 | @8 | @16 | (432) | (464
- av = 0.5 4.4 438 4,16 432 4,64
2) -DTX Mode: Similarly, based on (10), we can compute Zav =06 24,4; E4,8; 54,16; 54,32; 24,64;
FEgs in the DTX mode as follows: pv =07 | (44 @,8) @,16) | 432 4,64
1 pav = 0.8 (4,4) (4,8) (4,16) (4,32) (4,64)
o Py | No ( ct Py — Ps) (F(Mopt)> ¥ @ P =09 | 82 | BH | @8 | Bl6) | (832
BS = 5 — I\ —= =
Ry ' mL Poox 1o Re pw =10 | (6D | (162 | (164 | (168) | (16,16

V. SIMULATION RESULTS

In this section, Monte Carlo results are presented to validate
the performance of our scheme. Two cases are studied: i)
c.i.d. Nakagami-m fading; and ii) c.i.d. Rayleigh fading. In
the first case, we focus on verifying the accuracy of the
simplified ABEP bound. The reason for choosing the second
case is threefold: i) multipath fading is typically modeled by a
Rayleigh distribution; ii) by fixing the parameter m, the main
trends of TOSM in relation to the channel correlation can be
studied; and iii) a look-up table is formed within this scenario
to exhibit the optimum transmit structure. In addition, the
performance of TOSM is compared with some other schemes
including fixed-SM, V-BLAST and STBC. Furthermore, the

TABLE II
TOSM DEPLOYMENT OF (M, N)) OVER C.I.D. RAYLEIGH FADING

BS energy consumption and the maximum transmission rate
are analyzed for the proposed scheme. In order to ensure the
fairness among different values of 7, the transmission energy
per bit against noise, i.e. Ep/Noy, is used instead of SNR.

A. Accuracy of the simplified ABEP

In Fig. 4, the simplified ABEP expression of SM in (32)
is verified against simulation results. In order to present an
extensive comparison, several scenarios are considered by
varying the shape factor, the number of receive antennas, the
spectrum efficiency and Ejp/No. A unit spread controlling
factor is assumed. For a certain scenario, the BER curve
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Fig. 4. The simplified ABEP bound of SM versus simulations
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—A—fixed—SM (N = 8)
—v—fixed-SM (N = 4)

109 —=—fixed-SM (N=2) [e 2o —°°
—e— SIMO

Fig. 5. BER performance of fixed-SM schemes over c.i.d. Rayleigh fading

of SM is shown as a function of the average correlation
degree. As can be seen, in general, the theoretical curves
match the simulation results well. Since the simplified ABEP
is an approximation of the ABEP upper bound in [18], we
expect some deviations especially at high channel correlations.
Despite this, the simplified ABEP is still very close to the
simulation results.

B. Optimality of the Look-up Table

The deployment of (M, N) for TOSM over c.i.d. Rayleigh
fading channels is shown in Table II. We use gray colour
to highlight the situations in which the optimal number of
transmit antennas is one, i.e. SM is not applied. The following
outcomes are observed: i) given a certain 7, and N, the
optimal [V decreases as p,, increases. In other words, it is
better to use SM with fewer transmit antennas at high channel
correlations; ii) if N, = 1, the best choice regresses to a single
transmit-antenna scheme for an extremely high p,,; iii) when
N, is increased, SM is suitable for more cases of (7, pav), and
the optimal number of transmit antennas becomes larger; and

0 5 10 20 25 30

15
EJN, [dB]

Fig. 6. BER performance of RCP for Ny = 16 and N = 8

10 g : . . .
¢ RCP
Wil A ES
) v WS
10
W 107}
107
107
0 5 10 20 25 30

15
EyN, [dB]

Fig. 7. BER performance of RCP for Ny = 32 and N = 8

iv) for a certain N, and p,y, the best selection of M maintains
a constant when 7, is large enough.

The look-up table can be extended to any needed situation
and easily used to configure the deployment of the TOSM
system. In practice, N, and 7, are usually fixed for a BS.
As a result, the only parameter that needs to be determined
is the correlation coefficient, which can be obtained through
the structured correlation estimator [25]. Using ns = 6 and
N, = 2, for example, Fig. 5 shows the simulation results of
various fixed-SM schemes at E,/Ny = 25 dB. As shown, SM
using N = 16 outperforms N = 8 when p,y is below 0.5.
However, the opposite result happens for 0.6 < p,y < 0.9. At
an extremely high correlation of p,y = 1, two transmit-antenna
SM achieves the lowest BER. It can be observed that Table II
fits the simulation results.

C. BER Performance of Direct Antenna Selection

The BER performance of the proposed RCP approach is
evaluated against two baseline schemes: i) the exhaustive
search (ES); and ii) the worst case where the neighbouring
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Fig. 8. BER performance of TOSM against channel correlation for ns = 4
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Fig. 9. BER performance of TOSM against channel correlation for s = 5

antennas are selected. We refer to this scheme as worst
selection (WS) in the sequel.

Fig. 6 and Fig. 7 present the BER performance of RCP for
ns = 4 and 5, respectively. Due to the intractable complexity
of ES, the results when 7, > 5 are not presented. In addition,
the antenna area is assumed to be the same to ensure a fair
comparison for different ns. Therefore, ps is used instead
of ps. As shown, the RCP scheme achieves almost the
same performance as ES with a gap of less than 0.3 dB.
Furthermore, the negligible difference between RCP and ES
is barely affected by the channel correlations, whereas the
performance of WS becomes much worse as the correlation
increases. To achieve the same BER value of 1 x 10~ in the
case of selecting 8 out of 32 antennas, in comparison with
WS, RCP obtains an energy saving of 1.1 dB and 2.0 dB at
ps = 0.1 and 0.9, respectively.

D. BER performance of TOSM

The complexity of the MIMO system depends on the
number of RF chains rather than the total number of transmit

10 : -
——TOSM
—a—fixed-SM (N = 16)
—v— fixed—SM (N = 4) \
10 % —=—fixed-SM (N=2) [ °—°—°
—e—SIMO
E 10’ L 4
om
10 ——F— 77 |
4
107°
0 0.2 0.4 0.6 0.8 1
pS

Fig. 10. BER performance of TOSM against channel correlation for n; = 6

10 : .
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A fixed-SM (N = 2)
107 v SSK
® SIMO
ps= 0
107 ---P =05 ;
5 . Pg=08
o
107
107
0 1 20 40
E, /N, [dB]
Fig. 11. BER performance of TOSM against E}/No for ns = 6

antennas. Despite the requirement of large antennas at the
transmitter, TOSM needs only one RF chain. For this reason,
it is reasonable to compare our approach to fixed-SM schemes
with the same 7,. Based on the obtained optimal N, we
evaluate the BER performance of TOSM. Assuming N, = 2
and Ep/No = 25 dB, Fig. 8 - 10 show the BER results against
the channel correlation for s = 4, 5 and 6, respectively. The
case of N = 1 is referred to as single-input multiple-output
(SIMO).

The following trends are observed: i) fixed-SM with more
antennas is not always better than those using fewer antennas.
This signifies that the benefit does not simply come from
employing more transmit antennas; ii) TOSM always performs
better than or equal to fixed-SM schemes, which validates
the optimization results; and iii) when 7, increases, TOSM
employs more transmit antennas and performs much better
than the fixed-SM with a small V. Specifically, TOSM slightly
outperforms fixed-SM with N = 2 at both low and high
correlations for ns = 4. However, for ns = 5 and 6,
TOSM can always achieve a significant gain except when
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Fig. 12. Transmit energy consumption of TOSM
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Fig. 13. BS energy consumption of TOSM for R; = 30 Mbit/s

the channel correlation is extremely high. Similar, but less
pronounced trends are noticed at lower SNRs. In Fig. 11, the
BER performance of TOSM is shown as a function of E}/Np
for ns = 6. As can be seen, TOSM significantly outperforms
the other schemes for all presented SNRs and various channel
correlation degrees. When the channels are independent, i.e.
ps = 0, TOSM saves energy in the regions of 0.8 dB, 8.7 dB,
and 15.1 dB relative to SSK, fixed-SM with N = 2, and
SIMO, respectively. As p, increases, TOSM outperforms SSK
more significantly. Conversely, fixed-SM with N = 2 is only
slightly affected by the channel correlation, and the advantage
of TOSM is diminishing with an increase of p;. However, the
gain of TOSM over fixed-SM with N = 2 still exceeds 4 dB
at p; = 0.8.

E. Energy Consumption

The overall BS energy consumption of TOSM is studied
in contrast to V-BLAST and STBC as well as fixed-SM. The
simulations are restricted in two aspects. On the one hand, the
number of transmit antennas for V-BLAST is limited due to
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5 100 —¥—SSK 1
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Fig. 14. Maximum transmission rate of TOSM
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Fig. 15. BS energy saving ratio between TOSM and STBC

the constraint NV, > N;. On the other hand, when using more
transmit antennas, SM can save more energy in RF chains. The
motivation here is to validate the energy efficiency of TOSM.
To carry out a relatively fair comparison, the case of 7, = 4
and N, = 4 is chosen, where TOSM employs four transmit
antennas for the channel correlation varied from 0 to 0.8. The
same 4 x 4 MIMO structure is arranged for both V-BLAST in
[26] and rate 3/4 STBC in [27]. In addition, the path loss is
assumed to be 100 dB without considering the shadowing.
Fig. 12 gives the transmit energy consumption results for
a target BER value of 1 x 10™%. It is noticed that, TOSM
provides a remarkable and stable gain of around 5 dB in
comparison with STBC and more with V-BLAST. The overall
BS energy consumptions in both the continuous mode and
the DTX mode are shown in Fig. 13. To maintain a certain
Ey, Pnax leads to a ceiling of the transmission rate. For this
reason, a bit rate of 30 Mbit/s is chosen to ensure the BS works
physically, and we compare TOSM with STBC to show the
trends. The following outcomes are observed: i) using the DTX
mode for TOSM provides a gain of around 1.4 dB over the
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continuous mode; ii) TOSM significantly outperforms STBC
for both the continuous mode and the DTX mode with energy-
saving gains of at least 6.3 pJoule/bit (56%) and 5.8 pJoule/bit
(62%), respectively; iii) compared with multi-stream MIMO
schemes, TOSM requests much less energy because of the
single RF chain requirement; iv) in both modes, the gain
obtained by TOSM increases as ps increases; and v) TOSM
saves more energy in the DTX mode than the continuous
mode, especially at high channel correlations. When ps = 0.8,
for example, TOSM outperforms STBC by 7.7 pJoule/bit
(57%) and 8.0 pJoule/bit (63%) in the continuous mode and
the DTX mode, respectively.

F. Maximum Transmission Rate

In contrast to multi-stream MIMO schemes, SM requires
only one RF chain, and therefore less energy is requested
to drive it. However, the maximum RF output power of SM
is 1/Nye of the MIMO scheme with N, active antennas,
and this restricts the maximum transmission rate of SM.
Fig. 14 shows Rpmax as a function of the channel correlation
in the same scenario of the previous subsection. As can be
seen, the maximum transmission rate of fixed-SM outperforms
V-BLAST, but is much smaller than STBC. Meanwhile,
TOSM offers a great improvement of maximum transmission
rate to the original SM and overcomes this disadvantage. In
Fig. 15, the BS energy consumption gains between TOSM
and STBC are presented in terms of the transmission rate.
As shown, the gain of TOSM obtained in the DTX mode
is larger than the continuous mode for various correlation
degrees. Also, DTX is much better than the continuous mode
when Ry, increases to the full load. This signifies that TOSM
is more robust and energy-efficient when combined with DTX.

VI. CONCLUSIONS

In this paper, we proposed an optimum transmit structure
for SM, which balances the size of the spatial constellation
diagram and the size of the signal constellation diagram.
Instead of using exhaustive search, a novel two-stage TAS
method has been proposed for reducing the computational
complexity, where the optimal number of transmit antennas
and the specific antenna positions are determined separately.
The first step is to obtain the optimal number of transmit
antennas by minimizing a simplified ABEP bound for SM.
In the second step, a direct antenna selection method, named
RCP, was developed to select the required number of transmit
antennas from an antenna array. In addition, a look-up table
was built in the case of c.i.d. Rayleigh fading, which can
readily be used to determine the optimum transmit structure.
Results show that TOSM improves the BER performance of
the original SM significantly, and outperforms V-BLAST and
STBC greatly in terms of the overall BS energy consumption.
A further study shows that TOSM is more energy efficient
when combined with the DTX mode than the continuous
mode. Furthermore, the issue with respect to the maximum
transmission rate in the SM systems has been addressed,
which is caused by the limited output power of a single
RF chain. It was shown that TOSM uplifts the maximum
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transmission rate of the original SM greatly, and diminishes
the gap between SM and STBC significantly. All these merits
make TOSM a highly energy-efficient, low-complexity scheme
to satisfy the requirement of high data rate transmission, and
an ideal candidate for massive MIMO [28]. Further research
will extend the optimum transmit structure to generalized SM
[29], where several antennas are activated simultaneously.
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Abstract—In this paper, a novel channel estimation (CE)
method is proposed for spatial modulation (SM), a unique single-
stream multiple-input-multiple-output transmission technique. In
SM, there is only one transmit antenna being active at any time
instance. While this property completely avoids inter-channel
interference, it results in a challenge to estimate the channel
information. In conventional CE (CCE) methods for SM, all
transmit antennas have to be sequentially activated for sending
pilots. Therefore, the time consumed in CE is proportional to the
number of transmit antennas, which significantly compromises
the throughput. By exploiting channel correlation, the proposed
method, named transmission cross CE (TCCE), has the following
characteristics: i) the entire channel is estimated by sending pilots
through one transmit antenna; ii) it requires no overhead or
feedback; and iii) it achieves a low computational complexity at
the receiver. In addition, we propose an analytical framework
to compute the distribution of the CE errors over time-varying
fading channels. The corresponding average bit error probability
(ABEP) bound of SM is also derived for the proposed method.
Results show that the proposed ABEP bound matches with the
simulations very well. When compared with CCE, the new method
obtains a signal-to-noise ratio gain of up to 7.5 dB for medium
and high correlations between the transmit antennas. Moreover,
an adaptive CE technique can be readily implemented for SM via
switching between CCE and TCCE.

Index Terms—Spatial modulation, MIMO, channel estimation,
channel correlation, time-varying channel.

I. INTRODUCTION

PATIAL MODULATION (SM) is a unique single-stream
transmission technique for multiple-input-multiple-output
(MIMO) wireless communication systems [2]-[4]. In SM, the
locations of the transmit antennas are used to carry information
as well as the traditional signal modulation. Therefore, com-
pared with single antenna systems, SM achieves an increase of
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the spectral efficiency by the factor of the base-two logarithm
of the transmit antenna number. More importantly, only one
transmit antenna is active at any given time in SM, which
completely avoids inter-channel interference encountered in
traditional MIMO systems. Furthermore, SM only requires a
single radio-frequency (RF) chain, regardless of the number of
transmit antennas used. This key property makes SM a truly
energy-efficient technique for large scale MIMO systems. Re-
cent research on SM has focused on studying its bit error ratio
(BER) performance over fading channels with the assumption
of perfect channel state information (CSI) [5]-[7]. Results show
that SM offers a better performance than many state-of-the-art
(SOTA) MIMO techniques while allowing a low-complexity
implementation.

However, perfect channel knowledge is always impractical
and channel estimation (CE) is of vital importance that can not
be neglected. In order to obtain the CSI at the receiver, pilot-
based CE [8] is commonly used where pilots, i.e. deterministic
symbols, are conveyed followed by the symbols carrying in-
formation. The pilot ratio is defined as the ratio of the number
of pilots to the number of total symbols. Unlike multi-stream
MIMO schemes such as vertical Bell Labs layered space-time
(VBLAST) [9] and space-time block coding (STBC) [10], SM
can send the pilots through only one antenna at a time. This
challenges the channel estimation process for SM which has to
sequentially activate the transmit antennas for sending pilots.
‘We refer to this method as the conventional channel estimation
(CCE), of which the pilot ratio is proportional to the number
of transmit antennas. Unfortunately, this fact has so far been
neglected in the SOTA literature. In [11] and [12], the BER
performance of SM with imperfect CSI is respectively studied
for uncorrelated and correlated fading channels. A similar work
on space shift keying (SSK) is proposed in [13], where different
lengths of the pilot sequence are considered. Although the
above papers fill some gaps in the knowledge, they have the
following limitations: i) the CE errors are arbitrary without
considering practical CE methods; ii) the relation between the
pilot ratio and the number of transmit antennas is not addressed.
Until now, only a few studies have been conducted in studying
CE techniques for SM. In [14], recursive least square (RLS)
is investigated for MIMO systems based on a single RF chain.
Another CE method for SM is proposed in [15], in which joint
channel estimation with data detection is applied. However,
these methods are developed based on existing CE techniques,
and the issue of costly CE time is unsolved. It appears that no
CE method specially tailored for SM has so far been proposed.

Because of the limited separation between antennas, MIMO
channels are normally correlated to some degree in practical
systems. This causes a degradation in the BER performance

0090-6778 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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for all MIMO schemes including SM. Therefore, CE in this
situation is required to be more accurate than that of uncorre-
lated channels. To date, most research in this area has focused
on the optimal design of training signals [16]-[18]. Few esti-
mators are specially designed for correlated MIMO channels,
and those few are based on specific channel correlation models
[19], [20]. Due to the complexity and uncertainty of channel
models in practical systems, the viability of those methods
is limited. In addition to spatial correlation, time-varying is
another challenge in channel estimation. With the aim of coping
with time-varying MIMO channels, sequential channel estima-
tion is proposed in [21], which is based on random-set theory.
However, to the best of the authors’ knowledge, no channel
estimation method has so far been proposed to exploit the
temporal and spatial channel correlation together.

In this paper, we aim to improve the CE performance for
SM by exploiting the channel correlation information in both
space and time. A novel CE approach, named transmission
cross channel estimation (TCCE), is proposed. Unlike CCE, the
new method estimates the whole MIMO channel by sending
pilots through only one transmit antenna. As a result, the CE
time is significantly reduced. More importantly, the proposed
method requires no overhead or feedback, while achieving
a low computational complexity at the receiver. Further, we
propose an analytical framework to compute the distribution
of the CE errors for time-varying channels. The corresponding
Average Bit Error Probability (ABEP) bound is also derived for
SM. Simulation results show that when the channel correlation
between transmit antennas is larger than 0.35, TCCE offers a
better performance than CCE with an Signal-to-Noise Ratio
(SNR) gain of up to 7.5 dB. Moreover, an adaptive CE approach
is available for SM by switching between CCE and TCCE.

The remainder of this paper is organized as follows.
Section II describes the system model, including the SM
transmitter, the channel model, and the receiver. The novel
CE approach for SM is proposed in Section III. Section IV
proposes a framework to compute the distribution of the CE
errors for time-varying channels. In Section V, we derive the
ABEP bound for SM associated with the proposed CE method.
Simulation results are presented in Section VI, and the paper is
concluded in Section VIIL.

II. SYSTEM MODEL
A. Spatial Modulation

An N; x N, SM-MIMO system is considered, where N; and
N, are the number of transmit antennas and the number of
receive antennas, respectively. The information to be conveyed
is separately carried by the spatial constellation diagram and
signal constellation diagram. The size of the spatial constella-
tion diagram is exactly the number of transmit antennas, while
the size of the signal constellation diagram is denoted by M.
The bit stream is divided into blocks of 7, bits, where 75 =
logy (N M) is the number of bits per symbol. Each block is then
split into two units of log, (N} ) and log, (M) bits and: i) the first
segment activates one of the transmit antennas, and we denote
the currently active antenna by t,.; ii) the remaining bits are
used to determine a symbol in the signal constellation digram,
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and the active antenna conveys this symbol that is denoted
by xi, | =1,2,..., M. The transmitted signal is expressed
by a vector x4, ; = [¥1, T2, ...,2n,]7, of which the t,c;-th
element carries x; and all other elements are zero.

B. Channel Model

In this paper, we consider a time-varying and spatially-
correlated MIMO channel. The fading coefficient of the link
between the ¢-th transmit antenna and the r-th receive antenna
is denoted by Ay ¢(n), Where n is the discrete time index. The
corresponding N x N channel matrix, denoted by H,), is
generated in two stages: i) create a channel matrix of spatial
correlation for the initial time, i.e. H(O); ii) yield a consecutive
channel based on the temporal correlation, while maintaining
the spatial correlation. It is worth noting that the proposed
CE method is not restricted to a specific channel model. The
channel model in this paper is for the purpose of theoretical
analysis and performance validation for the proposed method.
The study of different channel models is outside the scope of
this paper.

1) Spatial Correlation: The Kronecker model is widely
used to generate spatially-correlated channels [22]. According
to this model, the channel matrix is initialized as:

Ho = RY?G (R, ()

where G has the same dimension as Hg), and its entries are
independent and identically distributed (i.i.d.) complex Gaus-
sian distribution CA/(0,1); R; and R, denote the transmit cor-
relation matrix and the receive correlation matrix, respectively.
In this paper, the CE methods involved are individually imple-
mented at each receive antenna. Therefore, the receive antennas
are assumed to be independent without loss of generality, i.e.
R, is an NV, X N, identity matrix. The correlation coefficient
between the t1-th and o-th transmit antennas is denoted by
Pty t,» and the transmit correlation matrix is written as:

1 pP1,2 P1,N,
P21 1 P2,N;
R; = . . . )
PNea PNz vt

The exponential correlation model in [23] is considered,
which is based on the fact that the spatial correlation decreases
as the distance between antennas increases. We use d;, ;, to
represent the Euclidean distance between ¢; and to, and d is
the reference distance. Then the correlation coefficient between
two transmit antennas can be expressed as:

diy.tp

Pty =P ¢ 3)

where p is the correlation degree when two antennas are sepa-
rated at the reference distance.

2) Temporal Correlation: The Gauss-innovations channel
model in [24] is used to establish time-varying channels. The
channel matrix at the n-th time index is formulated as follows:

H(n) = \/&H(n,l) + '\/1 - aH’("), (4)
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where o is a parameter related to the user speed, and it is given

by [24, Eq. (10)]:
2
a=J (%) : ®)

where Jo(+) is the zeroth-order Bessel function of the first kind;
T is the sampling period; f is the center carrier frequency; v
and c denote the speed of mobile user and the speed of light,
respectively. The term H'(") is also generated from (1), but it is
independent of H,, ). In addition, H{,,, is independent from
time to time. Substituting (1) into (4), we have:

H() =R;” (\/c_vG(o) + mGl(l)) (Rim)H. ©)

It is straightforward to infer that H,) is a correlated
Rayleigh fading channel of the same correlation matrices
as H(y. Note that the above model also suits spatially-
uncorrelated and/or time-invariant channels, by setting the cor-
relation coefficients and/or the speed of mobile user to be zero.

C. Maximum Likelihood Optimum Detector

We denote the noise at the input of the 7-th receive antenna
by w,, which is assumed to be a complex Additive White
Gaussian Noise (AWGN) process with distribution CA(0, Np).
Across the receive antennas, the noise components are statis-

tically independent and denoted by w = [wy,wa, ..., wn,]|T.
The received signal is given by:

Y= hthl +w, (7)
wherey = [y1,¥2, ..., yn,]T and hy,_, is the t,-th column of

H. The signal-to-noise ratio (SNR) is defined as v = E,,,/No,
where E, is the average energy per transmission. The es-
timated CSI is denoted by H, and it is used to decode the
transmitted signal. Based on the joint maximum likelihood
detection in [5], the decoded information is obtained by:

|:£act7i] = g | b || —2R {yHﬁm}, ®)

where R{-} is an operator to extract the real part of a complex
number.

III. TRANSMISSION CROSS CHANNEL ESTIMATION
A. Conventional Methods

In the conventional channel estimation (CCE) methods for
SM, the transmit antennas are sequentially activated for sending
the pilots. At the receiver, the channel information pertaining
to the currently active antenna is estimated by a specific esti-
mator such as least square (LS), minimum mean square error
(MMSE), and recursive least square (RLS) [25]. In this paper,
we consider LS in both CCE and the proposed method to ensure
a fair comparison. Fig. 1 shows the pilot structure for CCE.
During each blue colored slot, a pilot symbol is sent through
the corresponding transmit antenna. Those slots are referred
to as pilot slots. The remaining time slots are used to convey
information-carrying symbols. The pilot ratio, denoted by 7, is
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Fig. 1. Block diagram of CCE for SM with N; = 4.

defined as the ratio of the number of pilots to the number of total
symbols. The estimation period Py is defined as the interval
between two adjacent CE processes of any transmit antenna.
The estimation period for CCE is given by:

N, T
Pcg = # ©9)

where T" denotes the symbol period. It can be found that the
CE period for CCE is proportional to the number of transmit
antennas. We use ¢; to denote the pilot symbol sent from the
t-th transmit antenna, and the signal obtained at the r-th receive
antenna is written as:

Yr(n) = hT,t(n)qt + We(n)- (10)

Since the channel estimation is individually implemented at
each receive antenna, the index of receive antennas is omitted
for the purpose of simplicity. The LS estimate for the ¢-th
transmit antenna is then denoted by Bt(n), and it is given by
[25, p. 224, Eq. (8.9)]:

= ; 2
ht(n) = arg;nln ||y(n) — hqt” . (11)
As both y,,) and g; are scalar, we have:
7 Y
homy = =2 (12)
at

After the channel information for all transmit antennas is
obtained at the receiver, it is used to decode the data symbols
until the next CE process comes. It is worth noting that, as
the transmit antennas are activated sequentially, a gap exists
between the pilot slot and the beginning of data transfer.

B. Proposed Method

The channel difference information (CDI), denoted by
AJi, 45 = hiy — hy,, is defined as the difference between the
channel fading coefficients of two transmit antennas ¢; and ¢o.
If CDI is known, then it is possible to obtain the full CSI of
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Fig. 2. Block diagram of TCCE for SM with N; = 4.

MIMO channels by estimating the channel information of any
single transmit antenna. In the other words, only one transmit
antenna is required to send the pilot signal to estimate the
entire MIMO channel. As a result, the CE time is significantly
shortened in comparison with CCE.

A constant channel difference is however unrealistic. In order
to make it available for time-varying channels, the channel
difference information needs to keep updated. Taking four
transmit antennas as an example, Fig. 2 depicts the block
diagram of the proposed method. The pilot transmissions are
represented by blue colored slots, similar as in Fig. 1. Note
that, unlike CCE, the pilot slots pertaining to different transmit
antennas are equally allocated along the time. At any pilot slot,
the CSI of the currently active antenna is obtained in the same
way as that of CCE. For those idle antennas, CSI is measured
based on the estimated CSI of the active antenna and the CDI
between the active antenna and the corresponding idle antenna.
We refer to this type of CE as correlation-based CE, which
is shown by yellow colored slots. The CDI for a certain idle
antenna is calculated at the latest pilot slot of that antenna.
The CSI of the currently active antenna at that slot, which is
highlighted in pink color, is corrected by using interpolation
based on the estimated CSIs at the current pilot slot and some
previous pilot slots. At any pilot slot, the algorithm comprises
four steps as follows.

1) Pilot-Based CE: At first, the pilot-based CE is imple-
mented for the currently active antenna, i.e. tact- The corre-
sponding estimation result is denoted by hy,_, (n)-

2) Channel Difference Update: For each transmit antenna,
the pilot is conveyed once for every N; pilot slots. At the
previous NN; — 1 pilot slots, the CSI of ¢, is estimated by
the correlation-based CE described in step 3. In this step, these
CSIs are corrected by a low-pass interpolation based on Etw (n)
and L—1 previous estimates Etacb(n,mt/m, 1=1,2,...,L-1.
The number of totally used estimates, i.e. L, is defined as the
interpolation sequence length. The corrected CSI is denoted by

4365

htacc(nfk/n)’ k=1,2,..., Ny — 1. For clarity, we choose the
simplest case of L = 2, and it gives:

. EN - k-
Pt (n—te/m) = (1 - ﬁt) Pt i (n) + (ﬁt) Pty (n=N /)

k=1,2,...,N,—1. (13)

For L > 2, interested readers are referred to [26]. Regarding
the ¢-th antenna, the last pilot-based CE happened at k¢ ¢, /7
slots before, where:

tact -t
tact —t + Ny

The channel difference between ¢ and ¢,.; is updated as
follows:

ift < tac

it > tacs. L)

1s)

AJi,tact ("*kt,tact /77) h ("‘kt tact /W) iact (" Et tact /W)

3) Correlation-Based CE: After collecting the CDI, it is
possible to measure the CSI of the idle antennas. To be
distinguished from pilot-based CE, the estimation result of
correlation-based CE is denoted by }’Lt(n) and it is obtained by:

he(m) = Bt () + AJt,tacc(nfkt,taCt/n)’ t# tact.  (16)
Substituting (13) and (15) into (16), we have:
. - et (+ B
ht(n) - ht("fkﬁ:facc/") W Nt : (ht“‘(") - htact(ant/n)) 2
3 7é tact~ (17)

Note that when ¢ = £, in (14), the value of k;;,  equals
zero. Correspondingly, the right side of the above equation
reduces to ﬁtm("). Therefore, the estimated CSI obtained by
both pilot-based CE and correlation-based CE can be written as
the same expression in (17). We denote the estimated CSI of all
transmit antennas as ﬁt("), and rewrite (17) as:

Kt toce

N, (htm(m htm(n—m/n))’
Ny (18)

ht(n) a ht(n*kt,tac:/n) +

t=1,...

4) Antenna Index Update: The index of the transmit antenna
to convey the pilot next time is then updated to:

t e {tact+l
act — 1

The flowchart of the proposed method is shown in Fig. 3,
where the dash lines indicate the communications between the
transmitter and the receiver. It is worth noting that there is no
need for extra transmission or feedback in TCCE. Compared
with CCE, the novel method only requires to store the previous
estimation results at the receiver. The CE period for TCCE is
computed by:

if tace < N¢

iftact =, Nt. (19)

Pcg = —, (20)
n

which is regardless of the number of transmit antennas used.
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Fig. 3. Flowchart of the proposed CE method.

IV. THEORETICAL ANALYSIS OF CHANNEL
ESTIMATION ERRORS

In this section, we focus on analyzing the CE error, which is
defined as the difference between the true CSI and its estimate.
At the receiver, the CE errors can be thought of as an additive
noise in addition to AWGN. The noise power, i.e. the CE error
variance, affects the SNR together with AWGN. In this section:
i) a framework is proposed to evaluate the CE errors for time-
varying channels; ii) for both CCE and TCCE, a closed-form
expression is derived for the distribution of the CE error.

A. Channel Estimation Error Modelling for
Time-Varying Channels

For a certain CE period, the CE error is denoted by €;() =
ﬁt — hi(n), Where izt is the constant channel estimation for that
period, and hy ) is the actual CSI. For time-varying channels,
a CE error consists of two parts: i) the error that occurs at the
estimation point, which we refer to as the estimator error; ii) the
error caused by the channel variation and this is referred to as
the variation error. As the CE process is periodic, we focus on
a single period and set the beginning of the estimation process
to be the time origin. Then the estimator error is expressed by
€4(0) = ht — hy(0)- It is presented in [27] that €4 (o) is a random
variable (r.v.) with a distribution of CA/(0, 02), where o7 is the
variance. We use €p(n) = hy(0) — hy(n) to denote the variation
error, and the CE error is therefore formulated as follows:

€t(n) = €t(0) T En(n)- (U29)]
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The variation error can be rewritten as:

n

€Eh(n) = Z (Pugi-1) — hegay) - (22)
i=1
According to (4), we have:
ht(i) = \/Eht(i_l) + 41— ah;(i), (23)

Assuming the user speed in (5) does not exceed 50 m/s, this
results in an o >0.989. Therefore, we can approximate f il
Substituting (23) into (22), it gives:

n
eny = —VI—a ) hig. 24)
=1

The variance of €, is denoted by ai(n), and itis calculated by:

Thmy = (1 — ). (25)
Note that both €5,y and €y comply with the complex
Gaussian distribution and they are independent of each other.
Therefore, the CE error €;(,) in (21) is distributed according
to CN'(0, 07 + 07 ,,)). The parameter o7 for both CCE and the
proposed method is studied in the following sections.

B. Conventional Channel Estimation

Based on (10) and (12), we obtain the estimator error of an
LS estimator is e, = %. The variance of er,g is the reciprocal
of the SNR value, and we denote it by o2g = "lv 1t is worth
noting that for the ¢-th transmit antenna, the gap between the
pilot slot and the beginning of data transfer is Ny — ¢ slots. As
a result, the parameter o7 for CCE is calculated by:

1
o} = 5 T =21 -a). (26)

After completing the CE process, information-carried sym-

bols are conveyed for the next N;(Ng — 1) slots where Ny is

the reciprocal of the pilot ratio. Combining (25) and (26), the
variance of the CE error for CCE is obtained as follows:

+ (Nt —t+n)(1—a),
=132

2
UEt (n) =5

y N (Ng —1). (27)

C. Transmission Cross Channel Estimation

We denote the latest pilot slot in TCCE by n'. Since there is
no gap between the pilot slot and the beginning of data transfer
in TCCE, we have:

(28)

t(0) = hu(w) = hagw).

Substituting (18) and (24) into (28) results in (29), shown at
the bottom of the next page.
Proposition IV.1: Terms A, B, and C are independent of
each other.
Proof: Term C' consists of all noise components, and
hence it is straightforward to infer that term C is independent
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of the other two terms. The terms A and B contain partial
information of H’(i) for different periods, i.e. different i. As
stated, H’(i) and H’( ;) areindependent Vi 7 j. Therefore, terms
A and B are also independent. ]

Consequently, the variance of €;q) is the sum of the variances
of terms A, B, and C. Similar to (25), the variance of A is
obtained as follows:

2
Var(A4) = M (k/‘twtact

. 5 ) 1-a), @0

where Var(-) is the variance of the variate in the bracelets.
Regarding term B, we denote 8(;) = ki, 1y, i) /Nt — Ry
Proposition IV.2: The variance of J;) is (’G‘I\‘Iif:“)2 +1-—
2Pt 6Kt
SEeRdt SOSSER,
P;‘oof: See Appendix A. |
The variance of term B is then calculated by:

ket (ktt )2 2Dt 00 1Kt t
Var(B) = —lact lact | 4 acttMhitact | (1 _ ) (31
()=t ( e itas ) 1a). 1)

Term C is the sum of noise components, and its variance is

given by:
Ee )2 1
Var(C) = 1+2(¢ —.
8 < Ny g/

Adding (30), (31) and (32), the estimator error of TCCE for
the ¢-th transmit antenna is formulated as follows:

(32

k k
ot = (M (1= ) +1) 1 - )

it
ket )2 1
+ [1+2( == —-. (33
< (Nt ol =
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Note that TCCE-based SM conveys (Ng — 1) symbols after
each estimation. The variance of the CE error for TCCE is
calculated by (34), shown at the bottom of the page.

V. ABEP BOUND FOR SM WITH PRACTICAL
CHANNEL ESTIMATES

Some research has been conducted on the BER performance
analysis for SM in the presence of CE errors, e.g., [12]. In the
SOTA literature, however, the distribution of CE errors for all
transmit antennas are assumed to be identical. In fact, in both
CCE and TCCE, the distribution of CE errors is related to the
index of transmit antennas. Based on an existing ABEP bound
for SM with perfect CSI, we derive a closed-form ABEP bound
in the case of practical channel estimations, where the CE errors
for different transmit antennas are considered to have different
variances.

A. ABEP Bound for SM With Perfect CSI

With the assumption of perfect CSI, a closed-form ABEP
bound for SM is proposed in [28]. When the signal x;,, ;
is transmitted, the conditional average pair-wise probability
(APEP) of deciding on x; 1 is given by [28, Eq. (22)] as in (35),
shown at the bottom of the page. . The parameter +; denotes the
SNR for the symbol x;, and:

A=R,® (VI7R,), (36)

where ¥ = (x4, ; — X¢ ), and ® is the Kronecker product.
The parameters H and L are the mean and the covariance
matrix of H, respectively. In the case of Rayleigh fading,
we have H = On,.xn, which is an N, x IV, all zeros matrix,
and L =1Iy,n, where I, is an n X n identity matrix. The
vectorization operator vec(-) stacks the columns of the matrix
in a column vector.

n' =k s /M n’
kit =i Kt e
ao=Vi-a|== 3 | tVice X ( N Pea) ~ o)
e N/t =K /1L N
) B

+ w("/*ktytacc) + —ktvtact (w("’)
qt Ny Gtact
C

4 w("'*Nt/W) ) (29)

tact

o2 — ktytact (1 —9 ) +1 ktytact +n (1 _ a) +l1+2 kt)tact 2
s (n) N, Pt tact n N,

, n=01,....Ng—1 (34

1
,

1 €xp (—jjvec(I:IH)HA T+ %LA)f1 (ﬁH)H)

APEP(XtaC“l — xt,l’) = %

[T+ LA 69
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Consequently, the ABEP for SM can be approximated by
using the union bound [29], and this gives:

1 N(xtact,l — xt,l’)
ABEP< - 3 % 7773APEP(:QW = xep),
tact,l &,
37
where N(x¢, ., ; — X¢,) is the number of bits in error between
Xt,..,0 and xg 1.

acty

B. ABEP Bound for SM With Practical Channel Estimates

There are two aspects of the effect of CE errors on decoding:
i) the CE error of the currently active antenna, and ii) the CE
error of the idle antenna that is incorrectly decoded. The effec-
tive SNR 7,4 is defined as the SNR that considers both the CE
error and AWGN as the noise, and it is formulated as follows:

m
= , 38
1402 +mo? L

€tact

Yot (Xtqer,t = Xt,17)

where o2, is the average of the variances of the CE error for

the ¢-th transmit antenna. It is worth noting that 02, and o7,
affect the effective SNR in different ways. Since the signal
is sent through ¢,., the noise caused by its CE error is the
product of the transmit power and J?tm . The ABEP bound for
SM associated with a practical CE method can be obtained by
replacing y; in (35) with e

VI. SIMULATION RESULTS

In this section, Monte Carlo simulation results are presented
to validate the performance of the proposed CE approach. The
framework for the CE errors and the proposed ABEP bound are
verified. Further, the BER performance of SM using TCCE is
compared with CCE. Different numbers of transmit antennas
are considered. To ensure a fair comparison, the antennas are
located in a matrix with a normalized diagonal distance. The
correlation coefficient between the two ends of the diagonal is
thought of as the reference correlation [30], which is denoted
by pix. Based on this, the effect of channel correlations on both
CCE and TCCE is also studied. Furthermore, we analyze the
BER performance of SM under different user speeds. A pilot
ratio of 5% is assumed in all simulations [31]. The user speed
is fixed to be 5 m/s, except when studying its effect.

A. The Distribution of Channel Estimation Errors

At first, we study the CE error in terms of probability density
function (PDF). The main purpose is to validate the analytical
framework proposed in Section IV. The derivation in (34)
shows that the CE performance of the proposed method only
depends on Ny, SNR and channel correlation, regardless of IV,
and 7,. Taking N; = 8, v = 20 dB and p¢ = 0.5 as an exam-
ple, the PDFs of the CE errors for CCE and TCCE are shown
in Fig. 4 and Fig. 5, respectively. As mentioned previously, the
CE error is a complex variate like AWGN. Therefore, in each
figure, the results for the real part and the imaginary part of
errors are depicted separately. As shown, the CE errors present
a zero-mean complex Gaussian distribution, and the theoretical
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Fig. 5. PDF of the CE errors for TCCE.

PDF matches the simulation results very well. Another finding
is that the CE errors of TCCE are closer to their expectation
than that of CCE. In other words, the variance of CE errors in
TCCE is smaller than that in CCE. This signifies that, in this
case, TCCE offers a more accurate CE for SM than CCE.

B. ABEP Bound for SM Based on TCCE

Secondly, we focus on validating the proposed ABEP bound
for SM with practical channel estimates in Section V. Assuming
Ny =4, Fig. 6 and Fig. 7 show the BER performance of
SM based on TCCE for uncorrelated channels and correlated
channels, respectively. Two values of 7, 3 bits per channel per
user (bpcu) and 4 bpcu, are considered. It can be observed that
in both cases, the analytical bound is tightly close to the simula-
tions. Additionally, the BER performance tends toward stability
with an increase of SNR. When SNR is larger than 25 dB,
the BER curve becomes almost flat and a limit is put on the
achievable BER. The reason for this trend is that the CE error
becomes the dominant factor instead of noise.
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Fig. 6. BER of SM using TCCE over uncorrelated Rayleigh fading channels.
(Line) Analytical bound, (Dot) Simulation.
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Fig. 7. BER of SM using TCCE over correlated Rayleigh fading channels.
(Line) Analytical bound, (Dot) Simulation.

C. BER Comparison With CCE

Thirdly, the BER performance of TCCE is compared with
CCE in three aspects: the channel correlation, the number of
transmit antennas, and the user speed. In order to focus on
studying the effect of the above factors, the number of receive
antennas is assumed to be four in all comparisons.

1) Effect of Channel Correlation: Fig. 8 shows the BER
performance of TCCE and CCE as a function of the channel
correlation. Sixteen transmit antennas and an SNR of 20 dB
are assumed. As shown in Fig. 8, the proposed approach falls
behind CCE when the correlation coefficient pix is smaller
than 0.3. The reason is that the performance of TCCE relies
on the channel correlation. For a low channel correlation, it is
difficult to track the channel difference information between
transmit antennas. However, when the parameter py is larger
than 0.4, TCCE offers a much better BER performance than
CCE. Similar, but less pronounced trends are noticed at lower
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Fig. 9. BER performance of SM in terms of SNR. A medium channel
correlation of pgx = 0.5 is considered.

SNRs. Based on the above analysis, an adaptive CE technique
is available for SM by switching between CCE and TCCE.

2) Effect of the Number of Transmit Antennas: Assuming
different numbers of transmit antennas, the BER performance
of SM for pix = 0.5 and pix = 0.8 is shown in Fig. 9 and
Fig. 10, respectively. The parameter 7, is fixed to be six to
ensure a fair comparison. Additionally, the case of perfect CSI
(PCSI) is considered as a benchmark.

The following outcomes are observed: i) compared with
CCE, the BER performance of TCCE is much closer to that
of PCSI; ii) when N, increases, the BER performance for
both CE methods degrades more rapidly than PCSI. However,
the reasons for CCE and TCCE are different. The CE period
of CCE is proportional to V¢, and therefore, the CE results
become less accurate when more transmit antennas are used.
Unlike in CCE, the CE period of TCCE is irrelevant to V.
However, with an increase of IV, the interval between two
adjacent pilot slots for a certain transmit antenna is increased.
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Fig. 10. BER performance of SM in terms of SNR. A high channel correlation
of pyx = 0.8 is considered.

This results in a less accurate channel difference information,
which causes a performance degradation in the correlation-
based CE. Furthermore, in a comparison to CCE, the energy
gain achieved by TCCE becomes greater as V; increases. Given
ptx = 0.8 and N; = 8, for example, an SNR gain of 2.8 dB is
obtained by TCCE to achieve the same BER value of CCE at
v = 20 dB. While IV; = 16, this gain is increased to 7.5 dB.

3) Effect of User Speed: The user speed directly affects the
coherence time in time-varying channels, and therefore, it is
essential to study its effect on the CE performance. Assuming
ptx = 0.8 and N; = 8, Fig. 11 shows the BER performance
of SM for different user speeds. The following outcomes are
observed: i) for both CCE and TCCE, the BER performance
degrades as the user speed increases; ii) with an increase of the
user speed, the difference between the performance of TCCE
and CCE diminishes. The reason for this trend is that when
the channel varies very rapidly, all CE techniques would fail
to perform properly for a fixed pilot ratio. Nevertheless, TCCE
still outperforms CCE in a significant way for a high user speed.
In the case of 15 m/s, for example, CCE reaches its achievable
BER of 5% at y = 15 dB. Meanwhile, TCCE requires only 10
dB to achieve the same BER value, which provides an SNR gain
of 5 dB when compared with CCE.

VII. CONCLUSION

In this paper, we propose a novel CE method that aims
to improve the performance for SM over correlated fading
channels. The basic concept of this new approach is to track the
channel difference information between transmit antennas, and
estimate the entire channel by sending the pilot signal through
only one antenna. Therefore, the CE period of the proposed
method depends on the pilot ratio only, regardless of the number
of transmit antennas used. Further, we propose an analytical
framework for the distribution of CE errors in time-varying
channels, and the corresponding ABEP bound for SM based
on the a practical CE method. Simulation results show that
for medium and high channel correlations, TCCE achieves an
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Fig. 11. BER performance of SM in terms of SNR for various user speeds.

The parameter pyx is assumed to be 0.8.

SNR gain of up to 7.5 dB in comparison with CCE. When the
channel correlation is very low, TCCE performs worse than
CCE because the channel difference information is difficult to
track in this situation. By switching between CCE and TCCE,
an adaptive CE technique is available for SM that is a promising
MIMO scheme for future communication systems.

APPENDIX A

For two complex variates X and Y/, the variance of their sum
is given by:

Var(X +Y) = Var(X) + Var(Y) +2Cov(XY), (39)
where Cov(X,Y) =E[(X — px)(Y — py)*] is the covari-
ance of X and Y; E[] is the mathematical expectation; px
and py are the means of X and Y, respectively; (-)* is the

conjugate operator. Therefore, the variance of d;) is formulated
as follows:

Fttae |
Var(di)) = ( tj\t[t ) Var (h'tw(i)) - (—hé(n)
k; t
+ 2Cov (%h’tm@, <—h;(i))) . (40)

Since hj ) and R} are both zero-mean complex
Gaussian random variables with variance of one, so we have
Var(h;__ ;) = 1and Var(— ’t(i)) = 1. Using the definition of
covariance, the covariance part in (40) is computed by:

Kt tace Kt o i
Cov (Tthiw (i’ (—h'tw)) == F [P (i) ] -
41
Note that, because the means of h;m ) and h;(i) are zeros,
ER, . (i) (Ry;))*]is exactly the covariance of hj ;) and Iy ;).
According to the definition of correlation, we have:

Cov (h’tw(i), hlt(i))

Ptitacy = .
\/Var (Phoney) Var (Bis))

(42)
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Therefore, the covariance part in (40) is obtained by:

Kt tace Kt tace
CO"( N e (_h;(i)>) =N Pt )
The variance of §(;) is then computed by:
_ (it ) 2Dt tact Kt tac
Var (0¢) = ( N ) +1 U @)
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Abstract—A unique characteristic of spatial modulation (SM)
is the three dimensional constellation diagram. This enables to
trade-off traditional signal constellation diagrams with spatial
constellation diagrams where the latter is defined by the physical
antenna array. In this paper we investigate the optimum pairs
of signal and spatial constellation sizes with respect to average
bit error probability (ABEP) and energy efficiency. The analysis
is performed for varying antenna correlations and channel
conditions. Both numerical and closed-form results are presented
which show that a significant performance gain can be obtained
when the optimal constellation pairs are used.

I. INTRODUCTION

Spatial modulation (SM) is a recently proposed modulation
concept for Multiple-Input-Multiple-Output (MIMO) wireless
systems [1], which combines traditional signal modulation and
space shift keying (SSK). Unlike conventional spatial multi-
plexing schemes, it achieves the diversity gain by exploiting
the location-specific property. Recently, it has been shown
that SM can outperform many state-of-the-art MIMO schemes
while achieving a low-complexity implementation [1], [2], [3].

In order to improve the performance of SM, an optimal
power allocation across the transmitters is considered to min-
imise the bit error probability [4], [S]. On one hand, these
results are based on specific values of two key SM param-
eters: signal modulation order and the number of transmit
antennas. On the other hand, the SM performance depends
on the channel correlation which plays a significant role
in MIMO technology. As a result, optimising two key SM
spatial modulation parameters should result in a better SM
performance. The average bit error probability (ABEP) of SM
over correlated fading channels has been extensively studied
recently [3], [6]. In [6], an ABEP union bound of SSK is
proposed which indicates the performance of SSK worsens
as the correlation degree increases. It is well known that
the conventional signal modulation (i.e., phase shift keying
(PSK) or quadrature amplitude modulation (QAM)) bit error
performance deteriorates as the constellation size increases.
Since the bit stream is split in SM and transmitted either via
signal modulation or antenna number, there exists a trade-off
between the sizes of signal and spatial constellation over corre-
lated fading channels. An optimal deployment can be obtained

978-1-4673-0921-9/12/$31.00 ©2012 IEEE

1 French National Centre for Scientific Research (CNRS)
Laboratory for Signals and Systems (LSS)
FEcole Supérieure d’Electricité (SUPELEC)
3 rue Joliot-Curie, 91192 Gif-sur-Yvette (Paris), France
marco.direnzo @lss.supelec.fr

through minimising the closed-form ABEP proposed in [3].
Of course, the price to be paid for this adaptive deployment
is the need of a priori correlation degree information between
each pair of channels, which can be realised by the correlation
estimator in [7]. To keep a moderate level of analytical
complexity, we restrict the number of receive antennas to one
and use PSK modulation. All the derivations are done under
the high SNR assumption in order to obtain a closed-form
solution. With the above assumptions, the contributions of
this paper are as follows: i) the ABEP optimisation problem
across deployments is solved in closed-form; ii) analysis of the
properties of optimal solution in different fading environments;
iii) the energy saving of optimal deployment with respect
to other structures is analysed. Finally, numerical results are
given to support the solution in some example scenarios.

II. SYSTEM MODEL

A N¢ x 1 SM system is considered in this paper, where N
is the number of transmitting antennas and there is only one
receiving antenna. The total symbol alphabet size and signal
constellation size are defined as R and M, respectively. SM
processing splits the log,(R) bits into two parts with log, (M)
and log, (V) bits, which implies that R = M x Ny The
first part of the bits is modulated by a signal constellation
scheme, i.e., PSK or QAM, and emitted through one of the
N, transmitters determined by the bits in the second part. In
this paper, identical distributed fading channels and PSK are
selected to give an analytical solution.

A. Notation

The notation adopted in this paper is as follows: i) If a
channel is Nakagami-m fading, define h ~Nakagami(m, §2).
When m = 1, it is Rayleigh fading; ii) E,, is the average
energy per transmission; iii) Ny presents the power spectral
density of the additive white Gaussian noise (AWGN) at the
receiver; iv) v = Ep, /No; v) 0 < py, 4, < 1 is the correlation
degree between two propagation fading paths from transmitters
t1 and t2 to the receiver. An identical correlation degree is
considered and denoted as p; vi) N (-) denotes the Hamming
distance.
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B. Channel Model

A flat slow fading channel model is considered. The impulse
response of the ¢-th transmitter to the receiver is h.({) =
a;6(¢ — 7¢), where oy = Bexp(j:) is the complex channel
gain and 7 is the time delay which can be ignored under the
assumption of perfect time-synchronisation.

C. Average Bit Error Probability of SM

The ABEP of SM can be computed by an improved upper
bound as follows [3, Eq. (6)]:

ABEP < ABEP;ign + ABEPguia + ABEPin (1)

where:
Ny
ABEPigna = 1200 -~ ABEPwon (1) ()
t=1
ABEP, i1 = lfog;z((f"];) L ZABEPSSK(Z) 3)
Ny M Ng
ABEPjoin = Togumy v D_ D D Z ABEPyix  (4)

t=1 I=1 {£t=1 [#£]=1

with the terms in summations defined as follows
%Z ®

where P;;(e) is the average symbol error of the I-th symbol,

ABEPvion(t) = rozany

N¢ N
ABEPssk(I) = im0 0 Na(f — t)APEP(E — 1)
t=1 {=
) =1 ) ©)
ABEPyx = NH((t7 Xl_) — (t7 Xl))APEP((tr Xl_) — (t: Xl))
@)

where APEP denotes average pair-wise error probability and
represents signal symbol. Average pair-wise error probability
(APEP) is the average error probability of pair-wise error
events. The APEP can be calculated as [3, Eq. (5)]:

APEP((f, xp) — (t,x1)) = Ea{Q(y/7lapx; — avxal?/4)}

®
III. OPTIMISATION OF SM ABEP
A. Objective function over Nakagami-m Fading

1) ABEP of SSK Part: Firstly, we focus on ABEPpgal
in the union bound. Under the assumption of high SNR, a
closed-form APEP of SSK over correlated Nakagami-m fading
channels is proposed in [8, Eq. (15)]. The APEP formula can
be rewritten as:

be — m* T (my 4+ mg + 2k — 1)
S8 (1 — p, ) (/P )™ 1T ()
my — 1-my—m;—2k
+ ! > (11)
(Qt(l - Pt,i) (1 —p1)

In the case of identically distributed fading channels and
identical correlation coefficients, ie., my, = my, = m,
Qi = Qy, = Q and py, 4, = p, based on (10) and (11),
we can obtain ¢ and b as:

=i
—p
b— m™HIT(2m 4 2k—1) (2—)1 2m—2k (12)
Q2-m=2k(1-p)p™T I(m) \' "7
Substituting (12) into (9) provides:
APEP(i — t) =
L/1=-p\™' m X /p\eT@m+2k—1)
—f=—E o el il e ]
'y( 1 ) QI‘(m)Z(4) WTk+m) 0D

k=0

We set C = 4(332)" ' (m) Yo (4 )k%%
which is a constant for a certain scenario (spemﬁc m, (2, p).
By considering encoding the log,(/NV¢) bits provided to spatial
constellation by Gray codes, there are log,(V;)/2 errors. The
total Hamming distance of any one symbol to all the other

symbols can be computed as follows:

Ny N
Y Nu(f—t)= é log, (V) (14)
=1
Substituting (13) and (14) into (3) gives:
C
ABEPgp01 = ————- V¢ 1 N; 15
patial ~Tog,(F) +1ogy () (15)

2) ABEP of Signal Modulation Part: The average symbol
error of PSK over Nakagami-m fading channel for a single
receiver can be computed as follows [9, p. 271, Eq. (9.16)]:

MI\/;lﬂ, s 20w —-m
Py(e) = %/0 <1+Ln (M)> do.  (16)

msin? 6
Cons1der1ng the assumption of high SNR, which means

%ﬁo_) > 1, (16) can be approximated as

m M—1

1 m e

Pe)=—| ——- in®™(9)d6.
“ W(vsinz(ﬁ)) fp =D

an

For enough large M, fo%"sinzm(G’)de = [ sin®*™(6)do
which is independent of M and sin(§;) ~ 7. A simplified
closed-form ABEP;sn.1 can be obtained by substituting (17)
into (2):

+2k—1 m m
. (15) 4<% 7 1 ( m) om [T om
APEP(t — t) = = : 9 ABEPgong = ———— | — M sin“™(6)d0
0" ey e @ o (Byr Ay o
where We denote B = -2 Jo sin?™(0)df, which is a constant
(i + me) P gk
O = M T M)/ Pi (10) for a specific fading scenario. Thus, the above equation can
L (1 - Pi.t) be rewritten as:
4050
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_B
™ log,(R)
3) ABEP of Joint Part: Since PSK modulation is used, the

symbol of signal constellation is x; = kiexp(jyi), where
k1 = ko = ... =k = 1. We can then rewrite (8) as follows:

ABEPgigpa = M 19)

APEP((£, x7) — (t,x1)) =

Ea{Q(y/ 118z exp(i (s + 1)) —Br expli s + o0) 2/4)}
(20

¢ is a random variable (RV) with uniform distribution
over [0,27], while ¢; is a constant. The new RV, ¢; + ¢y,
also has a uniform distribution over [0,2n], and, as a re-
sult, APEP((%, x7)— (¢, x1))=APEP({—t) = 2C/~. Denoting
D=z Zivzﬁ Elj\il Zth=1 Zi’ﬁlﬂ Nu((t,xp) — (,x0)
ABEPjin; can be formulated from (4) and (7) by:

D 2C
ABEPjjipy = ————— 21
o gy () .
where D can be calculated similar to (14) as:
N¢(M —1 Ne—1)M
p= -1 log, (Ne) + - DM logy (M) (22)

Substituting (22) into (21):

ABEPjgin = {Rlogy(R) — M logy (M)

_<¢
7 logy(R)

- Nt logZ(Nt)} (23)
Combining (15), (19) and (23), the objective function to be

minimised can be obtained as:

Obj(M) = {Rlog,(R) — Mlog,(M)}

g B
™ logy(R)

B. Minimisation of Objective Function

7log,(R)

M?*™ M c[1,R] (24)

In order to reduce the variable to a moderate scale, we
choose z = log, (M) rather than the signal constellation size
M. Denoting K = log,(R), the objective function is rewritten
as

Obj(z) = 2(2KK72””1)+L(2”)27" z € [0,K] (25)
K’Y K’ym ? 7
The minimum of the objective function can only exist at the
zero-derivative point(s) or the borders. After differentiating the
right side of (25) with respect to = and setting it equal it to
Zero:

2mB log(2)
Ky
However, applying this method as is infeasible due to recursive
searching. Instead, we propose a segmental optimisation so-
lution with low complexity which maintains the performance.
Since it is difficult to expand 2* by Taylor expansion on a
large scale, we break up the whole interval to decrease the

(27t — 1%{1 +zlog(2)}2°=0  (26)

expansion order. Three term expansion and range [a—1,a+1)
are selected, where a = 1,3, .... 2% — 1 can be expanded as:

2%lzela-1,a+1) = 2{1+ (z—a) log(2) + %(w—a)2(10g(2))2}

@7
Now we can obtain a posynomial objective function by sub-
stituting (27) into (25) and work out a closed-form solution in
each segment. A specific form for the Rayleigh fading scenario
will be given in the next subsection.

C. Special Case of Rayleigh Fading

Considering Rayleigh fading scenario, we substitute m = 1
into (26) to get:

2Blog(2)
Ky
K and +y are non-zero and can therefore be removed from the
above equation to get:

2Blog(2)4" — C{1 + z1og(2)}2" =0

(2%)% — %{1 +zlog(2)}2°=0 (28)

29

As mentioned before, B and C' are determined by the Nak-
agami fading parameters (m, 2) and the correlation coefficient
p between transmitters. Therefore, without considering the
influence of the segment ends [0, K|, the minimum point does
not depend on the total bits number K or signal to noise
ratio « but it only depends on the correlation coefficient p.
A specific form objective function under the Rayleigh fading
can be obtained from (27) and (25) as:

Obj()|sefa—1,0+1) = Aaz* +A37°+ As2® + A1z + 4y (30)

where

A4:4;—43(10g 4)*

A3=4°B{—1(log4)3a + L(log4)*}—$2%(log 2)?

Ay=4°B{(log4)%a* — (log4)%G + 1 (log4)?}
—20C{—1log(2)a + log(2)}

Ay=49B{— 218053 | 910g(4)a%—2log(4)a+ log(4)}
—20C(3a® —a+1)

Ap=4°B(%a' — 3a° +2a° — 2a+ 1) + 2XKC

(€2))
and @ = alog(2). By substituting a = 1, 3,. .., the minimum
point of each segment can be directly obtained and denoted
as m;. Including the borders value, the minimisation of the
global range [0, K| can then be calculated as

min {Obj(m;)li=1,2....}- (32)

IV. RESULTS
A. Optimisation Results Over Different Scenarios

In this Section, we investigate how optimum signal con-
stellation size, M, is affected by correlation, parameter m
in Nakagami-m fading, SNR and total symbol size R. In
Fig.1(a) and Fig.1(b), we show numerically obtained results
for optimal M, as indicated by circles, on curves for a
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range of possible values. For a fixed SNR, the optimal M
increases as the channels are more correlated, as can be seen
from Fig.1(a). Meanwhile, as the Nakagami parameter m is
increased, the optimal M increases, as seen in Fig.1(b). In the
case of identically distributed Rayleigh fading channels with
a fixed correlation degree (p = 0.5) and SNR equal to 40 dB,
optimisation results for different R are displayed in Fig.2(a).
Although (29) does not depend on R, due to the fact that the
segment limit does depend on R, one can see in Fig.2(a) that,
for relatively small R, optimum M is smaller than for larger
R. However, in the case of identically distributed Rayleigh
fading channels with a fixed correlation degree (p = 0.5) and
R = 64, optimisation results show in Fig.2(b), as expected
from (29), that the optimum M does not vary for different
SNRs. Therefore, we can summarise the trends as: in the
case of Rayleigh fading, optimal M increases as correlation
increases, it has no dependence on SNR and the influence of
total symbol size R is only noticed for small R. When the
Nakagami parameter m increases, optimal M increases.

- x 10~° ABEP Optimisation over Correlated Rayleigh Fading, R=64, SNR=40dB
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Fig. 2. ABEP optimisation over Rayleigh fading with certain correlation

TABLE I
PRACTICAL OPTIMISED SM DEPLOYMENT (M, N¢)

p/R | R=16 | R=32 | R=64 | R=128 | R=256
p=0.01 | (16,1) | (162) | (164) | (16,8) | (16,16)
p=0.1 | (16,1) | (162) | (164) | (16,8) | (16,16)
=05 | (16,1) | (162) | (164) | (16,8) | (16,16)
p=07 | 16,1) | G321) | 322) | (324) | (32.8)
=09 | (16,1) | (32,1) | (64.1) | (642) | (64.4)

B. Practical Optimised SM Deployment

In practical SM deployment, both the transmitter number N,
and PSK symbol alphabet size M must be an integer power of
2. Table I lists best combinations of M and N; over correlated,
identically distributed Rayleigh fading channels. As can be
seen, the optimal choice depends on the correlation degree p
and R in an intricate way: for smallest value of R, it is best
to have N; = 1, but as R increases, best choice of M and N;
depends strongly on the correlation degree.
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C. Comparison of Required SNR for a Fixed BER

Optimised deployment of SM also provides a decrease in the
required SNR while maintaining a certain bit error probability.
Fig.3 shows the SNR needed over different deployments in
correlated Rayleigh fading with p = 0.5, R = 64, which
is one of the examples listed in Table I. As can be seen,
in this scenario, to maintain a BER=1 - 1073, the optimised
deployment can save up to 2.16 dB when compared to the
worst case.

Required SNR to maintain BER=10" (p=0.5, R=64)

50 T T

—

0 1 2 3 4 5 6
signal constellation size: IogzM (bits)

Fig. 3. Comparison of required SNR for varying M

V. SUMMARY AND CONCLUSIONS

In this paper, a closed-form ABEP optimisation has been
proposed. Under channels with time-variant correlation degree,
the adaptive optimal deployment for spatial modulation can
significantly improve the performance while maintaining the
total symbol size. In the scenario of Rayleigh fading, the
optimal choice of (M, N;) only depends on the correlation
degree for large total symbol size R and it does not depend
on the SNR. An SNR required to maintain the same BER can
be decreased if the optimal signal symbol size M has been
used for SM deployment. We also note that the optimum M
increases as the m parameter of Nakagami fading increases.
We note that the optimal power allocation in [4],[5] can be
embedded in this scheme to further improve the performance.
In future research, other modulation schemes, such as QAM,
and the case of multiple receivers will be studied.
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Abstract—Radio frequency (RF) chains are responsible for a
large percentage of the total BS energy consumption and each
RF chain can only support one activated transmit antenna at a
time. This fact greatly benefits spatial modulation (SM) since
at any given time instance only one antenna in an array is
active. The proposed transmission optimised spatial modulation
(TOSM) is an adaptive SM scheme which trades off the spatial
constellation size with the signal constellation size to minimise
the average bit error probability (ABEP) for a given channel
correlation. It outperforms fixed-SM scheme for different channel
correlation degrees. In this paper, we construct a single RF
chain BS based on TOSM which has low complexity and high
energy-efficiency. Simulation results show that for a given spectral
efficiency of 6 bits/s/Hz and two receive antennas, the proposed
scheme outperforms 2x2 V-BLAST by at least 3.8 dB in energy
consumption.

Index Terms—Base station, energy consumption, MIMO, spa-
tial modulation (SM), transmission optimised spatial modulation
(TOSM), single RF chain BS, correlated fading.

I. INTRODUCTION

ITH the aim to reduce operating cost and the carbon

footprint of wireless networks, an overall energy re-
duction is required in the region of two to three orders of
magnitude [1]. At the same time, a significant increase of the
network spectral efficiency from currently around 1.5 bits/s/Hz
to at least 10 bits/s/Hz is needed to cope with the exponentially
increasing traffic loads. Fig. 1 shows the structure of a State-
of-the-Art (SotA) BS which consists of such components as
RF chains, baseband processors, DC-DC converters, cooling
fans, etc [2], [3]. Each RF chain requires a power amplifier
(PA) and PAs consume about 60% of the entire energy of an
RF chain [2].

Minimising the RF transmit power is not sufficient because
of the large amount of quiescent power in the power amplifier.
Cell discontinuous transmission (DTX) enables to put a BS
into a sleep mode where energy consumption is reduced to
a lower value than the active mode [4]. Based on that, an
optimisation of the BS power consumption is proposed by
using on/off PAs [5]. A similar research is done in MIMO

978-1-4673-3125-8/12/$31.00 ©2012 IEEE

1 French National Centre for Scientific Research (CNRS)
Laboratory for Signals and Systems (LSS)
Ecole Supérieure d *Electricité (SUPELEC)
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Fig. 1. SotA base station structure [2]

orthogonal frequency division multiple access (OFDMA) sys-
tems [6]. However, the above paper focus on the optimisation
within one RF chain. While MIMO systems offer high spectral
efficiency, unfortunately, they require multiple RF chains, i.e.,
multiple power amplifiers which heavily compromise energy
efficiency. Meanwhile, spatial modulation (SM) is a recently
proposed modulation concept which combines traditional sig-
nal modulation and space shift keying (SSK) [7]-[9]. It is an
unique three dimensional modulation scheme and uses only
one activated transmitter. This offers a significant opportunity
to save energy given that only one RF chain, and, hence,
only one PA is required. However, like all spatial multiplexing
MIMO systems, SM suffers from correlated fading channels
[10], [11]. With the aim to improve the performance of SM
in correlated channels, TOSM is proposed in [12]. It trades
off signal constellation size with spatial constellation size
to minimize the average bit error probability (ABEP) for a
given channel correlation degree. By combining the TOSM
scheme and the single RF chain structrue, a low complexity
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and energy-efficient BS system is proposed in this paper.

The remainder of this paper is structured as follows. Section
II introduces the SotA 2010 power model. Section III pro-
poses a novel scheme based on TOSM to reduce BS energy
consumption. Simulation results are presented in Section IV.
The paper is concluded in Section V.

II. SYSTEM MODEL

A N; x N, SM system is considered in this paper, where
N; and N, are the numbers of transmit antennas and receive
antennas, respectively. The spectral efficiency and the signal
constellation size are defined as  and M. SM processing
divides up the bit stream into blocks and each block has K bits.
A block is split into two parts with log, (M) and log, (V) bits.
The first part is modulated by the signal constellation diagram
and emitted through one of the IN; transmitters determined
by the second part. Perfect channel state information (CSI)
is assumed known at the receiver and the specific channel
signatures are exploited to extract the spatial constellation
points. Hence no explicit signalling for the spatial constellation
is required. The transmitted symbol is detected by the joint
maximum likelihood (ML) detection [13].

A. Channel Model

The channel distribution h is Nakagami-m fading with
parameters (m, {2), where m is the shape parameter (when
m = 1, the channel is Rayleigh fading) and € is the spread
controlling parameter. 0 < p;, +, < 1is the correlation degree
between two propagation fading paths from transmitters ¢, and
to to any one of the receive antennas. Ny presents the power
spectral density of the additive white Gaussian noise (AWGN)
at the receiver.

B. BS Power Model

1) BS with a single RF chain: A relationship between
RF output power and the total required power of a BS is
established in [3]. It divides the BS supply power into two
parts: constant and load-dependent (related to the RF output
power). Additionally, a sleep mode is provided to switch off
unneeded components when no data is transmitted. Under the
above consideration, several power models are proposed in
[14] to represent a single transmit antenna, one-sector BS.
In this paper, we adopt the SotA 2010 BS power model as
shown in Table I. | denotes the slope of the trajectory that
quantifies the load dependence. Pp,x is the maximum transmit
power, Py and P; represent constant consumption for the
active mode and sleep mode, respectively. The instantaneous
power consumption is given by [14, Eq. (1)] as a function of
the RF output power Pp:

Py +1P, if 0< P < Prnax
Psupply = . (1)
P, if P,=0

By defining the normalized duration of transmission as p,
the average overall power consumption is formulated as:

Pys = p(Po +1Pp) + (1 — p) Ps @

TABLE I
POWER MODEL PARAMETERS

Power Model | Py /W I Py /W Puax IW
SotA 2010 | 119 24 63 40

In this paper, the antenna is assumed to be active all the
time, i.e., 4 = 1. Thus, the overall power consumption for
one transmit system is simplified to:

Pss =Py + 1Py, 3)

2) BS with multiple RF chains: For multiple RF chains with
Nyt activated transmitters, the transmission power of each
antenna is 1/N,q of the total RF output power P,,. Thus, the
power consumption of a BS with multiple RF chains can be
formulated as:

Prm
Pgs = Nact (Po +1 Nw> “

When N, = 1, the above formula is the same as Eq. (3)
in the single RF chain scenario.

C. Fixed-SM and TOSM

Fixed-SM denotes the SM scheme which uses a fixed
combination of the spatial constellation size IV; and the signal
constellation size M. Without considering special encoding
methods, i.e., fractional bit encoding [15], both N; and M
must be a power of 2 to provide a full usage in the constellation
diagram. Thus, for a given spectral efficiency 7, there are
several feasible combinations of [Ny, M]. Fig. 2 gives an ex-
ample of the available Fixed-SM structures for given spectral
efficiency. In [12], we show that for given correlation degree
and 7, there exists a best choice of [Ny, M]. For a given 7,
TOSM adopts the corresponding optimal [Ny, M| for various
correlation degrees. Hence, it is an adaptive SM scheme to
channel correlation.

* 4 bits/s/Hz
x 6 bits/s/Hz
O 8 bits/s/Hz
x * 10 bits/s/Hz
s |, "
g0
c o x
S
k]
° o x
2
8 o x
© 1
,,E'; 10 . ° .
* o x
. o x
0 i i
10 0 1 2 3
10 10 10° 10

Transmitter Number: N,

Fig. 2. Available Fixed-SM structures for given spectral efficiency
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III. BASE STATION ENERGY CONSUMPTION
A. TOSM

The key of TOSM is to obtain the optimal choice of [M, N¢]
by minimising the ABEP over correlated fading channels. We
denote v = E,,,G/Ny, where E,, is the average energy per
transmission and G is the free space loss without shadowing.
An improved ABEP union bound of SM-MIMO is proposed
in [10]. Based on that, [12, Eq. (22)] provides the ABEP
objective function for a single receiver system where M is
the only variable. We extend that result to the multiple-receiver
scenario:

ABEP = %[2"17 — Mlogy(M)]y~Nr
B

& _MZmNr,Ymer (5)
n
with
_ 2Vr21(N,40.5) #N,
¢= Vml(Ny+1) f(m»QgP) ©6)
B = (2m/Q)™N" p—2mNy—1 Jo (sin 6)2™N-dg
where:
m—p)™ 1t IX p  T(@m+ 2k —1)
= —_— — — W 7
Jm.0.0) 21T (m) 2(4) 3]

24847 (KT (m + k)

It can be observed that parameters C' and B are constant for
given fading distribution and correlation coefficient (m, €, p).
With the assumption of identically distributed Rayleigh fading
(m =1, Q=1), Eq. (5) can be simplified to:

N,
T_{cl2m — Mlogy(M)] + BM*N} (8)

n
The term 2" does not depend on M thus can be removed
from the objective function. The optimisation problem is
formulated as:

ABEP =

min  Obj = C[2"n — M logy(M)] + BM?Nr

subject to: M =2%, where z=0,1,...,n

C))
As can be seen, over identically distributed Rayleigh fading
channels, the optimisation remains independent of SNR for
multiple receivers. The best selection of [M, N;] only depends
on the spectral efficiency 7, receiver number N, and corre-
lation coefficient p. After obtaining the optimal combination
[Mopt, Nt the required E,, to maintain a given ABEP R,
can be calculated as:

5 _ No (Obi(Mep)) ™
™ Q nR.

By defining the transmission rate as Ry, bits/s, the RF output
power of TOSM is given by:

10

TABLE II
SIMULATION CONFIGURATIONS. TRANSMISSIONS OF 6 BITS/S/HZ, USING
TOSM, FIXED-SM, AND V-BLAST

Transmitted bits TOSM Fixed SM V-BLAST
6 bits/s/Hz Variable | 2x2 32PSK | 2x2 8PSK
4x2 16PSK | 3x3 4PSK
R
Pp=En= (11
n
Substituting Eq. (10) into Eq. (11):
NoRy [ Obj(M, -
= (12227 < J( OPI)) (12)
nG nRe

B. BS energy consumption based on a single RF chain

Without considering the switching time, the overall BS
power consumed by SM can be formulated by directly ap-

plying Eq. (3):

Psy = Po+ 1Py, 13)
The energy consumption per bit Egy is given by:
Esv = Dom [Joule/bit] (14)
Ry

By substituting Eq. (12) and Eq. (13) into Eq. (14), the
energy consumption per bit of a BS based on TOSM is
obtained as:

[Joule/bit]

P, IN, (obj(Mopt)>’N a5

Brosm = — + —>
OMT R, G ks
IV. RESULTS

For the numerical analysis, we evaluate the TOSM scheme
in a Monte Carlo simulation and compare it with fixed-SM and
V-BLAST. A constant spectral efficiency = 6 bits/s/Hz and
correlated, identically distributed Rayleigh fading channels are
assumed. All compared systems are selected such that they
achieve the same spectral efficiency, as shown in Table II.
With the aim to provide a comparable receiver structure with
V-BLAST, we consider two receive antennas in both TOSM
and fixed-SM. Perfect time synchronization is assumed.

A. ABEP

As proved in Section IIL.A, for a certain spectral efficiency
and receiver number, the best combination of [M, N in
TOSM is only dependent on the correlation coefficient p. Table
IIT lists optimal selection of transmitter number /N;. As can be
seen, the best choice of N; decreases as p increases.

Based on the optimal NNV; selection, Fig. 3 shows the
simulation results of ABEP at an Ej, /Ny of 25 dB. Fig. 3(a)
demonstrates that the ABEP of TOSM, as a function of the
correlation coefficient p, matches the simulation result well.
Since the obtained relationship is an approximation of the
upper bound [10], it is below the simulation result for high
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TABLE III
TRANSMITTER NUMBER SELECTION OF TOSM (SPECTRAL
EFFICIENCY=6 BITS/S/HZ, N,-=2)

Tx Correlation p 01 (0203|0405
TOSM Transmitter Number | 16 | 16 16 16 | 16
Tx Correlation p 06 | 0.7 | 0.8 | 09 1
TOSM Transmitter Number 8 8 8 8 2

-3

Obj [TOSM]
Monte Carlo [TOSM]

ABEP
=

-5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Tx correlation coefficient p

(a) Simulation for TOSM

10 T T T T

TOSM 8

=0 Fixed-SM(N=2) 32PSK b,
Fixed-SM(N=4) 16PSK| ai

.-m-  Fixed-SM(N=8) 8PSK 0

10°0- =0 =@~ ©- ©0- -0 -0-9--0--06 1

ABEP
o~

0.2 0.4 0.6 08 1
Tx correlation coefficient p

(b) TOSM v.s. Fixed-SM

Fig. 3. Monte Carlo simulation results for ABEP at Spectral Efficiency=6
bits/s/Hz, Ey,/No=25 dB

correlation. In Fig. 3(b), it is shown that TOSM always outper-
forms fixed-SM schemes, except at a few overlapping points
where they use the same transceiver structure. Specifically,
TOSM is significantly better than two-transmitter fixed-SM
all the times except when p is close to 1. Furthermore, four-
transmitter fixed-SM has a performance close to the TOSM
for large p. However, TOSM performs better than fixed-SM
schemes when p is small. Similar, but less pronounced trends
are noticed at lower SNRs.

TABLE IV
SIMULATION PARAMETERS

Parameter Value

Carrier frequency 2 GHz
Bandwidth W 10 MHz

Pathloss 120 dB, without shadowing

Operating temperature T 290 K
Transmission Rate 10 Mbits/s

Target ABEP 10~3

Iterations 10000

B. Energy Consumption

In Fig. 4 and 5, we compare the energy consumption of
TOSM with other schemes in two forms: transmit energy
consumption and BS overall energy consumption, respectively.
The simulation is implemented under the parameters shown
in Table IV. To maintain a certain ABEP at low correlation
degrees, fixed-SM with a small N; requires a large SNR.
This is because SSK offers a large amplitude distinction when
channels are sufficiently diverse. As shown in Fig. 4, TOSM
reduces the required transmit energy per bit by up to 2.9 dB. A
similar situation, but with smaller margin, occurs in BS energy
consumption comparison, as shown in Fig. 5(a). The reason is
that transmission power 2.1 W~5.4 W (calculated from Fig.
4) results into a load-dependent power from 5 W to 13 W
through being multiplied by the slope coefficient. Compared
to that, the constant equipment-consumed power (119 W) has a
stronger influence in SotA 2010 power model. Fig. 5(b) shows
that TOSM outperforms 2x2 V-BLAST and 3x3 V-BLAST by
at least 3.8 dB and 4.8 dB, respectively, due to the advantage
of a single RF chain and optimisation of SM.

= TOSM
Fixed-SM(N~4) 16PSK
-o- . Fixed-SM(N;=8) 8PSK
= + = V-BLAST(2x2) 8PSK s

= B = V-BLAST(3x3) 4PSK
P

R

Transmit Energy Consumption [Joule/bit]
=

A
1.95 times (2.9dB) |,_‘_‘_‘,_.-Jll“
Ty RS S

=7

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
Tx correlation coefficient p

Fig. 4. Transmit Energy Consumption for target ABEP=10"3, transmission
rate=10 Mbits/s

V. SUMMARY AND CONCLUSION

In this paper, we have presented a comparison of TOSM,
fixed-SM and V-BLAST on the energy consumption metric
of the BS. Results show that fixed-SM with a small number
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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(b) TOSM v.s. V-BLAST

Fig. 5. BS Energy Consumption for target ABEP=10"3, transmission
rate=10 Mbits/s

of transmit-antennas requires large transmit power to maintain
a given ABEP at low correlation. By optimising the number
of transmitters, TOSM improves the performance for various
correlation degrees. Furthermore, TOSM requires only one RF
chain. This advantage enables it to outperform traditional spa-
tial multiplexing schemes on the metric of BS overall energy
consumption. Results show that for a given spectral efficiency
of 6 bits/s/Hz and two receive antennas, the proposed scheme
outperforms V-BLAST by at least 3.8 dB in terms of BS
energy consumption per bit. All these merits make TOSM a
promising scheme for low complexity, highly energy-efficient
transceivers and an ideal candidate for massive MIMO. Future
research directions will combine the proposed scheme with
other power optimisation methods such as DTX [4].
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Abstract—To improve the performance of spatial modulation
(SM) over correlated MIMO channels, transmit optimized spatial
modulation (TOSM) has been proposed recently. It trades off
traditional signal constellation diagrams with spatial constellation
diagrams to minimize the average bit error probability (ABEP).
After the optimum number of transmit antennas is determined,
the specific antennas need to be carefully chosen from the entire
array to provide a minimum ABEP. Like in conventional transmit
antenna selection (TAS) schemes, the problem can be solved by
an exhaustive search. However, this results in an unaffordable
complexity especially when the spectral efficiency is high. In this
paper, we propose a creative TAS approach for TOSM. Given a
required number of antennas, the novel technique determines the
selection solution based on circle packing. Simulation results show
that for various channel correlations and spectral efficiencies, the
proposed method achieves performance results close to exhaustive
search with a gap of less than 0.3 dB. The complexity is reduced
to an extremely low level.

Index Terms—Realistic circle packing (RCP), transmit antenna
selection (TAS), transmit optimized spatial modulation (TOSM),
correlated MIMO, average bit error probability (ABEP)

I. INTRODUCTION

SPATIAL modulation (SM) [1]-[3], combining traditional
signal modulation and space shift keying (SSK), is a rela-
tively new transmission technique for multiple-input-multiple-
output (MIMO) wireless systems. Unlike conventional MIMO
schemes, SM achieves multiplexing gains by considering an-
tenna locations as spatial constellation points. The result of
which is that SM only requires a single radio frequency (RF)
chain independent of the number of antenna elements. This
key property makes SM a truly energy-efficient large MIMO
technique. In [3]-[5], it has been demonstrated that SM offers
better performance than many state-of-the-art MIMO schemes
while achieving a low-complexity implementation.

Some recent works have considered using transmit antenna
selection (TAS) techniques to further enhance the performance
of SM. The basic idea revolves around selecting the optimum
antennas for the spatial constellation points [6]. In [7], a
TAS method is proposed by maximizing the minimum Eu-
clidean distance between received symbols. Additionally, a
capacity optimized TAS technique is conceived for SM in
[8]. However, both approaches have the following critical

Y French National Centre for Scientific Research (CNRS)
Laboratory for Signals and Systems (LSS)
FEcole Supérieure d’Electricité (SUPELEC)
3 rue Joliot-Curie, 91192 Gif-sur-Yvette (Paris), France
marco.direnzo@1ss.supelec.fr

limitations: i) they assume independent and identically dis-
tributed (i.i.d.) channels; ii) they need instant channel state
information (CSI), which results in the fitness for slow fading
only; iii) although a simplified criterion has been proposed to
lower the complexity, an exhaustive search is still required
to obtain the optimum antenna selection. This leads to an
unaffordable amount of computation for higher spectrum ef-
ficiencies. Meanwhile, based on the unique characteristic of
the three-dimensional modulation in SM, transmit optimized
spatial modulation (TOSM) is proposed [9], [10]. For different
channel correlations, TOSM trades off signal constellation size
with spatial constellation size to obtain the optimal number
of transmit antennas. This provides the minimum average bit
error probability (ABEP). One of the most notable advantages
is that, since the optimization is carried out by involving
statistic CSI rather than instant CSI, TOSM is also suitable for
fast fading channels. In our previous research [9], a constant
channel correlation model was assumed. As a result, each
antenna has an equal status and the required subset can be
picked arbitrarily. However, for a more practical scenario, such
as the exponential correlation model [11], there is a challenge
now to identify the optimum subset of antennas for SM.

Unlike conventional TAS problems, the issue here is to
arrange the required number of antennas in a position-fixed
array. In this paper, a novel TAS method based on circle
packing is proposed for TOSM. This heuristic scheme can
directly solve the previously mentioned selection problem
without invoking exhaustive search. Apart from the benefit of
low complexity, the optimum number of transmit antennas is
the only needed information at the transmitter, whereas those
methods based on exhaustive search require the index of each
selected antenna. The reason is that in the proposed method,
the selecting procedure is carried out at the transmitter instead
of the receiver. Thus, the feedback cost can be extremely
downsized as well. Simulation results demonstrate that the
proposed approach can achieve almost the same bit error ratio
(BER) performance as the exhaustive search.

The rest of this paper is organized as follows. Section II
describes the system model, including channel distribution and
correlation model. In Section III, the circle packing based
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TAS method for TOSM is proposed. Simulation results are
presented in Section IV. We conclude the paper in Section V.

II. SYSTEM MODEL

A N; x N, MIMO system is considered, where N; and N,
are the numbers of transmit antennas and receive antennas,
respectively. It is worth noting that the transmit antennas
actually used for SM are a subset of N;. We define N; = 27,
where 7, represents the target spectrum efficiency. The symbol
alphabet sizes of the spatial and signal constellation diagrams
are respectively denoted as N and M, and it is assumed that:
N x M = N,. The bit stream is divided into blocks with the
length of 7, bits and then each block is split into two units of
log,(N) and log,(M) bits: i) the first part activates a single
antenna out of N transmit antennas, which are chosen from
the entire size-V; array; ii) the second part is modulated by
a traditional signal modulation scheme, such as phase shift
keying (PSK) or quadrature amplitude modulation (QAM).
The selected symbol in the signal domain is transmitted by
the activated antenna.

The noise at the input of each receive antenna is assumed
to be complex Additive White Gaussian Noise (AWGN) with
power spectral density Ny per dimension. Across the receive
antennas, the noise is statistically independent. The signal-
to-noise ratio (SNR) is defined by v = nsEp/No, where Ej
denotes the transmit energy per bit. At the receiver, perfect
CSI is assumed. The transmitted symbol is detected by the
joint maximum likelihood (ML) detection proposed in [12].

A. Channel Model

A frequency-flat fading channel model is assumed. The
impulse response of the channel from the ¢-th transmit antenna
to the r-th receive antenna is denoted as h; .. Correlated and
identically distributed (c.i.d.) Rayleigh fading channels are
considered, i.e., h;, ~ Rayleigh(c), where o is the standard
deviation in each dimension.

B. Correlation Matrix Model

Since we focus on the transmit antenna selection, the receive
antennas are assumed to be independent, i.e., only the corre-
lation between transmit antennas is taken into account. The
correlation between two propagation links from the transmit
antennas ¢; and ¢; to the receiver is denoted as ptt;- In
this paper, we adopt the exponential correlation matrix model
stated in [11], which is based on the fact that the correlation
degree decreases with increasing distance between antennas.

As shown in Fig. 1, the total NV; transmit antennas are
located in a normalized square area, i.e., the length between ¢;
and t4 is unity and the corresponding correlation coefficient
between them is denoted as p,. Given 7, the number of
antennas in the first row of the antenna array results in:

2%
A: ns—3
3x22

if 0, is even

if ns is odd

A antennas A antennas
k dp, =1 J D =1 N

2 ta,a 2

%“YYYY Y
VVVVVV

YY & Y
Yy Y
YYYYY
YYYYY

(b) s = 5 bits/s/Hz

Y
Y
Y
M

(a) ns = 4 bits/s/Hz

Fig. 1. Transmit antenna array

When 7, is even, this results in a square antenna array of
dimension A x A. If n, is odd, the antennas are arranged in the
shape depicted in Fig. 1(b), where Ajpper = 952 According
to [11, Eq. (10)], py, 4, is calculated by:

dti,tj

Ptig; = Ps 0<ps<1

)
where d;, ;, represents the absolute distance between transmit
antennas t; and ;.

C. Fixed-SM and TOSM

Fixed-SM denotes the SM scheme using a constant com-
bination of the signal constellation size M and the spatial
constellation size N. Without considering special encoding
methods, e.g., fractional bit encoding [13], both M and N
must be a power of two. Therefore, for a given spectrum
efficiency, there are several feasible combinations of (N, M),
ie, N=2%and M =2""% 2 =0,1,...,7s.

In [9], we show that given a correlation degree, there exists
a best choice of (N, M). Furthermore, for a certain 7, with
different situations, such as different correlation degrees and
N,, the optimum number of transmit antennas for SM is
variable. A general finding in [9] is that it is better to use a
larger N for lower correlations and vice versa. By minimizing
the ABEP, the TOSM scheme chooses the optimal transmit
structure and, thus, improves the performance of SM over
correlated channels.

III. TRANSMIT ANTENNA SELECTION

After the optimal NN is determined by TOSM, the specific
antennas for the spatial constellation points need to be selected
from the size-N; array.

A. Exhaustive Search Criterion

A simplified expression of ABEP upper bound over
Rayleigh fading is given by (3), originally derived in
(10, Eq. (3)].

144



Selected Publications

Ns X 27 — M log, (M)
Ns

affected by correlation

ABEP =

¥y~ MCn

M2Nr

Ns

+

7B ()
signal modulation
where B and Cy are respectively specified in (4) and (5).
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Given N, and a fading parameter o, B is a constant and
therefore, the signal modulation term in (3) does not affect the
selection. The exhaustive search problem can be formulated as:

Topt = argmin Cn
T

subject to: T € S

©

where T is an N-element vector containing the selected
transmit antennas, and S represents the set of all feasible
combinations (1]\(;) Assuming N; = 64 and N = 16, for
example, the full search space is nearly 5 x 10'* which is
prohibitive for practical implementations.

B. Direct TAS based on Circle Packing

Since the correlation coefficient py, ;, is inversely propor-
tional to the distance dy,,, one rational selection rule is
to maximize the minimum geometric distance between any
pair of selected antennas. This can be transformed to a circle
packing problem which can be solved numerically [14]. Fig. 2
shows circle packing in a square for various numbers of
antennas which are located at the circle centers. In the original
mathematical problem, each circle must fit inside the square
boundary. Our problem is slightly different where only the
center of each circle must be inside the boundary. It is not
hard to infer that this scheme yields the same result as the
exhaustive search for N = 2 and N = 4. It is worth noticing
that this solution requires fully flexible positions. Therefore,
we refer to it as ideal circle packing (ICP).

As the antenna positions are fixed in the array, the required
antennas cannot be allocated perfectly by ICP. Instead, a
realistic circle packing (RCP) is designed through selecting
those antennas which are closest to the ideal positions. In
Fig. 3, an RCP selection result is illustrated for the case of
(NA‘,Z%Z). As can be seen, the pattern presents a similarity to the
solution for NV = 8 in ICP. With an increase of IV, the entire
array provides a larger flexibility in positions and, thus, the
RCP pattern becomes closer to ICP. Furthermore, based on a
similar sphere packing, this approach can be easily extended to
three-dimensional antenna arrays without increasing the TAS
complexity.

N=8

N=16

Fig. 2. Block diagram of circle packing in a square

Y Selected Antenna

Y Unselected Antenna

Fig. 3. Selection pattern based on circle packing (Nt = 32, N = 8)

IV. SIMULATION RESULTS
A. BER Performance of RCP

In this section, the performance of the proposed RCP
approach is evaluated using Monte Carlo simulation. Two
baseline schemes are considered for comparison: i) the ex-
haustive search of the optimization problem in (6) which is
denoted as “ES” in the following figures; ii) the worst selection
scheme which chooses neighbouring antennas. This scheme is
represented by “WS” in the sequel.

In Fig. 4, the BER performance is shown in terms of E},/Ng
for ns = 4 and 5 bits/s/Hz, respectively. Due to the intractable
complexity of ES, the results when 7, > 5 bits/s/Hz are not
presented. As can be seen, in both cases, the RCP scheme
achieves almost the same performance as ES with a gap of less
than 0.3 dB. Furthermore, the negligible difference between
RCP and ES is barely affected by the correlation degrees,
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Fig. 4. BER performance of RCP against Ep/Ng with N = 2 over c.i.d.
Rayleigh fading

while the performance of WS compared to ES worsens as the
correlation increases. To achieve a target BER of 1 x 10~ in
the case of (%Zg‘z), when compared with WS, RCP exhibits
SNR gains of 1.1 dB and 2.0 dB at p; = 0.1 and 0.9,
respectively.

B. Comparison between RCP and ICP

The comparison between RCP and ICP at an E,/Ng of
25 dB is demonstrated in Fig. 5. It can be observed that ICP
provides an upper bound of BER, while the performance of
RCP is very close to this bound. Furthermore, the gap between
RCP and ICP decreases further when the correlation changes
from the medium to two extremes. This is expected as both
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RGP (ns:4bits/s/Hz)
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Fig. 5. RCP vs. ICP for N = 8, N, = 2 with E/Ng = 25 dB

TABLE I
SIMULATION CONFIGURATIONS. TRANSMISSION OF 5 BITS/S/HZ WITH
Ny =2, USING TOSM AND FIXED-SM SCHEMES

| o | TOSM fixed-SM (N=2) | fixed-SM (N=32)
0.1 || N=8 QpsK
05 || N=8 QpsK

0.9 N =4, 8PSK

N =2, 16PSK SSK

methods are identical for the extreme cases of p;, = 0 and
1. Similar, but less pronounced trends are observed at lower
SNRs.

C. Energy Consumption

It is shown in [15] that SM exhibits significant energy
savings compared to other MIMO techniques since it only
requires a single transmitter chain including a single power
amplifier, regardless of the number of antennas used. Moti-
vated by this key property of SM, we compare the energy
consumption of TOSM with conventional fixed-SM schemes.
The sizes of spatial and signal constellations for each scheme
are arranged in Table I. More specifically, TOSM is performed
by combining with different TAS methods mentioned previ-
ously to illustrate the advantages of the proposed scheme. The
optimal NV for TOSM is determined by the approach proposed
in [10]. To carry out a fair comparison, the fixed-SM scheme
with two antennas uses the antennas at the two ends of the
diagonal, which provide the largest separation. Simulations
are implemented using the parameters listed in Table II. With
the aim to evaluate the RF output energy consumption at the
transmitter, we assume the free space path loss is 100 dB.
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TABLE II
SIMULATION PARAMETERS

Parameter Value
Carrier frequency 2 GHz
Path loss 100 dB, without shadowing
Operating temperature T 290 K
Target BER 1x1074
X 10°
[C__1TOSM with RCP
I TOSM with ES
35{ I TOSM with WS
- [___fixed-SM (N=2)
3 [ fixed-SM (N=32)
s 3 1
3
E 25
i
£
g2 2 34% J
8
g  —
g 15 I 1
s |
£ 60%
§ ! i 1
£
05 1
0
0.1 05 09

Fig. 6. Transmit energy consumption for s = 5 bits/s/Hz, N, = 2 with a
target BER = 1 x 10~%

From Fig. 6, the following outcomes are observed. Firstly,
RCP closely approaches the performance of ES with the
difference of 5.7% and 2.8% for ps = 0.1 and 0.5, respectively.
When p; = 0.9, the energy efficiency of RCP is equal to that
of ES. This is because both schemes arrive at the same se-
lection pattern for N = 4. The energy efficiency performance
of WS is inferior to all other schemes, especially at high
channel correlations where it causes TOSM to perform worse
than the fixed-SM schemes. Secondly, the energy saving of
TOSM is up to 34% compared to fixed-SM (N = 32) for
various correlations. In other words, more transmit antennas
may not provide a larger multiplexing gain for SM. The
reasons for this are two fold: 1) high correlations result
in compact points in the spatial constellation; 2) the signal
constellation can balance the minimum Euclidean distance
when the spatial constellation is becoming too dense. As can
be seen, when the correlation increases, the increasing speed
of energy consumption is proportional to IN. Thus, when
compared with fixed-SM (/N = 2), TOSM obtains a greater
energy saving (up to 60%) at lower correlations.

V. CONCLUSION

In this paper, a direct TAS approach called RCP, which
is based on circle packing, has been proposed for TOSM.
Results show that for various channel correlations and spectral
efficiencies, the proposed scheme closely approaches the per-
formance of the exhaustive search while achieving a negligible
computational complexity. On the contrary, conventional TAS

techniques which are based on an exhaustive search or partial
search, have an exponentially increasing complexity. This
benefit makes RCP more suitable for high spectral efficiencies.
Moreover, the number of required transmit antennas is the only
information that needs to be known at the transmitter for RCP.
When compared to fixed-SM schemes, RCP-based TOSM re-
duces the transmit energy consumption by up to 60%. All these
merits make RCP-based TOSM a promising scheme for low-
complexity, highly energy-efficient transceivers and an ideal
candidate for large MIMO systems. Futher researches will
involve more advanced cases, such as imperfect exponential
correlation model and arbitrary correlation matrices.
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Abstract—In single-stream multiple-input multiple-output
(MIMO) schemes, such as spatial modulation (SM) and space
shift keying (SSK), a single transmit antenna is activated at any
given time. Therefore, unlike multi-stream MIMO transmitters,
simultaneous pilot transmissions are prohibitive because of a
single radio-frequency (RF) chain. In state-of-the-art literature,
the channels of different transmit antennas are individually
estimated. As a result, more time is required to transfer pilots and
the effective data rate is compromised. In this paper, we propose a
novel channel estimation (CE) technique for single-stream MIMO
systems. Given a pilot ratio, the proposed scheme achieves the
same estimation period as multi-stream MIMO systems without
needing any additional information or feedback. Simulations
are implemented under a practical base station environment.
Results show that for various speeds of the mobile user, the
proposed approach significantly improves the performance of SM
in comparison to the conventional CE method.

Index Terms—Channel estimation, multiple-input multiple-
output (MIMO), single-stream, spatial modulation (SM)

I. INTRODUCTION

IRELESS systems continue to strive for exponen-
tially increasing traffic loads. To mitigate the enor-
mous resource consumption in bandwidth and energy, the
space domain has been exploited to increase the channel
capacity, i.e., multiple-input multiple-output (MIMO) systems.
With respect to the number of activated transmit antennas,
MIMO techniques can be categorized into two types: multi-
stream and single-stream. Multi-stream MIMO schemes, such
as vertical Bell Labs layered space-time (V-BLAST) and
space-time block coding (STBC), convey different information
through multiple active transmit antennas. In contrast, spatial
modulation (SM) is a relatively new single-stream MIMO
transmission technique, which achieves a multiplexing gain by
considering antenna locations as spatial constellation points
[1], [2]. Unlike conventional multi-stream MIMO schemes,
SM activates only one antenna at a given time and therefore,
fully avoids inter-channel interference (ICI). In [1]-[3], as-
suming perfect channel state information (CSI), it has been
presented that SM offers a better performance than many state-
of-the-art MIMO schemes while achieving a low-complexity
implementation.
However, perfect channel knowledge is always impractical
and channel estimation (CE) is essential to all of the above
schemes. A massive body of literature, e.g., [4] and [5], exists
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on the topic of CE for multi-stream MIMO systems, in which
all channels can be estimated simultaneously. Meanwhile,
regardless of the number of antennas used, SM only employs
a single radio-frequency (RF) chain including a single power
amplifier and thus, exhibits significant energy savings [6].
However, at each time, the pilots can be sent out through
only one transmit antenna as well. Consequently, using pilot-
based channel estimation, only the channel knowledge of
the active transmit antenna can be obtained at the receiver.
This leads to a challenge in channel estimation for single-
stream MIMO techniques, since more time is required to
estimate the full MIMO channel. In other words, for a fixed
pilot ratio, i.e., the ratio between pilot and total transmission
time, the estimation period is proportional to the number of
transmit antennas. Therefore, single-stream MIMO schemes
suffer more from CE errors, especially for a fast fading
scenario. Until now, little research has been conducted in this
field. To the best of the authors’ knowledge, only in [7] and [8],
CE techniques specifically tailored for SM are proposed. They
use recursive least-square (RLS) and joint channel estimation
with data detection, respectively. However, both methods were
developed based on existing techniques and did not cope with
the issue of more estimation time consumption.

Against this background, a novel channel estimation ap-
proach for single-stream MIMO schemes is proposed in this
paper. By exploiting channel correlation, this new method
greatly reduces the channel estimation time without increasing
the pilot ratio. Moreover, there is no need for any extra infor-
mation or feedback. An SM system is considered to study the
proposed method and to evaluate its performance compared to
a conventional CE technique used as a benchmark. A practical
spatial channel model [9], which is consistent with a channel
model developed within the 3rd Generation Partnership Project
(3GPP), is used to validate our technique. Simulation results
demonstrate that the proposed method significantly outper-
forms the benchmark channel estimation scheme.

The remainder of this paper is organized as follows. Section
II describes the system model, including the SM structure,
channel model and channel estimator. In Section III, the novel
channel estimation approach for SM is proposed. Section IV
presents the simulation results. The paper is summarized in
Section V.
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II. SYSTEM MODEL
A. MIMO System

A N; x N, SM-MIMO system is considered where N; and
N, are the numbers of transmit antennas and receive antennas,
respectively. Fig. 1 illustrates the system structure which is
comprised of an SM mapper, V; transmit antennas, MIMO
channels, N, receive antennas, and a detector.

In the SM mapper, the bit stream is divided into blocks
with the length of 7, bits, where 7, represents the spectrum
efficiency. The block at the discrete time index k is denoted as
q(k). Each block is then split into two units of log, (V) bits
and log,(M) bits, where M = 2" /N, is the size of signal
constellation points. The first part activates a single antenna
from the spatial constellation, and we denote the currently
active transmit antenna as ¢. The second part determines
the corresponding symbol from a specific signal constellation
diagram, such as quadrature amplitude modulation (QAM) and
phase shift keying (PSK), and sends it through the activated
antenna. Thus, the transmitted signal can be represented by
a vector X = [z1, %2, ...7th]T, where all elements are zero
except ;.

By denoting the channel gain between the i-th transmit
antenna and the j-th receive antenna as h;;, the MIMO
channel H can be written as:

hii hi2 - hin,
h21  hap2 ho N,
H= (1
hn.1 hn,2 hN, N,
and the received signal at the k-th time index is given by:
y(k) = H(k)x(k) + w(k) 2
where w = [w1,wa, ...,wn,]T is the noise vector. At the

input of each receive antenna, the noise is assumed to be
a complex Additive White Gaussian Noise (AWGN) process

hn,1(k) by, o(k) - hx\,ﬂJ

Spatial
Modulation
Joint ML
Detector

— a(k)

Nt x Ny Spatial Modulation System Model

TABLE I
PARAMETERS SETTING OF SPATIAL CHANNEL MODEL

Parameter Value
Number of BS Elements Ny
Number of MS Elements N

Height of BS 32m
Height of MS 15m

BS Antenna Separation 1 wavelength

MS Velocity 1/5/10 m/s
Scenario ‘urban micro’
Number of Paths 6
Carrier Center Frequency 2 GHz

with distribution CA(0, No). Across the receive antennas, the
noise components are statistically independent. We define the
signal-to-noise ratio (SNR) as v = E,, /Ny, where E,, is
the average energy per symbol transmission. At the receiver,
estimated CSI is used to decode the transmitted symbol by the
joint maximum likelihood (ML) detection.

B. Channel Model

With the aim to evaluate the proposed approach in a prac-
tical environment, the spatial channel model (SCM) proposed
in [9] is implemented. Complying with 3GPP TR 25.996, this
particular model provides time-variant channels for MIMO
simulations. In order to offer a reasonable separation between
transmit antennas, simulations are carried out assuming the
downlinks. Three scenarios are supported in SCM: urban
macro, urban micro and suburban macro. In this paper the
urban micro scenario with a single user is assumed, and path
loss and lognormal shadowing are not considered. Furthermore
for each channel realization, the mobile user is uniformly
distributed in a circular cell with the inner and outer radius of
35 and 500 meters, respectively. Some important parameters
are specified in Table I. Due to the space limitation, we refer
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the interested reader to [9] for more detailed information about
the channel model.

C. Least Square Estimator

In this paper, least square (LS) technique is applied for
pilot-based channel estimation in both the conventional and
proposed methods. As only the ¢-th element in x(k) is nonzero,
the signal obtained at the j-th receive antenna in (2) can be
simplified to:

y;(k) = hje(k)me (k) + w; (k) ©)
According to [10, p. 224, Eq. (8.9)], the LS estimator of

the above equation is given by:

hj (k) = arghminHyj(k) — hay(k)|? @

Since z:(k) and y;(k) are both scalar, the channels of the
t-th transmit antenna are estimated by:

III. CHANNEL ESTIMATION

i=1,20, N, ®)

A. Conventional Channel Estimation

For single-stream MIMO schemes, conventional methods
estimate the channels of different transmit antennas sequen-
tially [7]. In Fig. 2, an illustration of the sequential CE proce-
dure is shown for a two-stream system. As can be seen, the CE

N m
I I

Current Time

| Pilot-based CE

VEHIIH

[T

Y/ [N

| csicorrection

[ correlation-based CE

Fig. 4. Block diagram of the proposed channel estimation method

process takes up two time slots. The time interval between two
successive CE samples for the same transmit antenna is defined
by the estimation period 7cg. By denoting the symbol time as
Ts, the estimation period of the conventional CE method is
calculated by:

Tcg = Nt(Nd + 1)Ts 6)

where Ny is the ratio between data and pilot slots for one full
channel estimation period, i.e., the number of data symbols
per pilot.

B. Proposed Method

In practice, MIMO channels are correlated to some de-
gree because of the limited separation between antennas and
the given propagation environment. Based on SCM, Fig. 3
presents a realization for the channels from different transmit
antennas to the same receive antenna. The margin between
two such channels is defined by channel difference. It can
be observed that, the change of the channel difference is
relatively slow in contrast with the change of the actual
channels which is due to the channel correlation. This effect
can be exploited to improve the CE performance of single
chain MIMO systems. Fig. 4 demonstrates the concept of the
proposed method. Unlike the conventional scheme, the pilots
for different antennas are equally distributed along the time
axis. For a concise expression, we denote the index of the
estimation points as n as the index of data is not involved in the
estimation procedure. At any estimation point, the algorithm
encompasses four steps:

i) Pilot-based CE: In this step, the pilot is sent through
the ¢-th transmit antenna like in the conventional method. At
each receive antenna, the channel from the currently activated
antenna is estimated by a specific estimator (LS in this paper)
and denoted as hi(n).

ii) CSI correction: For each transmit antenna, the pilot is
conveyed once for every N, estimation points. The previous
N; — 1 estimated CSIs of the t¢-th antenna are obtained via
the correlation-based CE described in step iii. Those points
can be corrected by a low-pass interpolation based on the
current channel estimation (n) and L— 1 previous estimates
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fzt(n —INt),l=1,2,...,L—1.The number of used estimates
for the currently active antenna, i.e., L, is defined by the
interpolation sequence length. After being obtained from the
interpolation, the corrected CSI of the ¢-th transmit antenna is
denoted as f;(n —n'), where n/ = 1,2,..., Ny — 1.

Regarding the i-th transmit antenna, the latest pilot-based
CE happened at n} , time slots before where:

t—i if i<t
My = @)
folt-ir N f it

Thus at the time index n — n; ,, the difference between the
channels of the i-th and the ¢-th antennas can be expressed as:

AJi,t(” - ":t) = i%(" - ”;t) - ht(” - ”;,t) ®

iii) Correlation-based CE: In contrast to the individual
channel variations, the difference between channels can be
assumed changing less rapidly. Then, the estimated CSI for
those inactive antennas, denoted as h;(n), can be computed
based on h(n) and the previous channel difference:

hi(n) = hy(n) + Adse(n —nj,), i#t )

During the following data transmissions, hy(n) and hs(n)
are used for decoding.

iv) Antenna index update: At last, the index of the antenna
to convey the pilot next time is updated to:

t+1
t=
1

It is worth noting that all computations are processed at the
receiver and no additional feedback is required. Apart from
this, the computational complexity is linear to NV;. By applying
the proposed method, the estimation period is reduced to:

if t< N
if t= DN

(10)

Teg = (N + 1T, (11

IV. SIMULATION RESULTS

In this section, the performance of SM based on the novel
channel estimation method is evaluated under the practical
environment depicted in Sec. II. Two benchmarks are con-
sidered for comparison: i) the conventional method, which is
denoted as “CCE” in the sequel; ii) SM with perfect CSI.
According to the long term evolution (LTE) standards [11],
the symbol time 75 = 0.07 ms and the pilot ratio is given
by %, i.e., Ng = 20. Additionally, in order to balance the
accuracy against the complexity, the interpolation sequence
length in the proposed method is chosen to be L = 9.
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Fig. 5. BER performance of SM over realistic channels at 3 bits/s/Hz

A. BER Performance

Fig. 5 presents the bit error ratio (BER) performance of
SM as a function of the SNR, which is the same for pilots
and data, for different number of transmit antennas, i.e., the
power for data symbols and pilots is assumed to be the same.
In Fig. 5(a), a 2 x 2 SM system with quadrature PSK (QPSK)
is considered for various speeds of the mobile user. It is worth
noting that the case of perfect CSI is independent of the
user velocity. Unfortunately, the performance in the presence
of estimation error decreases while the speed increases. In
addition, the BER performance tends towards stability with
increasing SNR. This is because the CE error becomes the
dominant factor instead of noise. When compared to CCE, in
general terms, the performance of the novel approach is closer
to the performance of perfect CSI. At 1 m/s, the proposed
method outperforms CCE when SNR is larger than 25 dB.
However, for a larger user velocity, the proposed scheme is
always better than CCE. The reasons are twofold: i) at a low
velocity, the channel fading is relatively slow and thus, the
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benefit of the proposed method do not fully come into play;
ii) when transferring pilots with a smaller SNR, the impact of
the CE error is strong which causes the correlation-based CE
to suffer from error propagation.

The same evaluation for a 4 x 2 SM is studied in Fig. 5(b).
Assuming perfect CSI, SM with four transmit antennas,
which exploits more spatial information, is better than two-
transmitter SM in BER performance. However, SM based on
CCE performs much worse when compared to the Ny = 2
scenario. Given an example of 5 m/s, the achievable BER of
CCE-based SM drops from 2.7 x 1073 to 3.4 x 1072, The
reason for this is that CCE has a longer estimation period
with increasing N; and the estimation error is correspondingly
much larger. In contrast, SM based on the proposed method
can still benefit from the larger N; because its CE period is
regardless of V. In the same situation, the achievable BER
is improved from 6.8 x 1072 to 3.3 x 10~° by applying the
proposed approach.

B. Energy Efficiency

In this section, the transmitted data (not including the pilots)
per unit energy is compared between the conventional and pro-
posed CE methods in different N;. With the aim to calculate
the RF output energy consumption at the transmitter, we as-
sume the free-space path loss is 100 dB, which corresponds to
an average receiver-transmitter separation of 1200 m assuming
the channel model used in this paper [9]. From Fig. 6, the
following outcomes can be observed. Firstly, comparing the
proposed method with CCE, the data amount per unit energy
is increased by 8.3 and 10.0 times for N; = 2 and N; = 4,
respectively. In other words, the novel approach saves 88%
and 90% RF output energy to convey the same amount of data.
Secondly, when the number of transmit antennas is increased
from two to four, the increase of data per unit energy in SM
based on the proposed method is much larger than CCE.

V. CONCLUSION

A novel channel estimation scheme has been proposed for
single-stream MIMO systems. Unlike conventional methods,
where the channels from different antennas are individually
estimated, the proposed approach exploits the correlation
information between transmit antennas. Without the need for
feedback, the proposed technique achieves the same estimation
period as multi-stream MIMO schemes, and consequently,
the channel estimation time is independent of the number of
transmit antennas. In contrast, the channel estimation period of
the conventional method for single RF chain MIMO systems is
proportional to the number of transmit antennas. Simulation re-
sults assuming a 3GPP channel model show that the proposed
method significantly outperforms the conventional channel
estimation scheme, especially for a fast fading scenario. By
applying the proposed method, the SM-MIMO systems can
save up to 90% RF output energy. Furthermore, the proposed
channel estimation approach allows SM to be used in deploy-
ment scenarios where it unfolds its main advantages which is
in large antenna systems. This significant improvement makes
SM a promising candidate for practical future large MIMO
systems.
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Abstract—Spatial modulation (SM) is a single-stream multiple-
input multiple-output (MIMO) technique which only activates
one transmit antenna at a time. Apart from the complete
avoidance of inter-channel interference, SM also exhibits a great
energy saving in the radio-frequency (RF) chain. However, in
contrast to multi-stream MIMO systems, channel estimation (CE)
for SM becomes a challenge since the MIMO channel cannot
be estimated in one transmission step due to the single RF
chain. Motivated by this fact, a novel CE scheme has been
recently proposed which exploits the channel correlation and
jointly estimates the channels for different transmit antennas.
Without needing feedback, this new method achieves the same
estimation period as multi-stream MIMO schemes. In this paper,
a varying pilot ratio has been investigated in SM for both the
conventional and the novel CE methods. Balancing the accuracy
and the amount of data, an optimal pilot ratio can be achieved
for the peak throughput. Simulation results present that the novel
CE approach significantly outperforms the conventional method
with a much lower optimal pilot ratio.

Index Terms— Channel estimation, pilot ratio, spatial modula-
tion (SM), single-stream, MIMO

I. INTRODUCTION

URING the past decade, multiple-input multiple-output
(MIMO) techniques have been studied as a means to
exploit the space domain to increase the channel capacity.
With respect to the number of active transmit antennas, MIMO
systems can be classified to multi-stream and single-stream.
Two typical multi-stream MIMO schemes are vertical Bell
Labs layered space-time (V-BLAST) [1] and space-time block
coding (STBC) [2], in which different data streams are trans-
ferred through multiple antennas simultaneously. In contrast,
considering antenna locations as spatial constellation points,
spatial modulation (SM) is a relatively new single-stream
MIMO system [3]. Unlike multi-stream MIMO schemes, SM
activates a single antenna at any given time and, thus, entirely
avoids inter-channel interference. Furthermore, SM exhibits a
significant saving in quiescent power at the power amplifier
stage since it requires only one radio-frequency (RF) chain,
regardless of the number of antennas used.
In both schemes, channel state information (CSI) is required
at the receiver for decoding. As a result, channel estimation
(CE) is of vital importance, but it is often neglected and

978-1-4673-4919-2/13/$31.00 ©2013 IEEE

1 French National Centre for Scientific Research (CNRS)
Laboratory for Signals and Systems (LSS)
Ecole Supérieure d’Electricité (SUPELEC)
3 rue Joliot-Curie, 91192 Gif-sur-Yvette (Paris), France
marco.direnzo@1lss supelec.fr

ideal CSI is assumed. While the usage of a single RF chain
brings the previously mentioned advantages to SM, it leads
to a challenge in CE. Unlike multi-stream MIMO schemes,
SM requires more time to transmit pilots. In [4], a channel
estimation scheme for SM using the recursive least-square
(RLS) is proposed. Based on joint channel estimation with data
detection, another CE method is introduced in [5]. However,
in both methods, channels for different transmit antennas are
individually estimated which is referred to conventional CE
(CCE) in this paper. Given a proportion between the pilot and
total symbols, i.e., pilot ratio, the estimation period of CCE
is proportional to the number of transmit antennas. In other
words, the throughput of SM is compromised to maintain a
certain estimation period. To overcome this issue, we proposed
a novel CE approach for single-stream MIMO in [6]. On the
basis of channel correlation, this new method requires the
same channel estimation time as multi-stream MIMO schemes
without needing extra transmission or feedback. It has been
shown that, under a practical base station environment, the
proposed scheme can greatly improve the bit error ratio (BER)
performance of SM when compared to CCE.

In this paper, the effect of pilot ratio is investigated in both
the conventional and novel CE methods for SM. Pilot ratios
are essential for channel estimation in two aspects. On the one
hand, a larger pilot ratio can increase the estimation accuracy
and, thus, reduce the need for retransmissions. On the other
hand, the data rate is compromised since more time is required
to send the pilots. Therefore, by trading off between these two
factors, an appropriate pilot ratio can be determined to achieve
the peak throughput. Simulations are conducted for a single
mobile user under a practical spatial channel model [7], which
complies with 3rd Generation Partnership Project (3GPP) TR
25.996. Results show that the proposed approach achieves a
much larger throughput than CCE.

The rest of this paper is organized as follows. Section II
describes the system model. In Section III, the conventional
and the novel CE methods for SM are respectively introduced.
Section IV states the criterion to evaluate the performance on
different pilot ratios. The simulation results are presented in
Section V. The paper is summarized in Section VI.
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II. SYSTEM MODEL
A. MIMO system

A N; x N, SM system is considered in this paper, where
N; and N, represent the numbers of transmit and receive
antennas, respectively. In the SM encoding procedure, the bit
stream is divided into blocks with the length of 7 bits, where
ns denotes the number of bits per symbol. Each block is then
split into two units, corresponding to the spatial constellation
diagram and the signal constellation diagram. The first part
of logy(N:) bits activates a single transmit antenna from
the antenna array. We use ¢ to represent the currently active
antenna. The second part of the rest bits is used to select a
symbol from a specific signal constellation, such as quadrature
amplitude modulation (QAM) or phase shift keying (PSK).
Then the chosen symbol is sent out through antenna ¢.

The signal to be transmitted can be represented by a vector
X = [%1,...,Tt,...,2N,]T, where the t-th element is the
chosen symbol while others are zero. Denoting the channel
gain between the i-th transmit antenna and the j-th receive
antenna as hj,;, the MIMO channel H is written as:

hii hig hi,N,
h21  hap2 ha N,
H=

hn.1 B2 hy, N,
(6]
The received signal is also a vector which can be expressed

as:

y=Hx+w ?2)
where w = [wi,...,w;,...,wn,]T is the noise vector with

each element representing the noise at the input of each receive
antenna. Complex Additive White Gaussian Noise (AWGN) is
assumed, , i.e., w; ~ CN(0, Ng). Across the receive antennas,
the noise is statistically independent. The signal-to-noise ratio
(SNR) is defined by E,,, /Ny, where E,, represents the average
energy per symbol transmission. Joint maximum likelihood
(ML) detection [8] is used to decode the transmitted symbol
utilizing the estimated CSI.

B. Channel Model

The spatial channel model (SCM) [7], complying with 3GPP
TR 25.996, is considered in this paper to generate time-
variant channels for MIMO simulations. In order to provide a
reasonable separation between transmit antennas, simulations
are implemented in downlink. In SCM, three scenarios are
supported: urban macro, urban micro and suburban macro.
In this paper, the urban micro scenario is assumed for a
single user. Moreover, for each channel realization, the user is
uniformly distributed in a circular cell with the inner and outer
radius of 35 m and 500 m. Table I specifies the parameters
used the simulations. Due to the space limitation, we refer the
interested reader to [7] for more detailed information about
the channel model.

TABLE I
PARAMETERS SETTING IN SPATIAL CHANNEL MODEL

Parameter Value
Number of BS Elements Nt
Number of MS Elements Ny

Height of BS 32m
Height of MS 15m

BS Antenna Separation 1 wavelength

MS Velocity 1/5/10 m/s
Scenario ‘urban micro’
Number of Paths 6
Carrier Center Frequency 2 GHz

Y [ ONIHIED D

Y D Y (I
Y I Y I
Y [N Y (T

I Pilot-based CE
(a) Multi-stream MIMO

I Pilot-based CE
(b) CCE-based SM

Fig. 1. Transfer procedure of pilots

III. CHANNEL ESTIMATION METHODS
A. Conventional Channel Estimation (CCE) for SM

Conventional channel estimation for SM estimates the chan-
nels of different transmit antennas individually. The corre-
sponding pilot structure is illustrated in Fig. 1, alongside
a comparison with multi-stream MIMO. The time interval
between two successive CE samples for the same transmit
antenna is defined by the estimation period. For each estima-
tion period, the transmit antennas are activated one by one to
convey the pilots in CCE. It can be observed that, to achieve
the same pilot ratio, CCE-based SM requires a much longer
estimation period than multi-stream MIMO shemes. The pilot
ratio is denoted as 7, and the estimation period for CCE is
given by:

N T,

Tece = 3)
where T represents the symbol period.

At each channel estimation slot assuming CCE, a specific
estimator, such as least square (LS), minimum mean square
error (MMSE) or recursive least square (RLS) [9], is applied
to estimate the CSI of the currently activated antenna. For a
fair comparison, LS is assumed in both CCE and the novel
approach described in the following paragraph.
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Fig. 2. Transmit cross channel estimation

B. Transmit Cross Channel Estimation (TCCE)

A novel CE method exploring the channel correlation is
proposed in [6]. Fig. 2 demonstrates the concept of this
approach which jointly estimates the channels for different
transmit antennas. Unlike in CCE, the pilots allocated to
different antennas are equally distributed along the time axis.
The entire algorithm is independently implemented at each
receive antenna. Therefore, in the rest of this paper, we use
h; to denote the channels from the i-th transmit antenna to
the receiver for the sake of simplicity. At any pilot slot, the
algorithm is executed in four steps:

i) Pilot-based CE: In the first step, the ¢-th antenna is acti-
vated to transfer the pilot. The estimated CSI for the currently
active antenna is denoted as Et(n), where n represents the
index of pilot slots.

ii) CSI correction: For each transmit antenna, the pilot
is transmitted once for every NV pilot slots. In the other
N;— 1 slots, the t-th antenna is inactive and the corresponding
estimates are obtained by the correlation-based CE described
in step iii. In this step, these estimates are corrected by a low-
pass interpolation based on the current estimate h(n) and
L — 1 previous estimates hy(n —IN;), I = 1,2,...,L — 1.
The number of used estimates for the currently active antenna,
i.e., L, is defined by the interpolation sequence length. After
being obtained from the interpolation, the corrected CSI of
the t-th transmit antenna is denoted as hy(n — n’), where
n=12,...,N—1.

For the i-th transmit antenna, the most recent pilot-based
CE happened n; , time slots before where:

" t—1 if i<t
TGy = ) 4)
! t—i+ Ny if 7>t

Taken N; = 4 and ¢ = 2 as an example, the values of n;,t
fori=1,3,4 are 1, 3, and 2, respectively. At the time index
n —nj ,, the difference between the channels of the i-th and
the ¢-th transmit antennas is given by:

AJip(n —niy) = hi(n —niy) — hi(n—ni,) ()

iii) Correlation-based CE: The idle antennas are estimated
based on the current estimates of the ¢-th antenna and the
corresponding channel difference obtained in the previous step.
We denote the CSI obtained in this way as h;(n) which is
computed by:

hi(n) = hy(n) + Ad;e(n—nj,), i#t (6)
hy(n) and hi(n) comprise the channel estimates for all
transmit antennas that are used for decoding in the subsequent
data transmission.
iv) Antenna index update: The last step is to set the next
active antenna, which is an increment by one to the antenna
index:

t-1 if t< N
i @
1 if t= N

IV. EVALUATION CRITERIA

In practical communications, data is always transferred in
packets. At the receiver, incorrectly decoded packets require a
retransmission. The successfully received data rate is defined
as effective data. The effective data rate, i.e., throughput, is
used to evaluate the CE performance for different pilot ratios.

A. Effective Data Rate

Forward error correction (FEC) is usually applied to correct
errors in the physical layer. In this paper, two modes are
considered: with and without FEC. The total raw data rate
including the pilots is given by:

s

Ryt = i

(®)
Denoting the retransmission rate as epacket, the throughput,
represented by T, is calculated by:

T= Rtot(l = 77)(1 = epacket)nc )

where 7. represents the coding rate. In the case that no FEC
is assumed, 7. = 1.

B. Energy Consumption

Furthermore, the proposed CE technique requires less pilot
transmissions which has an impact on energy consumption.
Therefore, we have analyzed the attainable energy efficiency
gains. This is analyzed in terms of the amount of effective
data per unit energy, which can be expressed as:

_T'xTs

ne = z. [bits / Joule]

(10)
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V. SIMULATION RESULTS

In this section, the performance of SM taking into account
estimated CSI is evaluated under the realistic channel model
introduced in Sec. II. The number of raw data symbols per
pilot is denoted as Ny, i.e., Ng x n = 1. Since N4 must be
an integer, for the sake of simplicity, we use N4 instead of
71 in the following analysis. A varying N4 from 2 to 20, i.e.,
the pilot ratio from 50% to 5%, is applied for both CCE and
TCCE. In all simulations, it is assumed that N, = 2.

A. Symbol Error Rate

In Fig. 3, given a user speed of 10 m/s, the symbol error
rate (SER) of SM with N; = 8 and BPSK is presented against
different pilot ratios. In contrast to CCE, TCCE performs
significantly closer to the scenario of perfect CSI for Ny = 2
and 10. At Ny = 20, the difference between these two schemes
becomes much smaller, but still TCCE gains a noticeable
reduction of about 50% in the attainable SER. The reason
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Fig. 5. Throughput at an SNR of 30 dB

for this trend is that while the estimation period largely
exceeds the channel coherence time, both methods can not
provide a sufficiently accurate CSI and, thus, they trend to a
ceiling effect. However, with a CE period proportional to IV,
CCE approaches the ceiling much faster than TCCE when
decreasing the pilot ratio. This is clearly demonstrated in
Fig. 4, where the SER is presented as a function of Nj.
Furthermore, as the speed increases, the performance of CCE
drops dramatically whereas TCCE maintains reasonably good
performance. At 10 m/s, for example, CCE approaches the
SER ceiling of 5 x 10~! when Ny increases to 6. Meanwhile,
TCCE achieves an SER of 4 x 1075.

B. Throughput

Fig. 5 shows the change of throughput along with the pilot
ratio for various velocities. The packet length is assumed to
be 50 bytes and a 3/4 block coding is used for FEC. As
can be seen in Fig. 5(a), when reducing the pilot ratio, the
throughput increases at first then falls down. For each case,
a corresponding optimum pilot ratio can be determined to
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achieve the peak throughput. This is the result of trading off
between the amount of data and retransmission rates. At the
speed of 5 m/s, for example, TCCE attains 37.1 Mbps at
Ng = 15 while CCE can achieve only 25.2 Mbps at Nz = 3.
Compared with CCE, TCCE obtains 47% more throughput
with a much lower optimal pilot ratio. Moreover, the benefit
becomes more striking as the velocity grows. When the user
speed is increased to 10 m/s, TCCE achieves 140% more
throughput than CCE.

The results involving FEC is shown in Fig. 5(b). Only in
the case of CCE at 10 m/s, the peak throughput is improved
from 14 to 19.6 Mbps compared with the scenario when no
FEC is used. This is because that the cost for using FEC is
adding the redundancy. Therefore, when the retransmission
rate is fairly low, FEC can not improve the throughput but
causes a degradation instead. However, the aim here focuses
on the influence of FEC on the optimum pilot rate. Generally,
compared to Fig. 5(a), the peak throughput moves towards a
lager Ny. The reason for this trend is that FEC reduces the
retransmission rate which has the same effect as increasing the
pilot ratio. The second outcome is that, TCCE still outperforms
CCE for various speeds. Taken 5 m/s as an example, compared
to CCE, TCCE gains 11% more throughput.

C. Energy Efficiency

In this section, an energy efficiency comparison is made of
CCE and TCCE at their optimum pilot ratios for different V¢,
while the spectral efficiency is maintained at 4 bits/s/Hz. In
order to compute the RF output energy consumption at the
transmitter, the path loss is assumed to be 100 dB without
shadowing [7].

In Fig. 6, comparisons are carried out in terms of mobile
speeds, where the following three outcomes can be observed.
Firstly, consuming the same amount of energy, TCCE enables
higher throughput than CCE. Taken 10 m/s and N; = 8 as
an instance, compared to CCE, TCCE reduces the energy by
60% when no FEC is applied for both methods. In the case
of using FEC, although the performance of CCE is improved,

TCCE still achieves an energy saving of 42%. Secondly, with
an increase of speed, the energy efficiency of CCE rapidly
decreases. Meanwhile, the energy efficiency of TCCE degrades
much more slowly for the same conditions. Furthermore, based
on TCCE, the performance of SM is boosted along with an
increase of N;. This trend matches the results in the case
of perfect CSI [3], where the benefit of multiple antennas
is exploited. However, the energy efficiency of CCE drops
because more time is required to send pilots.

VI. CONCLUSION

In this paper, the effect of pilot ratio on channel estimation
has been investigated for SM. Trading off the amount of data
with the retransmission rate, an optimal pilot ratio can be
determined to achieve the peak throughput. When compared to
CCE, TCCE significantly increases the throughput of SM with
a much lower optimal pilot ratio. This improvement is more
remarkable for a faster user speed. Furthermore, the energy
efficiency of CCE degrades when the number of transmit
antennas increases. In contrast, TCCE can still benefit from a
larger size of antennas. Simulation results validate that TCCE
is a robust channel estimation technique for SM.
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Abstract—Spatial modulation (SM) is a unique single-stream,
multiple-input multiple-output (MIMO) transmission technique.
Unlike multi-steam MIMO schemes, a single transmit antenna is
activated in SM at any given time. Therefore, inter-channel inter-
ference is completely avoided. In addition, SM requires only one
radio-frequency (RF) chain, regardless of the number of transmit
antennas used. This key property results in a significant saving
in quiescent power of power amplifiers. However, a challenge
occurs when channel estimation (CE) is implemented for SM:
the transmit antennas have to send pilots sequentially. Thus, in
order not to compromise the throughput, the pilot number of
each transmit antenna is restricted. This means we focus on
improving the CE performance without increasing the number
of pilots. In this paper, we propose a novel CE method for SM,
in which the channel is jointly estimated across receive antennas.
Simulation results show that the proposed approach outperforms
the conventional method for various channel correlations between
the receive antennas.

Index Terms—Spatial Modulation, MIMO, channel estimation,
channel correlation

I. INTRODUCTION

MULTIPLE—input multiple-output (MIMO) transmission
techniques offer a significant increase in spectrum ef-
ficiency without additional bandwidth or increased transmit
power. According to the number of active antennas, MIMO
schemes are classified into two categories: multi-stream and
single-stream. Unlike the conventional multi-stream MIMO,
spatial modulation (SM) activates a single transmit antenna
at any time [1]-[3]. As a result, inter-channel interference is
completely avoided. Also, SM exhibits a significant saving
in quiescent power at the power amplifier stage, because it
requires only one radio-frequency (RF) chain regardless of
the number of antennas used. Assuming perfect channel state
information (CSI) at the receiver, it is shown in [4] that SM
offers a better performance than many state-of-the-art MIMO
schemes, while achieving a low-complexity implementation.
However, perfect CSI is not realistic, and channel estimation
(CE) is of vital importance that can not be neglected. In order
to obtain the CSI at the receiver, training-based CE methods
are commonly used in which deterministic symbols, i.e. pilots,
are conveyed followed by information-carrying symbols. The
pilot ratio is defined as the ratio of the number of pilots to the
number of total symbols. When compared with multi-stream

tFrench National Centre for Scientific Research (CNRS)
Laboratory for Signals and Systems (LSS)
FEcole Supérieure d’Electricité (SUPELEC)
3 rue Joliot-Curie, 91192 Gif-sur-Yvette (Paris), France
marco.direnzo@]lss.supelec.fr

MIMO schemes, CE becomes challenging for SM since the
transmit antennas have to be sequentially activated for sending
the pilots. Consequently, the time consumed in the CE process
for SM is proportional to the number of transmit antennas.
To date there has only been a few studies on CE for SM.
In [5], a CE method using recursive least-square (RLS) is
proposed for SM. Another approach is introduced in [6], which
is based on joint channel estimation with data detection. Both
methods are developed using existing techniques, where the
channel is individually estimated at different receive antennas.
We refer to this type of CE methods as conventional channel
estimation (CCE). To improve the CE accuracy, CCE requires
either a longer pilot sequence length or a larger transmission
power for pilots. However, in order not to compromise the
throughput, the pilot sequence length for each transmit antenna
is constrained in SM, especially when a large number of
transmit antennas are used. In addition, the transmission power
is usually restricted due to the maximum output of power
amplifiers. This raises the question, how to improve the CE
performance for SM with a fixed number of pilots. To the best
of the authors’ knowledge, this issue has not been addressed
before.

With the aim of improving the CE performance without
increasing the pilot sequence length, we propose a novel
CE method for SM in this paper. Unlike the conventional
methods, the proposed approach jointly estimates the channel
of different antennas at the receiver. The basic idea is to
think of the estimation results at different receive antennas
as individual samples. By exploring the channel correlation
between antennas, these samples can be jointly used to achieve
a more accurate CE for each receive antenna. Simulation
results show that when compared with CCE, the proposed
method obtains a signal-to-noise ratio (SNR) gain of up to
2 dB.

The remainder of this paper is organized as follows. Section
II describes the system model, including the SM structure, the
channel model and the channel estimator. In Section III, a
novel CE method is proposed for SM in which the channel
is jointly estimated at the receiver. Section IV presents the
simulation results. The paper is concluded in Section V.

978-1-4799-4449-1/14/$31.00 ©2014 IEEE
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II. SYSTEM MODEL

A. SM-MIMO

An N; x N, SM-MIMO system is considered, where N;
and N, denote the number of transmit antennas and the
number of receive antennas, respectively. The size of the
spatial constellation points is equal to the number of transmit
antennas, and the size of signal constellation points is denoted
by M. The bit stream is divided into blocks of 7, bits, where
ns = logy (M Ny) is the number of bits per symbol. Each block
is then split into two units of log,(INV;) bits and log, (M)
bits. The first part activates one of the transmit antennas,
and the currently active antenna is denoted by [. The second
part determines one symbol from the signal constellation
diagram, and the active antenna conveys this symbol which is
denoted by s. The transmitted signal is expressed by a vector
X5 = [T1,..,%1,...,2N,|T, where the I-th element carries
the symbol s, and all other elements are zero.

B. Channel Model

A time-varying Rayleigh fading channel is assumed. The
fading coefficient of the channel between the t-th transmit
antenna and the r-th receive antenna is denoted by Ay r(n),
where n is the discrete time index. The corresponding MIMO
channel matrix is represented by H,), and it is established in
two stages.

1) Spatial correlation: Based on the Kronecker model [7],
the initial channel matrix is given by:

H
Hy) = RY?G (Rtl/ 2) , M

where G has the same dimension as H(p), and its entries
are independent and identically distributed (i.i.d.) complex
Gaussian distribution CA(0, 1); R; and R,. respectively denote
the transmit correlation matrix and the receive correlation
matrix; () is the operator of hermitian transpose. Since we
focus on studying the channel correlation at the receiver, the
transmit antennas are assumed to be independent without a
loss of generality. Thus, R; reduces to an identity matrix.
The correlation coefficient between the r;-th and ro-th receive
antennas is denoted by p,, r,, and the receive correlation
matrix is written as:

1 P1,2 P1,N.
02,1 1 P2,N,
R, = . : ) 2
PN, 1 PN.2 “°° il

2) Variation in time: Using the Gauss-innovations channel
model [8], the channel matrix at the m-th time index is
formulated as follows:

H(n) = \/&H(H,I) + 41— aHEn)’ 3)

where « is a parameter related to the user speed, and it is
given by [8, Eq. (10)]:

2
a:%(@ﬂﬁﬂ, )

Cc

where Jy(-) is the zeroth-order Bessel function of the first
kind; f. is the center carrier frequency; 7 is the sampling
period; v and c denote the speeds of the mobile user and the
light, respectively. The term H’(n) is also produced by (1), but it
is independent of H,,_;). In addition, H’ is independent from
time to time, i.e. H,, is irrelevant to H{,,) for all m # n.
Substituting (1) into (3), we have:

H
Hg) = RY? (Va6 +VI=—aGq) (R/?) " ©)

Note that H(y) is a Rayleigh fading channel of the same
correlation matrices as Hygy. Similarly, H(,,y can be expressed
by:

_ o
H() = RY?G(y (RY?) ©)

and
G(") _ Z ( 1o a)sgn(m) (\/&)rhm G(m) )
m=0

where sgn(-) is the sign function.

C. Maximum Likelihood (ML) Optimum Detector

The signal received at the 7-th receive antenna is expressed
as follows:

Yr(n) = hl,r(n)s(n) + Wr(n), (©)]

where w,(,) is a sample of the additive white Gaussian
noise (AWGN) at the r-th receive antenna. Across the receive
antennas, the noise components are statistically independent.
We define v = E,,,/Np as the signal-to-noise ratio (SNR),
where E,, is the average energy per symbol and NNy denotes
the power spectrum density of AWGN. The estimated CSI,
denoted by H, is used to decode the conveyed signal. Based on
the joint maximum likelihood (ML) detection [9], the decoded
information is computed by:

N,

[Z(n)7§<n)] =arg min ) _ || hurs |2 —2R{y7 oy hurs}, )
A r=1

where R{-} is an operator to extract the real part of a complex

number.

III. CHANNEL ESTIMATION FOR SPATIAL MODULATION

One of the key properties of SM is that a single transmit
antenna is activated at any given time. Therefore, all transmit
antennas have to send the pilot signal sequentially. Fig. 1
shows the pilot structure for SM with four transmit antennas.
The CE period is defined as the interval between two adjacent
CE processes for any transmit antenna. The pilot ratio, denoted
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Fig. 1. Pilot structure for SM with Ny = 4

by 7, is defined as the ratio of the number of pilots to the
number of total symbols during a single CE period. The pilot
sequence length is assumed at one, i.e. during any CE period,
only one pilot is sent from each transmit antenna.

A. Conventional Channel Estimation (CCE)

In the conventional methods, the channel estimation is
implemented individually at each receive antenna. The index
of CE periods is denoted by k. The pilot sent from the ¢-th
transmit antenna in the k-th CE period is denoted by py)-
The corresponding signal received at the r-th receive antenna
is written as:

Yr(k) = Ptr(k)Prr) + Wr(k) 10

A specific estimator such as least square (LS), minimum
mean square error (MMSE), and recursive least square (RLS)
[10], is used to estimate the CSI of the currently active
antenna. In order for a fair comparison, LS is considered
for both CCE and the proposed method in this paper. The
estimation result for CCE is denoted by hy k), and it is
computed by:

Ry vy = afghmiﬂ | Yrey — Poecey |12 an

After the CSI for all transmit antennas is obtained at the
receiver, it is used to decode the subsequently transmitted
symbols which carry information bits.

B. Spatially-Averaging Channel Estimation (SACE)

The basic concept of SACE is to jointly estimate the MIMO
channel across the receive antennas. Taking N, = 2 as an
example, Fig. 2 depicts the block diagram of the proposed
method. For a generalized number of receive antennas, the
algorithm comprises two steps as follows.

Estimated
CSI

Fig. 2. Block diagram of the proposed channel estimation method

1) Update channel difference information: The proposed
method exploits the difference between the fading channel
coefficients of different receive antennas, which is referred to
as channel difference information (CDI). To be distinguished
from CCE, we use fzm to denote the estimated CSI for the
proposed method. The CDI between the r-th and j-th receive
antennas, denoted by AJ, ;, is obtained from the previous
estimated CSI:

Adrjk-1) = Bt k-1 — e jr—1) (12)

2) Weighted average: Based on the CDI, it is possible to
obtain the CSI for one receive antenna by the CCE result of
another receive antenna. In order to achieve a more accurate
CE, the estimation results are averaged across the receive
antennas. The estimated CSI for the r-th receive antenna, i.e.
ﬁm(k), is formulated as follows:

N,
i 1 z -
hergy =\ 1 3 > pri | bt
j=1gr

N,
Nir Z Prj (ht,j(lc) + AJr,j(k~1)) 13)
j=1#r
Note that the estimated CSI for SACE is a weighted average
of the CCE results of all receive antennas. The weights depend
on the channel correlation between the receive antennas. When
the channel correlation increases, the weight for the estimated
antenna decreases, while the weights for the remaining anten-
nas increase. If the receive antennas are completely correlated,
i.e. pr; =1 for all j, (13) reduces to:

N,
. i 2, =
hi k) = A E hy k) (14)
r G=1

As shown, in this case, the estimated CSI is an equal average
of the CCE results of all receive antennas. If the receive
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antennas are independent, the estimation results for SACE are
equivalent to that of CCE.

IV. SIMULATION RESULTS

In this section, Monte Carlo simulation results are shown
to validate the performance of the proposed method. The
pilots and information-carrying symbols are allocated the same
transmission power, and the pilot ratio is assumed at 5%
[11]. To ensure a fair comparison, the same pilot sequence
length is considered for both SACE and CCE. In this paper,
we only take into account the pilot sequence length of one.
In all simulations, Quadrature Phase Shift Keying (QPSK)
symbols are conveyed by an SM-MIMO system with four
transmit antennas. In addition, the constant correlation model
is considered [12], where the correlation coefficient between
any pair of receive antennas is the same, and it is denoted by
Prx- Further, the bit error ratio (BER) performance of SACE is
compared with CCE for different numbers of receive antennas.
Furthermore, we study the effects of user speed on the BER
performance for the proposed method.

A. BER Performance

Fig. 3 presents the BER performance of the proposed
method in comparison with CCE. The user speed is assumed
at 13.3 m/s (48 km/h), which is a typical suburban speed limit
[13].

The simulation results for two receive antennas are shown in
Fig. 3(a). Two outcomes are observed: i) SACE always offers a
better performance than CCE; ii) when the channel correlation
increases, SACE outperforms CCE more significantly. As an
example, for px = 0.2, SACE exhibits an SNR gain of 0.3 dB
in comparison with CCE. When p, increases to 0.8, this
gain increases to 2 dB. The reason for this trend is that the
performance of the proposed approach is related to the channel
correlations. As the channel correlation decreases, the CDI
between receive antennas becomes larger and more random.
In this case, SACE obtains a less accurate CDI and therefore,
a smaller improvement is achieved in comparison with CCE.
Despite this, SACE is still better than CCE for a low channel
correlation.

When N, is increased to four, the corresponding BER
performance for SACE and CCE is presented in Fig. 3(b). As
seen, for a certain pr, the SNR gap between SACE and CCE
is basically the same as that in Fig. 3(a). Taking p = 0.8
as an example, the SNR gap is 1.8 dB which is slightly
less than 2 dB when N, = 2. However, to achieve a certain
BER, the required SNR in N, = 4 is much smaller than
that in IV, = 2. Considering this, SACE outperforms CCE
more significantly for a larger number of receive antennas.
The reason is that when more receive antennas are involved,
SACE obtains a more accurate CSI for each antenna. Since
the simulations are conducted without channel coding, we
are more interested in the BER range between 1 x 10~3 and
1 x 1072, At px = 0.2, CCE requires an SNR of 10.3 dB to
achieve a BER of 1 x 1072, Meanwhile, by consuming the
same amount of transmission energy, SACE reduces the BER

BER

0 5 10 15 20 25 30 35
SNR (dB)

(@ N =2

20 25

10 15
SNR (dB)

(b) Nr =4

Fig. 3. BER performance of SACE for various channel correlations.

to 7 x 1073. When the channel correlation decreases to 0.8,
the BER for SM is reduced from 1 x 1072 to 5 x 1073 by
using SACE instead of CCE.

B. Effects of User Speed

Fig. 4 shows the BER performance of SM at different user
speeds. The case of perfect CSI is considered as a benchmark,
which is referred to as “P-CSI” in the sequel. A medium
channel correlation of px = 0.5 is assumed, and the number
of receive antennas is set at four.

The following outcomes are observed: i) compared with
CCE, the BER performance of SACE is much closer to that of
P-CSI; ii) for various user speeds, SACE achieves a constant
SNR gain of 1 dB on the basis of CCE; iii) for both SACE
and CCE, the BER performance of SM degrades notably when
the user speed increases from 20 m/s to 30 m/s. The reason
is that if the channel varies very rapidly, all CE techniques
would fail to function properly for a fixed pilot ratio.
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C. Energy Efficiency

In this section, the energy efficiency of the proposed method
is evaluated. The successfully transmitted data is defined as
throughput, and the energy efficiency is measured in terms of
the amount of throughput per unit transmission energy. The
path loss is assumed to be 100 dB without consideration of
shadow fading [14].

In Fig. 5, the energy efficiencies of SACE and CCE are
presented for different channel correlations. As seen, with the
same energy consumption, SACE conveys more information
bits than CCE. Taking p = 0.5 for example, CCE transmits
17.9 Mbits per joule while SACE obtains an extra 1.8 Mbits.
Furthermore, in contrast to CCE, SACE saves more energy
when the channel correlation increases. For px = 0.2, SACE
requires 5% less energy than CCE. When the channel corre-
lation increases to 0.8, SACE achieves a great energy saving
of 30%.

V. CONCLUSION

In this paper, we propose a novel CE approach for SM,
which is named SACE. Unlike the traditional CE methods,
SACE estimates the channel jointly for all receive antennas. By
constructively exploiting channel correlation, SACE improves
the CE accuracy without increasing the pilot sequence length.
Therefore, the proposed method enables SM to improve the
BER performance, while not compromising the throughput.
Results show that when compared with CCE, SACE obtains
an SNR gain of up to 2 dB. Moreover, SACE outperforms
CCE more significantly as the channel correlation increases.
This means the proposed CE method makes SM robust against
the degradation caused by channel correlations.
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Abstract—This work investigates the impact of power alloca-
tion for channel estimation (CE) in spatial modulation (SM). SM
is a unique single-stream multiple-input multiple-output (MIMO)
transmission technique that achieves spatial multiplexing gains.
While SM completely avoids inter-channel interference, a single
active antenna leads to a challenge for CE, i.e., all transmit
antennas have to be activated sequentially to send the pilot
signal. More time as well as energy is therefore consumed for
CE. Driven by this motivation, we propose a closed-form optimal
power allocation (OPA) for SM in this paper. Regardless of the
SM transceiver structure, the optimal solution only depends on
the pilot sequence length and the ratio between the number of
pilots and the number of total symbols. Simulations results show
that the bit error ratio performance of OPA-based SM tightly
approaches the case of perfect channel state information with a
gap of less than 0.8 dB.

Index Terms—Spatial modulation (SM), MIMO, channel esti-
mation, optimal power allocation

I. INTRODUCTION

PATIAL modulation is a promising multiple-input

multiple-output (MIMO) transmission technique that con-
siders antenna locations as spatial constellation points [1].
Unlike the conventional MIMO schemes, SM activates a single
transmit antenna at a time, and thereby can completely avoid
inter-channel interference. Moreover, SM exhibits a significant
saving in quiescent power at the power amplifier stage because
it requires only one radio-frequency (RF) chain, regardless
of the number of antennas used. In [2], assuming perfect
channel state information (P-CSI) at the receiver, it has been
shown that SM offers a better performance than many state-
of-the-art MIMO schemes while achieving a low-complexity
implementation.

In practical applications, P-CSI is infeasible and channel es-
timation (CE) is of vital importance. Training-based estimation
methods are most commonly used [3] whereby deterministic
symbols, i.e., pilots, are transmitted followed by data. The ratio
between the number pilots and the number of total information
carrying symbols is defined by the pilot ratio. In general, CE
affects the bit error ratio (BER) performance of SM in two
aspects: 1) an extra additive noise is introduced to the trans-
mitted signal. This is caused by the CE error of the activated

978-1-4799-2003-7/14/$31.00 ©2014 |IEEE

T French National Centre for Scientific Research (CNRS)
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Ecole Supérieure d’Electricité (SUPELEC)
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antenna; ii) the channel state information (CSI) of the idle
antennas is also inaccurate that affects the ability of correctly
decoding the active antenna. In [4], the performance of space
shift keying (SSK) with practical channel estimates is studied.
Similar work on SM is conducted in [5]. However, both papers
are based on the following assumptions: i) the power allocated
to pilots was assumed to be either fixed or equal to the signal
power of data symbols. The later method is referred to as equal
power allocation (EPA); ii) the performance analysis is with
respect to the power allocated to data symbols, but here we are
interested in the performance with respect to the total average
power. Unlike in multi-stream MIMO schemes, simultaneous
pilot transmissions are infeasible for SM since only a single
antenna is activated at a given time instance. In order to
estimate the entire channel, all transmit antennas are required
to send the pilot signal sequentially. This compromises the data
rate, especially when a large number of transmit antennas is
used. As the pilot ratio increases, EPA potentially impairs the
BER performance. To the best of the authors’ knowledge, the
issue of optimum power allocation for pilots in SM has not
been addressed before.

When considering practical channel estimates, the power
allocation affects the BER performance in two aspects. On
the one hand, the CE accuracy increases as more energy
is consumed for the pilot signal. On the other hand, the
signal-to-noise ratio (SNR) is reduced because less energy
is available for data. In this paper, a closed-form optimal
power allocation (OPA) is proposed for SM by balancing
the power consumption of pilot and data symbols. Simulation
results validate the optimization accuracy and show that OPA
can significantly improve the BER performance of SM when
compared to EPA.

The remainder of this paper is organized as follows. Section
II describes the system model, including the SM structure,
the channel model and the channel estimator. In Section III,
the optimization problem is formulated with respect to a
constraint on the average power, and a closed-form solution
is obtained. Section IV presents the simulation results. The
paper is summarized in Section V.
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II. SYSTEM MODEL
A. SM-MIMO

We consider a MIMO system operating with NV, transmit
and N, receive antennas. The number of bits per symbol is
denoted as 7, and the sizes of spatial constellation and signal
constellation points are Ny and M = 2" /N, respectively.
At the transmitter, the bit-stream is divided into blocks of 7,
bits. Afterwards, each block is split into two units of log, (N;)
and log, (M) bits. The first part activates one of the transmit
antennas, and we denote the currently active antenna as [. The
second part chooses one symbol from the signal constellation
diagram and the active antenna conveys this symbol that is
denoted by s.

The transmitted signal can be expressed by a vector x; s =
[z1,..-, 1, ..,zN,]T, where the [-th element z; = s and
all other elements are zero. The fading coefficient of the
channel between the ¢-th transmit antenna and the r-th receive
antenna is denoted by h;,. The channel is assumed to be
identical and independently distributed Rayleigh fading, i.e.,
hiyr ~ CN(0,1). The received signal at the r-th receive
antenna is given by:

Yr = hl,rs + wr, 1)

where w, is a sample of complex additive white Gaussian
noise and the power spectrum density is denoted as Ng. Across
the receive antennas, the noise components are statistically
independent. We define the SNR of data by vs = E,/No,
where E; is the average energy per data symbol. The estimated
CSI is denoted as ﬁm, and is used to decode the transmitted
symbol by joint maximum likelihood detection [6]:

(i,3) = arg, mlnz | hurs 12 —2R{yihirs}, (2

8 r=1

where ${-} is an operator to extract the real part of a complex
number.

B. Channel Estimation

Fig. 1 illustrates the pilot structure of SM with four transmit
antennas. As can be seen, the antennas are activated sequen-
tially to send the pilot signal. The time interval between two
adjacent pilot signals for one antenna is defined by the CE
period. During a single estimation period, the number of pilot
symbols allocated to each antenna is defined by the pilot
sequence length V. Correspondingly, Ny x N;, symbol periods
are required to fully estimate the channel. Additionally, the
pilot ratio is expressed by 7 and it is defined as the ratio
between Ny x IV, and the total number of symbols transmitted
during one CE period. The least square (LS) estimator is
considered, and the estimate of h; , is therefore given by:

. Ny
by g i Zl | y-(n) — hp(n) ||
1 Y gy (n)

Fp n=1 pe(n)’

3

YlLEIHHIIPHUM
b TN n
Y, I

[Dif Data Tra.nsfer —>
Y, AT

l Pilots

Fig. 1. Pilot structure for SM with Ny = 4

where p;(n) denotes the n-th pilot symbol sent from the
t-th transmit antenna. The SNR of pilots is defined by v, =
E, /Ny, where E, represents the energy per pilot symbol. The
estimation error is denoted as ¢; , and is computed as follows:

ht,T - i’/t,r
1 No wy(n) C))

Ny n=1 pe(n)

€r =

Since the pilot signal is deterministic, €, actually is a
weighted average of noise samples wy(n), n =1,..., Np. As
a result, €, is also a complex Gaussian distributed random
variable (.v.), i.e., € ~ CN(0,02), where 02 = 1/(,Np) is
the variance. This can readily be extended to other CE methods
by replacing the variance by 1/(v,NpN), where N depends
on the chosen estimation approach [7].

III. OPTIMAL POWER ALLOCATION

A. Optimization Problem

In [5], an upper bound of the average bit error probability
(ABEP) is derived for SM with practical channel estimates.
By trading off E, with E, our aim is to minimize the ABEP
for a given power budget at the transmitter. We denote the
total average energy consumption per symbol period as Ejg,
and the average SNR is defined by v, = E,/Ny. Thus, the
optimization problem can be formulated by:

(Ej, BEf) = arg min ABEP(E,, E,),
(Eqp,Es) 6))
subject to: nE,+ (1 —n)Es = E,

where (EJ, E}) denote the optimum points for (E,, E,) that
solve the constrained minimization problem in (5). However,
the expression for ABEP in [5] is not closed-form, and hence
is not applicable for obtaining a closed-form solution. Alter-
natively, we focus on the pair-wise error probability (PEP) of
SM that is given by [5, Eq. (12)]:
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PEPﬁ(Xl’S — xl,s’) =

1 /2 g E —Np

1 14 B s ) o, ©
77/0 ( 4sin®9 ~ No(1+02) + E.o? ©

where X;, and X; o respectively denote the transmitted and
detected signal, and:

2, if t#1
gSM:{ i %)

|s — s'|2, if t=1

The PEP of SM assuming P-CSI is calculated by [2]:
—N,
8sm Vs ) a8

1 /2
PEPq(X;,s — Xt,57) = - / (1 + yore. 7
0

Comparing (6) with (8), it is straightforward to infer that the
only difference between these two cases is that 7, is replaced
by 7. where:

ES

e = Nyl F 02) + Bao? ©

Note that . is a function with respect to both E; and E,.
The objective is thus simplified to the maximization of . and
this can be formulated as follows:

(ELE;) = arg max ’YE(EIHES)
(Ep,Es)
nEp+(1-n)Es = Ea

B. Closed-form OPA Solution

Since the above problem is subject to equality constraints,
the Lagrange multiplier maximization method [8] can be used.
The corresponding Lagrangian function is written as:

(10)
subject to:

A(Ep, Es, A) = Ye(Ep, Es) +A(nEp+(1—n)Es — Ea), (11)

where A is the Lagrange multiplier. In order to achieve the
maximum of the Lagrangian function, stationary points can
be obtained by solving the following system of equations:

OA(E:, E2,A%)/0Es =0
BA(E:, E2,A%)/0E: =0 (12)
BA(E2, E3,2°)[/0) =0

where \° is the Lagrange multiplier associated to the stationary
point (E5, E3). After solving (12), the stationary points of £,
are given by:

—fr) % [ £20r) + L5 (7a)
B = E, o

g

,  (13)

where

flwy =142

g=1-nNp—n

(142)
(14b)

Note that f(v,) is always positive, and g > 1 — 27 because
Np > 1. In practice, the pilot ratio is usually less than 10% [9].
Therefore, the parameter g is also positive. Consequently, £
is positive whereas E? is negative. However, energy is non-
negative and, thus, E;* is the only possible stationary point.
The second derivative of A with respect to E, is calculated
by:

OMEy) _ _2NpEq | nf*(1a) +9f() ;5
Ep No (9B, + f('ya)Ea)3

Substituting (13) into (15) gives:

-1
2

OA(E,)
92,

20N, g
= B (rw+ L)
5 E.No n
E,=Ej
(16)
It is worth noting that the right side of the above equation is
negative. Based on the second derivative, it can be shown that
F= oA
(B, “l_nf” ) is the only maximum point of the constrained
optimization problem in (10). The optimal choice for E, is
hence given by:

\/ 2(7&) + (I%NP - 1) f('Yu) - f('Ya)

(L=mNp—n
C. Simplified Solution assuming a high SNR

With the assumption of a high average SNR, i.e., 7, > 1,
(14a) can be approximated to:

Ej = E,

an

flra) =1 (18)
Substituting (18) into (17), we have:
ZIN, -1

E} 19)

PN,
It can be observed that in this case the ratio between EI‘:
and E, only depends on the pilot sequence length N, and
the pilot ratio 7. Fig. 2 plots the OPA against N, and 1 and
compares the result with EPA. As can be seen, when 1NV}, is
larger than one, the optimum power for pilots is slightly below
the average power. However, more power is required for pilots
while 7N, < 1. Furthermore, the equivalent SNR of SM using
OPA can be computed by substituting (19) into (9):

2

VN
76 = 'Ya s
(\/ (I=mn)Np + \/ﬁ)

(20
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Fig. 2.

Power allocation in terms of Ny and 7

IV. SIMULATION RESULTS

In this section, the proposed OPA method is evaluated by
Monte Carlo simulations. The simulation is implemented for
two purposes: i) to validate the accuracy of the optimization
solutions; ii) to compare the BER performance of OPA with
the cases of EPA and P-CSI. Furthermore, the energy effi-
ciency of OPA is presented and it is compared with EPA. In
all simulations, the number of receive antennas is assumed to
be two, while the number of transmit antennas is varied.

A. Optimization Accuracy

Assume N; = 4 as an example, Fig. 3 shows the BER
performance of SM as a function of E,/E,. A number of
pilot ratios are considered, and IV, is also varied to validate
for a broad range of scenarios. In case for the (1, Np)s, the
respective OPA solution is marked by red dots.

As can be seen from Fig. 3, the optimization approach
achieves the minimum value for each BER curve. Furthermore,
the optimal E,/E, varies along with the pilot ratio. In general
and as expected, it can be found that it is better to allocate
more power to the pilot signal when the pilot ratio is decreased.
For n = 5%, the optimum E,/E, approaches one. This
is equivalent to the EPA method. However, this value is
increased to 4.59 when the pilot ratio reduces to 2%. As 7
is further decreased to 1%, the best E,/E, results in 9.13.
The reason for this trend is that a low pilot ratio results in a
poor CE accuracy and this impairs the BER performance more
significantly than reducing the power for the data symbols.
In this situation, it is beneficial to increase the pilot power
so that the CE accuracy can be improved. In contrast, more
power should be allocated to data symbols when the channel
estimation produces more accurate results.

B. BER Performance

In this section, the BER performance of OPA is presented
against the average SNR for V; = 2 and IV, = 4, respectively.
The CE period is fixed in order to offer a fair comparison.

Fig. 3. BER performance of SM (N¢ = 4, QPSK) at v, = 20 dB

Therefore, when the number of transmit antennas increases
from two to four, the pilot sequence length is shortened to be
a half. Additionally, the cases of P-CSI as well as EPA are
taken into account as benchmarks.

Fig. 4(a) shows the BER performance of SM with two trans-
mit antennas. The following outcomes are observed. Firstly,
compared to EPA, the performance of OPA is much closer to
the case of P-CSI with a gap of less than 0.8 dB. Secondly,
the BER performance of EPA degrades rapidly when the pilot
ratio is decreased. In contrast, OPA provides a fairly stable
performance. For example, the BER performance of OPA for
n = 1% is only 0.3 dB less than for = 5%. In contrast,
EPA results in a loss of more than 1 dB. This is because
OPA decreases the impact of the pilot ratio by trading off the
power allocated to pilots and data symbols. Therefore, OPA
significantly outperforms EPA for a low pilot ratio.

‘When the number of transmit antennas is increased to four,
the BER performance of SM is shown in Fig. 4(b). Compared
to the case of N; = 2, the gap between EPA and P-CSI
becomes even larger. Assume 7 = 1% for example, EPA
requires 3.2 dB more SNR than P-CSI. However this loss
is only 1.6 dB when two transmit antennas are applied. The
reason for this is that the pilot sequence length is reduced,
resulting in a less accurate CE. However, by adjusting the
power of the pilot signal, the BER performance of OPA can
still be tightly close to the case of P-CSI. To achieve the same
BER target at 7 = 1%, the gap between OPA and P-CSI is
only about 0.7 dB. This is basically the same as in the case
of Ny =2.

C. Energy Efficiency

Throughput is another important measurement that defines
the successfully transmitted data. Motivated by this, we eval-
uate the energy efficiency of the throughput for the proposed
method. The path loss is assumed to be 100 dB without
consideration of shadow fading [10].

Fig. 5 shows the throughput per unit energy for various
pilot ratios. As can be seen, when increasing the pilot ratio,
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Fig. 4. BER performance of SM against the average SNR for different
number of transmit antennas

the energy efficiency is high for n = 5%, but subsequently
decays when 7 further increases. This trend signifies the trade-
off between the CE accuracy and the SNR for data symbols.
Furthermore, compared to EPA, OPA obtains an energy saving
of up to 72% when N; = 4 and n = 1%. Moreover, at a low
pilot ratio, the energy efficiency of EPA decreases with an
increasing NV;. As can be seen, when using Ny =4 atn = 1%,
the throughput of EPA-based SM is 6% less than for Ny = 2.
The pilot sequence length is a product of n and 17Ny, and
therefore is quite small for a low 7 and a large N;. As a result,
the CE performance becomes very poor if the power for pilots
is constant. In contrast to EPA, OPA achieves a higher energy
efficiency when using a larger number of transmit antennas.

V. CONCLUSION

In this paper, we propose a closed-form optimal power
allocation for pilots in SM. The optimization result is only
related to the pilot ratio and the pilot sequence length, re-
gardless of the number of transmit antennas used. Simulation
results validate the accuracy of the optimization approach.

OPA (N, =2)
; [ ]
-EFA(N,=2)
38 DOPA =4
-EPA(N[=4)
b
T
3 72%
= 25
g
T 2r 6%,
]
s
£
5
15
&
1
05
n=1% n=5% n=50%
Fig. 5. Energy consumption at the transmitter

Furthermore, the BER performance of OPA is close to the case
of P-CSI for various pilot ratios with a gap of less than 0.8
dB. When compared to EPA, OPA achieves a higher energy
efficiency when the number of transmit antennas increases.
The demonstrated performance shows that OPA-based SM is
a more robust scheme especially when a large number of
transmit antennas are used.
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Abstract—Spatial modulation (SM) is a unique single-stream
Multiple-Input Moultiple-Output (MIMO) transmission tech-
nique. Unlike conventional MIMO schemes, SM activates a single
transmit antenna at any time instance, and therefore completely
avoids inter-channel interference in single user scenarios. When
considering multiple users, precoding techniques can be applied
to realise multi-user SM (MU-SM) and coordinate multi-user
interference. The transmit antennas in MU-SM are divided into
groups, and each group is dedicated to one user. This means
that the management and selection of antennas are crucial with
respect to capacity in MU-SM. Therefore, we propose a novel
multiple access method in this paper, named spatial modulation
multiple access (SMMA). Unlike in MU-SM where a fixed an-
tenna arrangement is used, the concept of SMMA is to adaptively
allocate the transmit antennas to multiple users. Results show
that SMMA obtains a signal-to-noise ratio (SNR) gain of up to
6 dB over MU-SM. More importantly, the performance of SMMA
degrades insignificantly as the number of users increases.

Index Terms—MIMO, spatial modulation (SM), space-division
multiple access

I. INTRODUCTION

PATIAL modulation (SM) is a relatively new Multiple-

Input Multiple-Output (MIMO) transmission technique
[1]-[3], in which antenna positions are exploited to carry
information bits. In contrast with traditional MIMO systems,
SM activates a single transmit antenna at any time instance.
As a result, inter-channel interference is completely avoided in
SM for single user scenarios. Also, SM exhibits a significant
saving in quiescent power at the power amplifier stage, because
it requires only one radio-frequency (RF) chain regardless of
the number of antennas used. With the assumption of a single
user, recent studies show that SM offers a better performance
than many state-of-the-art MIMO schemes, while achieving a
low-complexity implementation [4], [S].

However, multiple access is essential and significant in
practical communication systems. In order to realise multiple
access for MIMO schemes, space-division multiple access
(SDMA) techniques are developed, where users are multi-
plexed in the same time-frequency slot [6]-[8]. In [6], dirty
paper coding (DPC) and precoding techniques are summarised
with the purpose of eliminating or minimising multi-user
interference (MUI). Despite of DPC can achieve the full sum
capacity, it is difficult to implement in practice due to the high

Y French National Centre for Scientific Research (CNRS)
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Ecole Supérieure d’Electricité (SUPELEC)
3 rue Joliot-Curie, 91192 Gif-sur-Yvette (Paris), France
marco.direnzo@1ss.supelec.fr

computational complexity. Unlike DPC, precoding methods,
such as block diagonalisation, are simple and straightforward
for MUI cancellation [7]. In addition, the opportunistic SDMA
(OSDMA) was proposed in [8], which enables each user to
report the best beam and its signal-to-interference-plus-noise
ratio (SINR) to the base station. Based on the received SINR,
the base station then schedules transmissions to multiple users.

So far, the study of SDMA has focused on multi-stream
MIMO, and only a few investigations have been conducted
with respect to multi-user SM (MU-SM). In [9], a precoding
method is proposed to coordinate MUI when multiple users
are involved in SM systems. However, [9] has two limitations:
i) the antenna allocation to different users is fixed, and ii) only
one receive antenna is allowed at each user end. To the best of
the authors’ knowledge, an adaptive management and selection
of antennas for MU-SM has not been studied before.

In this paper, we propose a novel multiple access scheme,
named spatial modulation multiple access (SMMA). The con-
cept of SMMA is to adaptively allocate transmit antennas to
different users. By exploiting the antenna diversity, SMMA
realises the improvement of capacity in MU-SM. Another
important advantage of SMMA is the availability of multiple
receive antennas. Results show that SMMA offers a significant
signal-to-noise ratio (SNR) gain against MU-SM. In addition,
SMMA outperforms MU-SM greatly for a larger number of
users. Moreover, the performance of SMMA increases as the
number of receive antennas increases, while the performance
of MU-SM is confined by a single receive antenna.

The remainder of this paper is organised as follows. The
working principles of both SM and MU-SM are described in
Section II. The proposed SMMA is introduced in Section III.
Section IV presents the simulation results. The paper is sum-
marized in Section V.

II. SYSTEM MODEL

In this study, we consider the downlink in single-cell
scenarios. The base station (BS) simultaneously serves NN,
users assuming equal bandwidth per user. The total number
of transmit antennas at the BS is denoted by Ny, while the
number of receive antennas for each mobile user is N,.. The
transmit antennas are divided into V,, groups, and each group
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Fig. 1. Block diagram of Spatial Modulation for a single user

contains Ny = Niot/N,, antennas. For each user, a Ny X N,
MIMO system is applied.

A. SM for a Single User

In SM, as shown in Fig. 1, information bits are carried by
two constellation diagrams. The size of the spatial constella-
tion diagram is V;, and the size of the signal constellation
diagram is denoted by M. The bit-stream is divided into
blocks of 7s bits, where s = log,(N:M) is the number
of bits per symbol. Each block is then split into two units
of log,(NV:) and log,(M) bits. The first part activates one
of the transmit antennas, and the currently active antenna is
denoted by . The second part determines one symbol from the
signal constellation diagram, and the active antenna conveys
this symbol, which is denoted by s.

The fading coefficient of the channel between the ¢-th
transmit antenna and the r-th receive antenna is denoted by
htr. In this paper, a quasistatic Rayleigh fading channel is
assumed, without the consideration of path loss or shadow
fading, i.e., hy, ~ CN(0,1). The received signal at the r-th
receive antenna is given by:

Yr = hl,rs < Wy, (1)

where w, is a sample of complex Additive White Gaussian
Noise (AWGN). Across the receive antennas, the noise com-
ponents are statistically independent. The transmitted symbol
is decoded by joint maximum likelihood (ML) detection [10]
as follows:

N,
(i,8) =arg min Y _ || yr — hups 1%, ©)
r=1

l,s

where [ and § denote the decoding results of [ and s,
respectively.

B. Multi-user SM

In order to eliminate the interference between the co-
channel users, the precoding method in [9] is applied, where
perfect channel state information is assumed at both the
transmitter and the receiver. The precoding mask is defined as

a vector for shaping the signal before it is sent out. We denote
the precoding mask by P = [p1, po, ..., pn, |7, where py, is the
element for user k. The transmitted signal for each user is the
product of the chosen symbol and the corresponding element
in the precoding mask, which is denoted by $; = skpg. In
addition, hy, .. represents the channel from the active antenna
of user k to the receive antenna of user j. The received signal
for user k is then written as:

Ny,
Yro = htyridh+ D Py 8i +wn 3)
b j=1#k

Substituting $; = skpx into (3), we have:

Yr, = [htl,rk 81, htg,r;c'sZy e 7htNu,rk5Nu]P +wT;C (4)

B
In order to eliminate multi-user interference, term B must
equal term A for all users. The effective channel-modulation
matrix is defined as:

htl,rlsl htz,n 52 hiNu,hsNu
htlﬂ"251 ht2,7‘232 hiN,“T‘TSNu

Her = ; ; . . &)
htl Ty, S1 htz,TNu 82 htNu 7Ny SNu

and the required signals of all users form a vector as follows:

htl,rl S1

ht 7252
Hreq = ’ :2 (6)

hiNu,'fNusNu

Equalizing A and B for all users is equivalent to:

HeP = Hyeq ™

Note that Hreq is the diagonal of the matrix Hegr. Therefore,
the precoding mask is obtained by:

P = (Her) ~'diag(Her), ®)

where diag(-) extracts the diagonal of a matrix.

At the receiver of each user, the decoding process is the
same as that in SM for a single user. Note that due to a single
active antenna of SM, the above precoding method is available
for a single receive antenna only.

III. SPATIAL MODULATION MULTIPLE ACCESS

In MU-SM, the transmit antennas are allocated to multiple
users in a fixed way, and therefore it does not take full
advantage of antenna diversity. In order to improve the ca-
pacity in MU-SM, we propose an adaptive method to allocate
the antennas. Fig. 2 shows the block diagram of SMMA for
an example of two users. At the transmitter, the antennas
are divided into N, groups, and each group belongs to a
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single user. Meanwhile, one of the receive antennas is chosen
at each user end. In SMMA, the selection of the transmit
antennas and the receive antennas are jointly implemented in
order to maximise the capacity. After allocating the antennas,
precoding is applied in the same way as that in MU-SM.

The ratio of the power of received signal to the noise power
is defined as received SNR. For the channel from the ¢-th
transmit antenna to the r-th receive antenna of user k, the
received SNR is denoted by Fﬁrk. Firstly, the scenario of
a single receive antenna is considered at each user end. In
order to maximise the channel capacity, the transmit antennas
resulting in the largest SNR values would be chosen for each
of the users. However, one transmit antenna could be the best
candidate for several users at the same time. In order to avoid a
certain user from being allocated all strong antenna candidates,
the antenna selection is implemented sequentially among the
users, and each user selects one antenna at a time. This round-
robin antenna selection heuristic does not guarantee optimality,
but introduces a level of fairness.

When there are N, receive antennas at each user, there
are (N, )N+ possible combinations of choosing one antenna
from each user. The above algorithm is implemented for each
combination. Then the average received SNR, denoted by T,is
calculated over all users, and the combination that maximises
T is selected. The index of the combination is denoted by n,
and the set of all combinations is denoted by Z. The set of
F,’f’rk for all ¢t and k in the n-th combination is denoted by
G, The detailed antenna allocation algorithm is as follows:

1) select the n-th combination of [ri,...,7%,...,7Tn,]
from Z, where n is initialized to be one;

2) the index of the antenna-selection round is denoted
by F, which is initialized to be one. Set a vector
f =0, where f = [f1,..., fk,---, fn,] and fi indicates
whether user & has been allocated one transmit antenna
in the current round;

3) select the strongest I'; ., in G, and the corresponding

User 2
2

SMMA (Niot = 4, Ny = 2). Dotted lines: transmit antennas allocated to user 1; Dashed lines: transmit antennas allocated to user 2.

antenna and user are denoted by t apd l;:;

4) if f; = 0, then allocate t to user k, and set =1
Otherwise, ignore the chosen result and repeat 3);

5) remove all I'; ., related to t from G,. If f, = 0 for any
k, repeat 3);

6) if F < ]\;m, let 7 = F + 1 and repeat 2);
7) compute I—y" for the n-th combination;

8) let n = n + 1 and repeat 1). After going through all
combinations, select the one of the largest T',.

IV. SIMULATION RESULTS

In this section, Monte Carlo simulations are conducted to
validate the proposed scheme. The performance of SMMA
is compared with MU-SM of a random antenna allocation.
The comparison is conducted using two metrics: the outage
probability and the bit error ratio (BER). In addition, we
investigate the effects of the number of users and the number
of antennas on the BER performance of SMMA. Furthermore,
the energy efficiency in terms of the energy consumption per
bit is evaluated for the proposed method. In all simulations,
75 is assumed to be 4 bits/s/Hz for each user, and Quadrature
Amplitude Modulation (QAM) is used for the signal constel-
lation diagram.

A. Outage Probability

Firstly, we study the outage probability for both SMMA and
MU-SM, which is defined as the probability that the received
SNR is below a certain target. The total number of transmit
antennas is assumed to be 16, and different user numbers of
4 and 8 are considered. The Cumulative Distribution Function
(CDF) of the received SNR is shown in Fig. 3, where the SNR
at the transmitter is fixed to be 20 dB [11]. As shown, SMMA
achieves a much lower outage probability than MU-SM. To
achieve a received SNR of 10 dB, the outage probabilities
of MU-SM are 9% and 24% for 4 and 8 users, respectively.
In contrast, the outage probabilities of SMMA are 2.1% and
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Fig. 3. CDF of received SNR for SMMA in comparison with MU-SM. The
transmitted SNR is fixed at 20 dB.

3.3%. When the SNR target increases to 15 dB, the outage
probability of MU-SM increases to 26% in the case of four
users. Meanwhile, the outage probability of SMMA remains
below 4%.

B. Bit Error Ratio

Secondly, the BER performance is compared between
SMMA and MU-SM for different Ny, N, and N,. As noted,
MU-SM is available for a single receive antenna only. To
ensure a fair comparison, the number of receive antennas is
considered to be one for SMMA, except when studying its
effect. In addition, convolutional coding with a code rate of
3/4 is applied.

1) Effect of the Number of Total Transmit Antennas: Fig. 4
shows the BER performance of SMMA with different numbers
of the total transmit antennas, where the user number is fixed
to be two. As shown, for various No;, SMMA always offers
a better performance than MU-SM. Taking Nix = 4 as an
example, SMMA obtains an SNR gain of 2.7 dB against
MU-SM to achieve a BER of 1 x 10~3. When Ny increases,
the performance of MU-SM increases at first and then de-
creases, which fits the trend of SM for a single user [12]. In
contrast, the BER performance of SMMA keeps increasing
with an increase of N,y. The reason is that the number of
candidate antennas for each user increases when more transmit
antennas are involved. Therefore, the users are more likely to
be allocated a set of antennas that result in a high SNR.

2) Effect of the Number of Users: Fig. 5 presents the BER
performance of SMMA for different user numbers, where
the total number of transmit antennas is assumed to be 16.
The following outcomes are observed: i) SMMA outperforms
MU-SM for various user numbers; ii) for a larger number of
users, the BER performance degrades for both SMMA and
MU-SM. However, the performance of MU-SM reduces more
dramatically than SMMA, especially when the number of users
increases from 4 to 8. The reason for this trend is that when

BER

10 1
Transmitted SNR (dB)

Fig. 4. BER performance of SMMA with different numbers of total transmit
antennas (IV,, = 2). A single receive antenna is considered.

BER

10 1
Transmitted SNR (dB)

Fig. 5. BER performance of SMMA for different numbers of users
(Nt = 16). A single receive antenna is considered.

more users are involved, each user has more opportunities to
obtain a strong antenna. As a result, SMMA outperforms MU-
SM more significantly for a larger N,. Taking N, = 4 and
N, = 8 for example, compared with MU-SM, SMMA obtains
SNR gains of 3.2 dB and 6 dB, respectively.

3) Effect of the Number of Receive Antennas: When
SMMA employs multiple receive antennas, the corresponding
BER performance is shown in Fig. 6, where the total number
of transmit antennas is 16 and the number of users is fixed to
be 8. As can be seen, the performance of SMMA increases
as the number of receive antennas increases, while the perfor-
mance of MU-SM is confined by a single receive antenna. For
two receive antennas, SMMA obtains an SNR gain of 7.2 dB
in comparison with MU-SM. When four receive antennas are
used, the SNR gap between SMMA and MU-SM is further
increased to 8 dB. Therefore, compared with MU-SM, SMMA
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is more robust when multiple receive antennas are used.

C. Energy Efficiency

Thirdly, the energy efficiency of the proposed scheme is
evaluated in terms of Joule per Gbits, as shown in Fig. 7.
Assuming the same number of transmitted bits per unit time,
SMMA with one receive antenna requires 74% less energy
than MU-SM. The energy efficiency is further increased
to 85% when four receive antennas are used in SMMA.
Moreover, the energy consumption of MU-SM exponentially
increases as the number of users increases. In contrast, the
energy efficiency of SMMA is only very slightly affected by
the increase of the number of users.

V. CONCLUSION

In this paper, we proposed a novel multiple access scheme
for SM, named SMMA. In SMMA, the transmit antennas
and the receive antennas are jointly scheduled for multiple

users. Then precoding techniques are used to eliminate the
interference between users. SMMA is available for multiple
receive antennas at each user end, whereas MU-SM is only
suitable for a single receive antenna. Simulation results show
that SMMA significantly improves the BER performance
of MU-SM systems. In comparison with MU-SM, SMMA
achieves an SNR gain of up to 8 dB. When the number of
users increases, the performance degradation of SMMA is
much smaller than that of MU-SM. Furthermore, the BER
performance of SMMA is improved when more receive an-
tennas are used. All these merits make SMMA a promising
multiple access method for multi-user MIMO systems. Future
research will consider allocating a different number of transmit
antennas to different users in SMMA.
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