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Abstract

The key challenge of future mobile communication networsksoi strike an attractive compromise
between the wireless network's area spectral ef ciency andrgy ef ciency. This necessitates new
approaches to wireless system design, embracing a rich dioelyisting knowledge - especially in the
eld of Multiple-Input-Multiple-Output (MIMO) techniqus. Hence in this chapter, we describe Spatial
Modulation (SM), which constitutes a promising new conceptwireless system design conceived
for reducing the number of high-cost RF front-ends compdecedther MIMO implementations. The
concept of SM has recently established itself as a benet@alsmission paradigm, subsuming numerous
members of the MIMO system-family. Research activities & I&ave reached suf cient maturity to
motivate its comparison against state-of-the-art MIMOtayss, as well as to inspire its application in
emerging wireless communication systems. Furthermotesdtreceived suf cient research attention to
motivate its implemention in testbeds and it holds the psemof stimulating further vigorous inter-
disciplinary research in the years to come, especially éngimerging market of the Internet of Things

(loT).
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connected objects.

I. INTRODUCTION

It is widely recognized that the Long Term Evolution (LTE) tise de factophysical-layer
standard of fourth generation (4G) cellular networks [Z]. [The power consumption of the
Information and Communication Technology (ICT) sector in tiegt decade will highly depend
on the Energy Efciency (EE) of this physical-layer standldB], [4]. At the current stage,
however, the LTE standard may be deemed to be conceivedyngelsand optimized based on
the Spectral Ef ciency (SE), with limited considerationtbe associated EE issues [5]. Hence the
primary focus has been on achieving high data rates, witheutg much cognizance to EE and
to the implementation complexity, especially at the phgisiayer. This approach, unfortunately,
is no longer acceptable for future services relying on tallmetworks. The recent research
efforts and the decision to standardize a new narrow-badio tachnology for the Internet of
Things (1oT) con rm this paradigm change. The new radio asceetwork standard is known as
the Narrow-Band 10T (NB-IoT) recommendation, which is expeédo provide improved indoor
coverage, to support a massive number of low-throughputegyto guarantee a limited delay,
to facilitate a low device cost as well as power consumptiot 0 on [6]. This technology is
expected to operate “in-band”, relying on the resource kdlaaf a standard LTE carrier, or in
the unused resource blocks within a LTE carrier's guarddpam in a “stand-alone” mode for
emloyment in dedicated spectrum.

The operational LTE physical-layer standard relies on Mldtinput-Multiple-Output (MIMO)
techniques for enhancing the SE and for reducing the trangawer [7], [8]. MIMO aided
techniques will undoubtedly nd their way into the fth geraion (5G) of mobile services
and applications. In emerging loT applications, on the ioth@end, the so-called connected
objects are expected to require modest data rates, a lowrpoovesumption, and a smaller
form factor compared to those of typical mobile multi-medervices. By contrast, they are
expected to support higher data rates at a higher power sgtgn, and at a more bulky form
factor compared to typical wireless sensor networks. Henee air-interface techniques have
to be developed, which are capable of satisfying these neerging requirements. Clearly,

MIMO transmission and reception schemes will continue &y vital role in these emerging
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application scenarios, in light of their inherent desigmitlity. However, new MIMO paradigms
are necessary.

In simple terms, the capacity of MIMO systems is proportidoaminf N; N, g, whereN; and
N, represent the number of transmit and receive antennasinplges that the throughput may
be increased linearly with the number of antennas. As a cuesee, MIMO techniques can
provide high data rates without any bandwidth-expansioth &ithout increasing the transmit
power [7]. However, in practice, MIMO systems rely on a nplitity of associated circuits,
such as power ampli ers, RF front-ends, mixers, synthesjzdters, etc., which substantially
increase the circuit power dissipation of all network elatseMore explicitly, recent studies have
clearly shown that the EE gain of MIMO transmission incrsasgth the number of antennas,
provided that only the transmit power is taken into accourd their circuit power dissipation
is neglected [9], [10], [11]. On the other hand, the EE gainMiMO transmission remains
modest and decreases with the number of active transmitiaexeif realistic power consumption
models are considered [12]. These results highlight thatdiésign of energy ef cient and low-
complexity MIMO transmission is an open research problethatime of writing, especially in
the context of 10T applications. In fact, many system partansehave to be considered, such as
the bandwidth, the transmit power, the number of activestratireceive antennas, the number
of active devices, etc., which all contribute to the fundataktransmit power vs. circuit power
dissipation and multiplexing gain vs. inter-user integfece trade-offs. As a result, while the SE
advantages of MIMO transmission are widely recognizedsEspotential is not well understood.

Conventional MIMO transmission takes advantage of all theramas available at the trans-
mitter, by simultaneously transmitting multiple data atres from all of them. Thus, all transmit
antennas are activated at any time instance. By approprigtiebsing the transmission/precoding
matrices, multiplexing (higher data rates) and/or tratshviersity (better link reliability) gains
can be obtained using MIMO systems. The reason behind tlogehs that simultaneously
activating all transmit antennas results in an improved 8E However, unfortunately, this
choice does not lead to optimizing the total EE [12]. In famyltiple RF chains are required
at both the transmitter and receiver for simultaneousipgmatting many data streams, each
of which requires an independent power ampli er that is knote dissipate the majority of
the power consumed [3]. These considerations imply that jameaallenge of next-generation

MIMO-aided cellular networks is the design of multi-antartransmission schemes with a limited
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number of RF front-ends, aiming for reducing the complexdy,relaxing both the inter-antenna
synchronization requirements, the inter-channel interfee, as well as the signal processing
complexity and the form factor of the network elements, sthdiming for improving the SE
compared to single-antenna transmission and for redubm¢ptal power consumption compared
to conventional multiple-antenna aided transmission.

In this context, the design of MIMO transmission schemes éiploit fewer RF chains com-
pared to the number of available radiating elements is ntlyremerging as a promising research
eld [13]. Usually, this family of MIMO designs is referrebtas a single-RF MIMO. Suf ce
to say, however that there are also various compromisaysehiewvhich rely on diverse antenna-
selection schemes, where a speci c fraction of the antemastivated, which determines the
number of RF-chains necessitated. Hence in parlance we f&artodhese schemes as single-RF,
full-RF and fractional-RF arrangements.

To elaborate a little further, the fundamental idea behind fractional-RF aided MIMO
schemes is to attain spatial multiplexing and/or transhwiérsity gains with the aid of many
antenna-elements, where only a fraction of the antenmaeglts - or possibly just a single
antenna-element - is activated at the transmitter at anyutatdn instant. The rationale behind
the full-RF to fractional-RF paradigm shift in MIMO design ginates from the consideration that
multiple transmit antennas (radiating elements) may beractodated at both the transmitters
and receivers, bearing in mind that the complexity and paeesumption/dissipation of MIMO
transmission is mainly determined by the number of simelaisly active transmit antennas,
i.e,, by the number of RF chains [9], [10].

Fueled by these considerations, SM has recently estadlisdedf as a promising transmission
concept, which belongs to the fractional-RF MIMO wirelesstsyn family, whilst exploiting the
availability of multiple antennas in a novel fashion congzhto state-of-the-art high-complexity
and power-hungry classic MIMO systems [14]. In simple ter8ig can be regarded as a MIMO
concept that possesses a larger set of radiating elememtgit number of transmit-electronics
chains. SM-MIMO takes advantage of the entire antennaratahe transmitter, whilst using
a limited number of RF chains. The main distinguishing featof SM-MIMO is that it maps
additional information bits onto a “SM constellation diagr’, where each constellation element
is constituted by either a single one or a subset of antelemeats. These unique characteristics

result in high-rate MIMO implementations relying on a reddcsignal processing and circuit
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complexity, as well as an improved EE. Recent analytical amdlation studies have shown that
SM-MIMOs have the inherent potential of outperforming matgte-of-the-art MIMO schemes
under the fair assumption that the number of RF chains is thmesa

In a nutshell, the rationale behind SM-MIMO communicatiaresigned for spectral- and
energy-ef cient cellular networks is supported by a painddin pillars: 1) Given the performance
constraints, they minimize the number of activated antezlements in order to increase the EE
by reducing the circuit power consumption and the form factbthe devices; 2) Given the
implementation and size constraints, they maximize the bminof radiating antenna-elements
in order to increase both the SE and the EE by reducing theri@mpower consumption. This
is realized by capitalizing on the multiplexing gain intumed by mapping additional bits onto
the so-called “SM constellation diagram” constituted bg #ntennas.

Against this back-drop, in this chapter the concept of SMA@I is introduced and its achiev-
able performance in terms of its error probability, signabgessing complexity and energy
ef ciency is discussed. Finally, experimental resultsyned) on a testbed are illustrated in order

to substantiate the feasibility of this emerging concept.

I[I. A HISTORICAL PERSPECTIVE

Although SM-MIMO has received widespread attention frore tesearch community only
in the last few years (about 11 papers were available in the @pchnical literature in 2008),
it is a 14-year old technology. In this section, we brie y debe the history of SM-MIMO
research with a focus on some pioneering papers, where tieepbof SM is rst proposed and
studied. From this short glimpse into the historical depeient of SM-MIMO, it is evident that
during the years 2001-2008 various researchers indepgyndiveloped transmission concepts
closely-related to the SM-MIMO scheme, which were nickndméth different acronyms.

The “space modulation” principle appeared for the rst tiine2001 [15]. This scheme was
termed as Space Shift Keying (SSK) modulation and it expltie differences in the signals
received from different Transmit Antennas (TAs) to disanate the transmitted information
messages. In [15], a twin-antenna MIMO setup providing Ipbitchannel-use (bpcu) transmis-
sion was investigated. The information bits are encodedd®ping one TA active all the time,
while activating the second TA only for one of the two possibiformation bits. The authors

also proposed a twin-antenna MIMO setup that combinesaatd binary Phase Shift Keying
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(PSK) modulation, thus providing 2 bpcu transmission. Ttteesne employs 2-PSK modulation,
when the TAs are active.

A year later in 2002, Haast al.[16] the authors proposed a multi-antenna modulation sehem
where a number of bits that is equal to that of the TA-elementaultiplexed in an orthogonal
fashion. A special property of the encoding scheme is thit one out of the available TAs is
active in every channel use. The scheme is developed forkR&lulation and some bits are
used as parity checks. The authors show that it providesdime spectral ef ciency as 8-PSK,
but with a better error probability.

Two years later in 2004, Sored al.[17] proposed a modulation scheme termed as the “channel
hopping technique,” which is exactly what is known today & 8®IMO. The idea is portrayed
in [17, Fig. 1], and it foresees the transmission of two infation streams: the rst is explicitly
transmitted by using conventional PSK or Quadrature Amgét Modulation (QAM) and the
second is implicitly transmitted by activating a single TAtbe available antenna-array.

In 2005, Meslehet al. [18] independently proposed the same modulation scheme HY].
The main motivation behind [18] is to develop a multi-ani@mmodulation scheme that avoids
Inter-Antenna Interference (IAl), which is realized by ieating a single TA in every channel
use and by implicitly conveying additional informationsiising the TA switching process. The
authors also show that the proposed scheme signi cantixesl the signal processing complexity
at the receiver. In 2006, the same authors further invdstigéne scheme proposed in [18] and
they used for the rst time the terminology of “Spatial Modtibn” to identify this transmission
mechanism [19], [20], [21], [22].

Two years later in 2008, various papers were published byawipg and further investigating
the SM-MIMO concepts presented in the previous years. Yam JBaoet al. [23] study the
channel capacity, where the parlance of Information Guidednnel Hopping (IGCH) is coined.
It is shown that IGCH provides a better spectral ef ciencieart Orthogonal Space Time Block
Codes (OSTBCs). In [24], the SM-MIMO concept introduced in [18P], [20], [21], [22] is
comprehensively studied by using a low-complexity twgstemodulator. In [25], the authors
develop the Maximum Likelihood (ML) optimum demodulator 8§M-MIMO and they show
that some performance improvements can be expected coungatiee sub-optimal demodulator
introduced in [24]. In [26], the SM-MIMO scheme is simpli ey generalizing the SSK
concept originally proposed in [15] to arbitrary numbersiés. In particular, only the spatial-
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constellation diagram is used to transmit information.bitsis encoding scheme is today known
as SSK-MIMO. In [27], a framework is introduced for the pen@nce analysis of SM-MIMO
by using results from ordered statistics. In [28], the arghextend [26] by allowing more than
one TA to be active in every channel use and by encoding tr@ndtion bits onto various
combinations of multiple active TAs. They show that for tlzan® number of TA-elements the
rate can be improved at the cost of increasing the number oftais, whilst tolerating some
performance loss. This modulation scheme is referred toaasfalized SSK (GSSK).

More recently, in [29], [30], [31], [32], [33] the issue offBRF switching has been addressed in
the context of SM/SSK, which is a major practical impleméntachallenge of these techniques.
Due to the speci ¢ encoding mechanism of SM/SSK, the actimagmit antenna is switched at
each new channel use, which requires an RF switch operatiting &ymbol rate. While fast RF
switches with low insertion loss and with good isolationetdies are available in the literature
for a wide range of frequency bands, high-speed RF switcliesaistitute a critical part of the
transmitter design [34]. To this end, single-RF MIMO systdmagse been implemented using the
concept of recon gurable antennas (RASs). Indeed, the implaation of SM/SSK using a single
RA with multiple transmission states allows for replacing switching amongst RF chains by
a switching operation amongst antenna states. The latbeeps is associated with modifying
the surface current distribution within the RA and thus it ss@ciated with a lower complexity
and lower cost than switching amongst RF chains during eactsinission period.

At the time of writing, research on SM-MIMO is well estableshand hundreds of research
contributions are available in the open technical liteatrhe interested readers are invited to

consult recent survey papers in this eld of research [134]] [35], [36], [37].

I11. OPERATING PRINCIPLE
A. How It Works

In this section, we introduce the SM-MIMO concept illusingt it with the aid of some
simple examples. We denote BY; and N, the number TAs and Receive Antennas (RAS),
respectively. The cardinality of the signal-constellat@iagram is denoted byl . Either PSK or
QAM are considered. In generdl;, N, andM can be chosen independently of each other. At
the receiver, ML-optimum demodulation is considered. THis can be chosen independently

of N [7]. For ease of presentation, we assule= 2" andM = 2™ with n; and m being
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Fig. 1.  lllustration of three MIMO concepts: (a) spatial-multiplexing; (b)nsmit-diversity; and (c) spatial modulation.
Reproduced with permission from [34].

two positive integers. For ease of illustration, a single Riat-end is supposed to be available
at the transmitter (single-RF MIMO).

In Fig. 1, the SM-MIMO concept is illustrated fod; = M = 2 and it is compared to the
conventional Spatial Multiplexing (SMX) scheme [7, Setalhd to the OSTBC scheme designed
for transmit-diversity [7, Sec. Ill]. In the latter casegetllamouti scheme is considered as an
example [38].

1) In SMX-MIMO, two PSK/QAM symbols § andS;) are simultaneously transmitted from

a pair of TAs in a single channel use. For arbitrddy and M, the rate of SMX is
Rswx = N¢log, (M) bpcu [7, Sec. Il].
2) In OSTBC-MIMO, two PSK/QAM symbolsS; andS;) are rst encoded and then simul-
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taneously transmitted from a pair of TAs in two channel u$es. arbitraryN; and M,
the rate of OSTBC iRostsc = Rcl0g, (M) bpcu, whereR, = Ny/Ng, 1 is the rate
of the space-time block code aht, is the number of information symbols transmitted in
Nci channel uses [7, Sec. lll], [39]. If, as shown in Fig. 1, thebuti code is chosen,
then we haveR, =1 [38].

3) In SM-MIMO, only one §;) out of the two symbols i€xplicitly transmitted, while the
other symbol §,) is implicitly transmitted by determining the index of the active TA in
each channel use. In other words, in SM-MIMO the informatymbols are modulated
onto two information carrying units: 1) a PSK/QAM symbol;daB) a single active TA
via aninformation-drivenantenna-switching mechanism. For arbitrdtyandM , the rate
of SM is Rgy =log, (M) +log, (N;) bpcu [14], [24].

In Fig. 2 and Fig. 3, the encoding principle of SM-MIMO is #inated forNy = M = 4
by considering two generic channel uses, where the condeffM or spatial-constellation
diagram” is also introduced. The rate of this MIMO setuRisy = log, (M) +log, (N;) = 4
bpcu, hence the encoder processes the information bitsock®lof 4 bits each. In the rst
channel use shown in Fig. 2, the block of bits to be encoded190”. The rstlog, (N;) =2
bits, “11,” determine the single active TATX 3), while the secondog, (M) = 2 bits, “00,
determine the transmitted PSK/QAM symbol. Likewise, in #exond channel use shown in
Fig. 3, the block of bits to be encoded is “0001”. The isfg, (N;) = 2 bits, “00,” determine
the single active TATX), while the secondbg, (M) = 2 bits, “01,” determine the transmitted
PSK/QAM symbol.

The illustrations shown in Fig. 2 and Fig. 3 highlight a pafrunique characteristics of
SM-MIMO:

1) The activated TA may change every channel use accorditigetinput information bits.
Thus, TA switching is an effective way of mapping the infotioa bits to TA indices and
of increasing the transmission rate.

2) The information bits are modulated onto a three-dimeradiconstellation diagram, which
generalizes the known two-dimensional (complex-valueghad-constellation diagram of
PSK/QAM modulation schemes. The third dimension is pradithy the antenna-array,
where some of the bits are mapped to the TAs. Again, in SM-MIM&earch, this third
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Fig. 2. lllustration of the three-dimensional encoding of spatial modulatist channel use) Reproduced from [34] with
permission.

dimension is often termed as the “spatial-constellatiaagdim” [14].

In simple mathematical terms, the signal model of SM-MIM@swaming a frequency- at
channel model, is as follows:
y = Hx +n (1)

where: i)y 2 CNr 1 is the complex received vector; il 2 CNr Nt is the complex channel
matrix; iii) n 2 CN* 1 is the complex Additive White Gaussian Noise (AWGN) at the nesre
and iv) x = es 2 CNt 1 js the complex modulated vector with2 M C! ! being the
complex (scalar) PSK/QAM modulated symbol belonging to signal-constellation diagram

ande 2 A being theN; 1 vector belonging to the spatial-constellation diagranas follows:
8

E1 if thet th TA is activated

€

(2)
->0 if thet th TA is not activated
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Fig. 3. lllustration of the three-dimensional encoding of spatial modulg8enond channel use) Reproduced from [34] with
permission.

vectors) of the spatial-constellation diagram are kheunit vectors of the natural basis of the
N¢-dimensional Euclidean space.

If N; = 1, SM-MIMO reduces to conventional single-antenna commatioos, where the
information bits are encoded only onto the signal-coretielh diagram. In this case, the rate
is Rp = log,(M). On the other hand, iM = 1 the information is encoded only onto the
spatial-constellation diagram by providing a rate equaRtgx = log, (N¢). In the literature,
this transmission scheme is known as SSK modulation [26]pdrticular, SSK modulation
is a MIMO scheme, where data transmission takes place onbudgh the information-driven
TA switching mechanism. It is apparent that SM-MIMO can bewed as the combination of
single-antenna PSK/QAM and SSK-MIMO modulations.
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Fig. 4. Why it works (encoding). Reproduced from [14] with permissio

B. Why It Works

From Section IlI-A, we have learned that the fundamentatatgenal principle of SM-MIMO
relies on transmitting part of the information bits via anpiiit information-driven antenna-
switching mechanism. In this section, we provide some htsiggn how the receiver becomes
capable of retrieving the information bits encoded into TBeindices. This, in fact, showcases
the underlying “essence” that equips SM-MIMO with its inmgtroperties. Let us consider
Figs. 4-6, which illustrates the bit-to-symbol mapping dhed transmission process through the
communication channel as well as the decoding process oMBEMO transmission, respectively.

Figure 4 is similar to Figs. 2 and 3, bid; = 4 andM = 2 are considered for ease of
illustration. Let “101” be the triplet of bits at the input ¢ie SM modulator. Then, the TA-
elementTX, is activated and the “-1” PSK bit is transmitted from it.

The signal emitted by the active TA then traverses througbkreegc wireless channel, whose
channel impulse responses are illustrated in Fig. 5. Owinghe different spatial locations
occupied by the TAs in the antenna-array, the signal tramesthby the active TA experiences
different propagation conditions due to the different digive and re ecting environmental

objects along any transmitter-to-receiver wireless linrks such, the same “-1” PSK symbol
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Fig. 6. Why it works (decoding). Reproduced from [14] with permissio

emitted by the TA-elementX, travels through a communication channel, which introdues
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speci ¢ “channel signature or ngerprintj.e., the channel impulse response, that makes it unique
compared to the same symbol emitted by any other TAs. Thistitotes the fundamental essence
of SM-MIMO: the more different the channel signatures/ mgents are from each other, the
simpler it becomes to distinguish the signals at the receimesimple terms, the communication
channel may be deemed to play, especially for SSK-MIMO, thle of a “modulation unit,”
where the channel impulse responses are the actual megdsgiggsransmitted.

At the receiver, the demodulation unit exploits the uniquegerprint introduced by the
wireless channel for retrieving the information bits. Thusllustrated in Fig. 6, where a coherent
demodulation scheme based on the minimum Euclidean desiareonsidered [25]. The receiver
is assumed to be aware of tNe channel impulse responses, however the actual channelsenpu
response that is received in each channel use depends omdée of the active TA. The
demodulator performs an exhaustive search among all thsilpp@scombinations of channel
impulse responses and modulation symbols, and makes aateaisfavor of the hypothesis
associated with the lowest Euclidean distance. In a ndfsteke to the information-driven
antenna-switching mechanism of SM-MIMO transmission, thechannel impulse responses
become part of the search space of the hypothesis-testimigjepn solved by the receiver.
Based on the estimated channel impulse response, the datwdid capable of retrieving
the information bits associated with it. In summary, theeasge of SM-MIMO transmission is
all about exploiting the TA-speci ¢ property of the wireeshannelj.e., the uniqueness of each

transmit-to-receive wireless link, for data communicatio

IV. ACHIEVABLE PERFORMANCE

In this section, we illustrate some numerical examples stgwhe achievable performance
of SM-MIMO in terms of its bit error probability, signal pressing complexity and energy
ef ciency.

In Fig. 7, the bit error probability of SM-MIMO is illustrate The setup encompasses a
MIMO transmission channel with independent and identycdlktributed Rayleigh fading. The
receiver is equipped withl, receive antennas and the transmitter is con gured with glsiRF
front-end. The target data rate is 8 bpcu. The modulatiomrsehand the number of transmit
antennad\; are chosen accordingly. In addition, SM-MIMO is comparediagt SMX-MIMO

that is con gured for achieving the same data rate. The gsinews that SM-MIMO is capable
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e

Fig. 7. Bit Error Probability. Reproduced from [40] with permission.

of providing better error performance than SMX-MIMO, undiee assumption that a suf cient
number of antenna-elements is available at the transniethermore, this is achieved by using
fewer RF front-ends than SMX-MIMO.

In Fig. 8, the signal processing complexity of SM-MIMO demdtation is illustrated. The same
setup as in Fig. 7 is used. In particular, the demodulatoaget on the Sphere Decoding (SD)
principle [40] and it is shown in terms of the number of complalued operations with respect
to the baseline ML-optimum demodulator. The gure pointd that SM-MIMO is capable of
offering a signi cant reduction of the signal processingmexity with respect to SMX-MIMO.

In Fig. 9, the EE potential of SM-MIMO is illustrated and coampd against SMX-MIMO,
OSTBCs B4 code rate) and Multiple-Input-Single-Output (SIMO) tramssion for transmit-
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Fig. 8. Demodulation complexity. Reproduced from [40] with permission.

diversity. The EE expressed in bits/Joule is computed asatie between the channel capacity
and the total power supply that includes both the RF and t¢ingower consumption. The
setup encompasses a MIMO transmission channel with indiegperand identically distributed
Rayleigh fading and four antennas at the transmitdér £ 4). The numerical results clearly
highlight the EE potential of SM-MIMO compared to the othetMD transmission schemes,
especially for medium throughput. As for high throughphgre is an intercept point between the
curves of SM-MIMO and SMX-MIMO, which is due to the limited miber of TAs (only four)
that is used for SM-MIMO. Increasing the number of TAs wowdult in further increasing the
EE without the need of increasing the number of RF front-ends.

In summary, Figs. 7, 8 and 9 show that SM has the inherent patesf simultaneously
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Fig. 9. Energy ef ciency. Reproduced from [41] with permission.

reducing the error probability, the signal processing dexify and the power consumption of
MIMO transmission. This win-win effect makes SM-MIMO a sabte candidate for emerging
cellular-based NB-10T applications [42] and realizablggéascale MIMO systems [43]. Further
comparisons between SM-MIMO and state-of-the-art MIMOtesyss are available in [44]-[52].

V. TESTBEDIMPLEMENTATION

In this section, we brie y describe the world's rst experental assessment of SM-MIMO

transmission with the aid of a testbed operating in an ingiwopagation environment.

A. Transmission Chain

The transmission chain used in the testbed setup is showigirl®, which is constituted by
hardware and software parts. The hardware consists of amdtinstruments (NI)-PXle-1075
chassis at the transmitter (PXle-Tx) and another NI-PXJé5Lchassis at the receiver (PXle-

Rx), each equipped with the relevant NI modules [53]. Thevgafe carries out the digital
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Fig. 10. lllustration of the hardware and software testbed setup. Regeddrom [54] with permission.

signal processing at the transmitter (DSP-Tx) and at theivec (DSP-Rx). At the transmitter,
the binary data is processed by the DSP-Tx block before heamgmitted through the channel
by the PXle-Tx. At the receiver, the PXle-Rx records the RF&igimd outputs it to the DSP-RX,

where the original data stream is recovered.

B. Hardware Testbed

Both the NI-PXIle-1075 chassis of the transmitter and of tloeixer are equipped with a 1.8
GHz Intel-i7 processor relying on 4 GB RAM. The system has tws Bnd two RAs. Each
TA and RA contains two quarter-wave dipoles, and a half-wapeld placed in the middle. All
three dipoles are vertically polarized. Additionally, eantenna has a peak gain of 7 dBi in the
azimuth plane, with an omnidirectional radiation pattérhe signals are transmitted at a carrier
frequency of 2.3 GHz.

The PXle-Tx transmitter hardware is composed of three aot@nected hardware modules:

1) The NI-PXle-5450 1/Q signal generator, which is fed witte ttransmit vector extracted
from the binary le generated in MATLAB using the DSP-Tx emiog algorithm. The
DSP-Tx module is described in Section V-C.

2) The NI-PXle-5652 RF signal generator, which is conneatettié NI-PXle-5611 frequency
converter, which takes its input signal from the output af til-PXle-5450 1/Q signal
generator.

3) The NI-PXle-5611 frequency converter, which outputsahalog waveform corresponding

to the binary data at a carrier frequency of 2.3 GHz.
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Fig. 11. Block-diagram of signal processing modules implemented atahsmitter and receiver. Reproduced from [54] with
permission.

Likewise, the PXle-Rx receiver hardware is composed of timezconnected hardware mod-
ules:

1) The NIPXle-5601 RF down-converter, which is used for diétgcthe analog RF signal
from the RAs.

2) The NI-PXle-5652 on-board reference clock, which is uedsynchronization.

3) The NI-PXle-5622 IF digitizer, which applies its own baads Iter and produces the
received binary les that are processed in MATLAB by the DBR-decoding algorithm.
The DSP-Rx module is described in Section V-C.

C. Software Testbed

MATLAB is used for the digital signal processing requiredtbat the transmitter and receiver,
DSP-Tx and DSP-Rx, respectively. DSP-Tx processes the imgpmformation and generates

a le that can be transmitted by PXle-Tx. DSP-Rx processeditta received by PXle-Rx and
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recovers the original binary data stream. The processigpgriehms at DSP-Tx and DSP-Rx are

shown in Fig. 11.

The following operations are implemented at the DSP-Tx:

1)
2)
3)

4)

5)

6)

The binary data is rst split into information segmentsagpropriate size.

The information in each segment is then modulated usingM8MO.

A pilot signal is incorporated for the sake of channelreation along with a frequency
offset estimation section.

Then, zero-padding is performed, which permits up-samgf the data, while maintaining
the same signal power. The up-sampling ratio is set to fodrthe up-sampled data is
passed through a root raised cosine nite impulse respofisewith 40 taps and a roll-off
factor of 0.75. A large roll-off factor and a long tap-delag anecessary for ensuring that
the power is focused to a short time windave., for ensuring that only a single antenna
is activated in every channel use.

The resultant vector is multiplied by a factor termed as“ffuning Signal Power” for the
sake of adjusting the desired transmit power required feritfiormation sequence.

The frames are created by ensuring that the frame lengliipirad by the sampling rate is
less than the coherence time of the channel, which is typiedlout 7 ms for a stationary
indoor environment. This ensures that all channel estisngemerated at the receiver are

valid for the frame duration.

The following operations are implemented at DSP-RXx:

1)
2)
3)
4)

5)

6)

The raw data vectors received from the NI-PXle-5622 tigitare combined, in order to
form the received matrix for data demodulation.

The detector rst nds the beginning of the transmittedysence by using the synchro-
nization sequence (based on an autocorrelation algorithm)

The Signal-to-Noise-Ratio (SNR) for each vector is cal@dausing the “SNR section”.
Each raw vector is decomposed into its underlying frames.

Each frame is down-sampled and passed through a rootl r@iséne Iter which completes
the matched- Itering.

Frequency offset estimation, timing recovery and cdioecof each frame follow, which

rely on using state-of-the-art algorithms.
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Fig. 12. lllustration of the laboratory setup. Reproduced from [54] wihpssion.

Fig. 13. lllustration of the measurement setup. The pair of receiverandmit antennas are s&2 m apart from each other
with a direct line-of-sight. Each pair of antennasli§ m above the ground oor. The spacing between the antennas in either
pair is 10 cm, which corresponds t6:77 times the wavelength & 3GHz. Reproduced from [54] with permission.

7) The pilot signal is then used for channel estimation.
8) The remaining data, along with the estimated channelsai$y used for recovering the

estimated binary sequence (ML-optimum demodulation).

D. Experimental Evaluation

The physical layout of the experimental setup is shown in ER) and the relative antenna

spacing is provided in Fig. 13. More patrticularly, the twosTand two RAs are identical and are
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Fig. 14. lllustration of the experimental results and comparison with aisadysl simulations. Reproduced from [54] with
permission.

placed directly across each other. As such, the channekleetthe transmitter and receiver has a
strong LoS component. Therefore, the transmit-to-recehannel exhibits a Rician distribution
with a high Rician factor due to the short distance betweeamstraiter and receiver. In order to

con rm the Rician distribution and to estimate the Rician éacsome channel measurements are
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collected and studied with the help of the Chi-squared gos&loé t test. These measurements
con rm that the channel is Rician distributed with a Ricianttacin the range of 31-38 dB.

To assess the performance of the testbed, some measureanersrformed and the error
probability is computed experimentally. Speci cally, aestm of 10* information bits is trans-
mitted. This data is split into 50 frames with 200 bits each.iMplement coherent detection,
the channel is estimated both at the beginning and at the £edeoy frame, resulting in 100
CEs per transmission. The experiment is repeated 1000 tioresvery SNR point and the
error probability is computed. The results are shown in Efy. A good agreement between the
experiments and both the Monte Carlo simulations (“Sim”) #relanalytical results (“Ana”) can
be observed. Explicitly, the analytical results are olsdily considering a Rician distribution
with a Rician factor equal to 33 dB and by taking into accoumhe®f the associated hardware
imperfections, such as the power imbalance of the RF frods.efihe gap observed at low
SNR can be attributed to a number of practical factors, gholy the imperfect frequency offset
estimation, timing recovery errors, synchronization peais and inaccurate channel estimation.

In summary, the preliminary results illustrated in this te@t for a simple 2  2)-element
MIMO testbed, including full transmit and reception chaersd signal processing algorithms,
con rm that the theoretical gains predicted by the analgsid simulations are substantiated by
measurements performed in a controlled laboratory enmeart. Further experimental activities
on SM-MIMO are available in [55].

VI. CONCLUSIONS ANDRESEARCHOUTLOOK

The emerging market of the 10T requires novel power-ef tiand low-complexity MIMO-
aided cellular radio access technologies. This trend valteha profound impact on both the
theory and practice of future cellular networks, which with longer be purely optimized for
approaching the attainable capacity, but will explicitlclude the energy ef ciency during
the design and optimization of the entire protocol stackitHhis chapter, we have critically
appraised SM, which constitutes a promising transmissimecept in the context of MIMO-aided
transmission. We have shown that the SM concept can be biatlg cnvoked for the design
of medium rate, low-complexity and energy-ef cient comnation systems by relying on a
limited number of RF chains. Preliminary experimental ressslibstantiating the bene ts of SM-

MIMO have also been illustrated. Promising research dm&ion SM-MIMMO are constituted
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by amalgamating the SM concept with recon gurable antenasasing for the design of cellular

systems supporting low-cost, low-complexity, low-powensumption and medium-throughput

loT applications [42].

We close this chapter by directing interested readers tollaction of companion tutorial
slides [56] and a tutorial YouTube video [57] on SM-MIMO reseh.
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