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Abstract— Spatial Modulation (SM) is a recently proposed
joint coding and modulation scheme for Multiple-Input—
Multiple-Output (MIMO) wireless systems, which is receiving
a growing interest. SM offers a low—complexity alternative to the
design of MIMO wireless systems, which avoids multiple Radio
Frequency (RF) chains at the transmitter and high—complexity
interference cancelation algorithms at the receiver, but still guar-
antees a multiplexing gain that only depends on the number of
antennas at the transmitter. This makes this technology especially
suitable for the downlink with low—complexity mobile units. So
far, the feasibility and performance of SM have been assessed
and studied only for point—-to—point communication systems, i.e.,
the single—user scenario. However, the performance achievable
by the vast majority of wireless communication networks is
interference limited, due to the simultaneous transmission of
various users over the same physical wireless channel. Therefore,
the adoption of SM in the next generation of wireless communi-
cation systems requires a deep understanding of its performance
over interference channels. Motivated by this consideration, in
this paper we study the performance of SM over the reference
multiple-access fading channel composed by two transmitters
and one receiver. Two detectors at the receiver are studied, i.e.,
the single— and the multi-user detector. In particular, analysis
and Monte Carlo simulations show that the single—user detector
does not offer, in general, good error performance for arbitrary
channel conditions, while the multi-user detector achieves error
performance very close to the single—user lower—-bound. These
results clearly highlight that SM can be adopted for enabling
data transmission over multiple-access fading channels as well.

I. INTRODUCTION

Multiple—antenna techniques constitute a key technology for
modern wireless communications, which trade—off better error
performance and higher data rates for increased system com-
plexity, cost, and power consumptions [1]. Among the many
solutions adopting multiple—antennas at either the transmitter,
the receiver, or both, Spatial Modulation (SM) is a novel and
recently proposed transmission technique for Multiple-Input-
Multiple-Output (MIMO) wireless systems, which can offer
good data rates and error performance with a moderately low
system complexity [2]-[4].

SM has been conceived with a twofold objective [4]: 1)
reduce the hardware and computational complexity of con-
ventional spatial multiplexing concepts for MIMO systems,
and ii) guarantee a multiplexing gain with respect to conven-
tional single—antenna systems. This is achieved by introducing
the joint coding and modulation mechanism called transmit—
antenna index coded modulation, which has two main features:
1) only one transmit—antenna is activated for data transmission
at any signaling time instance, and 2) the spatial position of
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each transmit—-antenna (known as spatial constellation dia-
gram [4], [5]) is used as an additional source of information.
In particular, 1) results in a significant reduction in transmitter
and receiver complexity. This is because neither multiple
Radio Frequency (RF) units at the transmitter, nor compli-
cated interference cancelation mechanisms at the receiver are
required. While this might result in a non—negligible reduction
of the achievable data rate, however, 2) allows us to re—store
the multiplexing gain potentially offered by multiple-antenna
systems even though a single transmit—antenna is active for
data transmission at any given time instance. In particular, 1)
if compared to single—antenna systems, SM offers, without
any bandwidth expansion, a multiplexing gain that increases
logarithmically with the number of antennas at the transmitter;
while ii) if compared to MIMO spatial multiplexing systems,
SM offers, with a single RF chain at the transmitter, a multi-
plexing gain that, although increases only logarithmically with
the number of transmit—antennas, is independent of the number
of receive—antennas, thus making this technology well suited
for downlink transmissions. Furthermore, SM offers an intrin-
sic flexibility that allows us to choose, almost independently,
the number of transmit—antennas and the modulation order to
meet the desired data rate. Unlike other MIMO techniques it
does not place a limiting constraint on the number of receive—
antennas. This degree of freedom can be exploited to adjust
the diversity gain and the error performance of the system
[4], [S]. Further details about advantages and disadvantages
of SM can be found in [4]-[6] and are here omitted due to
space constraints.

Due to its potential benefits, several papers are now avail-
able in the literature, which are aimed at understanding the
performance of SM—MIMO schemes and proposing new solu-
tions with improved performance and flexibility. Some notable
results can be found in [4]-[15] and references therein. From
these research efforts, we have gained important information
about the relative performance of SM with respect to other
MIMO systems (see, e.g., [4], [5], [8]). We know the optimal
detectors with and without channel state information (see,
e.g., [5], [6], [12]), and we have a thorough understanding
of the performance of SM over fading channels from which
important insights for system optimization can be derived (see,
e.g., [11]-[15]).

However, all the contributions available so far have a
common limitation: they are useful only for point—-to—point
communication systems, i.e., the single—user scenario. Since,
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Fig. 1. System model: multiple-access channel with 2 transmitters and 1

receiver.

it is well-known that the performance of many wireless com-
munication networks is interference limited (see, e.g., [16] and
references therein), due to the mutual interference arising from
simultaneously transmitting users, the main objective of this
paper is to study the performance and assess the suitability for
communication of SM over multiple-access fading channels.
Two receiver designs are considered: i) a single—user detector,
and ii) a multi—user detector. Our analytical frameworks and
numerical simulations show that the former detector cannot
guarantee good performance (i.e., a low Average Bit Error
Probability — ABEP) for arbitrary channel conditions, while
the latter detector can enable data transmission with perfor-
mance very close to the point—to—point communication system.
The main contribution of this paper is to show that SM with
multi—user detection can indeed be adopted for enabling data
transmission over multiple—access fading channels.

The remainder of this paper is organized as follows. In
Section II, system and channel models are introduced. In
Section III and Section IV, the performance of SM over
multiple—access fading channels with a single— and a multi—
user detector is analyzed, respectively. In Section V, numerical
and simulation results are shown to substantiate the accuracy
of the analytical framework and validate our claims. Finally,
Section VI concludes the paper.

II. SYSTEM MODEL

The system model analyzed in this paper is sketched in
Fig. 1. Due to the analytical complexity of computing the
performance of SM over fading channels even for the single—
user system setup (see, e.g., [11], [14]), we resort to some
assumptions in this paper, which we emphasize here do not
invalidate the generality of the conclusions drawn for the
multiple—access channel. In particular, the following assump-
tions are considered. i) We restrict the analysis to the so—
called Space Shift Keying (SSK) modulation scheme, which
is a low—complexity implementation of SM trading—off data
rate for complexity [5]. In SSK modulation, there is only
one information carrying unit and the data stream is encoded
only on the spatial constellation diagram [11]. ii) We consider
the basic multiple—access channel with only two transmitters
and one receiver. iii) Each transmitter is equipped with an
antenna array with /V; = 2 transmit—antennas and the single
receiver is equipped with NV,. = 1 receive—antennas. This is the

simplest configuration required to adopt the SSK modulation
scheme. iv) Similar to previous research contributions [2]-
[15], and for analytical tractability, we assume that a pure
sinusoidal waveform is transmitted for each signaling interval.
By assuming perfect time—synchronization at the receiver, this
allows us to neglect the effect of the propagation delays in our
analysis since each delay would result in an equivalent phase
shift of the sinusoidal waveform, which can be embedded
into the complex gain of the wireless channel (see Section
II-B). This might be seen as equivalent to considering the
synchronous multiple—access reference scenario [17].

According to [4], [5], SSK modulation works as follows: i)
each transmitter encodes blocks of log, (/V;) data bits into
the index of a single transmit—antenna (i.e., antenna—index
coded modulation), which is switched on for data transmission
while all other antennas are kept silent, and ii) the receiver
solves a hypothesis detection problem to estimate, for each
transmitter, the transmit—antenna that is not idle, which results
in the estimation of the unique sequence of bits emitted by
each encoder. Throughout this paper, the unique block of
bits encoded into the index of the i—th transmit—antenna is
called “message” and is denoted by mz(-Ul) and mgUz) with
i =1,2,..., Ny for user U; and user Us, respectively. The
N; messages are assumed to be emitted with equal probability
by each encoder. Moreover, the related transmitted signal is
denoted by 5" (1) and sV () with i = 1,2,..., N, for
user U; and user Us, respectively. It is implicitly assumed
in this notation that, if m,EUl) is transmitted, the analog signal
sEUl) (+) is emitted by the i—th transmit—-antenna while all other
transmit—antennas radiate no power. A similar assumption is
considered for user U, as well.

Interference Channel: In this paper, we are mainly in-
terested in the scenario where the single receiver in Fig. 1
has to decode the messages sent by both users. However,
another scenario of practical interest is represented by the
setup with two transmitters (TX(Ul) and TX(U2)) and two
receivers (RX(Ul) and RX(UQ)), where TXY") has a message
only for RXY) and TXY2) has a message only for RX(V2),
This setup is called interference channel [18]. In this paper, we
show that for this latter scenario even the single—user detector,
for some fading channel conditions, might be sufficient to
allow each receiver to adequately decode its intended message.

A. Notation

Let us briefly summarize the main notation used throughout
this paper. i) We adopt a complex—envelope signal represen-
tation. i) j = \/—1 is the imaginary unit. iii) (z ® y) (t) =
f+°° z (&) y (t — &) d€ is the convolution of signals z () and

y(-). iv) (-)" denotes complex—conjugate. v) |-|> denotes
square absolute value. vi) E{-} is the expectation operator.
vii) Re{-} denotes the real part operator. viii) Pr{-} means
probability. ix) ¢ (-) is the Dirac delta function. x) @ (z) =
(1/\/%) f;oo exp (—t2/2) dt is the Q—function. xi) (V1)
and m(U2) denote the messages estimated at the receiver for
user U7 and user Us, respectively. xii) E,, is the energy trans-
mitted by each antenna that emits a non—zero signal. xiii) 75,
denotes the signaling interval for each transmitted information
message. xiv) The complex Additive White Gaussian Noise
(AWGN) at the receiver input is denoted by n(:), and its
real and imaginary parts are assumed to have a double-sided
power spectral density equal to Ny. xv) G ~ N (‘LL(;,O'%;) is
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and standard deviation o¢. xvi) For ease of notation, we set
y=E,,/(4Np).

B. Channel Model

We consider a frequency—flat slowly—varying fading chan-
nel model, with fading envelopes distributed according to a
Rayleigh distribution [19]. Moreover, we assume the fading
gains not to be necessarily identically distributed, but, for
analytical tractability, uncorrelated fading is considered. In
particular 2 = 1,2,..., Ny):

.« B 1)

0 exp (w
channel impulse responses from the transmlt—antennas
TX") and TX!") 1o the single receive-antenna for
user U; and user Us, respectively. Furthermore, ﬂi(Ul),
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gains over all wireless links are assumed to be indepen-
dent from each other. A similar notation is used for user
Us,.

o According to the assu
tion delays T(Ul) and T;
of this paper.

). Moreover, the fading

(pthIlS in Section II, the propaga-
are neglected in the reminder

III. SINGLE-USER DETECTOR

Let us consider that the receiver uses a single—user detector
to estimate the messages transmitted by each user. Also,
let us assume that the receiver has perfect Channel State
Information (CSI) for each user. For a single—user detector, the
receiver exploits only the CSI of the user it intends to decode.
Without loss of generality, we study the performance of the
system when U; is the intended user. Similar considerations
can be made for user Us. Finally, we denote by m(Ul) €

mgUl),méUl)} and m(UQ) € { §U2), éUQ) the messages
actually transmitted by user U; and user Us, respectively.

A. Maximum—Likelihood (ML) Detector
Accordingly, the received signal, 7 (-), can be written as

follows:
r(t) =5 (1) (t) +n(t)

7l1

z(U2)

+3 (1)

gl(fh) (t) = < (U1) ®h(U1>> (t) = ﬂ(Ul) exp <] (Ul)) s\ U1) ()
§§52) t) = ( (U2) ®h(U2)) ) = Uz) (U2>) §2U?) ()
(@)
The ML-optimum single—user detector for user U; can be
written as follows [17], [20]:

(Ur)
~(U1) _ )™
m =

(o

where we have defined:
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with E{ Jp 37 (1) (§§Ul) (t)) dt and E{VY =

*
S 3 (1) (55 (t)) dt.

We note that, according to our notation, the detector in (3)
is successful in detecting the message transmitted by user Uy
if and only if (V1) = ml(lUl). A similar detector for user Us
can be easily obtained, but, for the sake of conciseness, it is

not reported here.

B. ABEP

The ABEP can be computed by using a methodology
similar to, e.g., [15]. Due to space constraints, we avoid
here the details of the lengthly analytical derivation. However,
in Section V we substantiate the accuracy of the analytical
derivation via Monte Carlo simulations.

From (3), the ABEP of user Uy, ABEP(Ul), is shown in
(5) on top of this page. The ABEP of user Us, ABEP(Y2),
can be obtained from (5) with the substitutions U; — Us and
U, — U, . Finally, we emphasize that the ABEP in (5) is exact
and no approximations have been made to compute it.

C. Analysis for large Signal-to—Noise—Ratios (SNRs)

In order to get some insightful information about the system
behavior, let us analyze the ABEP for large SNRs, i.e., when
E,,/Ny > 1. For ease of notation and for the sake of
conciseness, let us also assume o(U1) = a%Ul) = aéUl) and
oU2) = U2 — 5{U) With these assumptions, the ABEP of
user U; and user Us in (5) simplify as follows:

(U1) /5 (U2))?
ABEPSSJJI)HP—%—% (o) /5U2)) 2
2+ (O'(Ul)/o'(U’z))
5 (6)
1 1 o (U2) /5 (U1)
ABEP{),, = 373 /o) 5
2+ (O'(UQ)/O'(Ul))




The result in (6) clearly brings to our attention that the
ABEP of both users depends on the power—imbalance ratio,
ie, (V) /g(U2) ) , of the wireless links. Furthermore, we
notice that a single—user detector cannot guarantee a low
ABEP for both users since ABEP(aZJlr)np and ABEPag;r)np have
a discordant behav1or with respect to the power—imbalance
ratio ( (1) / o UQ)) the higher it is, the lower ABEng}}I)np
is, but the higher ABEPEL[SJ;I)np is. Further comments about this
point are given in Section V, regarding both the multiple—
access system setup shown in Fig. 1 and the interference
channel setup described in Section II. Finally, (6) reveals that,
for both users, a single—user detector cannot achieve arbitrary
small error probabilities for arbitrary large values of E,,/Ny:
the ABEP of both user shows an error ﬂoor that depends on

the power—imbalance ratio (O'(Ul) / O'(U2)) .

IV. MULTI-USER DETECTOR

To overcome the intrinsic limitations highlighted in Section
IMI-C for the single—user detector, in this section we focus our
attention on the multi—user detector. In this case, the receiver
in Fig. 1 jointly decodes the messages of transmitter TX 1)
and transmitter TX(V2) assuming perfect knowledge of CSI
of both users.

A. ML Detector

Similar to Section III-A, the received signal, r (-), is given
by (1) with the same signal definitions as in (2). However, the
detector is different, and (3) and (4) no longer hold. The ML~
optimum multi—user detector can be obtained from the general
theory in [17], and, for SSK modulation, can be explicitly
written as follows:

(mwn’mwz)) -

{D(Ul) (U2)} 7)

arg max i i

(mm V)

for 11=1,2,...,N¢
and i2=1,2,...,N¢

where we have defined:

(U1),(U2)

D(Ul) (U2)
11,22

3

(t) (g(.Ul_)v(U” (t)) dt, and

11,22

~(U1),(U2)

21712

with E(Y1)(U2) _ fT

91,12
5522 (Uz2) (t) = ~(U1) (t) + ﬁjQ) (t). Furthermore, the signals
§§Ul) () and s( vs) () can be found in (2).

Finally, we note that the detector in (7) is successful in
detecting the messages transmitted by both user U; and user

Us, e, (@), ) = (", i), if and only if
(rzrllzgc) {ngi (UQ)} Dl(lUllQ) (UQ) for i1 = 1,2,...,N; and
o =1,2,..., Ny

B. ABEP

The computation of the ABEP of the multi—user detector in
(7) is quite involving from the analytical point of view. So, in
this paper we exploit union—bound methods and some heuris-
tics to get simple but still accurate formulas. The methodology
used to compute the ABEP encompasses two steps.

Step 1: We compute the error probability of
detecting the pair of messages (mgUl) ml(gz)>, ie.,
Pr { (Mm(U), mU2)) o (ml(lUl), mi2) 1. With a slight abuse

of terminology, we define this probability of error as Average

—ref [ r (0 0) a2
T"L ’ 2

Symbol Error Probability (ASEP), ASEP(V):(U2) The ASEP
can be computed from (7) by using union—bound methods
[21].

By avoiding the details of the analytical derivation due to
space constraints, the ASEP can be upper—bounded as follows:

ASEP(U1):(Uz) ém(Ul)v(UZ)

2N 2N, (9)

N Z Z PEP 11722

i1=11i2=1i1+1

where PEP (-, -) is the Pairwise Error Probability (PEP) [21].
The PEPs in (9) can be obtained after lengthy analytical
computations by using arguments similar to Section III-B.
Due to space constraints, only the final result is reported in
Appendix I without proof, which we intend to include in an
extended journal version of this paper.

Step 2: We use heuristic arguments to obtain, from (9),
an approximate expression of the ABEP for each user. Our
considerations move from the fact that the ASEP in (9) will
be mostly dominated by the user with the worst channel
conditions. To understand this point, let us assume, for the sake
of simplicity, a fading scenario with o(V1) = agUl) = aéUl)
and oU2) = ¢ = (") Then, the ASEP in (9) is
expected to be a good estimate of the ABEP of the user
with the worst fading channel, i.e., min {o(V),0(U2)}. So,
our heuristic argument is that the ABEP of each user can be
computed directly from (9) by simply replacing 7 in (12)—(14)
in Appendix I with the equivalent SNR seen, for each user,
by the receiver.

In detail, by explicitly emphasizing that the ASEP in (9)
depends on 7, i.e., ASEP(U1):(V2) — AQEp(U1).(U2) (%), the
ABEP of user U; and user U, can be approximated as follows:

ABEPU1) =~ ASEPU1):(U2) (ﬁwl))

10
ABEPW2) >~ ASEp(U1):(U2) (:Y(Uz)> (10)
where we have defined:
Wy - (J<U1))2 + (U(Uz))Q
T (002))? )
- (0<U1>)2 + (O—(Uz))2
Ty (U<U1>)2

If we compare the ABEP of the multi—user detector in (11)
and the ABEP of the single—user detector in (5) and (6), we
notice that in the former case there is no error probability floor
for large SNRs, i.e., when F,,,/Ng > 1. This result illustrates
the robustness of the multi—user detector with respect to the
single—user one. The price to be paid, however, is the increased
computational complexity, for a large number for users, of (7)
with respect to (3) [17]. The accuracy of (11) is analyzed in
Section V via Monte Carlo simulations.

V. NUMERICAL AND SIMULATION RESULTS

In this section, we study the performance of SSK mod-
ulation over multiple—access fading channels, and aim at
substantiating the analytical model and claims made in the
above sections. The system setup for each simulation can
be found for each figure in its caption. Furthermore, the
performance of SSK modulation for the scenario shown in
Fig. 1 is compared to the performance of a point—to—point
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setup without multiple—access interference. Throughout this
paper, the performance of this latter scenario is denoted by
single—user lower—bound. The related analytical framework
for Rayleigh fading channels can be found in [15].

In Fig. 2 and Fig. 3, we show the ABEP of the single—user
detector in Section III for user U; and user Us, respectively.
The numerical examples shown in these figures confirm the
claims of Section III: the single—user detector cannot guarantee
good performance for both users, and only the user (user U; in
Fig. 2 and Fig. 3) with the best channel conditions can achieve
low error probabilities. In particular, only for high values of
the power—imbalance ratio, (o(V2) / O'(Ul))2 > 30dB, user U;
can achieve a good ABEP. Still in this case, though, an error
probability floor can be observed as predicted by (6). Finally,
we note that the analytical models developed in Section III-B
agree very well with Monte Carlo simulations.

Let us now consider the interference channel setup intro-
duced in Section II. In this case, each transmitter needs to
deliver the information messages only to its intended receiver.
The results in Fig. 2 and Fig. 3 show that user U; can

Fig. 5. ABEP and ASEP against E,, /Ny for both users when a multi-user
detector is used (a% =1 and O'2U = 0.01). Markers denotes Monte Carlo
simulations and soli(} lines the analzytical model.

successfully decode the message transmitted from TX) for
high power—imbalance ratios. If a similar condition is verified,
for user Uy for the wireless links from transmitter TX(2)
to the second receiver, then this receiver can also decode
its intended message by simply using a single—user detector.
This is allowed since each receiver sees different propagation
channels from each transmitter, and so high values of the
power—imbalance ratios can be simultaneously achieved for
both of them. In other words, in the latter case SSK modulation
exploits the deep fluctuations introduced by the path-loss
and shadow—fading over the wireless links to differentiate
the transmitted signals. This consideration resembles the key
idea of designing opportunistic scheduling mechanisms using
Cognitive Radios (CRs) (see, e.g., [22], [23]).

In Fig. 4 and Fig. 5, we show the performance of the
multi—user detector in Section IV. Unlike the single—user
detector, we notice that in this case the receiver can decode the
messages transmitted from both users, and for both of them
it can achieve performance that is very close to the single—
user lower—bound of each user. In Fig. 5 (left-hand side), we



notice that, for high SNRs, the multi—user detector is only
slightly worse than the single—user lower-bound due to noise
enhancement. The figures also confirm the accuracy of the
proposed analytical model and approximation in Section IV-
B. In particular, the approximation in (10) based on heuristics
almost overlaps with the single—user lower-bound. This is
especially true in Fig. 4. Finally the upper—bound in (9)
matches very well with Monte Carlo simulations, and Fig.
5 confirms the claims in Section IV-B according to which (9)
is mostly dominated by the user (U; in Fig. 5) experiencing
the worst channel conditions.

VI. CONCLUSION

In this paper, we have studied the performance of SSK
modulation over multiple—access fading channels. Two detec-
tors have been proposed and their performance studied over
uncorrelated Rayleigh fading channels. Numerical results have
verified that the proposed analysis is quite accurate and that
SSK modulation can be a suitable modulation and coding
scheme for multiple—access fading channels, provided that a
multi—user detector is used at the receiver.

Ongoing research is concerned with the analysis of a
more general system setup with arbitrary number of users,
transmitters, receivers, and channel conditions. Furthermore,
recent results [24] have shown that, for the point-to—point
scenario, the performance of SSK modulation can be improved
with opportunistic power allocation methods. This possibility
is currently being investigated for the multi—access scenario
as well, with the main aim of developing distributed power
allocation strategies based on, e.g., game—theoretic methods.
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APPENDIX |
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