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Abstract—Spatial modulation (SM) is a recently proposed and the performance of SM over a wide range of channels
approach to multiple—input-multiple—output (MIMO) systems s presented in [7]. The optimal detector is known with and
which entirely ﬁ"o'qs t'.mergctha“”e'tk'}mfrfere”.cte (ItC|) and a. without channel state information at the receiver in [8+10]
quires no syncnronisation between e transmit antennas, e . . . .
achieving a spatial multiplexing gain. SM allows the system The .optlmal power aIIocgtlon pro?"em for%lransmlt with1
designer to freely trade off the number of transmit antennaswith ~ receive antenna system is solved in closed formin [11] aad th
the signal constellation. Additionally, the number of transmit an-  performance of SM in correlated fading channels is considier
tennas is independent from the number of receive antennasvith  jn [12]. Recent work has also shown that SM can be combined
is an advantage over other multiplexing MIMO schemes. Most ity gpace-time block codes to attain spectral efficiendpga

contributions thus far, however, have only addressed SM agzts . . ?
for a point-to-point communication systems,i.e. the single-user [13]. SM has also been applied to relaying systems in [14]

scenario. In this work we seek to characterise the behaviouof ~Where it exhibits significant signal-to-noise-ratio (SN§Jins
SM in the interference limited scenario. The proposed maximm- when compared to non-cooperative decode and forward.

likelihood (ML) detector can successfully decode incominglata Most contributions thus far, however, have only addressed
from multiple sources in an interference limited scenario ad g\ aspects for a point-to-point communication systeies,
does not suffer from the near-far problem. the single-user scenario. These scenarios include the-appl
cation of SM in traditional orthogonal access systems such
as frequency division multiple access (FDMA), time divisio

Multiple-antenna systems are fast becoming a key technatultiple access (TDMA) or orthogonal frequency division
ogy for modern wireless systems. They offer improved erronultiple access (OFDMA) where co-channel interference is
performance and higher data rates, at the expense of imtteasanaged by ensuring orthogonal transmissions by all nodes
complexity and power consumption [1]. Spatial modulatioim the system. A notable exception is given in [15], where
(SM) is a recently proposed approach to multiple—inputhe authors focus their analysis on a limited two user séenar
multiple—output (MIMO) systems which entirely avoids irte employing only space-shift-keying (SSK). It should be dote
channel interference (ICI) and requires no synchronigatithat SSK is similar to SM in that the antenna index is used
between the transmit antennas, while achieving a spatiat data transmission, but instead of a full signal-symhadio
multiplexing gain [2]. A spatial multiplexing gain is aclied a reference signal is sent to enable channel estimatioreat th
by mapping a block of information bits into a constellatiomeceiver.
point in the signal and spatial domains [3]. In SM, the number In this work we seek to characterise the behaviour of SM
of information bits,#, encoded in the spatial domain can b@ the interference limited scenario. In particular, we fwee
related to the number of transmit antendgsas N; = 2¢. This  a maximum-likelihood (ML) detector which can successfully
means that the number of transmit antennas must be a podecode incoming data in the case of simultaneous transmissi
of two unless fractional bit encoding is used [4]. Additiima and does not suffer from the near-far probler, the detector
compared to other MIMO schemes, the spatial multiplexingan successfully decode data from a user with a lower signal-
gaini.e. the number of transmit antennas, is independent tf-noise-ratio (SNR). The proposed jointly optimum muiser
the number of receive antennas. This offers the flexibility tdetector minimises the BER for all users and does not suffer
trade off the number of transmit antennas with the modutatidrom the near-far problem.
order in the signal domain to meet the desired data rate witho The remainder of this work is organized as follows. In
regard for the number of receive antennas. It should also 8ection I, the system and channel models are introduced.
noted that SM is shown to outperform other MIMO schemdsa Section Ill, the performance of SM in the multiple access
in terms of bit-error-ratio (BER) [3]. scenario is characterised and the analytical modellingHer

A number of papers are available in the literature which araulti-user detector is proposed. Section IV provides nucaér
aimed at understanding and improving the performance of SAhd simulation results to substantiate the accuracy of the
in various scenarios. Trellis coding on the transmit angeisn analytical framework developed. In Section V, we summarise
proposed in [5], a reduced complexity decoder is given in [@]nd conclude the work.

I. INTRODUCTION



Il. SYSTEM MODEL

The basic idea of SM is to map blocks of information bits
into two information carrying units [3]: i) a symbol, chosen
from a complex sighal—constellation diagram, and ii) a uriq
transmit—antenna, chosen from the set of transmit—angeinna

the antenna—array,e. the spatial-constellation. The general
SM constellation point is thus a combination of a signal- *

constellation point and a spatial-constellation pointe T$M
constellation diagram is presented in Fig. 1.
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Signal Constellation for the fourth
transmit antenna
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Spatial Constellation
Fig. 1. A transmission of four bits is assumed. The first twts Biom right to

left define the spatial—-constellation point identifying thctive antenna, while
the remaining two bits determine the signal-constellagmnt that will be

« 0{y,, andaofy;, ) are the channel attenuation coefficients
on t%eUl to recelver and’/; to receiver links in Fig. 2
respectively,

o h;wy); andhyw,) ; are the fast fading channel coefficients
of the link between the active antennésk) and the
receiving antennd, and
7, IS a complex normal random variable with zero mean
and varianceV,, CN (0, N,), and represents the additive
white Gaussian noise (AWGN) at the receiver.

We note that all bold notations indicate vector notations. W
now look at the analytical formulation of the system.

In this section, we develop a ML detector for use in the
presence of co-channel interference. The detector compute
the Euclidean distance between the received vector signal
and the set of all possible received signals, selectingltsest
one. The mathematical formulation of the ML detector used
in the system is given in (2). We note that this formulation is
valid for any channel vectors and any transmitted symbals. |
particular, if the channels are correlated. non-orthogonal,
then it will be more difficult for the receiver to distinguishe
individual antennas used in the transmission, which walte
in an increase of the BER.

Starting from the system model presented in Section II,
the decoded paif(zes nt) , formed from the estimated

A NALYTICAL MODELLING

transmitted. This scenario means that a single SM constellpoint carries  Symbol zes; emitted from antennazt on node¢, where
four information bits. ¢e {(U1), (Ug)} is glven by.
In the following work we assume a three node scenario as

shown in Fig. 2 where we seek to characterise the behaviour

.({(

of co-channel interference. We assume that the two transmi

of SM during simultaneous transmissioe. in the presence

nodes, denoted as Usemode (U, ), and Use2, node (U-),
in Fig. 2, transmit simultaneously to the receiver on the sam

2
(U1)
)(UQ)’} argming |y — >~ 2™h

ue{(U1), (U2)}

Test, 1t

(mesb nt)
F

)

time-frequency slot. Each node broadcasts a signal cdestel 2 e xw) W ¢ {1.. -Nt(u)}
tio?hsg/rr’nbollv r, fram ope ofi\}tsnagla_ilable antennas. . . _ _ _
ece signalis given by. X is the set of all possible signal co(n?tellatlon points for
_ 2 Uy 2 Us nodew with M) number of elements)," is the number
Y5 = \/ B0ty hiwn 77 + V Ems) hygon @) £ of available transmit antennas on nodeand || - || is the
] (1) Frobenius norm.
where: From here we can use techniques base on the union bound to
« Ep, is the average energy per symbol for both nodes, describe the behaviour of the interference aware SM datecto

« i and k are the indices of the transmit antennas fronm the high SNR regions. The union bound for the interference
nodesl and2 respectively, aware SM detector, which estimates the average bit-error-

« j is the index of the receive antenna from a totaldf ratio (ABER) for node¢, can be expressed as given in (3)
available, where Ng (b, b) = Ne(ng, nie) + Ne(z, 2). Ne(ng, ) denotes

the Hamming distance between the binary representations of

the antenna indices, and 7, on nodeg. Similarly, NV¢(z, Z)

denotes the Hamming distance between the binary represen-

tations of the symbols andz on nodef.
We define PER z(V1):(U2) ngUl)’(U”, U1, (U2)
to be the pairwise error probability between the symbol
2(U1):.(U2) emitted from antennas!”""(">) being detected
as symbol #U1):(U2) emitted by antennan!V" ("2t

should be noted that the pairs(:z:(Ul)v(Uﬂ,ngUl)’(UQ))

and (:%(Uﬂv(U?),ﬁgUl)’(U”), come from the set of

Receiver
[ [

|;/ 2

User2

TALEUl)v(U2)

Userl

Fig. 2.  Spatial modulation with simultaneous transmissidhe receive
cannot distinguish which is the desired and which is therfietencing user.
Therefore, it must treat each users as its intended user.



MUDNTD  pp02) yU2) J\/'g(b l;) En {PEP(x(Ul)"(UZ), ngUl),(UQ), :i:<U1)7(U2), ﬁgUl),(Uz))}

ABER; < 3)
3 x(U§U2) ST log, (M(f)Nt(g)) M(Ul)Nt(Ul)M(UQ)Nt(Uz)
NUSKUANMUARCS)
En U 2 (U (U2) w»)||”
PEP(-) = Q IN. HU(Ul) (hngvl)fﬂ( V) — hﬁgvl)l’ 1)) + owy) (hnguyl’ 2/ = hﬁguyl’ 2 )H (4)

all possible symbol-antenna pairs for both nodeés A. Smulation Setup
U1),(Us . . .
x(Ul)’(UZ),nl(s R hnivnz(Ul) + hniUz)z(U2) and A frequency-flat Rayleigh fading channel with no correla-
#(W01),(U2) ﬁEUl)w(UZ) =h_w)2U) + h_w,)2WU). Egl] tion between the transmitting antennas and AWGN is assumed.
n n ﬁ?}erfect channel state information (CSI) is assumed at the

) t t .
L?gﬁﬁgln;ég‘?jxfeit?g ((;f( ﬂz(i f 3’ Zttem with respect to re%eiving node, with no CSI at the transmitter. Only one of
= Var Jo SXP(T3) Al the available transmit antennas for each node is active at

The ABER for nodet is shown in (3), where the pairwiseany transmitting instance. In theory each user indepefgdent
error probability is given in (4). Due to space constraimig, decides the number of transmit antennas and the symbol
omit the derivation of (4). We note that thus far no assurmstio modulation it uses. For use in the simulation we assume each
have been made as to the distribution of the channel. node has the same number of transmit antennas as well as

If we consider a Rayleigh fading channel, then we cahe same spectral efficiency target. In each figure, for each
derive the closed form solution forgE[PEP(-)] in (3) by user, there are three presented results: i) the simulagisults
employing the solution to [16, eq. 62]. We note that byor the interference aware detector, denotedsbyr( User &) ,
assuming a Rayleigh fading channel, the argument withiip the theoretical results from (3) using (5), denoted by
(4) can be represented as the summation2df. squared Anal yti cal (User¢), and iii) the single-user-lower-bound
Gaussian random variables, with zero mean and variance eq@&JLB), denoted bySULB( User &) . We define SULB as the
to 1, which means that they can be described by a centggstem performance in a single-user-single-receiver asaen
Chi-squared distribution wit2N,. degrees of freedom and awhere the system performance is determined purely by its

probability density function of: SNR, defined asfz-. The theory behind SULB is well
1 N1 developed in [7].
pr(K) = 9N (N, — 1)1 " " exp(—=£/2). B. Results
The result for B [PEP(-)] is given as: Fig. 3 and Fig. 4 clearly demonstrate that the analytical

model presented in (3) represents a tight upper bound for the

. system in the high SNR region. Additionally, we can see that
N, —1+r - the system with the lowest SNR has similar performance to

( r ) (1= 1) ©) that predicted by its SULB. It should be noted that this is not
the case for the node with the better SNR. This difference in

N,—

Ext [PEP()] = f(0)N

r=0

such that 1 performance of the two systems can be explained by looking
& . . .
fle) = 3 <1 /1 ) at the error contribution of each element from each node in
te the analytical prediction.
where E,, ) We define two sets, one for every pairwise possibility within
c= Z Ty A(u) (6) a particular user, given b (V1) in (7) for Used. We can simi-
° we{Us,Us} larly define the sef(V2) for User. If we now consider (3) and

d(4) we see that the overall error for each user is inevitaily i
fluenced by the errors from the other user. However, sinch eac
element fromQ (Y1) is associated with the full set of possible

which is a quarter of the received SNR at the receiver, an
(Jz 2 + |2 ?)  np # 2y

Aw =19 (@) — 2wl?) n{" = 7", errors fromQ(U2) | then all erroneous terms frof(V) will
0 n{™ = a{" andaz(,) = #.,y. cary' the full error from the terms i2("2) and vice versa.
This means that besides the pairwise error associated with
IV. SIMULATION RESULTS AND DISCUSSION the mis-detection of the antenna-symbol combination of Use

In this section we aim to show that the interference awaedone, the error term for Useris increased by the pairwise
detector proposed in (2) can successfully decode the immpmegrror of Use2 and vice versai.e. the overall error for nodé
streams for the two users. Numerical results are shown whigks | (car d {0} — MO NV card {2} | num-

demonstrate that (3) provides a tight upper bound for the BERy of error terms wherear d{-} denotes the cardinality of
of the interference aware detector at high SNR. The aim gfgiven set.

this work is to develop and test a viable multi-user detector\ye further note that each pairwise error from the user with
for SM.



the worse SNR makes a bigger contribution to the overall N, =2, N, =2 and spectral efficiency of 4 bits/s/Hz

0

BER than the pairwise error from the node with the better 10" P “:A‘g
SNR. This can be shown if we look at the Euclidean distance 3 o
between the different pairwise errors. We classify a paiewi .

error if the Euclidean distance between the symbol-antenna 10

pairs being tested is greater than zero. In particular, teatgr
the Euclidean distance becomes, the smaller the error fnain t
term. From (4) it is clear that the pairwise error depends on
the SNR as well as the Euclidean distance. It thus follows tha

Bit—Error—Ratio
=
o

given pairwise error terms with the same Euclidean distance ~#+-Sim(User1) ’\V

the worse the SNR is for each term, the greater the absolute 10‘3—"_.;'_?;‘;?;1‘;%39&) : .

pairwise error. Considering the above, it is clear that thden -&- Analytical(User2) :

with the better channel gain never performs close to its SULB X ggtg(gseg)

while the node with the worse channel gain does perform near 10 BlUserd) ; ;

. 0 5 10 15 20 25 30
its SULB. SNR/dB

Fig. 3 and Fig. 4 demonstrate this behaviour. The gap in

performance with respect to the SULB for the main contribut@ig. 3. BER for usen with U(2U — 1 and user with J§U , = 0.1 using
to the overall user erroii.e. the node with the lower SNR, the interference aware detector. :
effectively increases the BER of the node with the higher SNR N,=2, N, =3 and spectral efficiency of 4 bits/s/Hz

To further elaborate, we note that the difference between th 10°Vy e XL ‘

simulation BER curves of the two nodes whé&f = 2 and =¥ R

N, = 3 increases as more receive antennas are added. This 1 :

can be explained if we consider that by increasing the number 107

of receive antennas, the diversity of the system increasds a
the pairwise error terms for each node approach zero more
rapidly. This mean that the absolute pairwise error contgtd

to the overall BER is less for each node. As a consequence,
the node with the better channel gaia the node with higher

Bit-Error-Ratio
=
o

SNR, will perform closer to its SULB. _|[#—sim(User1)
On the one hand, moving from Fig. 3 and Fig. 4 to Fig. 5, we 10 ’_';_'iir:‘;fl{fg@serl) %
notice that for a fixed spectral efficiency and a fixed number -é- AnaliticaI(UserZ) )
of transmit antennas, the addition of more receive antennas X:Stggﬂzg[g
results in an increasing gap between the average analytical 107, : o s 20 > 20
BER curves of the two nodes. In particular, a gap of aroéind SNR/ dB

= 1 and user with o2

(U

dB between the performance of Usemd Use? with N,. = 2 ) )
Fig. 4. BER for userl with a(QU

is increased to arouriddB whenN,. = 4 and further increased the inferference aware detecta
to around9 dB for N,. = 8. On the other hand, given that the '

two nodes experience a channel gain differenceé#iB, we : . .
P 9 ® possible transmitting antennas to each receiving avaten

know that the interference aware detector cannot reach Ié L - . L :
ditionally, finding the optimal solution is an exponetitia

performance of independent detection and the SULB for t | blemi e if h node has th
node with the better SNR. Nonetheless, the gap between tSpPiex probiem) € 1t we assume each node has the same

respective BER curves tends toward the difference betwreen pumber of transmit ar\tennas and uses the same sign}el constel
channel attenuations of the two users)sgrows to infinity 1ation, then the multi user ML detector h&3 ((MNt) u)
but can never reach ite. the gap tends towards) dB. computational complexity which is proven to be NP-complete
The addition of more transmit antennas at each of the nodé€]. Fortunately, recent work on sphere detection algong
results in SNR gains for each node as can be seen whenm@y be used to alleviate this computational cost [18].
compare Fig. 4 and Fig. 6. Interestingly, however, incregsi
the number of transmit antennas does not change the relative
behaviour of the systeni.e. the SNR difference between the In this work the performance of SM with simultaneous
BER curves of the two nodes remains constant. This behavidtemsmission was analysed. A ML detector for SM in the
is expected when we consider that (5) is independen¥Vof interference limited scenario was proposed. Its perfolcean
and heavily influenced by.,.. In particular, the BER of both over uncorrelated Rayleigh fading channels was studiedsand
nodes is dependent on the variance of the channel coeffcietibsed form solution for the upper bound of the system was
in (4) which follow a central chi-squared distribution w2V,  provided. Numerical results verified that the proposedysisi
degrees of freedom. This variance is defined in (6). was fairly accurate for the high SNR regions. On the one
At this point it should be noted that while the proposetiand, increasing the number of transmit antennas at each of
detector is jointly optimum for both nodes and does ndhe nodes from2 to 4 resulted in SNR gains of arounel
suffer from the near-far problem, it needs full CSI fromdB. This measure did not, however, have any effect on the

) = 0.1 using

V. CONCLUSION



QUY) = {(hyzy, hyzy), (hyzi, hows), ..., (hyzy, hn,zar), (hoar, haa),. .., (hny e, hngzar)}

()

Nl = 4 and spectral efficiency of 4 bits/s/Hz
y.N

=N =4

o-N.=

(1]

Bit-Error—Ratio

(2]

(3]

20 30 35 40

25
SNR/dB
[4]

Fig. 5. BER for user with 02U1 = 1 and user with ¢%, | = 0.1. Solid

lines denote the performance of userwith a varying number of receive
antennas while dashed lines denote the performance ofluséh a varying
number of receive antennas.

(5]

(6]

Nt =4, Nr = 3 and spectral efficiency of 4 bits/s/Hz

10 T : . :
% X B —%Sim(Userl)
P == Sim(User2) [7]
107 -©- Analytical(Userl)
-&- Analytical(User2) (8]
2 57 SULB(Userd)
[
I 4% SULB(User2
§ 107} VLB(User?) (9]
w o)
5
[10]
107°% .
10" : [11]
0 5 10 15 20 25 30
SNR /dB
Fig. 6. BER for useil with 0'(2U1 =1 and user2 with O'(2U2) =0.1using [12
the interference aware detector.
[13]

relative coding gain between the BER curves of the two nodes
i.e. the two nodes improved their performance by the samgy
amount. On the other hand, increasing the number of receive
antennas increased the diversity of the system and dedrease
the error contribution of each node, thus increasing the S
gap between the BER curves of the two nodes.

The generalization of this work to a system with an arbitrar}6l
number of nodes, along with further investigation on the
performance of SM in an interference limited scenario will
be considered in the future. [17]
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