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Abstract—This paper proposes and studies a transmitter pre-  So far, the space-based modulation schemes have been stud-
processing aided spatial modulation (PSM) scheme, which conveysjed, when assuming that information is carried by the indexe

information jointly by a conventional amplitude-phase modulation ; ;
(APM) and a preprocessing aided space shift keying (pre-SSK) of transmit antennas under the assumption that channel stat

modulation. In contrast to the existing SSK modulation, which information (CSI) is emp",’ye_d atreceiver, i.e., under tr&RC
carries information using the indexes of transmitter antennas and mode. In MIMO communications, there are some cases where
assumes channel state information at receiver (CSIR), the pre CSI is preferably to be exploited at transmitter side, whih
SSK modulation extracts the transmitted information using the often referred to as the CSIT mode, in order to reduce the
indexes of receive antennas and assumes channel state infotina ; ; it Gz

at transmitter (CSIT). This paper addresses the issues of prejr ,[Cr?TFt)LeX%K;éecelvter [12). Furtth(?jrmo[je, |téss\;\_/rell re((j: h
cessing optimization and detection of PSM signals. Furthermore, at the Syslems operated unaer mode have a
the bit-error-rate (BER) performance of the PSM is investigated ~ 'ange of advantages over that operated under CSIR mode [13].
when assuming that the channel from any transmit antenna to First, when a MIMO system has more transmit antennas than
any receive antenna experiences independent Rayleigh fading.receive antennas, then, its capacity when operated under th

Our studies show that, when appropriately designed, the pre-SSK ;
and APM invoked can enhance each other, resulting in that the CSIT mode may be much higher than that when operated

PSM is capable of attaining a better BER performance than the Under the CSIR' mode [12, 13]. Second, in contrast to the open-

corresponding pure pre-SSK and pure APM. loop space-time diversity (STD) schemes operated undeRCSI
Index Terms—Multiple-input multiple-output, spatial modula- ~mode, which can only attain the transmit diversity gain, the
tion, space shift keying, preprocessing, detection. closed-loop STD schemes under CSIT mode are capable of
providing the receiver with the signal-to-noise ratio (SNjRin,
I. INTRODUCTION in addition to the promised transmit diversity gain [12].

In this contribution, we propose and investigate a space-

Recently, space-based modulation has been proposedifased modulation scheme, namely the preprocessing aided
alternative signal transmission in multiantenna multipleut spatial modulation (PSM) scheme. The proposed PSM uses
multiple-output (MIMO) wireless systems [1-8]. With thethe indexes ofreceive antennas as a constellation to carry
space-based modulation, information is conveyed eithetlyo information, in additional to a conventional APM scheme. To
by a conventional amplitude-phase modulation (APM), sudie more specific, a PSM symbol consists of two components
as phase-shift keying (PSK), quadrature amplitude moidulat of information, one component is conveyed by the indexes of
(QAM), etc., and the indexes of transmit antennas, formieg treceive antennas, referred to as the pre-SSK, and the other
so-called spatial modulation (SM) [2—4, 8], or solely by the by the conventional APM. The PSM uses certain transmitter
dexes of transmit antennas, referred to as the space syiifigke preprocessing scheme to identify a desired receive antenna
(SSK) modulation [5, 6]. Explicitly, the SSK modulation is aéased on which the detector can extract the first component of
special case of the more general SM scheme. The studies shafgrmation carried in the spatial domain. The second compo
that the SM and SSK modulation schemes employ some advasnt of information is recovered from the conventional APM
tages over the conventional MIMO schemes, such as BLASivoked. Explicitly, the proposed PSM can be viewed as a dual
and space-time block coding (STBC) [9-11]. As argued imodulation scheme of the SM for MIMO communications, as
[2-6, 8], due to activating only one antenna for transmissioinvestigated in [1-8]. Therefore, it is highly importantstidy
the SM and SSK modulation schemes are capable of avoidihg theory, implementation, achievable performance, @ftthe
the inter-channel interference and reducing the compledit PSM. Specifically, in this contribution, we illustrate thengi-
detection. Furthermore, due to using single transmit amsten ples, consider the preprocessing optimization and deteciis
the SM and SSK modulation schemes do not require intevell as study the achievable bit-error-rate (BER) perfaroea
antenna synchronization as in the BLAST or STBC systems.of the PSM. From our studies and performance results, we

The SM and SSK modulation have been investigated frofimd that, when properly designed, the pre-SSK modulation
different perspectives, as illustrated in [2—8]. An exeetlre- and conventional APM invoked can enhance each other’'s BER
view in terms of the history, studies and advancement ofespaperformance, making the PSM achieve a better overall BER
based modulation can be found in [7], which are therefore nperformance than the corresponding pure pre-SSK modualatio
repeated here. The reader who is interested in the detailsul pure APM.
referred to [7] and the references there in, as well as theroth The rest of the paper is organized as follows. In Section II,
references mentioned above. the principles of PSM is described. Section Ill consideses th



transmitter preprocessing, while Section IV addressegithe aid of the above definitions, it can be shown that we have
tection of PSM signals. Performance results are illustrate .
and discussed in Section V. Finally, conclusions are stiated y=H Px+n ®)

Section V1. wherez € S. For example, when the transmittéth + k-)

Il. SYSTEM MODEL bits are mapped to thé/; SSK symbolm; and M,PSK or
M>QAM symbol X5, then we have = zgm1> in (5). Note that,

in (5), n obeys the Gaussian distribution with zero mean and an
M, x M) covariance matrixo2I,;,, whereo? = 1/v, =

The MIMO system addressed emplogé transmit anten-
nas andM; = 2% receive antennas, wher® > M,

is assumed. Thé N x M;) channel matrix is expressed a%(kl + ka)] L with ~, and~, denoting the average signal-

H = [hg,hy,--- ,hp, 1], whereh,,,, my =0,...,M; — 1, . ) .
is an N-length column vector containing the channel gainté) noise ratio (SNR) per symbol and the average SNR per bit,

from the N transmit antennas to thei;th receive antenna. fespeciively.
We assume that the channel knowledge is only known to thg|; o pT1iMIZATION OF TRANSMITTER PREPROCESSING

transmitter, not known to the receiver. Let the transmiptes- ) . )
processing matrix be expressed By= [po,p1,-- - ,Par, 1), Since the receiver has no channel knowledge, the receiver

which is an(V x M;) matrix that is designed according totan detect the information transmitted in maximum-liketh
certain optimization criterion, as will be considered tate (ML) principles according to the optimization problem
Section lll. The preprocessing mati#kis normalized to satisfy o . (m1) (2

Tr(PP™) = M;, where Tf-) denotes the trace of a concerned "% —ars mii {”y 2 }

square matrix. Depended on thke bits of information trans- Tmy €3

mitted, one of the)M; columns of the preprocessing matrix =arg max {2§R {ny%’;)} — ||ac$,’[;1)H2} (6)
P is activated for transmission, forming the pré&-SSK (M - e es

ary SSK) modulation. Let’ = {X, X3, -+, Xp,—1}, Where
M, = 2F2 andE [|X;|?] = 1, be a set of signals belonging to
an Ms-ary constellation of APM, such akl,-ary phase-shift
keying (M,PSK), Ms-ary quadrature amplitude modulation[he transmitted signal and minimize the otH@r; My — 1)

E%ﬁgﬁ"\g)’/\i&:—r&er} _V\.“.th A(}lir_[:)rlcipics)sae: irftigﬂe’rlztetj esrriisns g Merms. Therefore, for any given transmitted symb?ﬁ}, which

by k; binary bits andr € X is a baseband signal determinetgformed by thel/, SSK symboli € M; and M;-ary symbol

In order to assist the receiver's detection based on (6) and
achieve the best possible error performance, the premioces
should be designed to maximize the desired term matching to

by anotherk, binary bits. Then, the discrete signal transmitteq / < _;(,dthe optimization of transmitter preprocessing can be
from the N transmit antennas is given by escribed as

s=pa W e {2 {y"'a5"} — |27}
. . . Po = . H,_.(m o m 2 7
where p,,, is the preprocessing vector determined #y. arg H};H{Q% {y 9«'57121)} ||-"3§n21)|| } (7)
Explicitly, we haveE[||s||?] = 1, i.e., the transmitted signal forall my #iandms # j

has unity power, due to the constraints of FP*) = M; and . L .
E [|X,|?] = 1. The signaling of (1) conveys in toték, + ko) We assume that the Gaussian noise is circular symmetric. In

bits of information per symbol. this case, af_ter applying (5) into (7), the optimizationlgem
Whens is transmitted over the MIMO channels defined byan alternatively be expressed as
H, the received observation at theh receive antenna is given @\ @ @
by max{2§}%{(:1:j/ ) PYH'z } = [|l=; |2}v
— N\ H
Um :hz;lpmlx+nm, m=20,1,...,M; — 1 2 P, = arg min {2?}3{(3:;2)) PHH*xﬁ,Z’;l)} - ||-’17£r7:;1)||2}
P
Let us define forall my # i andmy # j
B T (8)
Yy = [yanla e 7yM1—1]
n=[no,ny,- - 1] (3) From (8), we are implied that the PSM shares the similarity
_ _ of conventional multiuser transmitter preprocessing [18]
Furthermore, we define the overall signal set as terms of the transmitter preprocessing, the preprocessiigx

P should be designed in such ways that the desired receive an-

_ 0 1 M;—1
S= {3( S §W, .. st )} tenna generates the maximal possible output, while mirigiz

Sim) — {x(ml) M) L gm) } me =0 M. —1 the leak (interference) on the other receive antennas.eTher
I G U et R e O U L A fore, in this contribution, two typical transmitter prepess-
x,(;’;l) =[0,--+,0, X,,0,-- 70]T’ ms=0,1,...,My—1 ing schemes, namely the transmitter zero-forcing (TZF) and

(4) transmitter minimum mean-square error (TMMSE) [12], are
considered and the error performance of the PSM schemes is
wherea:,(ﬁzl) is an M;-length vector withX,,,, being itsmoth  investigated, when these two transmitter preprocessimgrses
element and the other elements being zero elements. With ére applied.



Based on (5), an equivalent detection problem can be é¥pon substituting them into (16), the; decision variables can
pressed as now be written as

_ H, __ H _
z=W"y=W" (Hz +n) ©) yi = BhT (H*H" + Myo®Iy) "' BIX; + i,
Then, with the aid of the equivalency existing between the Ym, = ShT (H*HT Jr]V[lU?IN)‘lh;fXj + N, »
transmitter preprocessing and multiuser detection, aailddt m o 0.1 My —1:my i (18)
in [12, 14], we can readily show that, when the TZF is applied, Lo s T

we have [12, 14] which show that the decision variable matching to the trans-

P— BH* (HTH*)*I (10) mitted symbol contains both the desired signal and Gaussian
noise, while the other decision variables contain Gaussise

B T ey —1 and the interference resulted from the TMMSE preprocessing
where§ = /My /Tr ((H H) ) By contrast, when the According to [15], after the processing in MMSE principlé®
TMMSE is employed, we have [12, 14] resultant interference can be closely approximated assgaus

B R 9r =1 1rs noise.
P =3 (H H" + Mo IN) H (11) Therefore, with the aid of the decision variables of (14) in
=GH* (HTH* 4 MngIMl)_l (12) the context of the TZF and that of (18) for the TMMSE, the

) PSM signals may be detected using the following approaches.
where, corresponding to (11) and (12), we haveirst, when the detectoris capable of trackiffpr the TZF and
5 = \/Ml/Tr (BHT + Myo?Ly) * H*HT) ang = 6h! (H'H' + MioIx) "' b for the TMMSE, a ML
detector can be employed to detect the transmitted infoomat

3 M, /Tr ((HTH* " MWQIMl)_z HTH*), according to the optimization problem

respectively. Note that, in (11) and (12), the factor /of L. . o (m1)y2

is due to the on-off characteristic of tié¢; SSK invoked. = argm<glll>lles {Hy oy | } (19)
m2

V. DETECTION OFPSM SGNALS wherea — 8 or @ for the TZF or TMMSE. Second, if the

Let us assume that,” was transmitted. Then, for the TZF-detector is unable to track the time-varyingbr ', modified
assisted PSM, substitutirg in the form of (10) into (5) yields ML detector may be used. For example, the modified ML
the M, -length decision variable vector detector may have the same form as (19), but witheing
replaced by the time-average@br 3. Furthermore, the factor

y= 5””5‘1) +n 13) o [ invoked in transmitter preprocessing can be modified to
which can be expressed with respect toiigreceive antennas  fix value. This can be achieved with the aid of the approxi-
as mation HT H* ~ NI, [13]. Using this approximation into
v = B, 4 B = /M/Tr ((HTH*)_l) yields 3 = /N for the TZF.
Yy = Nmyy My = 0,1,..., My — 15 my # (14) Similarly, with the aid of the above approximation, we can ob

i _ T T+ 2 =2 T Iy
The decision variables in (14) show that only the one corrf@in from 3 = \/Ml/Tr (<H H* + Myo?Lyy,) "H'H )
sponding to the transmitted symbol contains both signal agtht3 = (V + M10'2)/\/N for the TMMSE. Note that, even

noise, while all the others contain on!y noise. 5 using the fixed value of = v/N or 8 = (N+M;52)/v/N, the
_ For the TMMSE-based PSM, let in (1) = P, where transmitter still satisfies the power constraint on trassion,
P = [py,py, + ,Pp,_1]- Then, when assuming thaf) was if the transmission duration is long enough.
transmitted and submitting = AP into (5), we obtain the  Furthermore, when the detector is unable to track the time-
M;-length decision variable vector varying behavior of? or 3/, the sub-optimal detector as follow-
T @) ing may also be employed for detection. The detection psoces
y=p0H pz;’ +n (15) can be divided into two steps. First, the pr&-SSK signal
In more details, thé/; decision variables generated by thg I{S‘ n|c;n‘-cok21e.r.e.ntl|y detelc;t}e ?‘o:)r?\z(caidfr%rr]n tr(]f4)d ic;ls(lfg) v_al}::zbles
receive antennas can be expressed as Yol -+ [yan 1 . -
maximum of {|yo|?, [v1 ]2, -+ , lyar, —1]?} is selected and its
y; = Bhi D, X; + ni, index is mapped to an integer value[in M; — 1], which rep-

resents the symbol conveyed by the pigSSK modulation.

= T D. - = — 1 )
Ymo = Ol DX+ My = 0,0, My = 1mn 7 4 After the preA/; SSK demodulation, the APM signal (i.€X;;

(16) in (14) or (18)) can then be detected using the conventional
Furthermore, from (11), we can derive that, foi; = demodulation approaches based on the output of the receive
0,1,...,M; — 1, antenna identified by the pref, SSK demodulation.

~ i ) 1, Let us below provide some figures for illustrating the achiev
Pm, = (H H" + Mo IN) h, (17)  able BER performance of the PSM schemes.
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Fig. 1. BER versus average SNR per bit performance of the PShMsywith  Fig. 3. BER versus average SNR per bit performance of the PShsywith

TZF-assisted preprocessing. TZF-assisted preprocessing.
1ot TMMSE: N=16, QPSK(M=4)
= ; ---- M{SSK and at a given SNR per bit, there exists an optimal value of
M>QAM M, which generates the best BER performance. For example,
2 — ,\Aﬂve_'fge at the SNR per bit of-4dB, the system using both the TZF
" 105 A Mi;Z and TMMSE is capable of attaining the best BER performance,
5 o M,=4 when M; = 4, i.e., when usingtSSK modulation. Second,
5 100 o les for someM; values, such a8/, = 2, 4, employingM;SSK
i i 0 Mit16 modulation is capable of enhancing the QPSK’s BER perfor-
o %.;h mance, in addition to the increased throughput providedby t
2 R W M,SSK modulation. For example, as shown in Fig. 2, without
105 R using M, SSK corresponding td/; = 1, the system achieves
Qg{\%\\ the throughput of bits/symbol from the QPSK with the BER
2 NN of 10~° at a SNR per bit of abouitdB. When using botdSSK
100 10 8 % 4 2 and QPSK, promisingly, the system achieves a throughput of
Average SNR per bit (dB) 4 bits/symbol with the same BER df0—° but at a SNR per

bit of about—3dB. Hence, due to the employment ¢45SK,
the system is capable of obtaining ab&aB of SNR gain,
Fig. 2. BER versus average SNR per bit performance of the PSMmsywith  in addition to doubling the throughput. From Fig. 1, we can
TMMSE-assisted preprocessing. also draw similar observations, although the SNR gain i€tow
than3dB. Third, when the value of/; is relatively low, such
as M; < 4, the average BER performance of the PSM is
V. PERFORMANCERESULTS seems dominated by the/; SSK. In contrast, when the value
In this section, we provide a range of BER performancaef M, is sufficiently high, the average BER performance of
results for the PSM with various combinations/df SSK and the PSM is then dominated by the QPSK modulation. Finally,
M>QAM. Due to limited space, here we focus only on the firsthen comparing Fig. 1 for TZF and Fig. 2, we can see that
type detector as stated in Section IV, which is assumed ddwe TMMSE scheme outperforms the TZF scheme, especially,
track the time-varying facta® or 5’. BER performance of PSM when A, is high, such as\/; = N = 16. This observation
using the other two types of detectors will be provided in oumplies that the TZF scheme also suffers from the problem of
related publications elsewhere. In this section, we canttee noise amplification due to the ZF operation, which signiftgan
individual BER of both thel/; SSK andM;QAM involved, as degrades the BER performance as it does in ZF-based multiuse
well as the overall average BER of the PSM. Note that, in tletection and transmitter preprocessing [12].
following figures,M; = 1 or M, = 1 indicates that nd/; SSK Figs. 3 and 4 depict the BER performance of the PSM with
or M>;QAM is involved. In other words)/; = 1 corresponds to respect to thel/; SSK modulation having various values for
the pure MQAM, whileM; = 1 to the pure MSSK modulation. M7, when the system employd = 16 transmit antennas
Figs. 1 and 2 illustrate the BER performance of the PSM wiind 16QAM in addition to thel/; SSK. The parameters and
respect to thel/; SSK modulation with various values far;, assumptions used for Figs. 3 and 4 were the same as that for
when the system employ$ = 16 transmit antennas to transmitFigs. 1 and 2, except that the QPSK modulation considered in
QPSK constellation. From the results of Figs. 1 and 2, we c&igs. 1 and 2 was replaced bgQAM. Explicitly, from Figs. 3
have the following observations. First, given the APM of ®PSand 4, we can draw similar conclusions as those drawn from
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Figs. 1 and 2. However, given a preprocessing scheme, when

all the other parameters except the APM (QPSKI¢$Q@AM)

are the same, the BER performance in Fig. 1 or Fig. 2 is better
than that in Fig. 3 or Fig. 4, due to the well-known fact tha th

QPSK outperforms the6QAM in terms of BER performance.

In Fig. 5, we illustrate the BER performance of the PSM

system usin@dSSK and the APM schemes of QPSKKQAM
and64QAM, when the PSM system employé = 16 transmit
antennas. Furthermore, as mentioned previoukly, = 1
corresponds to the PSM system without using APM. Fro
the results of Fig. 5, we can have some typical observatio

such as that TMMSE outperforms TZF, that BER performan¢&s]

degrades as the value dfl, increases, etc. An important

ever, when the PSM system uses both #&SK and QPSK
(M, = 4), it can achieve the BER of0~° at about—3dB.

Hence, in addition to the extra throughputdbits/symbol, the
PSM system is also capable of obtain abbatB of SNR gain.

VI. CONCLUSIONS

In this paper, we have proposed a transmitter preprocessing
aided SM scheme, namely the PSM scheme, for the MIMO sys-
tems operated under the CSIT mode. The preprocessing opti-
mization and signal detection have been analyzed. BothZke T
and TMMSE preprocessing schemes have been investigated.
Three types of strategies have been proposed for detedtion o
the PSM signals. Finally, the achievable BER performance of
the PSM under different system settings has been demaatstrat
Our analysis and performance results show that the PSM can
provide an alternative way for signal transmission in MIMO
systems. In PSM, when appropriately designed, the embedded
M;SSK modulation and APM can help each other to achieve
the overall BER performance, which is better than the BER
performance of the pure APM or that of the pubé SSK
modulation invoked in the PSM.
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