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Abstract— In this paper, we study the performance of space the possibility of realizing low—complexity and spectyall
modulation for Multiple—Input-Multiple-Output (MIMO) wi re-  efficient MIMO implementations [2]-[7]. The space modu-
less systems with imperfect channel knowledge at the recelv |40 principle is known in the literature in various forms

We focus our attention on two transmission technologies, wibh . . .
are the building blocks of space modulation: i) Space Shift ky- SUCh as Information-Guided Channel Hopping (IGCH) [2],

ing (SSK) modulation; and ii) Time-Orthogonal-Signal-Deggn  Spatial Modulation (SM) [3], and Space Shift Keying (SSK)
(TOSD-) SSK modulation, which is an improved version of SSK modulation [4]. Although different from one another, alee
modulation providing transmit-diversity. We develop a sirgle- transmission technologies share the same fundamentaingork

integral closed—form analytical framework to compute the Arer- o ; ; ; _
age Bit Error Probability (ABEP) of a mismatched detector for principle, which makes them unique with respect to conven

both SSK and TOSD-SSK modulations. The framework exploits tional modulation schemes: they encode part of the informa-

the theory of quadratic—forms in conditional complex Gausgn tion bits into the spatial positions of the transmit-antesin
Random Variables (RVs) along with the Gil-Pelaez inversion in the antenna—array, which plays the role of a constella-

theorem. The analytical model is very general and can be usddr  tion diagram (the so—called “spatial-constellation ciagi)
arbitrary transmit— and receive—antennas, fading distributions, for data modulation [1], [7]. In particular, SSK modulation

fading spatial correlations, and training pilots. The analptical . / . .
derivation is substantiated through Monte Carlo simulations, and exploits only the spatial-constellation diagram for daadm

it is shown, over independent and identically distributed (i.d.) ulation, which results in a very low—complexity modulation
Rayleigh fading channels, that SSK modulation is as robusts concept for MIMO systems [4]. Recently, improved space

single—antenna systems to imperfect channel knowledge, @that  modulation schemes that can achieve a transmit—diveraity g
TOSD-SSK modulation is more robust to channel estimation have been proposed in [8]-[11]. Furthermore, a unified MIMO

errors than the Alamouti scheme. Furthermore, it is pointed . . ..
out that only few training pilots are needed to get reliable architecture based on the SSK modulation principle has been

enough channel estimates for data detection, and that tramsit—  introduced in [12].
and receive—diversity of SSK and TOSD-SSK modulations are  In SSK modulation, blocks of information bits are mapped
preserved even with imperfect channel knowledge. into the index of a single transmit-antenna, which is sveitth
Index Terms—Imperfect channel knowledge, “massive” ©OnN for data transmission While all thg other antennas rad_igt
multiple—input—-multiple—output (MIMO) systems, mismatched no power [4]. SSK modulation exploits the location—specific
receiver, performance analysis, single-RF MIMO design, spce  property of the wireless channel for data modulation [7]:
E’g.ltfltsmkiteycli?\?ers(itSSK) modulation, spatial modulation (SM), the messages sent by the transmitter can be decoded at the
Y- destination since the receiver sees a different Channallsap
Response (CIR) on any transmit—to—receive wireless link.
In [4] and [7], it has been shown that the CIRs are the
points of the spatial-constellation diagram, and that tite B
PACE modulation [1] is a novel digital modulation con-Error Probability (BEP) depends on the distance among these
cept for Multiple—Input—Multiple—Output (MIMO) wire- points. Recent results have shown that, if the receiver has
less systems, which is receiving a growing attention due Rerfect Channel State Information (P—CSI), space modulati
can provide better performance than conventional modulati
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However, there are four limitations in this paper: i) the ABE transmit— and receive—antennas, fading distributiondinta
is obtained only through Monte Carlo simulations, whiclspatial correlations, and training pilots for channelraation.
is not very much insightful; ii) the arguments in [4] ardt is shown that the mismatched detector of SSK and TOSD-
applicable only to Gaussian fading channels and do not taB8K modulations can be cast in terms of a quadratic—form in
into account the cross—product between channel estimatmymplex Gaussian Random Variables (RVs) when conditioning
error and Additive White Gaussian Noise (AWGN) at thepon fading channel statistics, and that the ABEP can be
receiver; iii) it is unclear from [4] how the ABEP changesomputed by exploiting the Gil-Pelaez inversion theore8j;[2
with the pilot symbols used by the channel estimator; arnijl over independent and identically distributed (i.i.Bayleigh
iv) the robustness/weakness of SSK modulation with respdatling channels, we show that SSK modulation is superior
to conventional modulation schemes is not analyzed. In,[18 Quadrature Amplitude Modulation (QAM), regardless of
we have studied the performance of SSK modulation whétme number of training pulses, if the spectral efficiency is
the receiver does not exploit for data detection the knogdedgreater than 2 bpcu (bits per channel use) and the receiver
of the phase of the channel gains (semi-blind receiver).Has at least two antennas; iii) in the same fading channel, we
is shown that semi-blind receivers are much worse thahow that TOSD-SSK modulation is superior, regardless of
coherent detection schemes, and, thus, that the assessfetite number of antennas at the receiver and training pulges, t
the performance of coherent detection with imperfect cehnrthe Alamouti scheme with QAM if the spectral efficiency is
knowledge is a crucial aspect for SSK modulation. A vergreater than 2 bpcu. Also, unlike the P—CSI setup, TOSD-
interesting study has been recently conducted in [19], he8SK modulation can outperform the Alamouti scheme if the
the authors have compared the performance of SM and $pectral efficiency is 2 bpcu, just one pilot pulse for chédnne
BLAST (Vertical Bell Laboratories Layered Space—Time)][20estimation is used, and the detector is equipped with at leas
schemes with practical channel estimates. It is shown Heat two antennas; iv) still over i.i.d. Rayleigh fading, we show
claimed sensitivity of space modulation to channel esfipnat that, compared to the P-CSI scenario, SSK and TOSD-SSK
errors is simply a misconception and that, on the contramodulations have a Signhal-to—Noise—Ratio (SNR) penalty of
SM is more robust than V-BLAST to imperfections on thapproximately 3dB and 2dB when only one pilot pulse can be
channel estimates, and that less training is, in generafjatt used for channel estimation, respectively. Also, singhkterana
However, the study in [19] is conducted only through Montand Alamouti schemes have a SNR penalty of approximately
Carlo simulations, which do not give too much insights foBdB for QAM; and v) we verify that transmit— and receive—
performance analysis and system optimization. Finally10] diversity of SSK and TOSD-SSK modulations are preserved
the authors have proposed a Differential Space-Time Skhéften for a mismatched detector.
Keying (DSTSK) scheme, which is based on the Cayley uni- The remainder of this paper is organized as follows. In
tary transform theory. The DSTSK scheme requires no chan@sctior(1], the system model is introduced. In Seclioh Iidl an
estimation at the receiver, but incurs in a 3dB performan&ection[ IV, SSK and TOSD-SSK modulations are described
loss with respect to coherent detection. Furthermore it and the analytical frameworks to compute the ABEP with
applied to only real-valued signal constellations. Un[ik@], imperfect channel knowledge are developed, respectively.
which avoids channel estimation, we are interested in stigdy Section[V, the spectral efficiency of TOSD-SSK modulation
the training overhead that is needed for channel estimatiotth time—orthogonal shaping filters is studied. In Section
and to achieve close—to—optimal performance with coher@fi numerical results are shown to substantiate the amallyti
detection. derivation, and to compare SSK and TOSD-SSK modulations
Motivated by these considerations, this paper is aimed with state—of-the—art single—antenna and Alamouti sckeme
developing a very general analytical framework to asseBfally, Sectior VIl concludes this paper.
the performance of space modulation with coherent detectio
and practical channel estimates. In particular, we focus ou Il. SYSTEM MODEL

attention on two transmission technologies, which are thewe consider a generi?V, x N, MIMO system, with N,
building blocks of space modulation: i) Space Shift Keyand N, being the number of antennas at the transmitter and at
ing (SSK) modulation [4]; and ii) Time—Orthogonal-Signalthe receiver, respectively. SSK and TOSD-SSK modulations
Design (TOSD-) SSK modulation, which is an improved veiyork as follows [4], [8], [11]: i) the transmitter encode®bks
sion of SSK modulation providing transmit—diversity [811]. of log, (V,) data bits into the index of a single transmit—
Our theoretical and numerical results corroborate thediggli antenna, which is switched on for data transmission while al
in [19], and highlight three important outcomes: i) SSKhe other antennas are kept silent; and ii) the receiveresolv
modulation is as robust as single—antenna systems to iegtertin v,—hypothesis detection problem to estimate the transmit—
channel knowledge; i) TOSD-SSK modulation is more robughtenna that is not idle, which results in the estimatiorhef t

to channel estimation errors than the Alamouti scheme [24hique sequence of bits emitted by the encoder. With respect
and iii) only few training pilots are needed to get reliabl&SK modulation [4], in TOSD-SSK modulation [11] theth
enough channel estimates for data detection. More prgcis¢fansmit-antenna, when active, radiates a distinct pubseew
we provide the following contributions: i) we develop a 48  form w, (-)fort =1,2,..., N,, and the waveforms across the

integral closed—form analytical framework to compute thgntennas are time—orthogoniat/f, f+°° wy, (&) wy, () dé =
Average BEP (ABEP) of a mismatched detector [22] for SSK o R

and TOSD-SSK modulations, which can be used for arbitraryt(-)* denotes complex—conjugate.
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0if t1 # t2 and [ wy, () wy, (€)dE = 1if ¢ = ta. In

other words, SSK modulation is a special case of TOSD-SSK

modulation withw, (§) = wo (§) fort =1,2,..., N;.

In [11], we have analytically proved that the diversity arde

of SSK modulation isV,., while the diversity order of TOSD-
SSK modulation i2 N,., which results in a transmit—diversity
equal to 2 and a receive—diversity equalNp. Thus, TOSD—
SSK modulation provides a full-diversity—achievinge( the
diversity gain is N;N,) system if N, = 2. This scheme

has been recently generalized in [24] to achieve arbitrary

transmit—diversity. It is worth emphasizing that in TOSIZKS

arr = Birexp (o) is the complex channel gain with
B¢ and ¢, denoting the channel envelope and phase,
respectively, and , is the propagation time—delay.

The time—delaysr , are assumed to be known at the
receiver,i.e., perfect time—synchronization is considered.
Furthermore, we considef, ; = 75 = ... = 7, N,.,
which is a realistic assumption when the distance between
the transmitter and the receiver is much larger than the
spacing between the transmit— and receive—antennas [7].
Due to the these assumptions, the propagation delays can
be neglected in the remainder of this paper.

modulation a single—antenna is active for data transmissio

and that the information bits are still encoded into the )'ndeC Channel Estimation

of the transmit—antenna, and aret encoded into the impulse

(time) responsey, (-), of the shaping filter. In other words, Let £, and N, be the energy transmitted for each pilot pulse
TOSD-SSK modulation is different from conventional Sirgleand the number of pilot pulses used for channel estimation,
Input-Single—Output (SISO) schemes with Orthogonal Pulgspectively. Similar to [27] and [28], we assume that clednn
Shape Modulation (O—PSM) [25], which are unable to achie@stimation is performed by using a Maximum-Likelihood
transmit—diversity as only a single wireless link is ext#di (ML) detector, and by observingv, pilot pulses that are
for communication [11]. Also, TOSD-SSK modulation igransmitted before the modulated data. During the trarsaris
different from conventional transmit—diversity schemgs][ ©Of one block of pilot-plus—data symbols, the wireless cleann
and requires no extra time—slots for transmit—diversitytifer is assumed to be constang. a quasi—static channel model is
details are available in [11] and are here omitted to avofPnsidered. With these assumptions, the estimates of ehann

repetitions. gainsay, (t=1,2,...,N;, 7 =1,2,...,N,) can be written
Throughout this paper, the block of information bits enas follows:
coded into the index of the-th transmit-antenna is called Qur = Borexp (jur) = ar + 0 Q)

“message”, and it is denoted by, fort =1,2,..., N;. The R
N; messages are assumed to be equiprobable. Moreover,whereé: ., 5; ., and¢, . are the estimates of; ., 8;,, and
related transmitted signal is denoted &y-). It is implicitly ¢, respectively, at the output of the channel estimation, unit
assumed with this notation thatyif; is transmitted, the analog ande; - is the additive channel estimation error, which can be
signals; (-) is emitted by the—th transmit—antenna while theshown to be complex Gaussian distributed with zero—mean and
other antennas radiate no power. variances? = Ny/(E,N,) per dimension [27], [28], where
Ny denotes the power spectral density per dimension of the
AWGN at the receiver. The channel estimation errefs, are
statistically independent and identically distributes veell as
Main notation is as follows. i) We adopt a complex-statistically independent of the channel gains and the AWGN
envelope signal representation. ji)= /—1 is the imagi- at the receiver.
nary unit. i) (z®@y) (u) = [T (€)y(u—¢)de is the
. . . 2 .
convolution of S|gnalm_(~) and y (-). |_v) |-|” is the square (5) Mismatched ML-Optimum Detector
absolute value. v) E-} is the expectation operator compute
over channel fading statistics. Vije {-} andIm {-} are real ~ For data detection, we consider the so—called mismatched
and imaginary part operators, respectively. ¥i){-} denotes ML-optimum receiver according to the definition given in
probability. viii) Q (u) = (1/\/ﬂ) fu*“ exp (_52/2) d¢ is  [22]. In particular, a detector with mismatched metricrasties
the Q-function. ix)é (-) and d.. are Dirac and Kronecker the complex channel gains asln (1), and uses them in the same
delta functions, respectively. ¥)/x (s) = E {exp (sX)} and metric that would be applied if the channels were perfectly
Uy (v) = E{exp (jvX)} are Moment Generating Functionknown. To avoid repetitions in the analysis of SSK and TOSD-
(MGF) and Characteristic Function (CF) of RY, respec- SSK modulations, the mismatched detector is here described
tively. xi) o« denotes “is proportional to”. by assuming arbitrary shaping filters.
The mismatched ML—optimum detector can be obtained as
follows. Let m, with ¢ = 1,2,..., N, be the transmitted
B. Channel Model message. The signal received after propagation through the
We consider a general frequency—flat slowly—varying chawireless fading channel and impinging upon theh receive—
nel model with generically correlated and non—identicallsntenna can be written as follows:
distributed fading gains. In particulat € 1,2,..., Ny, r = -
1,2,....N,): zr (§) = Sq,r (§) + 17 (§)
o hip (&) = ap,0(§— 1) is the channel impulse re-where: i) 5,,(§) = (sq®hgr) (&) = agrsq(§) =
sponse of the transmit—to—receive wireless link from, , exp (joq,r)sq(§) for ¢ = 1,2,...,N, and r =
the t—th transmit-antenna to the-th receive—antenna.1,2,..., N,; i) s, (&) = VEnw, (§) for ¢ = 1,2,..., Ny,

A. Notation

if my is sent (2)
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N, N,

Dy (mi) = =3 [ / ) = (©F dé} ~3 {Re { / RGENG df} -5/ ENGENS d&] (4)

r=1 r=1
. ol Eom Enm Enm ’
Dy, () = —7; {/Tm \ N, Qoo &)+ ] ~ |\ A Qoo (&) +4/ N, o (5)] di} )

m = argmax {qu (mt)} x arg min {DS,‘? (mt)}
my for t=1,2,...,N¢ my for t=1,2,...,N¢ a

[\]

nr (§)
vV Ny

2
= arg min % To.r ,/E—m(a -« )+1/E—m5 ©
me for t=1,2,..,N, | 2= | vVNo No = " or No "

where E,, is the average energy transmitted by each a@where @ comes from [31, Eq. (4) and Eq. (5)], an(g
tenna that emits a non-zero signal; and iii)(-) is the s the asymptotically—tight union—bound recently introeld
complex AWGN at the input of the—th receive-antenna forin [7, Eq. (35)]. Furthermore Ny (t,q) is the Hamming
r = 1,2,...,N;, which has power spectral densify, per distance between the bit-to—antenna—index mappings:.of
dimension. Across the receive—antennas, the nojs¢g are and mgq; and APEP (mg, — m;) = E{PEP (m, = my)} =
statistically independent. _ _ E{Pr{m, — m.}} is the Average Pairwise Error Probability
In particular, [2) is a genera¥,—hypothesis detection prob-(APEP),i.e., the probability of estimatingr; when, instead,
lem [29, Sec. 7.1], [30, Sec. 4.2, pp. 257] in AWGN, whefy,  is transmitted, under the assumption that andm, are
conditioning upon fading channel statistics. Accordinghe the only two messages possibly being transmitted.
mismatched ML—optimum detector with imperfect CSl at the et us note that [{7) simplifies significantly when
receiver is as follows: APEP (m, — m;) = APEP, for t = 1,2,...,N, and
L D, 3y ¢4=1,2,.... N (e.g, fori.i.d. fading). In this case, the ABEP
" mi firtg:I?gi(...Nt{ ? (mt)} ®) in (7)) becomes:

wherer is the estimated message abt,, (m;) is the mis- APEP, & &

(a) Ny
matched decision metric [7], [11], which is shown[ih (4) op to ABEP < W Z Z Nu (t,q) = 7APEP0 (8)
of this page, wheré, ,. (&) = & s (§) = (qur + 1) 5t (€) q=1t=1

andT;, is the symbol period. where @ comes from the identit;Eé\g1 fﬁl Ny (t,q) =

[1l. SSK MODULATION (NZ/2) log, (INy), which can be derived via direct inspection
A. Decision Metrics for all possible bit-to—antenna—index mappings.

In SSK modulation, the decision metric inl (4) can be re-
written from [1) and[{R) as shown ifl(5) on top of this page;. Computation of PEPs
where we have taken into account that for SSK modulation the| ot s start by computing the PEPBe., the pairwise
shaping filters are all equal te, (-), and we have introduced yropapilities in [¥) when conditioning upon fading channel

the scaling factod /Ny, which does not affec_[[_3). _ statistics. From[{6)PEP (m, — m,) is as follows:
From [8), and after some algebra, the maximization problem

in (3) reduces to[{6) shown on top of this page, where PEP (m, — m;) :Pr{f?ﬁsi (my) < Dﬁﬁz (mq)} ©)
o = [y e (€)w (€)de, and D) (m,) is statistically _
equivalent toD,,,, (m;). In particular, [(B) can be thought as Avhere:

mismatched detector in which: i) first, pulse—matched filtgr DSﬁz (my) =

770,7“ _ E_m _ E/yn
is performed; and ii) then, ML—optimum decoding is applied = VNo [\/ Ny (Qur = ar) T/ 6”}

to the resulting signal. A (e Y2 o 2
DIy (ma) = 3 | — \/ Rerear
B. ABEP (10)
The ABEP of the detector ifi{6) can be computed in closed—BY introducing the notationr(= 1,2,..., N,):

form as follows: .
__ No,r E.,, En
{ Ne No { X, = T — /B0 (aur — aqr) + /Brens| (11)

@ Ny (t,q) . o.r
—————=Pr{m=m¢m Y. = dor _ [Ewm
2.2 Wology (v U = )

2

ABEP =E

T VNo No far
BN NN (7) the PEP in[{B) can be re—written in the general form (with
SZZME{Pr{mq%mt}} A=1, B=-1,andC =0):

a=1 t=1 Nt 1Og2 (Nt)

APEP(mq—my) PEP (m, — m;) = Pr{D < 0} (12)
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(vavs)™" Vb (=12 gaVt.q + JV0.q)
Up (v o = e - . , ’ =T (v)exp{A (v 15
D( | tvq) (V“"jva)NT (V_jvb)N7 (V"r'jva) (V—]Ub) ( ) p{ ( )Vtyq} ( )
N: N,
: 11 M Im{Y (v (A(v)}
ABEP < ———— Ny (t - Moy d 19
< T ZZ;[ H(,q><2 -/ . y (19)
where: where ¥p (v) = E{Up(v|as,e)} is the CF of RV D

N, averaged over all fading channel statistics. It can be caetbu
p=%" (A X, 2+ B|Y,]> + OX, Y + c*x:n) (13) from (I8), as follows:
From [23, Sec. Ill], we notice that, when conditioning upon\I/D (V) = E{T (v) exp {A (v) 72, q}} = TW) My, (A (V)B)
fading channel statistics, the RV in (I3) is a quadratic—form () (18)
in complex Gaussian RVs. In fact, AWGN at the receiver inpiYhere M., , (-) is the MGF of RV, 4, and = comes from
and channel estimation error are Gaussian distributed R¥&¢ definition of MGF.
Furthermore, they are mutua”y independent among themsely In conclusion, the ABEP of SSK modulation over arbitrary
and across theV, receive—antennas. Literature on quadratidading channels and with practical channel estimates can be
forms in complex Gaussian RVs is very rich, and during tHeomputed in closed—form fronil(7L.(17), arid(18), as shown
last decades many different techniques have been develojefld) on top of this page.
for their analysis (seee.g, [23] and [32] for a survey). The formula in[(IB) provides a very simple analytical tool
Furthermore, effective methods for the computation of tee P for performance assessment of SSK modulation with channel
over generalized fading channels have been propaseg, €stimation errors, and allows us to estimate the numbela(f pi
[33]-[35], and simple analytical frameworks for some spkcipulses,N,, and the fraction of energy,,,,, to be allocated to
fading scenarios are available in [36, Ch. 9]. In this paper, €ach pilot pulse to get the desired performance. In paticul
propose to use the Gil-Pelaez inversion theorem [37].  (19) needs only the MGF of RV, , to be computed. This
According|y’ by using [37] the PEP can be Computed égtter MGEF is the bU|Id|ng block for Computing the ABEP
follows: with P—CSI, and it has been recently computed in closed-
1 /+oo Tm { W (v |O‘tv‘1)}dy form for a number of MIMO setups and fading conditions.
14

PEP (mg — my) = = — = In particular: i) it is known in closed—form for arbitrary
T Jo correlated Nakagaminfading channels and/,. = 1 [7]; ii) it
1 /71'/2 Im {¥p (tan ()| o q)}dE can be derived from [7] for independent Nakagamiading
T Jo sin (&) cos (&) channels and arbitraryv,. [38]; iii) it can be derived from
(14) [7] for Nakagami#n fading channels and arbitrary,. when
the channel gains are correlated at the transmitter—side bu

are independent at the receiver—side [38]; and iv) it is kmow

1
2
1
C2
where¥Up (-] oy 4) is the CF of RVD when conditioning upon

the channel gains, amal; , = e Qg r is a short-hand .
to denote allgthle chanrreql garr?st .ai3§ 1! in closed—form for arbitrary correlated Rician fading chels

- L d arbitraryN,. [11]. For example, for i.i.d. Rayleigh fading
The conditional CF¥p (-| o 4), of RV D is given by an
[23, Eq. (2) and Eq. (3)] shown inC{i5) on top of this channels, the ABEP i (19) reduces, frdm (8), to:

gfjige where: l)’z1 J?T/No,_ll)ﬁrpm = Ey/Ep; i) g, = ABEP < Ny &/ il TW) 1 "
~ {1 + (NpTpm) }, iv) g, = 7; and: 4 o v (1-200A (V))NT
(20)
v =vp = (1/2) \/{(Nprpm)_z +2(Nprpm) " - whereQy = E {|at,r|2} is the mean square value of the i.i.d.
N, channel gains.
Vg =7 (r,q) = log,r — at77‘|2 Finally, we conclude this section with three general com-
221 L1 g ments abouf{(19): i) the integrand function is, in generaljw
A (v) = vavp (J_v 9a+3’/9§)N(’/+3”a) _gé/_]”b) behaved wherv — 0 for typical MGFs used in wireless
T (V) = (vave) " (v +jva) " (v —jup) " communication problems. Thus, the numerical computatfon o
(16) the integral does not provide any critical issues. The égted
reader might check this out in_{0), where it can be shown that
D. Computation of APEPs the integrand function tends to a finite value when- 0; ii)
The APEP can be computed frofi{14) by removing thiince the ABEP depends on the MGF of Ry, from [11]
conditioning over the fading channel: and [39] we conclude that the diversity order of the system is

given by N,., which is the same as the P—CSI scenario. We
APEP (mq — m¢) = E{PEP (mq — m¢)} will verify this statement in Section VI with some numerical
11 /*0" Im {¥p (y)}d (17) examples, which will highlight that there is no loss in the
—av
0

2 v diversity order with practical channel estimation; andl by
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N, N
qu (mt) = Z Re {(at,r + Et,r) Vv Emﬁt,r} - ETm Z |dt,r|2
r=1 r=1

A 5 w @2
* ~ A~
D, (mgq) = 21 Re {(O‘qw +€q,r) (aq,rEm +v Emnq,r)} - ETm 21 |G,
r= r=
PEP (mgq — m¢)
Ny ~ ~ *
3 [3 @0y +earvD)" (arv/i+ T ) + 3 @arv +earv) (eary/+ ) = 3 laar +earvil’] N
=Pr < (24)
N, . -
Tgl |:% (ot,r v/ +et,ov/A)* \}'—N—L + % (at,r v/ +t,rvV/7) \}tN—TO — % |, r/7 + €t’rﬁ|2i|

direct inspection, it can be shown that{19) reduces to thiee PEP in[(24) can be re—written (with = —1/2, B = 0,
P—CSI lower—bound itV rp, — +oo. andC =1/2) as:
PEP (mq — my) = Pr{D, < D;}
IV. TOSD-SSK MODULATION 26
. ) ) o =Pr{D,,=D,— D, <0} (26)
In this section, we focus our attention only on decision ) )
metrics and PEPS/APEPs sin¢é (7) ahH (8) are general an@imilar to Sectio II-C, from [23, Sec. 1ll], we can readily

can be used for TOSD—SSK modulation too. conclude that bothD, and D, in (25) are quadratic—forms
in conditional complex Gaussian RVs. Furthermore, we note

that D, and D, are, when conditioning upon the fading
channel gains, statistically independent, as AWGN and rmhlan
In TOSD-SSK modulation, the decision metric i (4), casstimation errors are independent from one anotherAf ¢
be re—written as: and across théV, receive—antennas. We emphasize that to
X N, compute the ABEP in{7) we are interested only in the cases
Dy, (m) =3 Re {aqﬂr&;TEmét’q + d;‘,T\/Emﬁt,T} wheret £ ¢, asNy (t.q) = 0 if ¢ = q.
r=1 From [26), the PEPs can be still computed by using the
N, . / . )
B %Zldtrf Gil-Pelaez inversion theorem+[37]. { }
2 ’ 1 1 ©Im{¥Up, (vlat,)
r=1 - _ = t,q q
21) PEP (mg — my) = 5 = /0 > dv
where we have taken into account that the shaping filters, @1 l/*m Im {¥p, (V] ag) ¥, (_V|at)}dy
wy (), are time—orthogonal to one another, and we have 2w/ v
definedy, » = [, n, (§)w} (§)d¢. In particular, fort # q (27)
andt = q, the de_cision metric in((21) simplifies as shown iR hare Up, (|aw,) is the CF of RV Dy, when con-
(22) on top of this page. ™ ’ ’

A. Decision Metrics

ditioning upon the fading gaingy,, = {at,r,aq7T}iV;1,

and ¥p, (-|ay) and ¥p, (-|a;) are the CFs of RVsD,

B. Computation of PEPs and D; when conditioning upon the fading gains, =
The PEPSPEP (m, — m), in (7) can be computed from {aq.r},; and a; = {a,},",, respectively. Furthermore,

(3 and [22): @ comes from the independence of the conditional RYs

A A and D, and the definition of CFj.e, ¥p, (v|ai,) =

PEP (mq = m) = Pr {qu (ma) < Drm. (mt)} Ey . {ei(p (jvDyq)} = Epe{exp (j’J/Dq) efp’z—(J"VDt{;i =

Dy, (mg) Dy, (my) | (23 Wp, (v]ag) Up, (—v| o). We emphasize thak, . {-} is
=Pr No < No the expectation operator computed over AWGN and channel
estimation errors, as we are conditioning upon the channel
By using the identityRe {ab*} = (1/2)ab* + (1/2)a*b, gains.
which holds for every pair of complex numbersandb, and  The last step is to compute the CFs [[@](27), which can be
by explicitly showing the SNRy=E', /Ny in (22), the PEPs optained from [23, Eq. (2) and Eq.(3)] by using the theory of

in (23) simplifies as shown ir_(24) on top of this page.  quadratic—forms in conditional complex Gaussian RVs, as:
By lntroducmg] t_he RVs A = 1,21...,]§7T): i) Xgr = Wp, (v ) = Ty (v) exp {Ay (1) 70}
g/ + €4V ii) }/,.T = awﬁ + (7g,r /v/No); iii) { \Iqu(qu) - Tq(u) ex;){A q(,/) W%i 28)
Xt,r = at,rﬁ+ Et,r\/_; IV) th,r = nt,r/\/N ; and: Di ¢ ¢ ¢ ¢
N, ) ) where we have defined: i), = \/(1/4) + Nprpm + (1/2);
Dy = 3 (AlXarl + B Varl + OXar i + O X0 Yer) iy, = /D) + Nyrm — (1/2); i) 7 = 7 (0tg) =
. - 2, ; _ _ - 2. (@) _
D=5 (A1Xer 2+ BYirl? + CX0p Yy, + CO X7, Vi) Yoy lage [T V) wo= y(aw) = 3000 sl V) ga” =

@5 (1/2)7 [1+ (Nyrm) i Vi) g2 = g = =g = (1/2) %
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N, N, L oo Im{Tq () Yo () M sy, (1 )}
ABEP< —————— Ny (t - — —/ dv 32
- Nt 1og2 (Ny) 21; u (tq) T Jo v (32)
ABEP < Nt &/ i { Lo T (=) o v (34)
4 om v (1 - QoA, (@)™ (1 - QoA (—1)™
and: in closed—form in [29] for almost all fading channel models

of interest in wireless communications. For example, if the
channel gains are i.i.d. Rayleigh distributed the ABEFA_2) (3
reduces, from[{8), td_(34) shown on top of this page.
29) Finally, similar to Section[III-D, we note that: i) the
integrand function in [(32) is, for typical MGFs used in
C. Computation of APEPs communication problems, well-behaved whens 0; ii) since
the ABEP in,e.g, (33) and[(34) is given by the products of
The APEP can be_comp_uted from 127) aind](28) by st N, MGFs, we conclude from [11] and [39] that the diversity
using the Gil-Pelaez inversion theorem [37]: order of the system i&N,., which is the same as the P-CSI

Bq (v) = vavy (=264 + jvgy”) (v + jua) ™ (v = jup) !
Ar(v) = vavy (<12l +jvgl)) v+ jua) ™ (v = jvy)
Ty () = Yo (v) = (vavy)" (v + jua) N7 (v = juy) N

APEP (mg — my) = E{PEP (mq — my)} scenario [11]; and iii)[(32) reduces to the P-CSI lower—fzbun
_ 11 /+oo Im {\I,thq (V)}dy (30) if Nprpm — +00.
2 7 v V. BANDWIDTH EFFICIENCY OF ORTHOGONAL SHAPING
where Up, (v) = E{Up, (v|ay) ¥p, (—v|as)}, which, - FILTERS DESIGN |
for generic fading channels, is: In Sectio TV, we have shown that TOSD-SSK modulation

provides, even in the presence of channel estimation esirats
Up,, (v) =E{¥p, (v|ag) ¥p, (~v]eu)} with a single active antenna at the transmitter, a diversitier
=E{T, (V) exp{Aq (v)vq} Te (=) exp{A; (—v)v%}} thatis equal t@N,. This is achieved by using time—orthogonal
=T, W) Yi(—v)E{exp{A, (V)74 + A¢ (—v) v} } shaping filters at the transmitter, which is an additionaligie
_ constraint that might not be required by SSK modulation and
_Tq(y)rt(_ )M<A)()() ; ; ;
conventional single— and multiple—antenna systems. Tious,
(1) a fair comparison among the various modulation schemes,
A : it is important to assess whether the time—orthogonal con-
and M. e ) (s)=E {eXp (S%(Vq) (V))} Is the MGF of RV o\ Jint affects the overall bandwidth efficiency of the com-
%f% (V) = Ag (V) vg + Ar (—V) Y. munication system. More specifically, this section is aimed
In conclusion, the ABEP of TOSD-SSK modulation oveat understanding whether a larger transmission bandwsdth i
arbitrary fading channels and with practical channel estii® required for the transmission of the same number of bits in a
can be computed in closed—form frofd (7).1(30), and (31) ggven signaling time—interval},, i.e., for a given bit/symbol
shown in [32) on top of this page. or bpcu requirement. To shed light on this matter, in this
Similar to SSK modulation[(32) is general and useful fagection we analyze the bandwidth occupancy of commonly
every MIMO setups. To be computed, a closed—form expragsed shaping filters and, as an illustrative example, a famil
sion of the MGF of RV% )( ) = Ay (V) + Ay (—v) v, of recently proposed spectrally—efficient orthogonal shgp
which is given by the I|near combination of the power—sum diiters. More specifically: i) as far state—of-the-art shapi
generically correlated and distributed channel gainseeded. filters are concerned, we consider well-known time-limited
This MGF is available for various fading channel models irectangular, half—sine, and raised—cosine prototypes3460.
[29], or, e.g, it can be readily computed by exploiting thell-B]; on the other hand, ii) as far as time—orthogonal
Moschopoulos method for arbitrarily correlated and distited  shaping filters are concerned, we consider waveforms built
Rician fading channels, as described in [11]. In particulaupon linear combinations of Hermite polynomials [11], [25]
if all the channel gains are independent, but not necegsafilne analytical expressions of time and frequency respoofses

identically distributed, the MGR/ _(»), , (-) reduces to: these letter filters are available in Appenfix | fvg = 4.
Yt,q (v) . .
Three important comments are worth being made about the
M ), (5) = E {exp (S’Yt(ﬁ) (V))} shaping filters that are considered in our comparative study
b 1) we limit our study to considering time—limited shaping
= E{exp {s8¢ () 74} } E{exp {sA¢ (1) %} filters, which are simpler to be implemented than bandwidth—

= lH M, 2 (s

[H M, 2 (sA (-

))] limited filters [40], [41]. This choice allows us to perform
r=1

a fair comparison among SSK modulation and conventional
(33) modulation schemes. In fact, an important benefit of SSK and

TOSD-SSK modulations is to take advantage of multiple—
where the MGFsM,,, = (-) and M, . (-) are available antenna technology with a single Radio Frequency (RF) front
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TABLE |
BANDWIDTH OF VARIOUS TIME—LIMITED SHAPING FILTERS. TIME AND FREQUENCY RESPONSES OF RECTANGULARIALF—SINE, AND RAISED—COSINE
SHAPING FILTERS ARE AVAILABLE IN THE CAPTIONS OFFIG.[I. THE SHAPING FILTERSw¢ (-) ARE GIVEN IN ([35). LET
P(w)= (1/\/27r> ff:; p (&) exp (—jw€) d€ BE THE FOURIER TRANSFORM OF A GENERIC SHAPING FILTER WITH TIME RESRGSED (-). THEN: I) THE
"B 2
. P d
FRACTIONAL POWER CONTAINMENT BANDWIDTH (FPCB)IS DEFINED ASFPCBx, = _ min {B| Jo” |P(w)|"de

oo |P(w)|2d
Be[0,400) o |P(w)[*dw
THE BANDWIDTH B WHERE X, PERCENT OF THE ENERGY IS CONTAINEPAND 1) THE BOUNDED POWER SPECTRALDENSITY BANDWIDTH (BPSDB)
IS DEFINED ASBPSDBry ,,, = r[nin ){B\ log, (\P(w)|2> < logyg (|P (wpcak)|2> — THgp, Yw > B } [48, P. 18], WHICH IS THE
Beg[0,+o0
BANDWIDTH B BEYOND WHICH THE SPECTRAL DENSITY ISTHgp BELOW ITS PEAK(MAXIMUM VALUE ), i.e,, {P (wpeak) |2.

> X%} [48, P. 15], WHICH IS

Fractional Power Containment BandwidtB ((27) kHz)
Xo Rectangulary Half-Sine | Raised-Cosine w; (-)
99% 7.61 1.18 1.41 4.97
99.995% >30 6.98 3.29 6.46
99.9999% >30 22.14 6.64 7.31
99.99999% >30 29.96 10.57 7.76
Bounded Power Spectral Density Bandwid/(27) kHz)
THggp Rectangular] Half-Sine | Raised-Cosing w (-)
3dB 9.59 2.28 1.85 6.35
5dB >30 8.18 4.62 7.40
6dB >30 15.13 6.64 7.85
7dB >30 28.03 9.65 8.27
10dB >30 >30 >30 9.39

end at the transmitter [3], [4], which is a research chakengime—limited and time—orthogonal shaping filters. Two ex-
that is currently stimulating the development of novel MIMGamples, which allow us to jointly tuning time—duration and
concepts baseat.g, on parasitic antenna architectures [42]bandwidth and to guaranteeing low out—of—band interfezenc
[44]. A recent survey on single—-RF MIMO design is availablare given in [46] and [47].

in [45]. In order to use a single—RF chain, SSK and TOSD- | et ys now compare the bandwidth efficiency of the orthog-
SSK modulations need shaping filters that are time—limiteg g shaping filters available in Appendlx | with state—bf-t
and have a duration that is equal to the signaling timegt shaping filters. A qualitative and quantitative companis
interval T,,. In fact, as remarked in [4, Section 1I-D], thegre shown in Fig[]1 and in Tab[@ |, respectively, by using
adoption of shaping filters that are not time-limited woulglyo commonly adopted definitions of bandwidth [48]: i) the
require a number of RF chains that is equal to the numbegsctional Power Containment Bandwidth (FPCB) [48, p.
of signaling time—intervalsl;, where the filter has a non—j5): and ii) the Bounded Power Spectral Density Bandwidth
zero time response.€., the time—duration of the filter). ThUS,(BPSDB) [48, p. 18]. The formal definition of these two
bandwidth—limited shaping filters [41] would require mplé  concepts of bandwidth is given in the caption of TaBle I.
RF chains; 2) even though the orthogonal shaping filteg, carefully analyzing both TablE | and Fif] 1, we notice
considered in the present paper and summarized in Appengst the bandwidth efficiency of the different shaping fdter
[Mare obtained by using the algorithm proposed in [25], whichepend on how stringent the criterion to define the bandwidth
was introduced for Ultra Wide Band (UWB) systems, timeys_ |n particular, if the percentage of energy that is reegito
duration and bandwidth can be adequately scaled for narroye contained in the bandwidth (FPCB) is 99%, then the best
band communication systems. For example, [Eig. 1 is represgRaping filter to use is the hali-sine. On the other hand, if,
tative of a narrow—band system with pulses having a practigg reduce the interference produced in adjacent transonissi
time—duration of milliseconds and a practical bandwidth @fands, the requirement moves from 99% to 99.99999%, then
kilohertz. Thus, neither UWB nor Spread Spectrum (S$)e best shaping filters to us are those given in Appefdix I.
systems with orthogonal spreading codes are needed foe SpRCsimilar comment applies when the BPSDB definition of
modulation; and 3) the method proposed in [25] for the desig@ndwidth is used, but the best shaping filters are the raised
of orthogonal shaping filters guarantees that all the waweso cosine (less stringent requirement) and the orthogoneisilh
have the same time—duration and (practical) bandwidthsThwppendix[] (more stringent requirement). A similar tradfi—o

unlike conventional Hermite polynomials, time—orthogliya has been shown in [40] and [48] for conventional modulation
is guaranteed without bandwidth expansion. Let us emp@asizhemes and shaping filters.

that other methods are available in the literature to geeera In other words, the shaping filters in Appendik | are
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coexistence capabilities might be required, the shapiteydil
given in Appendix might not be the best choice, as they
would require a larger bandwidth. In that case, by using the
algorithms in [25], [46], [47], and references therein, new
orthogonal pulses could be generated with the required-time
duration and (practical) bandwidth.

I
w
T

I
al
T

VI. NUMERICAL AND SIMULATION RESULTS

log, ((IV(@)*)
4

In this section, we show some numerical examples in order
to: i) study the performance of SSK and TOSD-SSK modula-
tions in the presence of channel estimation errors; ii) carap
7\'}32:‘1‘“5‘“9 the achievable performance with single—antenna and Aléimou
s — : ‘ ‘ ‘ ‘ schemes; and iii) assess the accuracy of our analyticaladeri
A0 O e 0 ] e 12000 14000 16000 tion. For illustrative purposes, i.i.d Rayleigh fading ohals
are considered in all the analyzed scenarios. The intefeste
Fig. 1. Examples of time-limited shaping filters commonlyedisin reader mlght find in [7]’ [11]’ and [18] numerical exampl_es
the literature (frequency responses). The time responsess follows. i) about the performance of SSK and TOSD-SSK modulations
?egaf;gu/';if a%lgsev (é)) — 7 éfs)éwvﬁgfée Ifi;ro l-%l)f s:inel rijfuls—afjo(g for different wireless channels. Single—antenna and Alaino
/3 sin [fr €+ 0.5’;?) JTolpry (€). i) Raised—cosine pulsew (6 — schemes are chosen as state-of-the—art transmissiomlechn
V273 {1 — cos [2r (€ + 0.5To) /To]} pr, (€). iv) The orthogonal shaping 9i€S fgr performance comparison bgcause they_ have the same
filters for N; = 4 are given in[(3b) in Appendikl | withy = 10~4. Ty =  diversity order and the same decoding complexity as SSK and
10=3 is the time duration of the filters. The frequency responsdefined TOSD-SSK modulations, respectively. The interested mreade
:SV(W) |: (1{\/3/_”>2ff;°”(5)?XP(—%W§)d§- They are aslf_‘]f"o""sbi) might find in [49, Fig. 2] the comparison with transmit—
aﬁgﬁgg‘ig pu :ﬁn (ix;“}?r‘x_if“;S;“CO(.‘”“)"&'aﬁ_gfglg&gH_/ (2'”5”_: diversity Space-Time—Block—Codes (STBCs) for MIMO sys-
Kns [cos (TwTh) / (1 — 4w T2)]. iii) Raised—cosine pulselV (2mw)| = tems with more than two antennas at the transmitter, and in
ffv-% [sinc (TJTﬁ;Jirn(léﬁ)einf ngTﬂ p <1a)r e+ (l\lléﬁ);néé;ﬁo /:\k 1)e}r-1di}% IvaJifih [50, Fig. 8] the comparison with spatial multiplexing MIMO
toort:oglc()]rlez.sm’pﬁiy and K¢ ;rg constagt factors that arepﬁot relevant fo;SyStemS with mu_Itl—user dEt_eCtlon' In these Igtter caseth) _b
our analysis. STBCs and spatial multiplexing MIMO have higher decoding
complexity and worse performance than space modulation.
The simulation setup used in our study is as follows: i) we
designed to have a very flat spectrum in the transmission bagwhsider i.i.d Rayleigh fading with unit—power over all the
to improve the energy efficiency, as well as a very fast rdfl-owireless links. The related analytical framework is avaia
to reduce interference and enhance coexistence capilitby settingQq = 1, in (20) and [[34) for SSK and TOSD-SSK
This is especially useful to increase the system efficienayodulations, respectively; iiy,, = 1 for all the analyzed
since current standards require the transmitted spectaumstenarios; iii) the bpcu of SSK and TOSD-SSK modulations
occupy a well-defined spectral maskg, for Wireless Local are equal toR = log, (IV}); iv) as far single—antenna and
Area Networks (WLAN) and UWB wireless systems. For thid\lamouti schemes are concerned, we consider QAM with
reason, the shaping filters in Appendix | have a very goamnstellation sizeV/ and bpcu equal td&? = log, (M); v) as
energy containment and bounded energy spectrum. Finaly, mentioned in SectiohlV, the shaping filters are obtained from
emphasize that the shaping filters given in AppefHix | are jug5]. For example, whetV, = 4, w;, (+) in Appendix] is used
an example of time—orthogonal filters that can be obtainéld wifor SSK modulation, single—antenna, and Alamouti schemes,
state—of-the—art signal processing algorithms [46], ,[44 while the set of four orthogonal filters in_(35) is used for
well as that the waveforms compared in Tédble | have the samM@SD-SSK modulation. Furthermore, for a fair comparison
time—duration?;,,, and, thus, they provide the same signalingmong the modulation schemes, the same spectral efficiency
rate1/T,,. (measured in bpcu) is considered; vi) the ABEP of the P-
For illustrative purposes, in this paper we choose tHeSI scenario is computed by assuming an infinite number of
shaping filters with the main objective to limit, as muclpilot pulses; vii) the ABEP of single—antenna and Alamouti
as possible, out—of-band interference in order to enharsmhemes is obtained through Monte Carlo simulations only,
the coexistence capabilities of our communication systetmt to check that our simulator is well-tuned the numerical
and to reduce interference in adjacent transmission bandssults are compared, for the P—-CSI scenario, to the ABEP
Thus, our criterion is based on choosing filters which, fgrredicted by the union—bound recently developed in [50] for
the same time—duration, have a stringent energy containmsimgle— and multi—user systems; viii) as far as single+arge
or bounded energy spectrum. For example, we assume eitbeliemes are concerned,, is the average energy transmitted
Xo > 99.9999% or THyg > 6dB in Table[]. With these for each information symbol; and ix) as far as the Alamouti
assumptions, the orthogonal shaping filters given in Appendscheme is concernedy,, is the average energy transmitted
[Mare the best choice, and are chosen to obtain the simulatfon each information symbol from the two active transmit—
results in Sectiol_VI. For applications where less stringeantennasi.e., E,, is equally split between the two antennas.

-10}+

Rectangular
Half-Sine

I IHIA
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Nt =2 (1 bpcu) Nt =16 (4 bpcu)

ABEP
ABEP

E, /N, [dB] E,/N, [dB]

Fig. 2. ABEP of SSK modulation again#t,, /No for: i) Ny = 2 (1 bpcu); Fig. 4. ABEP of SSK modulation again&t,, /Ny for: i) Ny = 16 (4 bpcu);
iy N ={1,2,4};iii) Np = {1,3,10}; and iv) P-CSI denotes the ABEP ii) N, = {1,2,4}; iii) N, = {1, 3,10}, and iv) P-CSI denotes the ABEP
with no channel estimation errors. Solid lines show theital model and with no channel estimation errors. Solid lines show the yital model and
markers show Monte Carlo simulations. markers show Monte Carlo simulations.

Nl= 8 (3 bpcu)

a SNR penalty, with respect to the P—CSI lower-bound, of
approximately 3dB and 2dB whel, = 1, respectively; v)
the ABEP gets worse for increasinyj;, as a consequence
of the increased size of the spatial-constellation diaged
gets better for increasiny,., due to the receive—diversity gain;
and vi) TOSD-SSK modulation significantly outperforms SSK
modulation, due to the transmit—diversity gain introdutsd
! the orthogonal pulse shaping design.

As far as the performance comparison with single—antenna
and Alamouti schemes is concerned, the following conclu-
sions can be drawn (see Taljlé Il for numerical values): i)
SSK modulation outperforms single—antenna QAM, in all the
o : 0 15 20 2 3 3 analyzed scenarios, for spectral efficiencies greater2tgcu

E, /N, [dB] and for N, > 1. If N, = 1, QAM always outperforms
SSK modulation; ii) SSK and single—-antenna QAM have
Fig. 3. ABEP of SSK modulation again#t,, /No for: i) Ny = 8 (3 bpcu); almost the same robustness to channel estimation errdts, wi
i) Ny = {1,2,4};iii) Np = {1,3,10}; and iv) P-CSI denotes the ABEP 5 g\R penalty, with respect to the P—CSI lower—bound, of
with no channel estimation errors. Solid lines show the yital model and . .
markers show Monte Carlo simulations. approximately 3dB wheiv,, = 1; iii) TOSD-SSK modulation
outperforms the Alamouti scheme with QAM, in all the ana-
lyzed scenarios, for spectral efficiencies greater than Qibp

The results are shown in Figsl[2-6 for transmission techn particular, unlike SSK modulation, TOSD-SSK modulation
nologies with no transmit—diversity gain (SSK and QAM), an superior to the Alamouti scheme with QAM fo¥,. = 1 as
in Figs.[I£ID for transmission technologies with transmitwell. This is due to the transmit—diversity gain of TOSD—
diversity gain (TOSD-SSK and Alamouti). As far as SSKSSK modulation; iv) TOSD-SSK modulation is more robust
and TOSD-SSK modulations are concerned, we obseteechannel estimation errors than the Alamouti scheme with
that: i) our analytical frameworks are very accurate arn@AM. A clear example can be observed in Table Il when
asymptotically—tight for all the analyzed scenarios. Ir-paR = 2 bpcu andN, = 1. In fact, the Alamouti scheme is
ticular, as expected, they are exact fo = 2; ii) there superior to TOSD-SSK modulation in the P—CSI scenario,
is no loss of the diversity order in the presence of channalit TOSD-SSK modulation provides better performance if
estimation errors. Only a loss of the coding gain can b€, = 1 and N, > 1. More in general, Tabl&]ll shows
observed for all MIMO setups; iii) even though in spacé¢hat the Alamouti scheme with QAM has a SNR penalty,
modulation the information is encoded into the CIRs, thwith respect to the P-CSI lower—bound, of approximately 3dB
performance degradation observed when reducing the numiseen IV, = 1, while TOSD-SSK modulation has a SNR
of pilot pulses,N,, is not very high, and the ABEP is verypenalty of only 2dB; and v) the performance gain of SSK and
close to the P-CSI lower-bound, in the analyzed scenarid®SD-SSK modulations with respect to single—antenna and
for N, = 10; iv) SSK and TOSD-SSK modulations haveAlamouti schemes increases wit)., because, as analytically

ABEP

P-Csl
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o M =8 (3 bpcu) than 2 bpcu. In all the cases, the price to be paid for this
‘ ‘ performance improvement is the need of increasing the numbe
of radiating element®/; at the transmitter, while still retaining
a single-RF chain and avoiding inter-antenna synchroniza-
tion, which are beneficial for low—complexity implementeits
[42]. This remark is somehow similar to [51], as far as the
achievable transmit—diversity of STBCs is concerned. I§ina
it is worth emphasizing that the need of a large number
of radiating elements seems not to be a critical bottleneck
x for the development of the next generation cellular systems
as current research is moving towards the utilization of the
millimeter—wave frequency spectrum [52]. In fact, in thanbl
compact horn antenna—arrays with 48 elements and compact
patch antenna—arrays with more than 4 elements at the base

L i station and at the mobile terminal, respectively, are culye

me being developed to support multi-gigabit transmissiomgat

Fig. 5. ABEP of QAM againstZ,. /No for: iy M = 8 (3 bpcu); i) [53]. Furthermore, SSK and TQSD—SSK seem to be well-
N, = {1,2,4}; i) N, = {1,3,10}; and iv) P-CSI denotes the ABEP suited low—complexity modulation schemes for the recently
Wfi1th nla ct]tangellesgimzalti(tqn errgrs. hS(szi;_j Iineshwitr;hmarlgﬁrs;lntg,t mark(terh:,j proposed “massive MIMO” paradigm [54], according to which
fsro(r)T\1N[5(§nweith ?12)0(:?1'2:1?1;lzgzﬁazzneerrg]ressast tﬁ\(lav regeLil\Jr%F?CSI gg?np;:’ii). unprecedent spectral efficiencies can be achieved in aellul
This union—bound is shown only for a subset of curves in otdémprove networks by using antenna—arrays with very large (with tens
the readability of the figure, and avoid overlap among clessgaced curves. gy hundreds) active radiating elements.

ABEP

—x— Np =1 (Monte Carlo)
4| —— Np =3 (Monte Carlo)
ND =10 (Monte Carlo)

P-CSI (Monte Carlo)
— — — P-CSI (Union-Bound)

M =16 (4 bpcu)
, , : : ‘ VIlI. CONCLUSION

In this paper, we have analyzed the performance of space
modulation when CSl is not perfectly known at the receiver.
A very accurate and general analytical framework has been
proposed, and it has been shown that, unlike common be-
lief, SSK modulation has the same robustness to channel
estimation errors as conventional modulation schemedgwhi
' TOSD-SSK modulation is less sensitive to channel estima-
tion errors than conventional modulations. Also, it hasrbee
shown that few pilot pulses are needed to achieve almost the
same performance as the P-CSI lower—bound, and that the
performance gain, over state—of-the—art MIMO technokgie

o T 10 15 20 2% 3 3 promised by space modulation is retained even with imperfec
E,/N, [dB] channel knowledge. These results confirm the usefulness of
space modulation in practical operating conditions, and, i
Fig. 6. ABEP of QAM againstn, /No for: i) M = 16 (4 bpcu); ii) particular, the notable performance advantage of TOSD-SSK
Nr = {1,2,4}; i) Np = {1,3,10}; and iv) P-CSI denotes the ABEP with iy qy|ation, which provides transmit—diversity and is more
no channel estimation errors. Solid lines with markers st jaarkers show . . .
Monte Carlo simulations. Dashed lines show the union-baamdputed from obust to channel estimation errors than conventionalreelse

[50] with no channel estimation errors at the receiver (P-&8nario). This such as the Alamouti code.
union—-bound is shown only for a subset of curves in order tprave the
readability of the figure, and avoid overlap among closgigeed curves.

ABEP

— Np =1 (Monte Carlo) "
—o— Np =3 (Monte Carlo)
Np =10 (Monte Carlo)

P-CSI (Monte Carlo)
— — — P-CSI (Union-Bound)
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TABLE I
REQUIRED E;, /Ny (dB) TO GETABEP = 10~* FOR ALL SCENARIOS EXCEPTSSKMODULATION AND SINGLE—ANTENNA QAM IF N, = 1, FOR
WHICH THE Ey,/No (dB) TO GETABEP = 10~2 1S SHOWN. FOR SSKMODULATION AND SINGLE—ANTENNA QAM, EACH ROW SHOWS THEEm /No
(dB) FORN, =1/ N, =2/ N, = 4. FOR SSKMODULATION AND THE ALAMOUTI SCHEME WITH QAM, EACH ROW SHOWS THEE,, /Ny (dB) FOR
N, =1/ N, = 2. THE VALUES HAVE AN ERROR APPROXIMATELY EQUAL TO=£0.1dB.

SSK
Rate N, =1 N,=3 N, =10 P — CSI
1bpcu|l 22.9/25.3/16.2 21.1/23.5/14.5 20.3/22.7/13.6 19.9/22.3/13.2
2 bpcu 26/26.8/17 | 24.2125.1/15.4 23.4/24.3/145 23/23.8/14
3bpcu| 29/28.4/17.9| 27.3/26.6/16.2 26.4/25.8/15.3 26/25.4/14.9
4 bpcu| 32/29.9/18.7| 30.3/28.1/17|29.5/27.3/16.20 29/26.9/15.7
Single-Antenna QAM
Rate N, =1 N,=3 N, =10 P — CSI
1bpcu|l 19.8/22.3/13.1] 18.2/20.6/11.5 17.2/19.7/10.6 16.8/19.3/10.1
2bpcu|| 22.7/25.2/16.20 21.1/23.5/14.5 20.3/22.7/13.6 19.9/22.2/ 13.2
3bpcul| 27.5/29.9/21.1 25.6/28/19.1|24.9/27.4/18.2 24.6/27/18.1
4 bpcu| 29.6/32/23.3|27.8/30.1/21.3 27.1/29.6/20.5 26.8/29.1/20.3
TOSD-SSK
Rate N, =1 N, =3 N, =10 P — CSI
1 bpcu 27.2118.2 26/ 16.9 25.5/16.4 25.3/16.2
2 bpcu 28.7 /19 27.5/17.8 27 117.3 26.8/ 17
3 bpcu 30.2/19.8 29/ 18.6 28.5/18.2 28.4/17.8
4 bpcu 31.9/20.7 30.5/19.4 30.1/18.9 29.9/18.7
Alamouti QAM
Rate N, =1 N,=3 N, =10 P — CSI
1 bpcu 25.3/16.2 23.5/145 22.8/ 135 22.3/13.2
2 bpcu 28.4/19.3 26.5/17.5 25.7 1 16.6 25.4/16.3
3 bpcu 32.9/24 31.4/22.2 30.4/21.3 30/21
4 bpcu 35.2/26.2 33.3/24.3 32.6 /235 32.3/23.3
wn (€)= (<) O+ (L22) m(© 4 (VB © + (-2 )y + (~ ) 15 )
0 (€)= (<) O+ (L2 ) @+ (y/5) 20 © + (L2 ) pa(©+ (~ ) 15 ) -
35
w (€)= (y/3) m © + (- zf) P2 (€)+(0)ps () + ( 22 () + (—F) s ()
w(© = (vE)m ©+ (L2E) @+ 0m©+ (-2 ) 0@+ (1) m (@
W, (@) = (~ g ) Pr (@) + “‘ﬁ) Py (w)+ (y/35) P () + (— ‘“fﬁ) () + (—Ag) P (@)
We, (@) = (~os5) Pr (@) + (- 44”5) Py(w)+ (/B) P (@) + <V4§M> Py () + (— &) P (w .
W, _ 3 4422 4—22 5 ( )
@) = (&) Prw) + (- Y22) Py @)+ (0) Py (@) + (V22 ) Py() + (— &) P (w
Wi, (W) = (, /%) Py (w) + 422“5) Py (w) + (0) Py (w) + (— VA-2V2 ) P, () + (_%) Ps (w)
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Nt =2 (1 bpcu) Nt =8 (3 bpcu)
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Fig. 7. ABEP of TOSD-SSK modulation againgY,, /No for: i) Nyt =2 Fig. 9. ABEP of TOSD-SSK modulation againat,, /Ny for: i) Ny = 8
(1 bpcu); i) N = {1,2};iii) Np = {1,3,10}; and iv) P-CSI denotes (3 bpcu); ii) N, = {1,2}; iii) N, = {1,3,10}; and iv) P-CSI denotes
the ABEP with no channel estimation errors. Solid lines shiog/analytical the ABEP with no channel estimation errors. Solid lines sttiogv analytical
model and markers show Monte Carlo simulations. model and markers show Monte Carlo simulations.

N, = 16 (4 bpcu) M = 16 (4 bpcu)

10” 10 — ; ;
~
® 3 ~
g % ) W
=) C -1 N
10 F E 10°F 3
Q
_ X
107k 1 107k N, =2 : ,
a i \.\
& Q \
< < \ N=1
-3 -3 r
10°F E 0 A 3
A
N =1 — Np =1 (Monte Carlo) \
= A\
Ll N,=1 1o —o— N, =3 (Monte Carlo) \
10H o N,=3 3 N,, = 10 (Monte Carlo) 3
b
P-CSI (Monte Carlo) \
— — — P-CSI (Union-Bound) Y
10°° ; ; D - 107° T T T i i i i
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
E,/N, [dB] E,/N, [dB]

Fig. 8. ABEP of TOSD-SSK modulation againgt,, /Ny for: i) Ny = 16  Fig. 10. ABEP of Alamouti scheme with QAM againg,, /No for: i)
(4 bpcu); i) N = {1,2}; i) N, = {1,3,10}; and iv) P-CSI denotes M = 16 (4 bpcu); i) N = {1,2}; iii) N, = {1,3,10}; and iv) P-CSI
the ABEP with no channel estimation errors. Solid lines shiogvanalytical denotes the ABEP with no channel estimation errors. Saliesliwith markers
model and markers show Monte Carlo simulations. or just markers show Monte Carlo simulations. Dashed litesvsthe union—
bound computed from [50] with no channel estimation errdrtha receiver
(P—CSI scenario). This union—-bound is shown only for a subfeurves
in order to improve the readability of the figure, and avoicrtap among

APPENDIX | closely—spaced curves.
ORTHOGONAL SHAPING FILTERS FORN; = 4

In this appendix, we show an example of orthogonal shaping _ _
filters that can be used for TOSD-SSK modulation. Withod@m of the previous page too, where we have defined:

loss of generality we consider the case study Wh= 4, but 2
the procedure can be generalized to larger antenna—arrays. p1(§) = (\/lﬁ) exp {-% (%) ]
More specifically, we consider the procedure described B 2 V(e
in [25], which allows us to generate orthogonal shaping p2(§) = ENG €Xp |73 (%)
filters with the same time—duration and bandwidth. Similar (a2 %
techniques are available in [46], [47]. From [25], we can p3 () = svm ) P T (%) (37)
obtain the four orthogonal impulse (time) responses shown ([ se_12e L[ e)?
in (39) at the bottom of the previous page, as well as the pa(§) = Visvr ) P [_5 (%) }
four related frequency responses (Fourie_r transfafhiy) = € = 16614867412 a1 (é)z
(1/v27) [12°p (€) exp (—jwE) d¢ shown in [3B) at the bot- Ps NV A A
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and:

Pu) = (foz ) exp [~ (10w’

Py (w) = f;;—%) exp [—%(tow)z}

Py (w) = %)exp [~ (tow)?]

Py (w) = %) exp [—%(tow)ﬂ
P - () 4 ]

(38)

Finally, we mention that, by adjusting the form factgr
the bandwidth can be arbitrarily chosen, and both narrovd- ai23]
wide—band communication systems can be considered.
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