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Abstract—In this paper, we present three new signal designs
for Enhanced Spatial Modulation (ESM), which was recently
introduced by the present authors. The basic idea of ESM is to
convey information bits not only by the index(es) of the actie
transmit antenna(s) as in conventional Spatial Modulation(SM),
but also by the types of the signal constellations used. Theiginal
ESM schemes were designed with reference to single-streanvS
and involved one or more secondary modulations in addition d
the primary modulation. Compared to single-stream SM, they
provided either higher throughput or improved signal-to-noise
ratio (SNR). In the present paper, we focus on multi-stream S
(MSM) and present three new ESM designs leading to increasm
SNR gains when they are operated at the same spectral efficien
The secondary signal constellations used in the first two dems
are based on a single geometric interpolation step in the sigl
constellation plane, while the third design also makes usefo
additional constellations derived through a second interplation
step. The new ESM signal designs are described for MIMO
systems with four transmit antennas two of which are active,
but we also briefly present extensions to higher numbers of
antennas. Theoretical analysis and simulation results indate that
the proposed designs provide a significant SNR gain over MSM.

Index Terms—MIMO Systems; Spatial Modulation (SM); Mul-
tistream SM; Signal Design

I. INTRODUCTION
Multiple-input multiple-output (MIMO) technologies are

now widely used in wireless communications systems sta

dards. The objective of using these technologies is to as&e
data throughput, increase performance, and make differ

lem limiting the practical implementation of MIMO technelo

gies is related to the decoding complexity, which increas
with the number of antenna§] [1[}{3]. In a number of cases

cost and energy consumption considerations lead to theeim
mentation of a smaller number of radio-frequency (RF) chai
in the transmitter than the number of transmit antennas i8hi

often the case in mobile and fixed user equipment, because

number of antennas is typically dictated by the performance
requirements for the downlink signal, and cost and ener
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consumption limitations may not allow the implementation
of as many RF chains. Spatial modulation (SM) is a MIMO
technique, which was precisely introduced for those cases.

The first papers on SM considered MIMO systems with a
single transmit RF chain{J4]H[7]. These SM schemes convey
information bits by allocating them to the active antenrdein
while transmitting a group of other bits through the symbols
transmitted from the selected active antenna. Further wark
SM generalized this technique by relaxing the single transm
RF-chain constraint and allowing more than one antenna to
transmit simultaneously, see e.d], [$]4[10]. A comprehens
survey on Generalized SM appears |n[[11]. A simple variant
of SM is the so-called Space-Shift Keying (SS@[lZ], where
only the index of the active antenna transmits informatlan.
other words, the active antenna in SSK does not transmit any
data symbols, but instead an unmodulated signal. This @bnce
too was naturally extended to multiple active antenrl@s,[lS]
and the resulting scheme was coined Generalized SSK. The
literature on SM, SSK, and their generalized versions is now
quite abundant; we mention her [14E[17], which address
space-time code design, anm[l [19], which address the
decoding aspects.

But even in its multi-stream version, the spectral efficienc
of SM remains modest compared to spatial multiplexing
(SMX) [], which is widely used in conventional MIMO
srxstems. In order to improve spectral efficiency, the presen
authors recently introduced a new SM conceptm [20] using
mtt|ltiple signal constellations. This technique, refertedas

trade-offs between these two desired features. The matm prﬁwhanced SM (ESM), conveys information bits using one or

WO active transmit antennas and two or more reduced-size
secondary modulations in addition to the primary modutatio
The primary modulation in that scheme was restricted to the
ériods of one active antenna, and the secondary modusation
were used with two active transmit antennas. A significant
performance gain was achieved compared to conventional SM
\f\ff)?een the two techniques are operated at the same spectral
efficiency. In the comparisons, conventional SM employeel on
active transmit (TX) antenna only, because the ESM design of
] was made with reference to single-stream SM.

In this paper, we introduce three new ESM designs taking
as reference Multi-stream SM (MSMDlS]. The description
is made for MIMO systems with four transmit antennas two
of which are active, but generalization to higher numbers
of antennas is also briefly presented. As fin|[20], the basic
principle is to use additional modulations with the primary
modulation in order to increase the number of antenna and
modulation combinations. The first two ESM schemes use
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a secondary constellation that is derived through a singkes the number of active antenn&’s,. The new ESM designs
step geometric interpolation between the primary coregielt  will be introduced in the next section fa¥y =4 and N4 =
points. When the indexes of two active TX antennas afe Generalization of this ESM concept to higher number of
selected, the first scheme transmits a symbol from the pyimaransmit and active antennas will be described in Section IV
constellation on one antenna and a symbol from the secondanAs in [@], we use here the concept of multiple constella-
constellation on the other. The second type of ESM does rimns in order to increase the number of codewords beyond
use the primary signal constellation in full. Instead, iesis that given by the indexes of the active transmit antennas
subsets in such a way as to further reduce the average ttansmd the primary constellation alone. The basic principle of
energy. The third ESM scheme introduces a second stepoof design is to preserve in the signal space the minimum
geometric interpolation, which leads to the derivationwbt Euclidean distancé, of the primary constellation. The addi-
additional constellations. The signal space is constduoter tional constellations too have a minimum Euclidean distanc
blocks of two consecutive channel uses in order to presemid,, but the minimum distance between points selected from
the minimum Euclidean distance despite the reduced distamifferent constellations is smaller than this value. Noiat the
between the different constellations used. The matheaiatiadditional constellations are derived using optimum gddme
analysis and the simulation results indicate that the mego interpolation in the primary constellation plane, whicmsists
schemes provide a significant performance gain with respeciplacing the points of these constellations at the cemtidise
to MSM. Parts of this work were presented [21]. squares formed by neighbor points of M-QAM used as primary
The paper is organized as follows: In Section II, we giveonstellation. This choice guarantees a minimum distarfice o
a brief description of the system model and formulate th/\/2 between the points of the primary constellation and
ESM design problem. In Section Ill, we present a brief reviethose of the secondary constellation derived after the first
of MSM and describe the proposed ESM designs for MIM@Onterpolation step. Similarly, it guarantees a minimuniatise
systems with four transmit antennas (4-TX) and M-QAM asf §,/2 between the points of the primary and secondary
primary modulation. In Section IV, we extend our designsonstellations and those of the third and the fourth con-
to MIMO systems with a higher number of antennas. Erratellations derived after the second interpolation steging)
rate performance and receiver complexity are investigatdtese multiple constellations, a minimum Euclidean distan
in Section V. Finally, the simulation results are reportad iof d, is preserved in the signal space by imposing that
Section VI, and our conclusions are given in Section VII. codewords differ in two or more components depending on
the constellations from which the non-zero components take

[I. SYSTEM MODEL AND PROBLEM FORMULATION their values.

For a MIMO system operating on Rayleigh fading channels,

the received signal can be expressed as: 1. ENHANCED SM (ESM)

Before introducing our proposed ESM designs, we first
y = Hx+n, 1) briefly describe the baseline Multi-stream SM (MSM) scheme

where N denotes the number of receive antennas, is [L§], which will be used as basis for comparisons.

the number of transmit antenndd, is the N x Nt channel
matrix, x is the Ny x 1 transmitted symbol vector, anddes- A. Baseline: MSM
ignates the additive white Gaussian noise (AWGN). Assumepism with four TX antennas N+ = 4) out of which two

that the entries of the channel matiik are independent and 4,6 gctive V4 = 2) and transmitting M-QAM symbols can

identically distributed (i. i. d.) complex circularly synettic pe gescribed using the following signal space representati
Gaussian variables of the fortw.(0,1) and the entries of

AWGN, n, are i. i. d. Gaussian noise of the forhf.(0, No). Prr| 10 [Par] | O

The transmit energy i€E[x”x] = E,, and the average ced [Pm| | 0110 1Py 3)
signal-to-noise ratio (SNR) is defined as SNR E,/Nj. O |'|Pm| |Pm| | O ’

Note that the main difference between SM and conventional 0 P 0 P

MIMO is that in the former not all transmit antennas arghere the entryP,; denotes the M-QAM constellation, and
activated simultaneously, which means that there are SOfj@ zero entries correspond to the silent transmit antefings
zero elements in the transmit symbol vectarWhen only MsM scheme achieves a throughputf- 2log, M bits per
two transmit antennas are active, a convenient repre@mtathannel use (bpcu). Indeeg, information bits are assigned
of the transmitted codeworxl is as follows: to select one of the four active antenna combinations which
x = [0, 0,2, 0, 0,2, 0, ,O}T, (2) appear in[B), andlolg2 M bits select.two symbols from th(_a
P, signal constellation to be transmitted from the two active
for m # n. Here vectoix is of dimensionN7, m andn with antennas. The throughput i$ bpcu with 16QAM and14
m=1,---, Ny, andn = 1,--- , Ny are the indexes of the bpcu with 64QAM. The total energy per transmitted codeword
two active TX antennas, and,, andzx,, denote the symbols is E, = 20 for 16QAM and £, = 84 for 64QAM, which is
transmitted from these two antennas. This representasiontwice the average symbol energy.
easily generalized to cases with a higher number of activeWe now describe our first ESM design, which we refer to
antennas by introducing irﬂ(Z) as many non-zero componeats ESM-Typel in the sequel.
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Fig. 1. The constellations used in ESM-Typel willi = 16. The blue Fig. 2. The constellations used in ESM-Typel with = 64. The blue
crosses represent 16QAM, and the red circles representediatien Ssg. crosses represent 64QAM, and the red circles repreSent

B. ESM-Typel o that the average energy per symbolAs, = 6 for the Sg
For the same spectral efficiency as the MSM scheme dgmstellation and@s,, = 22 for the Ss, constellation. Since
scribed above, the transmitted codewardh this design are the average energy peé6QAM symbol is E150.42 = 10 and

given by: the average energy per 64QAM symbol iigan = 42,
[Py 1 [ Pu] [ O 7] 0] the average energy per transmitted codeword in this scheme
S s2 0 Py 0 is 16 for M = 16 and64 for M = 64. We summarize these
0 |'| 0 |"[Swmy2|'| Pu properties as follows:
L O ] [Smy2l L O ] [Swy2l
X< [Sarpe] [Svp] [ 077 0 7 (7 ) Egsyv—ryper—16Qam = 16,
Py 0 SM/Q 0
0 |"| 0 |'| Pu | |Suye and
L0 | [ Pu ]| O || Pwm|
Here, we havel antenna and constellation combinations in Epsy—ryper—6aganm = 64.

the signal space: As in MSM, there are four active antenna

combinations, but while one of the active antennas trarssanit 1 Nis means that in terms of total transmit energy, ESM-Typel
symbol from the primary M-QAM constellatioR,;, the other With 16QAM (resp. 64QAM) as primary modulation saves
antenna transmits a symbol from a secondary constellafion29% (resp. 24%) compared to baseline MSM. In the dB scale,
half size, referred to a$),/,. The two signal constellations this corresponds to a gain of 1 dB (resp. 1.2 dB).

are shown in Fig[]1 for/ = 16 and in Fig.[R forM = 64.

The secondary signal constellatidfy;, has the following

mathematical representation f&f = 16 and M = 64: C. ESV-Type2

Sy = {£2£2i, £2, £2i}, By using anM-point primary constellation and a half-size

and secondary constellation (witd//2 points), we managed to
Sg, +4, +4i, +6, +6i reduce the total transmit energy to some extent using ESM-
Sy = A+ 2 A+ 4i, 2+ 4i _ Ty_pel. We.\_/vill now_describ_e a sgcond ESM design, which
2 + 61,6 — 2, —6 + 2, —2 — 6i brings additional gain. In this design, which we refer to as

o i ) ~ ESM-Type2, we do not use the original primary constellation
Similarly to the baseline MSM of the previous subsectiorp, . in full, but instead a subsek,; /,, which consists of the
this ESM design achieves a throughput2of 2log, M bpeu 37/ points of smallest energy. Favl = 64, Py, is the
despite the fact that one of the antennas transmits symbgitentional 32QAM signal constellation, and fof = 16, it

transmitted in parallel from the two active TX antennas eynv

2log, M —1 bits only, but the number of antenna/constellation _ , . . . .
corﬁéinations (pairsyofn, n indexes along with the assigned Po= {1 £0,3 40,1 =31, =3 —i,~1 +3i}.
signal constellations) i8 in this case, and therefor& bits
must be assigned to select one of these combinations.

Let us now examine the average energy per transmittg
codeword. To evaluate the average codeword energy, we f|§sf
need to evaluate the average energy of the secondary constel
lation used. A simple inspection of FigH. 1 afjd 2 indicates X € {Ly, Ly, Ly, La}. (%)

In ESM-Type2, the design procedure is as follows: The
8nsmitted codewords belong to a signal spack, which
he union of four subspacds,, Lo, L3, Ly:
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Fig. 3. The constellations used in ESM-Type2 willi = 16. The blue Fig. 4. The constellations used in ESM-Type2 with = 64. The blue
crosses represelfig, the red circles represeft, and the black stars representcrosses represent 32QAM, the red circles represent the black stars

Q4. representRzg, and the black squares represé€.
The first three subspaces are defined as: bits only, but this subspace includ&sactive antenna and
[Parsa] [Snjp] [ 0 1 0 ] modulation combinations, and therefcﬂebit; are need_ed to
Sisz| | Paije 0 0 select one of them. Togqther with the.preﬂx bits assigned to
L= 0 'l 0 ["|Paso||Sue ) (6) the L, subspace itselfi0 bits are transmitted per each channel
L O 1L 0 ] [Suyel [Pyl use. . . .
- - - - _ For M = 64, direct extension of thé , subspace as given
Prayz| [Swy2 0 0 by (@ is not optimal in terms of transmit energy. Direct
Loy = 0 . 0 . Phya . Smy2 . (7) extension means that thg and theQ, constellations in[{9)
Smyz2| | Pry2 0 0 are replaced bys, andQ1¢, whereQ 4 consists of a6-point
L 0 4L 0 - :SM/2: :PM/2: extension ofSs,. Instead, we found that the following choice
Pzg/z 51\5/2 PO SO of subspacd., minimizes the average transmit energy:
M/2 M/2
Ly = o I'l o I SM; 2l PM; : ®) Ly = {Ls, Lg} (10)
USay2) [(Puel L O ][ 0] with
Different subspaces use different active antenna comibimst (Qs1 P21 TO7 07
but in all of these three subspaces one active antenna titansm Pyl | Qs 0 0
symbols from theP,;,, signal constellation, while the other 0110]||Qs| |Ps
active antenna transmits symbols from thg , constellation. 0 0 | |Ps2]| | Qs
Note that2log, M — 2 information bits are conveyed by the Ls = :Qs: :P32: 01707 (11)
transmitted symbols, and 2 information bits are used tocsele 0 0 Os | | Ps
one antenna combination in each subspace. Also, 2 prefix bits PollOs|'| 0] 0
. 32 8
select a particular.; subspace, and hence the total number of 0 0| | Pl | Qs
bits per channel use &+ 2log, M. S
The fourth signal subspadg, is more involved. For\/ = and
16, it is given by [Rg] [S32] [OT1[ 0]
_Q4_ _58_ ro1r707 Sggﬂng 0 7 0
58 Q4 0 0 0 0 Rg 532
017]0||Qal|Ss L = L0 T L0 JISe] LR L (12)
L0 ] [ 0] [Ss] [Qu] Rg]| [S32] [ O 0
Ly = (4] [Ss1707707 . 9 0 , 0 7Rg7532
0 0| (04l |5 Ssa2 || Rs 0 0
AN AREARE L0 ] [ 0] |Ss2] |Rs]
LO ] LO0] [Ss] Q4] The Qs and Rs constellations are shown in FifJ. 4 together
In this subspace, one of the active antennas transmits aggymf§ith Fs2 andS». Mathematically, they can be represented as:
from the Ss constellation, while the other antenna transmits a 4461, —4 — 61,6 — 4, —6 + 4i
symbol from a@, signal constellation, defined as follows: Qs = { 6 — 41, —6 + 416 + 27, —6 — 2 }
Qs={1+3i,3—1i,—1—-3i,-3+1i}. and
This constellation is shown in Fig] 3 together with and Ry = {5 + 54,5 — 54, =5 +5i, =5 — 52} .
Ss. The symbols in signal subspadg carry 5 information 1+76,7— 14, -1 =74, =7+ 1d
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Fig. 5. The constellations used in ESM-Type3 witli = 16. The blue Fig. 6. The constellations of ESM-Type3 with/ = 64: The blue points
points represent’r, the blue crosses represefy, the blue stars represent representl’r, the blue crosses represéhiy, the blue stars represey’, the
Ty, the red circles represetftr, the red squares represefif, and the red red circles represenfty, the red squares represefif;, and the red triangles
triangles denote;. denoteFy’.

For M = 16, the average energy of the transmitted codeénrough a single-step geometric interpolation in the prima
words is12 in subspaceg.;, Lo, and L3, because both of the constellation plane. Our third design goes one step further
two constellations used in these subspaces have an avemg€uses two additional signal constellatidng, » and Fy s,
energy of6. In contrast, the average codeword energyds which are derived through a second interpolation step.
in Ly, since constellatior), has an average energy of. In partitioned form, these constellations are defined as

Therefore, the average energy per codeword is given by: , .
TI\,{/Q = TM/4 U TM/8 UTg

3 1
E Typed— = - x12+ - x16 = 13.
ESM-Type2—16QAM = 7 x 12+ 1 X and

This sche_me provides an energy saving pf approximaf[ely Fujo = F{\,{MUF]’\}/gUFR,
35% (13 instead of 20) compared to baseline MSM, which , )
corresponds to a 1.9 dB gain in the decibel scale. whereT), , denotes thel//4 points of T}, of smallest en-

For M = 64, symbol selection in signal subspades L,, ©r9y excluding the innermost points, which foiin = {i, —i},
and L; requiresl0 bits. Together with the prefix bits of the 71/ iS theM/8 point extension of’, ,, of minimum energy,
L; subspaces and ttebits needed for selection of an antenn@nd 7 denotes the rest of the points . For theFays
and constellation combination in the selected subspaee, ipnstellation, we use the same definition and similar nanati
total number of bits isl4. In subspacd.,, symbol selection because as it will be clear later this constellation is otgdi
requires only8 bits, but one additional bit is needed to seledy @ Simpler/2 rotation of constellatioff’y; . The innermost
Ls or Lg, and 3 bits are needed to select one antenna aR@ints of Fy» are given by, = {1, —1}.
modulation combination in the selectéd subspace. Here too, For M = 16, Fig. [B shows the 6 component constellations
together with the prefix bits of theL, subspace, the numberwhich form T}, and Fy;/». They have the following math-
of bits is 14, and clearly the proposed design achiebebpcu. €matical representation:

To compute the total energy per transmitted codeword, we T) = {4240}, TV = {430}, Tr = {+i}
first evaluate the average energy of the constellations imsed . 2 TR ’
this design: A simple inspection of FigH. 3 afjd 4 shows that

the average energy i&'p,, = 20 for Py, Es;, = 22 for For M = 64, the 6 component constellations df;, and

Ss2, Eq, = 46 for Qs, and Er, = 50 for Rg. Since the . e shown in Fig[]6. Their mathematical representation is:
symbols take their values from the g9}, Ss, in 3 out of the

Fl = {£142i}, FY = {+3}, Fg = {*1}.

4 subspaces, fronss, Qg in one subspace, and frofys, Rs Tie = {£2,£2 + 4, +3i, +4 + i, +5i},
in the remaining subspace, the average energy per codeword TY = {42 + 5i, +4 + 3i},
is given by:

Tg = {+i,46 +i,4 + 5i, —4 — 5i},

3 1 1
EES]M—TypeQ—(MQAM = Z X 42 + g X 66 + g X 72 = 48.75. and
Compared to the baseline MSM scheme, this ESM design Flg = {£1+2i,+3+ 2 +£1+ 4i,+3, £5)
. . . . 0 . ) ) ) ) )
achieves a transmit energy saving of approximately 42%s Thi FY = {434 4i, 45 + 20},

represents an SNR gain of 2.4 dB.
Fp = {+1,+14+6i, -5+ 4i,5 — 4i}.

D. ESM-Type3 Note that all constellations used in the ESM-Type3 design,
The reduced-size secondary signal constellation usedrin @@. (Pys/2, Snr/2, Tar/2, Far/2), have the minimum Euclidean
first two designs (ESM-Typel) and ESM-Type2) was derivatistance ob,. Next, the minimum distance between tRg;/,
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and S,;/» constellations (resp. th&,,,,) and F;/, constel- 2log, M bits per channel use, and the average total energy

lations) is 6p/+/2. Finally, the minimum distance betweenper transmitted symbol vector i, = 13 for M = 16 and

a point taken fromP,;,» U Sy/2 and a point taken from Es = 48.75 for M = 64.

T2 U Farjo is 60/2. Since the number of active antennas Next, the set of symbol vectof$,r is based on the third

is limited to 2, a particular care must be exercised to preser@@d the fourth constellation$y;/, and Fy;/,, but symbol

a minimum distance of, in the signal space. vectors inStx transmit one bit less than ti2er-2 log, M bpcu
More specifically, the use of different constellations aanntransmitted in the case &fps. The setSrr is constructed by

be made independently from a channel use to the next. Instefa¢ union of four subsets’, L5, L3, Lj:

the antenna/constellation combinations must be jointfindd . -

over a block of two consecutive channel uses. The minimum Str: X €{L4, Ly, Ly, Ly} (18)

distance can be preserved in the following two cases: In theThe first subset is defined as:

first case, theP,;/,, and Sy, constellations (resp. théy;; Tary2| [Fary2 0 0

and F; /o constellations) are employed during both channel ;L Fuya| (T2 0 0 (19)
uses. In the second case, thg;,, and.S,;/, constellations L 0 'l 0 ["[Tay2l| |Frye

are used during the first channel use, andZhg, and F; /2 0 0 Fryo] (Tary2

constellations are used during the second channel usecrgzllpe L subset can transmi + 2log,(M/2) bits: 2 bits

versa. In this paper, we take the second approach, becaus S .
. : . . select one of the four combinations of active TX antennas and
number of bits transmitted per block is not constant in the . . :
) associated constellatiorisg, (1//2) bits select a symbol from
first. . , he T,/» constellation, andog,(M/2) bits select a symbol
For presenting our ESM-Type3 scheme, we first extend the / ’ 2

system model by stacking two consecutive received sigral veom the Fyy/> constellation.

. . . The other three subsefs, — L/, are defined as follows:
tors. Assuming slow-fading channels essentially constaat s, 4

two consecutive channel uses, the transmitted and received (Thrsa] [Frpa] T O 77 0
signals are related by the following equation: 0 0 TJ’W4 FJ’W4
Fo T, o ] o
Y = HX +N, (13) MM T
o)t 0 1L 0 1 Fayal g4l (20)
whereY = [y,,Y,] denotes theVy x 2 received signal matrix, 27y T TEL 1T 0 17T 07
1272 . ) L M/4 M/4
X = [x1,X2] is the Ny x 2 transmitted signal matrix\ is the 0 0 TJ/W4 FJ/\4/4
Ng x 2 AWGN matrix, and the subscrigt € {1,2} denotes o 'l o UIlr. |'l7
the time index of the symbol vector. The transmitted codewor o T ”6/4 ”6/4
(symbol matrix)X belongs to the following signal space: ) i
X e IS § u Ly ={Lo|Tha — Thyys} (21)
€ {S1,82}, _
191,85 A9 1y = {L4IFL — Fliyeh 22)
where This representation indicates that the combinations df@ct
Sy = {X; € Spg, X2 € Srr} (15) antennas in subsefl’ are the same as those ik, but
Ss = {x1 € STF:XQ € Sps}. (16) here constellatiori’;, , is replaced by constellatiofy .

Similarly, subsetlZ/ is obtained fromL/ by substituting
In this representatior§ps denotes the set of symbol vector§0nst6||ati0nF1’\’4/8 for FJ’W4.
based on the primary and the secondary constellations, andhe signal subseL) transmits3 + 2log,(M/4) bits per
St denotes the set of symbol vectors based on the third asyximbol vector: 3 bits are needed to select one of the 8
the fourth constellations. The transmittéd- x 2 codeword combinationslog, (1 /4) bits to select a symbol frori’y, ,,
takes its values from the sBpg during the first channel use inandlog, (1 /4) bits to select a symbol frorﬁj’wél. Next, since
the block and from the s&y during the second channel usethe L} subset is derived fronL; by substitutingTy, ; for
or vice versa. The number of bits per codeword-ist log, M Ty )40 it transmits3+log, (M /4)+log, (M /8) bits per symbol
, Which is twice the number of codewords per channel usgsctor. Again, 3 bits select one of the 8 combinations, ard th
From those, 1 bit selects subs&t or subsetS;. Next, 2 + log,(M/8) bits select a symbol frony; 5, andlog, (M /4)
2logy M bits select a vector frorps and1 +2log, M bits  bits select a symbol frony, ,. Similarly, L, subset transmits
select a vector frorir, and these two vectors are transmitted - log, (1 /4) + log,(M/8) bits per symbol vector. Here, 3
in the order determined by the first bit. bits select one of the 8 combinatiofsg, (1 /8) bits select a
The details of the proposed design process can be descriggghbol frosz’fz/s’ andlog, (M /4) bits select a symbol from
as follows: First, the set of symbol vectoBss is actually T, e
the signal space of ESM-Type2 described in the previousThe discussion above indicates that the number of bits
subsection. A signal vector from this set is of the form:  transmitted per symbol vector is not uniform across the
. LY — L/, subsets. The implication of this is that the prefix
Sps : X € {L, Lz, L, La}, (17 oflthesé1 subsets i must have a variable number of bits.
where the subsets; — L, are given by eqns.[|(6} (E). As Specifically, subsef| must have a 1-bit prefix, subsef a 2-
shown in the previous subsection, this scheme transinits bit prefix, and subsetg’; andL) must have a 3-bit prefix. With



SUBMITTED PAPER 7

these variable-length prefixes, it can be seen that all symisame number of address bits as in MSM. But on top of
vectors inSyp carry 1 + 2log, M bits. this, ESM-Typel requires additional address bits to select

At this point, it is important to clarify the difference bed@n antennas which transmit symbols from thig; , constellation.
the construction of thel} subset and that of thé, — L) Assuming that the number of active antengsis an even
subsets included iS7x. Notice that the innermost points ofnumber, half of the active antennas transmit symbols froen th
the Ty 2 and Fy;/, constellations, namel{y:. and F., are Py constellation, and the other half of the antennas transmit
only used in the first subsét;. These points cannot be usedymbols from theS,,,, constellation. Compared to MSM, the
in L}, because otherwise the minimum Euclidean distance nmmber of bits in the transmitted symbols is reducedvby/ 2.
the signal space would b%/+/2, which is 3 dB smaller than This reduction is compensated by the bits assigned to the
the minimum Euclidean distance ®pg. This is the case, selection of the active antennas which transmit symbolsfro
for instance, between the symbol vectfrsi,0,0] € L7 and theS,,/, constellation. For a given set of active antennas, the
[1,0,4,0] € L. Similarly, the innermost points are not allowechumber of bits assigned to this selection is
in subsetsL; and L}. As a result, the signal vectors yp Naj2
carry only1 + 2log, M bits, while the signal vectors ifipg m= {10%2 (CNA )J : (24)

carry 2 + 2log, M bits. . For example, withV, = 4, we havem = 2, and precisely,
For M = 16, Fhe average energy per transmitted Sym_b%is is the number of bits that we need to compensate for the
vector fromSyy is E; = L1. Since the signal Vector sets ing, . it they symbols in ESM-Typel transnitbits less than
Sps andSrr are ”399' with the same probab|llty, thelaveraqﬁ MSM. Consequently, in this scheme too the throughput is
energy of the transmitted codewords in ESM-Type3 is: given byn + N log, M.
The average transmit energy is cleadg® + 6% =
1682 for M = 16, and4252 42254 = 6452 for M = 64.
This represents a 2.2 dB SNR gain over MSM and a 0.4 d®r all N4 values, the gain with respect to MSM is 1 dB and
gain over the ESM-Type2. 1.2 dB with M = 16 and M = 64, respectively.
For M = 64, the average energy per transmitted symbol
vector fromSrr is E; = 37, and the average energy of theg, EQu-Type2
transmitted ESM-Type3 codewords is:

1
Ersym—Types—160AM = 3 X (13+11) = 12.

The idea here is not to use the original primary constelatio
1 Py in full, but instead a subse?, which consists of the
EBSM—Type3— = — x (48.75 + 37) = 42.875. a1 AU, M2, WNI :
PSM=Types=01QAN ( ) M /2 points of Py, of smallest energy. WittiV4 active anten-
This represents a 2.9 dB SNR gain over baseline MSM. nas, the number of bits carried by the transmitted symbols is
reduced byN 4 with respect to MSM which uses the original
IV. EXTENSIONS TOHIGHER NUMBER OF ANTENNAS Py, constellation. Since both of the constellations used is thi

In this section, we investigate the extension to high&eSign have the same size and essentially the same average

numbers of antennas of the new ESM designs presenteoen?rgy' we do_not need to restrict here that half of the symbol
the previous section. Before doing this, we describe the MSFUSt take their values fromy,, and the other half from the
concept used for benchmarking these designs. In MSM W-rﬁ,i\,f/g constellation. All we need instead is to have an even

N transmit antennas out of whiclV4 antennas are activem”‘nt,”f:'r O,f Sym,b‘?'s taking their values frc,)S,M/?’ as th,'s
using M-QAM modulation, the maximum number of activecondition is sufficient to ensure that the minimum Euclidean

antenna combinations @]]\\77;’ R JJ\\[/?LNA)!' Usually, the d?stance_ in the signal space will not be reduce_d. The group of
number of combinations is restricted to be an integer power S assigned to the selection of the constellation mush far
2 in order to have an integer number of address bits to sel@@ity-check code and hence it contaiNg — 1 information
the active antennas. This number is given by: Its. Th's compen_sates for the IO_SS By bits du_e to th?
half-size constellations, except forbit. Compensation of this
n= Uogz(C]]\\,];‘)L (23) bit can only be made by increasing the number of active
antenna combinations and adding some other combinations
which make use of additional modulations, as illustrated by
the signal space in section IlI.C.
We now illustrate the signal space construction Agr = 8
and three different values d¥ 4, namelyN4 = 2, Nj = 4,
and N4 = 6. For bothNy, = 2 and N4 = 6, the maximum
A. ESV-Typel number of active antenna combinationsG§ = 28. From
The basic principle of ESM-Typel is to use a secondatiiose, MSM use$6, which requiret address bits. In contrast,
constellation of half size (with}//2 points) in addition to ESM-Type2 uses all of these combinations, and in addition
the primary constellation with\/ points in order to reduce to them, it uses additional antenna/modulation combinatio
the average transmit energy. The primary constellatiomés twhich involve other constellations, similar to the subspac
M-QAM constellation (denoted’,,) used by the referencegiven by [P) forM = 16 and to the subspaces given @(11)
MSM scheme, and the secondary constellation is $hg, and ) forM = 64. It can be easily verified that the average
constellation. Selection of the active antennas requihes tenergy per codeword is given B8 x 1244 x 16)/32 = 12.5

where| x| stands for the integer part of In this scheme, the
transmitted average energyli x N4 for M = 16 (16QAM
modulation) andi2 x N4 for M = 64 (64QAM modulation).
As for the throughput, it is given by + N4 log, M.



for M = 16, and (28 x 42 + 2 x 66 + 2 x 72)/32 = 45.375

for M = 64. Note that the energy saving with respect to
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TABLE |

AVERAGE TRANSMIT ENERGY FOR10BPCU AND 14 BPCU

MSM here is higher than that reported in Section 1Il.C. More sMI] | swmx2tx | ESM[pd] | MsM [iig] |
specifically, the energy saving is 2.04 dB fof = 16 and 2.7 [ 10bpcu 170 40 285 20
dB for M = 64. 14bpcu 2730 164 202 84

For N7 = 8 and N4 = 4, the situation is not as favorable: ESM-Typel | ESM-Type2 | ESM-Type3 | SMX-4TX
Indeed, the number of active antenna combinatiafigis= 70, 10bpcu 16 3 T 16
and MSM can usé4 of them. Instead of trying to find suitable 14bpcu 64 2875 22875 2
antenna and modulation combinations to increase the signat

space and recover the missing bit, we found that in this case
a simple alternative ccl)lnsists of using constellatiyn » (;)nh V. PERFORMANCE AND COMPLEXITY ANALYSIS
two antennas, conste atiofy /o on one antenna, and t €A The Minimum Euclidean Distance

full constellation Py; on the remaining active antenna. Thé ) ) ) _

energy saving with respect to MSM in this case is 1.55 dB Assuming the channel state information (CSI) is perfectly
for M = 16 and 2.0 dB forM = 64, which is a worst- known at the receive side, the maximum-likelihood (ML)
case situation corresponding to one of the active antenriggoder estimates the transmitted codeword according to:
transmitting symbols from the full primary constellatiom. - X = argmin | Y — HX|?, (25)
summary, the gain achieved with respect to MSM is a function XeX

of the Ny and N4 parameters, and it will exceed 2 dB in mostvhere the minimization is performed over all possible code-

cases. words from the signal spacg.
In ML detection using exhaustive search, the receiver com-
C. ESM-Type3 putes the Euclidean distance between the received noisglsig

We will not attempt here to fully describe ESM-Type3 forand the set of all possible codewords transmitted over the
an arbitrary number of transmit antennisls and an arbitrary channel matrix. At high SNR, the receiver performance is
number of active antennas 4, because the signal space wildominated by the minimum squared Euclidean distance over
depend on both of these parameters. Instead, we will give the signal spacq [R2]:
basic design rule and indicate the achievable performance. 9 . 2

Recall t%lat this ESM design makes use |?)f 4 different Lo = min [[X = X% (26)
constellations, namely; /2, Snr/2, Tarj2, @ndFyy /o, the first The ESM schemes introduced in this paper were designed
being a subset of the primary constellation, the secondgbein such a way as to preserve the minimum squared Euclidean
a secondary constellation derived through a first intetfia distance’, of the primary modulation, i.e? ;, = 62 in all of
step, and finally the third and the fourth being derived tigilou them. The same minimum distance being also valid for single-
a second interpolation step. Also recall that all of thesstream SM, MSM, the ESM schemes introducedif [20], and in
modulations have a minimum Euclidean distances@fthe SMX, comparison of the respective asymptotic performances
minimum distance betweer,;,, and S,;/, (resp. between of the different schemes is reduced to comparing their geera
Tarj2 andFyy s is 50/+/2, and the minimum distance betweeriransmit energyF,. The average transmit energy for all of
Parra U Sarje and Ty o U Fyyja 1S 60/2. these MIMO schemes is summarized in Taﬂ)le | for 10 bpcu

Let us define 2 bit sequencefy;} and {8;}, ¢ = and for 14 bpcu transmissions.

1,2,---, N4 wherea; determines whether thih component  The gains achieved by the new ESM designs over MSM
of the codeword belongs 5/, U Sy /2 Or to Th /2 U Fay/2,  have already been indicated in Section lll. The main purpose
andg; determines whether this component belong®{p, U of this table is to give an indication as to how these schemes
Tarj2 OF 10 Spr/2 U Fiyye. In order to preserve a minimumcompare to spatial multiplexing with 4 transmit antennas
distance ofd, in the signal space, théa;} sequence must (SMX-4TX), spatial multiplexing with 2 transmit antennas
form a binary code of Hamming distance 4, and thg} (SMX-2TX), single-stream SM 01[[4], and also to the original
sequence must form a binary code of Hamming distance BSM schemes of[[20]. First, note that SMX-4TX must use
With N4 = 2, a Hamming distance of 4 cannot be achieveivo different modulations at these two spectral efficiescie

if the codewords are defined over a single channel use, @t 10 bpcu transmission, we assume that 2 antennas transmit
for this reason two consecutive symbol vectors were stack@®SK symbols (of average energy 2) and the other 2 antennas
and the codewords were defined over two consecutive chanimahsmit symbols from thé% constellation used by ESM-
uses in Section Ill.C. This constraint remains with highgr Type2 (see Subsection III.C). The average transmit enefrgy o
values as long ad/4 = 2. But for N4 values of 4 or higher, SMX-4TX is 2 x (2 + 6) = 16 in this case. For 14 bpcu

no stacking is required, because a Hamming distance ofirdnsmission, 2 antennas transmit 16QAM symbols and the
can be achieved betwedny;}, i = 1,2,---, N4 sequences other 2 antennas transmit symbols from e constellation.
defined over a single channel use. The design rule in ESWhe average transmit energy isx (10 + 6) = 32. Clearly,
Type3 is to define the signal space in such a way that thekés transmission scheme has better performance than aur ne
two Hamming distance requirements are met. Then, the SNESM schemes at 14 bpcu, but it involves 4 RF chains

gain over MSM is obtained simply by comparing the average Next, SMX-2TX uses 32QAM for 10 bpcu and 128QAM
transmit energies. for 14 bpcu transmission. The average transmit energy is 40
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and 164, respectively. The gains achieved by our new ESMposed on the signal design. As a result, the CER of ESM-
designs over this scheme are substantial: areufd 4.1 dB  Type3 can also be bounded using equat@] (29).
with ESM-Typel4.9—5.3 dB with ESM-Type2, and.2—5.8
dB with ESM-Type3. _ C. Receiver Complexity

Single-stream SM must employ 256QAM modulation to ! _ . .
achieve 10 bpcu and 4096QAM to achieve 14 bpcu. It is We define the receiver complexity as the number of floating
needless to say that the gap is tremendous here. Finah int operations (flops) required per ML decoder decision,
our original ESM scheme OfL—UZO] achieves 10 bpcu usin lere each addition, subtraction, multiplication, divisi and
64QAM as primary modulation and 14 bpcu using 1024QA qu_a_r(_e—root operation counts_ as one ﬂ@ [23]. Using this
as primary modulation. In the first case, it uses two secgnd efinition, we found that the first two of the proposed ESM

modulations of 8 points, and in the second case, it us%@emes have essentially the same receiver complexity as

; ; ; -MSM, while the third has a 50% higher complexity.
d dulat f32 t h, foll thegte . X
seconcary moauiations o boin's each, fofowing thegresi sing the system model given by eqﬂ. (1), the ML decoder

rules described in that paper. The average transmit eneér{;}g&J ) o X 5
values given in Tablg] | indicate that in the case of 10 bp eds tg) computg” decision metricsu; = [y — Hx %, k =
transmission ESM-Type3 gain) log,(28.5/12) = 3.8 dB 10,2 wherel_) is the total number of transmitted bits per
over our original ESM scheme. In the case of 14 bpcu, the gé:mannel use. This hOId_S for MSM as well as for ESM-Typel
is as high as 6.7 dB. These results are not surprising, becaf@d. ESM-Type2. For different operations, the number of flops
the ESM scheme omZO] was designed to improve over singl'é—g'ven by:

stream SM, while the new ESM schemes introduced in thise ComputingHx;, requiresNz(2N4 — 1) flops,

paper were specifically designed to improve over MSM. « Computingy — Hx;, requiresN, flops,

« Computing|ly — Hxy||? requires2Ny — 1 flops.

That is, computation of the decision metrics by the ML
i o decoder requires in tota&’ (2Nz(N4 + 1) — 1) flops.

For each channel use, the signal codewlirds in a vector A ¢jose look at ESM-Type3 reveals that the decoder com-
form x and its performance can be evaluated by using thg.ity is more involved than in the first two ESM schemes,
union bound analysis shown 'E[ZO]-.WG define the pairwigg,cayse the ML decoder must jointly decide two consecutive
error probability (PEP) as the probability that the ML deeod gy mpqls. The ML decoder must search in this space using two

decodes a symbol vecterinstead of the transmitted symbol.,secutive received signal sampjesandy, and computing

vectorx. The average PEP (APEP) can be computed by USiRgtrics of the formw, = [ly; — Hx:[|2 + [ly, — HX; |2, where
the union bound as follows:

B. The Union Bound Analysis

X; € Sps, Xj € Srp, Or X; € Srp, X; € Spg. The number of

APEP < 1 Z Z PEP(X — X). 27) flops per decoder decision 2¢2° + 20~ 1) (2Ngr(N4 +1) —1).
~ X But since only one decision is made every two channel uses,

xeX x’eX
_ _ o the number of flops per channel usé2$+2"=1)(2Np(Na +
For Rayleigh fading channels, the PEP is given by 1) — 1). This is 50% higher than in MSM, ESM-Typel, and
PEP(x — X) ESM-Type2.
_ 2
=F4 |Q w D. Sphere Decoding for ESM
0

Implementation of the ML decoder using exhaustive search
1—p Nr Nr—1 145 k involves a very high complexity and becomes prohibitive at
( ) Z CzkvR—Hk ( ) ,  (28) very high spectral efficiencies, and this holds for any MIMO
k=0 scheme. In practice, the ML decoder can be implemented

2

where the Gaussian Q-function is denoted 9y-), u = efficiently using the sphere decoding (SD) technique. This
/7](ANo/E, + 1), andT = ||x — X||? denotes the squarestéchnique reduces the complexity of the ML decoder by
Euclidean distance between two symbol vectors. shrinking the search space to an acceptable level and ogunti

The APEP shown in[(27) can be used for an analytfgose combinations that lie within a sphere centered on the
evaluation of the proposed ESM schemes. Given the codewéfg€ived signal. The general SD scheme for SM was described
length with N. channel uses, the codeword error rate (CERY) [L9], where it was shown that this decoding technique

can be upper bounded by: significantly reduces the computational complexity with no
performance loss. In the simulations section which follows
CER < N. x APEP. (29) we use a multi-stream complex-valued SD for ESM, which is

&, modification of the single-stream and real-valued $0 [19]
t takes the signal space of ESM into account and uses an
nite search radius to guarantee the ML performance.

For ESM-Typel and ESM-type2, error events are independ
from a channel use to the next, because each symbol veé
is generated independently. Therefore, the CER is bounleed'%I
the product of the APEP per channel use and the codeword
length N,.. For ESM-Type3, a codeword is composed of two VI. SIMULATION RESULTS

symbol vectors transmitted over two channel uses. These twdVlonte Carlo simulations were carried out using uncorre-
symbol vectors have the same error rate, due to the symmeéated Rayleigh fading MIMO channels and assuming perfect
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CER curves, 4x8 MIMO, 10bpcu Achivable gain at high SNR (25~30 dB) , 10 bpcu
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Fig. 7. The CER performance of MSM and of the proposed ESMreele Fig. 9. Performance gain vs. the number of RX antennas for Hgdé1l
4 TX antennas and 8 RX antennas with Htu. and ESM-Type2 with 1@®pcu.

CER curves, 4x16 MIMO, 14bpcu
— T T T

that the average energy of the secondary constellatiors$ use
in our signal design becomes lower (relatively to the prynar
constellation) when higher spectral efficiencies are a®rsd.
Also note that the gains observed in these simulations are
lower than those predicted by the average transmit powers,
but this is not surprising, because the latter are asynptoti
results that are valid at high SNR values.

A final investigation in this work concerned the evaluation
of the number of RX antennas required to approach the
gains predicted by the average transmit energies. Thetsesul
corresponding to ESM-Typel and ESM-Type2 with 10 bpcu
X tonen are reported in Fig[]9. The specific numbers of RX antennas

: : : : : : 2k used in this investigation were 4, 8, 16, 32, and 64. The tesul
0 2 4 6 8 10 12 14 16 18 .
SNR (dB) show that a large number of RX antennas are needed in order
to closely approach the asymptotic performance gain, bt 80
Fig. 8. The CER performance of MSM and of the proposed ESMmeese of this gain in ESM-Typel and 90% in ESM-Type2 can be
4 TX antennas and 16 RX antennas with Hgtu. achieved with 16 RX antennas.
This can be interpreted by using the union bound equation

) , ) shown in ). As the number of receiving antennas grows
CSI at the receiver. In the simulations, symbol codewotds large with a high SNR value, the union bound on the error

were randomly generated transmitted over the channel,Bhe §,papility depends only on the average transmit energy and
was perforr;?d Ui‘?g the recewe(;j r_:%lsy T)'g'?al jamsles, 4Ad minimum Euclidean distance between all pairs of code-
error eventsX # X’ were counted. The obtained co ewor‘i_v‘ords, e PEP, = Q (82 ) when Ny — oc and Ny is

102

Codeword Error Rate

MSM
—O— ESM-tyl

10

error rate (CER) was used to compare baseline MSM and . N . .
( ) P nﬁte [@]. Since the the mlnrmum distanég is the same for

presented ESM schemes. all schemes in this paper, this result shows that the thieatet
Fig. I] gives the Monte-Carlo simulation results of the paper, €

system performance for 10-bpcu transmission. The aumiSgin can be achieved with a large number of RX antennas and

of receive antennas used in these simulations is 8. Théfjls[e1|gh SNR value.

results show that af ER = 103 the presented ESM schemes
achieve SNR gains over MSM of around 0.6 dB, 1.3 dB, and VII. CONCLUSION
1.8 dB, respectively. In this figure, we also give the analyti Taking multi-stream SM as reference, we introduced in this
bound of the ESM schemes obtained given |y (29) to shqyper three new ESM designs which lead to increasing SNR
its tightness in the high SNR region. gains. The new schemes were described for MIMO systems
In Fig. , we report the CER performance of MSM and theith 4 transmit antennas two of which remain systematically
proposed ESM schemes providing 14 bpcu using 16 recemetive, but their extension to higher number of antennas was
antennas. Here, we can see that at@eR = 103, the ESM also presented. The proposed designs extend our previous
schemes achieve gains of around 0.9 dB, 1.9 dB, and 2.2 d&yrk reported in@O], and are based on the concept of maltipl
respectively, over MSM. Note that the gains are higher thaonstellations. The basic principle is to increase the aign
those achieved in the 10 bpcu case. This is due to the faptice using additional signal constellations to the piymar
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constellation used by MSM. The first and the second ESJ¥b] S. Sugiura, S. Chen, and L. Hanzo, “Generalized Spawe TShift

schemes make use of a secondary constellation, which is
obtained through a single step of geometric interpolation i
the primary constellation plane. The third ESM scheme gogs]

one step further and uses two additional constellationsetr

through a second interpolation step. In all of them, the align
space is designed in such a way as to preserve the minimugs)

Euclidean distance of the primary constellation while &dg

the average total transmit energy. This makes performance
comparisons with MSM and other MIMO schemes such9]

as spatial multiplexing straightforward. Focusing on $gc

efficiencies of 10 bpcu and 14 bpcu and using Monte Car,
simulations on Rayleigh fading channels as well as analytic

performance bounds, it was found that the proposed sche

achieve significant performance gains compared to MSM

two active TX antennas.

The present work was carried out within the framework of
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