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Abstract—Two decades of full-diversity high-rate MIMO re-

reduced-RF-chain, index modulation, generalized spatial modu-

search has created perfect Space-Time Block Codes (STBCs) in-lation.

cluding the Golden code. However, the major stumbling block of
their wide-spread employment is their limited energy-efficiency.
On one hand, the superposition of their signals results in a
high Peak-to-Average Power Ratio (PAPR). On the other hand,
the total number of equivalent Inter-Antenna Interference (IAl)
contributions that the receiver has to deal with is increased
to IAl = M? upon using M Transmit Antennas (TAs), which
is a substantial extra price compared to the 1Al = M of V-
BLAST. Against this background, we propose a new family of
Finite-Cardinality Generalized Space-Time Shift Keying (FC-
GSTSK). More explicitly, the proposed FC-GSTSK is capable of
outperforming both V-BLAST and STBC, which is the ultimate
objective of full-diversity high-rate MIMO design. Furthermore ,
following the index modulation philosophy, the proposed FC-
GSTSK replaces the signal-additions by the data-carrying signal-

I. INTRODUCTION

Following the recent digital and analog circuit break-
throughs in processing massive-bandwidth millimeteravav
signals, the next-generation mobile network is envisioted
achieve the ambitious goal of 1000 times higher capacity
and 10-fold reduced roundtrip latency [1]. As a benefit of
the substantial new available bandwidth, billions of power
hungry devices may be ubiquitously connected to the evglvin
Internet-of-Things (loT), where the employment of energy-
efficient schemes associated with low-complexity transgssi

selection process. As a benefit, the FC-GSTSK substantially IS increasingly favorable. Against this backdrop, the irien

reduces the PAPR of signal transmission. As a further advantage
the equivalent IAl imposed on signal detection is reduced back to
the same level as that of V-BLAST. Moreover, the proposed FC-
GSTSK is even capable of consistently outperforming the perfect

STBCs in terms of its Peak Signal to Noise-power Ratio (PSNR)

that takes into account the power consumption at the transmitte

of Spatial Modulation (SM) [2]-[4] harnessed the Index Mod-
ulation (IM) philosophy in the spatial domain, which insar

a paradigm shift from spectral-efficiency to energy-efficie
More explicitly, the base-line SM activates a single oneafut
M Transmit Antennas (TAs) in order to transmit a modulated

As a further advance, the reduced-RF-chain based version of L-PSK/QAM symbol. As a result, since only a single RF

FC-GSTSK is also capable of outperforming both Generalized
Spatial Modulation (GSM) and Space-Time Block Coded Spatial
Modulation (STBC-SM) without increasing the PAPR and the
equivalent IAL.

Index Terms—Space-time block code, perfect STBC, Golden
code, generalized space-time shift keying, finite-cardinality,
peak-to-average power ratio, inter-antenna interference, eergy-
efficiency, bandwidth-efficiency, power-efficiency, full-RF-chan,
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chain is required, the power consumption of the transmister
substantially reduced [5]-[9]. Furthermore, the activatof a
single TA effectively eliminates the Inter-Antenna Inexdnce
(1Al), which facilitates low-complexity single-streamabed
detection [10], [11]. However, despite their attractivevaat
tages in energy-efficiency, the IM design generally suffers
from a reduced bandwidth-efficiency. For instance, thealler
SM throughput is given byR = logs M + log, L, which is
inferior to the V-BLAST throughput ofR = M log, L that
grows linearly with M.

In the recent years, the IM philosophy has been intensively
applied to a variety of scenarios [5]-[9] including Orthogb
Frequency-Division Multiplexing (OFDM) [12]-[14], Faste
Than-Nyquist (FTN) [15]-[17] and differential Multipleaput
Multiple-Output (MIMO) systems [18]-[21], where the con-
cept of energy-efficiency is not exclusively limited to the
reduction of RF chains. In fact, the implementation of the
single- and reduced-RF-chain designs still faces a number o
practical challenges. First of all, the power amplifier oé th
single activated RF chain has to delivef times higher power
than its counterparts operating in the full-RF mode. Selypnd
the antenna switching time has to be substantially lowen tha
the symbol period [22], and the time limit on pulse-shaping
is also more strictly bounded, because the transmission of a
whole symbol has to be completed over the activated symbol
period [7]. Thirdly, the single- and reduced-RF designs are
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generally limited to the single-carrier systems, owing lie t and the so-called Silver code [43], [46], [47] endeavored to
fact that the simultaneous activation of OFDM subcarrieseparate the in-phase and quadrature evaluations in trexeSph
would result in full-RF transmission. Decoder (SD). However, these solutions still suffer fronthbo
Regardless of the number of activated RF chains, the actaalincreased PAPR compared to the single-strée@AM and
signal constellation and the associated Peak-to-AverageiP from a performance loss over the optimal perfect STBC.
Ratio (PAPR) predetermine the power consumption of eachAgainst this background, we propose a new FC-GSTSK
RF chain. To this end, the diversity-aided IM schemes @lesign,which is capable of outperforming both V-BLAST and
Space-Time Shift Keying (STSK) and Generalized STSETBC without increasing the PAPR, while the equivalent IAls

(GSTSK) [23]-{27] that invoke arbitrary signals may not bés reduced back to the moderate IAIM value of V-BLAST
deemed energy-efficient for the following reasons. First @xplicitly, the novel contributions of this paper are:

all, the products of the communication industry typicallseu
standardized PSK/QAM signals rather than arbitrary signal
The signal conversion from arbitrary signals to the Finite-
Cardinality (FC) fixed-point representation of PSK/QAM is
subject to VLSI hardware constraints. Secondly, tranamgitt
arbitrary signals undermine the low-PAPR advantage oflsing
carrier systems. Thirdly, when a multi-carrier OFDM system
considered, typically the classic PSK/QAM constellatiame
used for frequency-domain modulation. Although the Ingers
Fast Fourier Transform (IFFT) potentially increases th®RA
at the transmitter, a variety of practical techniques -udgig
active constellation extension, selected mapping, tojeetion
and tone reservation [28]-[31] - are capable of reducing the
time-domain OFDM signal's PAPR, but all of them operate
based on the classic PSK/QAM input constellations befoge th
IFFT.

Similar to STSK, the signal constellation typically be-
comes almost arbitrary when aiming for full-diversity higate
MIMO design. Specifically, the family of perfect STBCs [32]-
[35] including the Golden code [36] is capable of achieving
unprecedented performance advantages over both V-BLAST
and STBC relying on orthogonal [37], [38], on Amicable-
Orthogonal (AO) [39], [40] and on Quasi-Orthogonal (QO)
[41], [42] designs. More explicitly, the perfect STBC parti
tions the (M x M) space-time signal matrix intd/ layers,
where each layer disperses a total numbeibfmodulated
QAM/HEX [32] symbols. The beneficial cubic shaping prop-
erty [32] ensures that the total power of each layer remains
unchanged. Moreover, the state-of-the-art nonvanishieg d
terminant property [32] further enhance the diversity gain
Despite the fact that the Golden code was included in the IEEE
802.16e-2005 WIMAX standard [43], the family of perfect
STBCs is not sufficiently energy-efficient for next-genenat
MIMO systems. On one hand, owing to the superposition of
their signals within each layer during the dispersion pssce
the associated constellation expansion and the increade’ P
impose extra constraints both on the Digital-to-Analog Con
verter (DAC) and on the power amplifier at the transmitter.
On the other hand, in addition to the interfering elements
within each layer, the space-time transmission of thédayers
also induces cross-layer 1Als. As a result, the total nundber
equivalent IAls that the receiver has to deal with is inceglas
to IAl = M?2, which is a substantial extra price compared to
the conventional IAE= M of V-BLAST. To alleviate the high-
PAPR, the so-called integer STBC arrangement was developed
in [44], [45], where the transmitted signals are limited moex-
pandedL?-QAM constellation. Moreover, in order to mitigate
the excessive receiver complexity, the fast decoding afgor

1) First of all, instead of using the irrational coefficients

such as the Golden number of the Golden code, the dis-
persion elements of the new FC-GSTSK operate based
on the Lp-th root of unity [w,,,, = exp(j 2]
Secondly, following the IM philosophy, the signal-
superposition form 01(222:1 sﬁwgw) is replaced by
the signal-selection operation @fw%DM, where both

the modulation index and the activation indeg carry
source information. Thirdly, in order to maximize the
diversity gains, the dispersion elements are appropyiatel
rotated by the integers ofu,,}*_,, as denoted by
{wpm?. M_ . in order to cater for the different MIMO
setups. As a result, the benefits of the resultant full-RF
FC-GSTSK are summarized in the following aspects:

(A) Energy-Efficiency: Thanks to the new dispersion
elements and the IM design, the FC-GSTSK does
not increase the PAPR of signal transmission.
Moreover, the signal-selection process also elimi-
nates the interference imposed on each layer. As a
result, the total number of equivalent 1Als imposed
on signal detection is reduced back to the V-
BLAST's IAl = M.

Bandwidth-Efficiency: The FC-GSTSK through-
put is given byR = log, Q + log, L, which is
higher than that of the family of STBCs [37]-[42].
We note that) denotes the number of dispersion
elements in each layer. Our analysis demonstrates
that the bandwidth-efficiency of FC-GSTSK grows
logarithmically with @ towards the full MIMO
capacity, where increasing) does not impose
any extra hardware cost in terms of TAs, Receive
Antennas (RAs) or RF chains.

Power-Efficiency. As a full-diversity high-rate
design, the FC-GSTSK massively outperforms
STBCs [37]-[42], especially a& and R increase,
where N denotes the number of RAs. Moreover,
the FC-GSTSK distinctly outperforms V-BLAST
owing to its beneficial diversity gain. The im-
proved power-efficiency of FC-GSTSK manifests
itself in terms of its reduced power consumption
required for achieving a certain target performance.
Specifically, the FC-GSTSK is even capable of
consistently outperforming the Golden code in
terms of its Peak Signal to Noise-power Ratio
(PSNR), which takes into account the practical
power consumption of the transmitter.

(D) Deployability: The diversity gain optimization is

(B)

(©)
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conducted in an off-line fashion and all the FC- 14|32
GSTSK parameters are integers. Therefore, the 2143
transceiver is only required to store integer param- 32|14
eters instead of dispersion matrices or full signal 4321

matrices. Fig. 1: Examples of the TAST layout [67] associated with="T7"=4.

2) In this work, we are particularly interested in the FC- ) ]
GSTSK using theL-PSK modulation, which exhibits liminaries and system model are introduced in Sec. Il. The
the perfect 0 dB PAPR. Nonetheless, in order to achie$ignal construction of FC-GSTSK is proposed in Sec. lIl,
a further improved performance at high throughputg‘,’h”e its further extensions to star QAM, DR and reduced-
we conceive the Single-Element Amplitude Shift KeyRF arrangements are conceived in Sec. IV. Our performance
ing (SE-ASK) as well as Multi-Element ASK (ME- results and conclusions are offered in Sec. V and Sec. VI,
ASK) for star QAM signalling. In particular, the ME- respectively. _
ASK arrangement achieves a substantially improved The_followmg notations are used throughout the paper. The
throughput at the cost of a slightly eroded diversitpPeration® represents the Kronecker product, whilg-)tr
order. However, our simulation results confirm that th&enk(-) anddet(.) take the trace, rank and determinant of a
maximized diversity gain among a subset of FC-GSTSRatrix, re_spectwely. Moreover, for a generic MIMO scheme,
codewords is sufficient to ensure the consistently sugg® notationsM, N, T and Q represent the numbers of
rior performance of FC-GSTSK at high throughputs. TAS, RAs, transmission time slots and modulated symbols,

3) Moreover, in order to simplify the FC-GSTSK Sigmrespectively, whilel and R represent the modulation alphabet
construction for using an increased numben6fTAs at  Sizé and throughput, respectively.
high throughputgsz, we additionally propose a Diversity-
Rate (DR) tradeoff based arrangement. More explicitly, Il. PRELIMINARIES AND SYSTEM MODEL
for an integer ofV = M/T, whereT' represents the First and foremost, it is important to portray our con-
number of time slots of a FC-GSTSK block(& x M)- tributions in a historical perspective. Before the MIMO’s
element FC-GSTSK is constructed By number of space-time diversity era, the lattice-based multidimmmesi

smaller (T x T) constituent FC-GSTSK. The resultanOnstellation design [64]-[66] endeavored to attain a hieiae

N i . . diversity gain over the Single-Input Single-Output (SISO)
transmit diversity order is reduced fenin(M,T) = gystems. More explicitly, a sequence Bfdispersed symbols
T = M/V], but the throughput is improved td? = s given by:

V(log, Q + log, L)]. 5= LGAS. 1)
4) As a further advance, we develop the reduced-RF-chain VT
version of FC-GSTSK, where a subsetidy out of M The generator matris 4 is of size (T x T'), which is found
TAs are activated. Our simulation results demonstrag be a Vandermonde matri® 4 = VDM w7 (g1, - - - , gr) for
that the reduced-RF FC-GSTSK is capable of outpeihe L-PSK modulation formulated as:
forming both Generalized SM (GSM) and its diversity- @1 Gi2 @13 ... 6T
oriented counterpart of Space-Time Block Coded Spatial G21 Q@22 Q23 ... Q2T
Modulation (STBC-SM) [48]-[51] without increasing Ga =1. : : :
the PAPR and the equivalent IAls. i 'ETI Grs Trs ... Gro
5) Finally, the proposed FC-GSTSK scheme is examined r 791 é% g7 ’ 2
in conjunction with a low-complexity Binary Convo- 1 g g2 T-1
lutional Coding (BCC) scheme, which is the channel = . .
coding arrangement of the IEEE 802.11a/n/ac/ah stan- "y Ty
dard family. The powerful analytical tool of EXtrinsic L1 gr 97 - 9r

Information Transfer (EXIT) charts [52]-[55] is em- The diversity is imposed by the dispersion operation of
. . e T — T t—1 i i
ployed for analysing the convengence behaviour of its; = >, a;,s: = >, 9 s¢), where the dispersion
erative demapping and decoding. Our simulation resulsfements{g;}7_, are taken from a4T-PSK constellation
confirm the unequivocal performance advantages of thecording to [64]. Therefore, instead of directly sendihg t
proposed FC-GSTSK scheme in the practical chann@bdulated L-PSK symbols{s;}7_, in s of (1), the corre-

coded systems. lated symbols{s;}7_, in 5 are transmitted over the fading

The new FC-GSTSK subsumes the single-RF STSK [2f]f‘j‘“ﬂe'- Asia rTesuItl, theﬂ:ece?]/elr may successfully recover
which was proposed in the differential MIMO scenario ang — [Sfl’c.i” ’_I‘_Sﬁ] » UN essth N V\;] o;alsequfenctﬁ eépl)ggencets a
was shown to outperform Differential SM (DSM) [18], [19], €ep fade. There 1S no throughput 1oss for the system

; _ Tlogy L __
[56], [57] and its diversity-oriented counterparts [2058]— ?IVGH bi/t(]d% N le2 L l?giL.)' I_-|owever,dthe PAPR dOI tr;re]
[63]. Moving forward from [21], this work activates multipl ransmitted symbols i of (1) is increased compared to the

RF chains and further improves the methodology of the divemOdu"'j1te<j symbols is of (1), while the dispersion process

sity gain optimization, so that the new FC-GSTSK becom@SO imposes-element interferences amodg};_,.
ble of achievi ,h best MIMO ¢ Accordingly, in order to achieve space-time diversity in
capable of achieving the best performance. MIMO systems, the Diagonal Algebraic Space-Time (DAST)

The rest of this paper is organized as follows. The preesign of [68] was proposed to transmit the dispersed seguen
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s of (1) mapped to the diagonal of the MIMQO’s space-tim&herefore, the optimization objective is to find the bésj

signal matrix as: and ¢z. Among all the devision algebra codes, the family of
S = —LdiagGs) perfect STBCs [32]-[35] - including the Golden code [36] -
:ﬁdianggﬂg{nqsmyziv;:lggklsm,, LM gmey ) . achieves the following outstanding properties:

_ . o L( ) (A) The cubic shaping property [32] requires 4 to be
The resultant throughput is also given bt = —72= = unitary, so that the overall power of each layer in
log, L). In order to regain the V-BLAST throughput of (8) remains unchanged a|G s, |2 = ||s-[2}7_;.

R = Mlog, L, the Threaded Algebraic Space-Time (TAST) :
arrangement [67] partitions & x M )-element space-time Moreover, the average transmit power across ife
signal-matrix into M layers, where each layer transmits a layers also remains the same, which requitesto have

dispersed sequenge = {Gas,}*L,. The TAST layout is unity power of|¢g|? = 1.
exemplified by Fig. 1. More explicitly, the signal matrix is (B) The full 2\/-BLAST throughput is retained for (8) as
constructed by [67]: (R = M08 — )log, L), where a total number
M — 2 i — i
1 . L of Q = M~ symbols are transmitted ovéd = T times
S= ;2 ¢ 'diagGas,)GT ) slots.
=1 (C) The full STBC diversity order is achieved. Furthermore,
The generator matridxG 4 in (4) is still given by (2). The the nondiminishing determinant property guarantees that
layer-switching phase rotations ¢7 ' = w7 '}M | in (4) without considering the power normalization, the diver-
are taken from d&.,-PSK constellation, which ‘are invoked for sity gain dins of (7) is @ non-zero constani.. More
the sake of retaining the full diversity order. Moreovere th explicitly, when the modulated symbolgsq}?:1 in
layer-switching matrixG.. in (4) is given by: {s,}T_, of (8) are given by Gaussian intege#;]
00 -~ 0 1 or Eisenstein integer&[w;], where ws = exp(j2F)
1 0 --- 0 0 denotes the primitive third root of unity, the perfect
G, —|0 1 00/ 5) STBC has:
- 1
Do <ol Oinf = = 0c. 10
00 - 10 LM (10)

lea rLesuIt, the TAST throughput s improved (gt = The factor of . normalizes the average power of
=822 = Mlog, L) for M = T. However, both the DAST

and’ TAST designs suffer from the vanishing determinant ~ unbounded signal-séi[j] or Z[ws] to the unity-power
problem, where the following diversity gain tends to zero as  cardinalityX. QAM/HEX constellations associated with

the throughput increases: {E(]s4?) = 1}22:1_
dmin = min det[(S —§')(S - 89)"). 6)  Example 1. The_state-of-the-art Golden code [36] uses
Gy = | ¢ fg} and ¢x = j, where the parameters
Following the success of the orthogonal STBC designs [37], €€

[38], considerable research efforts have also been dedicagre 0 = % e =1+j—7j0,0 = 1‘7‘/5 and e =
to finding the MIMO schemes that may achieve both fullt + ; — ;9. As a result, the signal matrix of (8) beconmg@s-
diversity and high-rate. Notably, it was demonstrated i8] [6 | €(s1 4 0s2)  e(s3+0s4) .

that a sufficient condition for achieving both the MUItBRX V75 | je(ss + Bss) e(s1 + fs) | WINCH USeSV =2 TAs to
and diversity gains quantified in [70] is to ensure a lowey, nveyQ = 4 symbols{s,}_, overT = 2 time slots. Given
bound on the diversity gain of (6), which may be solved bas%(? . ; —\ata=l — o
on division algebra [69], [71], [72]. More explicitly, whenhe relationships %(fe = —1), (0+60 =1) and(ce = 2+ ),
the STBC signals are allowed to take values in an infinite havedet(S) = =52 [(s] + s150 — s3) — j(53 + 5354 — 53],

constellation, the diversity gain of the infinite code isegiv which results iR 6y, = ﬁ for (7), where the minimum is
by: iven bys; = L andsy = s3 = 54 = 0
Sint = min | det(S)|%, (7y Ve DYs1 = andsz = 5 = s = 0 _
VS#0 Although the cubic shaping property normalizes the layer

which is obtained by usingdS’ = 0) and (M = T) in POwer in the perfect STBC design, the PAPR of each trans-

6). Naturally, the family of invertible matrices from dsion Mitted symbol is inevitably increased due to the signalagei
glg);ebra gua);antee[slet(g) £ 0] for (7), which is sufficient multiplied and added together I§% 45 in (4). The associated

for ensuring(d,m # 0) in (6). The division algebra designsponstellation expansion is exemplied in Table I. As a result

generally use the following signal structure: it was shown in [44], [73] that the employment of realistic
finite-precision DACs may impose a severe performance loss

1 M . on the Golden code. Furthermore, Table | also shows that
S = ﬁzdlaqGAsT)GR ; (8) the perfect STBCs impose an equivalent IAl M2 on the
=1 signal detection at the receiver. More explicitly, the aitted

where the layer-switching phasez is incorporated into the
layer-switching matrixG z as:
IWe note that owing to the power normalization for ensuring

0 10 0 E[tr(SSH)] = T in the MIMO systems design, the diversity gain of the
o 01 -0 perfect code still declines as the throughput increases.

Gr = : oo . (9) 20Once again, owing to the normalization factors% for {E(|sq|?) =
6 0 0 1 1}qQ:1 and \/% in (8) for E[tr(SSH')]' = T, the diversity gain derived in
6r 0 0 -+ 0 this work is smaller than the one originally claimed in [36].
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TABLE I: Constellation diagrams and energy-efficiency measuresadfi€d code [36] and perfect STBCs [32]-[35].

M=2L=2 M=2L=4 M=2L=8
° .
°
] o %
°|® o L L)
o ® e b o
. . .

b °le ™ . .
PAPR= 2.77 dB PAPR= 2.77 dB PAPR= 4.6 dB PAPR= 5.3 dB
Equivalent IAl= 4 Equivalent IAl = 4 Equivalent IAl= 4 Equivalent 1Al = 4

M=3L=2 M=4,L=2 M=5L=2 M=6,L=2

B B
() h Y o .. o,

(Y
.|. - .® . ‘*l:. .
® o b *” ) ) . ) o o e we o
Yl ' ' o ...-_#.-. ' ' o ' . o.oﬁ. g:., .o

.o o . . et «3 L .S h Y.,
. . M % LIS
.. o .
PAPR= 1.71 dB PAPR= 5.75 dB PAPR= 6.43 dB PAPR= 6.08 dB
Equivalent IAI= 9 Equivalent IAl= 16 Equivalent IAl = 25 Equivalent IAl= 36

signals of (8) may be expressed in the form of the Line@. The Energy-Efficient Finite-Cardinality Design

Dispersion Code (LDC) [74] as: Following the IM philosophy, all the signal additions in (4)
and (8) may be replaced by data-carrying signal-seledtimst

S_ i % o A — 9 Y (11) of all, we propose to rewrite the-th layer in (4) and (8) as:
T=1m=1 o . g=1 ! - (ﬁ—l)ul
Lpwm @-1)
q—1)uz
where we haves, = s.,, andA, = A = ~-diag{Ga(:  diagGas,)—s" YLpw . (15)
,m)}G7 ', while G 4(:, m) denotes then-th column inG 4.
The relationship between indices is given Jay=m + (7 — w7 Dem
1)M]. Moreover, the signal received by thé RAs overT pM -
times slots may be modeled as: where the generator matri& 4 is revised to be agM x Q)-
element Vandermonde matrix as:

Y =SH+V, (12) Ga = VDM NIX@(U}FDM’ o ’wng) _
where the (T x M)-element matrixS and the (T' x N)- Lowp e w0
element matrixY represent the input and output signals of 1w 2up (@ D2 (16)
the MIMO channels, while thg M x N)-elementH and = M b b ,
(T x N)-elementV model the Rayleigh fading channels and : : : - :
the AWGN, respectively. As a result, vectorizing of (12) 1 W™ M (@ Dun
leads to the following LDC signal model: Lpm  “Lpm 7" TLpwm

Y_SHLV 13) while the (Q x 1)-element IM vectors, is given by:

t - s;=[0--0 g 00T

where we have thél x T'N)-elementY = rveqY) andV = % an
rveqV). The equivalent(l x @Q)-element transmitted signal T
vectorS is given by: We note that the choice of) becomes flexible, which is

B independent of the hardware parameter of the number of TAs,
S={s11 - sim s21 -+ sam - sma --- s (14)  RAs and RF chains. As a result, the activation ingexand

the modulation index, carry log, () andlog, L information
bits, respectively. Following this, we propose to condtithe

The (Q x TN)-element channel matrix iFT = x(Ir ® FC-GSTSK based on the TAST signal structure of (4) as:
H), where we have the(Q x TM)-element ¥ = 1 M

[rveq AT, .-+ rvedAg)T]7. As a result, the signal detection S = Wivi > ¢ 'diagGas-)Gr (18)

of the perfect STBC is equivalent to that of a V-BLAST =1

scheme associated with = M2 TAs andT'N RAs. Hence Where the layer-switching phase is given dy= wy,,., while

the total number of equivalent IAls that the receiver has t§e layer-switching matrixG.. is given by (5). The integer
mitigate is increased to IAE M2, rotation-parametera = [u; -+ w,,] are introduced in order

to maximize the diversity gain, which will be detailed in
Sec. IlI-C. In summary, the overall FC-GSTSK throughput

[1l. | NDEX MODULATION ASSISTEDFULL-DIVERSITY is given by [R = M(log, Q+log, L) log, Q + log, L] for
HIGH-RATE SIGNAL CONSTRUCTION M = T, which is higher than that of STBCs from orthogonal

In this section, we propose the novel FC-GSTSK 7], [38], AO [39], [40] and QO [41], [42] designs.
Sec. llI-A, where the schematic descriptions are sumrmiriz&] Furthermore, the LDC form [74] for the FC-GSTSK of (18)

. . . ) > hay be expressed as:
in Sec. IlI-B. The bespoke diversity gain maximization is o
. . . M
presented in Sec. IlI-C, and our analysis of the bandwidth- S_ Zsl*AT@ _ ZEQX%
=1 g=1

T=1 T=2 T=M

and power-efficiency is offered in Sec. IlI-D. (19)
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~1Q : . 1P -©- Alamouti, simulation
where the symbolgs, },—, are given by: P . FC-GSTSK, simulation

- slT, for q= q_r + (T _ 1)@ ! Alamouti, bound

Sq = { 0. for all the otherg ) (20) 10 . FC-GSTSK, bound
while the dispersion matrices are expressed by: 107 - -

o
Kq = ATQ %
7:7 . g—1)u g—1)u g—1)u T— 21 3 - —
:\/1]\7 T 1d'a§([w(LqD;1) 1’w(LqD1\1/I) 27""w(LqD1\14) M)GT 1 (21) 10

The relationship between the indices is given fay = 0 - |
g+ (r — 1)Q]. It is readily seen that the PAPR of~
remains unchanged, since the-th signal on the7-th

layer in the FC-GSTSK signal matrix of (18) is given by e s o S TR
iMslTw(Lq;;l)“mwz:l. Furthermore, the equivalent LDC re-_ . E/No (dB) )
ceived signal model is also given by (13), where the eqmm{lg. 3: BER comparison between Alamouti's G2 STBC and the new

_ - : . . . FC-GSTSK, when we havéM = T = 2), N = {2,4,8} and
(1 x Q)-element transmitted signal vectSris now given by: R = 3.0. The parameters can be found in Sec. V.

[ qy [3Y;
- l ! l [32]-[36]. B h - i
i A a0 . By contrast, the proposed FC-GSTSK conceived
S=1Q 05000057090 0570 O based on the TAST and IM philosophies is capable of offering
=t =2 T=M (22) the following exclusive advantages:

As a result, the FC-GSTSK signal detection is equivalent tga) The IM design eliminates the signal superpositions in

that of a GSM scheme associated wigh= M Q TAs and M TAST, as demonstrated by Fig. 2(b). As a result, when

activated RF chains. Thanks to the IM design, the equivalent  specifically consideringl.-PSK signalling fors'~, the

IAl'is reduced to IAlI= M in (22). perfect 0 dB PAPR is retained for all of the FC-GSTSK
Remark 1 (Parameters): The FC-GSTSK scheme of (18) signals of{slfwgfl)“mwzfl M,

. . e . DM T T=

is unambiguously specified by the integer parameters\bf ( (B) The IM design eliminates the intra-layer IAl, as demon-

N, T, Q, L, Lpum, Ly, u), where we haveM = T and strated by Fig. 2(b). As a result, the total IAl of the

Q = @M. Given a MIMO setup ofM/ TAs and N RAs, the FC-GSTSK is reduced back to the same level as the

diversity gain maximization process detailed in Sec. 1ll1sC V-BLAST's IAl = M.

responsible_for finding the best param_efcersbbh, L., u) (C) The FC-GSTSK throughput is given By = log, Q +

that determlrLGA and qf)r for each SpeCIfIC throughput target 10g2 L, where increasin@ does not impose extra hard-

of [R = log, Q +log, L. _ _ _ ware cost in terms of more TAs, RAs or RF chains.
Remark 2 (RF chains): Owing to the simultaneous activa- The FC-GSTSK capacity will be further analysed in

tion of all layers in (18), the default mode of FC-GSTSK is the Sec. III-D.
full-RF transmission with IAl= M. Nonetheless, if 3°"_ ;" (D) The FC-GSTSK retains the non-diminishing high diver-

in (18) is replaced by 4", a subset ofM4 out of M sity gain by appropriately adjusting the integer param-
layers is activated, which results in a reduced numbet/af eters of Cpar, Ly, {un,}2_,) in order to cater for the
activated RFs associated with 1Al M 4. For the special case different MIMO setups, which will be further elaborated

of My = 1, the FC-GSTSK of (18) becomes the single-RF on in Sec. llI-C.
and IAl-free STSK design of [21].
Remark 3 (Complexity): According to [26], the ML de-
tection complexity of FC-GSTSK that activatee out of C. Diversity Gain Maximization
@ dispersion matrices is in proportional to the full ML The averaged BER of a generic MIMO scheme is given by:
complexity within a factor of\/ /@ for the LDCs of (4) and (8) [55], [75]
in Sec. Il. When the suboptimal GSM detectors of [49], [50]

. . I-11-1
— d iq! i i
are considered, a MM.SE deteﬁc}\?r ora SD of the equeﬂ@t Pt <ES S (i, )p(S ~s"), 23)
IAI V-BLAST may be invoked@ ~ times for all the activation i Tlogy I

combinations in (22). In this work, the ML detectors of [26], o, ) )
[27] are assumed in order to verify the performance analydiereds (i,i') refers to the Hamming distance between the

of FC-GSTSK. bit-mappings ofS? and S?. The Pairwise Error Probability
(PEP) is upper bounded by: [55], [75]
. — i , i _ Qi 2
B. Schematic I?escnpuon oS — s <ElQ [I(S* — S*)H]| 7 (24)
The schematics of Goden code and FC-GSTSK are ex- 2No

plicitly visualized in Fig. 2. As demonstrated by Fig. 2(a), i i
re Q(-) represents the integral form of the Q-function.

the diversity advantage of Goden code [36] is achieved .%}SBERS of the Alamouti's G2 STBC and the proposed FC-

the substantial extra cost for the transceiver to deal WilSTSK are exemplied in Fig. 3, which verifies the advantages
the increased PAPR and IAl, which constitutes the majef FC-GSTSK in terms of both simulation and the theoretical
stumbling block of the practical deployment of perfect SEBCbound of (23). Furthermore, in order to formulate the Olyect
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-
Golden Code =) PAPR: Very High in Table |
< 0 ra 0 e 0 (substantially higher than V-BLAST)
S=si| 00 4|V g | s ] a => Total IAl:  TAT= M2 =4
V10 0 J% 7% I 0 (substantially higher than V-BLAST)
Intra—Layer IAl Intra—Layer IAl =p Throughput: R = M log, L (same as V-BLAST)
_—
Inter—Layer IAl =p Diversity: Non-Diminishing High Diversity Gain
(a) Golden Code
TAST Philosophy IM Philosophy
2 (wg)™! 0 2 0 (wg)mt N /ﬂ[ 1000 ] - .
S= sim i) (— gyt } +> besom { (—ug)! 0 } @// [010 - 0] e Index [ carriedog, L bits
=1 8 m 8 S — st -3 ) ® Indexm carriedog, M bits
Intra—Layer IAI Intra—Layer IAI & PR : e No IAI
_ SUNSN
Inter-Layer Al Sa7[000 1
FC-GSTSK ]
10 01
J01 J1o
o P =» PAPR: 0 dB for PSK
/\5/,\,' = wz]m/ 72 :| /m/“/l B 12 wz]m/ :|
PA! 0 wp, M i = Total IAI; TAI=M =2
S — shixe” /cxx r wiul 0 + wy, s x €< - joﬁq’, o “%ul (same as V-BLAST)
. ?1 _ ‘2> ODM 2u . 62 _ é> ouy ODM B
an . YL an L Lo = Throughput: R = log, L + log, @
N : SN : (adjustable by@ , no hardware cost)
o o ' B
DAY w(L‘i;”“l 0 A 0 wﬁ;{‘)“l =» Diversity: Non-Diminishing High Diversity Gain
N 0 21/'(5:11)“2 N wg;ll)“? 0 (maximized by adjusting{ Lpas, Ly, u1, us} )
® Index [, carriedog, L bits ® Index [, carriedog, L bits
¢ Indexq, carriesog, Q bits ® Indexg, carriesog, Q bits
® No Intra—Layer IAl ® No Intra—Layer IAI
_——
Inter—Layer IAl

(b) FC-GSTSK
Fig. 2: Schematic descriptions of Golden code [36] seen in Example thengroposed FC-GSTSKM =T = 2).

Functions (OFs) of diversity gains, the PEP of (24) is exéehdMoreover, according to the average BER expression of (23),

as: the average diversity producand average diversity sunare
expressed as [21]:

-N
, , 1 —Nrank(A) | rank(A) -
St 8" < A , 25 _ i i
ws' -5 < (30 ) I1 e i 2 g |
m=1 2 |logy I +1 4~ £~ Ilog, Idet(A)
Vi Vil #i
M / , 1 (28)
where{\,, }X_, are eigenvalues giA = (S*—S" ) (S*—S")]. _ 1 9 du (i, i) :
Assuming the full ranKrankA) = M = 7], the PEP may be =~ As=—— |———— 3" )" 2~
further rewritten as: [76] 2VM | logy I +1 G 0=, Tlog, Ir(A)
o N The four metrics ofA,, A, A, and A, in (27) and (28) are
ps sy < 14 3 <L) Em] 7 (26) normalized to be within0, 1]. Fig. 4(a) demonstrates that a
2= \4No higherA,, or A, leads to better performance for smallgr=

{1,2} or largerN = {8, 16}, respectively. Moreover, Fig. 4(b)

where (E,, = Zl<?<¢2<m<im<M [T;=, Ai,) has the special further confirms that whem\, and A, are fixed, the higher
< <

cases ofEy = [[5_; Am) @and (5, = 320 A,). Owing to values ofA, andA, also lead to better performance.

the associated coefficients %)M and(ﬁ "for=,, and  Unfortunately, it is impossible to maximize all the four OFs
o _ 0 i of {A,, As, Ay, A} at the same time. Therefore, it is important
1 in (26), the deternjefmant terfdet(A) = [T,,_, Am] @nd the 5 getermine their priorities according to the MIMO setup.
trace termitr(A) = >-,'_, \»] dominate the PEP in the high-There are a total number d@f = 24 possible arrangements of
and low-SNR regions, respectively. Accordingly, the trexfid priorities, and our analysis is characterized by the foitmyv
PEP may be characterized by ttiwersity productand by the [inear regression equation:

diversity sumas [21], [76]:

SNR: = ko + K1Ap + k2 As + K3y + Kals, (29)
1 . a . . .
Ap = 2 Jun det(A)2T, where for each construction dfS* f;ol according to (18),

1 (27) the simulation result of SNRis recorded at the target
7T B tr(A)z. BER = 10~*, while the associatedA,,As,A,, A} are

[N
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(AM=T=2Q=8L=21Lpy=16L, =14,u=[1,7: TABLE IlI: Pseudocode for the diversity gain maximization of the
\, = 0.2443, A, = 0.2706 FC-GSTSK.
BM=T= 1L 4 Lo ' Arrangement |: A=Ay, A=A, As=A, As=A;
Arrangement Il: Ay =A,, As=Ap, Az=2RAs, As=As
Arrangement Il : A1 =As, Aa=A, As=As, A=A,
Arrangement IV: A1 =A,, Aa=As, As=1DA, Ai=A,

L Initialize LYY, L7, {umi }M_ ), {AP = 0} _,
Initialize integersl < Lp s, Ly < LTQ
Initialize integersl<{u} \_ <L p r, where{gcdum, Lpa)=1})_ ;.
Construct{SZ}f;O1 according to (18)
Evaluate{A,=0}{ _,according to (27) and (28) fof{S*, Si/}i#/}{;&
if (A1 > ASPY:
updateL 3} =L par LP=Lr {ush=um } My (AP =AY,
7: else if (A1 =~ AY):
8 if (A2 > APY):

updateL®} /=L par, LeP=Ly {udh =um }M_ | {AP=AL M
9 else if (A2 ~ ADPY):
10 if (Ag > APY):

updateL%’Ew =Lpa LP=L, {u =, Y1 {AZ’“:A ki,

BER
oakrwd

E/No (dB)
(a) Comparison betweefy, and A

(COM=T=2Q=4,L=4Lpy=10,L, =13, u=[1,9: . . M ot opt, . m=1
A = 02107, A, = 0.2185, A, — 0.1801, A, ().12%7 ] L else if (AgptN Ag )&(Agp? Ay )-Opt u ot .
(DM =T=2Q=4L=4Lpy=50L =13u=[4: update Ly, =Lpar, Lr” =L {um =wm Yoy 1 {A =AMk }i—y
L= 0.2107, A, = 0.2185, &, = 0.1686, &, = 0.1189 end if
W T T T T T T 12: end if
- (©) 13: end if
B k- D) | | 14: go to 2&3 until complete full-search.
10 . opt opt ; opty M ; iy -1 H
15: Output (L5, Lr {um }y—q) for constructing{S*}, —; according
to (18).
10% - -
o
1}
@ | TABLE lII: Signal constructions of (16), (21) and (22) for the FC-
10 GSTSK[of Eﬁample 2 using (Q = 4,L = 2,Lpy = 8,L, =
N=4 N=2 N=1 14,u = [1, 3]).
10* - s 2 3
N=16{ N3 3 Ga=| ] z% ZE z: . br = w14
D N\ N PR . WP« O N ) — ws 0
0 5 0 5 Eb/N;[EdB) 15 20 25 30 A = %lo 1| A = AR wi |
) — — — 1 wi 0 < 1 wd 0
_ (b) Comparison forA,, and A, As=51 0% we | 1= 5 0% we |
Fig. 4: Performance comparison between four FC-GS[I8K= T' = - 0 3 o 0 ® b
2, R = 4) associated with different parameters. As = %wu 1ol Ag = %wM w0 8,
. ol A g |0 wE Aie L 0w
evaluated based on (27) and (28). The regression coefficient™” = v2"** | w8 o |° "7 Va""| wg 0
{ko,--- ,k4} can be automatically determined by machine [sh 000 s? 000], [0sh 00 sjz 00 0],
learning in Excel, and the descending priorities are assiga (007052000}, [000s™ 572 000],
) ) ) g [s© 000052 00], [0s1000s"200],
the four OFs according to their descending coefficient value [00s100s200], [000sh0s200] L
More explicitly, the pseudocode for the diversity gain®={ [s1 00000s% 0], [0s1 0000s?= ], (* ° 5 FEFE
maximization of the FC-GSTSK is provided in Table II [00 s'1000s20], [0 00 100 31210],
. . S
which summarizes four proto-type arrangements that are pf- | [51000000s%], [0 00000s 2],
; X ) . . . [00s'20000s"2], [000s!1000 s2].
ten encountered in our intensive simulations. The first twe

arrangements in Table Il often produce beneficial FC-GSTSK

solutions for smallN = {1,2}, while the latter two ar- Presented in Table Ill. The resultant signal matriSesf (18)
rangements often lead to good performance Mr > 2. have(A, =0.3917) and (A, = 0.5), which are substantially
Following this, the rest of the pseudocode in Table Il aints fdligher than(A, = 0.2706) and (A, = 0.2706) of Alamouti’s
f|nd|ng the best integer paramete(rB < Lpwa, L, < LT@) STBC [37] USing 8PSK. Hence it is eXpeCted that FC-GSTSK
and (1 < {um}¥_, < Lpy) that maximize the four OFs is capable of substantially outperforming Alamouti's STBC
{Ay,---, A4} in descending order of priorities. We note that'SingM =T = 2 and 2 = 3.0 (see Fig. 8h).

the values of{u,,}¥_; has to be relatively prime td.p s, Remark 4 (High-throughput construction): At high

as represented bygcdu,,, Lpy) = 1}, in Table Il. throughtputs, the full-search of Table Il may become infea-

Otherwise, there exisfu,,(¢ — 1) mod Lpy, = 0] values sible. Alternatively, one may invoke Table Il for the DAST

that result in(A, = 0). signal model ofS = diag(G 4s) in order to obtainLpys
Example 2: For the case o/ =T =2 andR = 3.0, the and {u,,}»_, as the first step. For example, for the case

best FC-GSTSK we have found has the parameterg)of= of M = T = 2 and R = 8.0, there are a total number of
4,L = 2,Lpy = 8,L, = 14,u = [1,3]). This is obtained (I = 25T = 65536) combinations for the FC-GSTSK signal
by performing full-search over all the possible combinasio matrices, but this is reduced to only = 2%7/2 = 256) for
of (1 < Lpy < 16), (1 < L, <16) and {gcd(u,,, Lpar) = the DAST. Upon obtainind. p, and{u,, }*_,, Table Il may
1}M_,. The signal constructions of (16), (21) and (22) arbe invoked again just fof,.
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D. Analysis on Bandwidth- and Power-Efficiency except for a single non-zero element on theth row andg.
First of all, let us examine the bandwidth-efficiency wittfolumn as:
the aid of the Continuous-input Continuous-output Mem- 0 - 0 0 0 - 0
oryless Channel (CCMC) capacity. More explicitly, the ) L
CCMC capacity of \2/-BLAST evaluated based gY|S) = : Do
1 _IY=SH|I*\1 is qi . 0 0 0 0 0
NN exp( N, )] is given by: I.-1|o 01 0 0 (35)
ccMC _ . o N rH 0 0 0 O 0
ClRiG (SNR) = max Z(8; Y) = € [10g2 det (IN + - H H)] :
(30) : R :
where (SNR= 10log;,  dB), while the mutual information L0 - 000 - 0
Z(S;Y) is maximized for a Gaussian input signal havinghe mutual information in (34) is maximized for the “Gaus-
[E(8”S) = & 1n]. sianized” signals of s'~}M ,. By contrast, the IM activation

By contrast, for the orthogonal STBCs [37]-[40], tfe Signghdices {7}, are always discrete-valued. More explicitly,
construction may be generalized @= v'F 3.,_,(Dy'se + e second part in (33) is evaluated basedpW |{7.}}L,) =
D, s;)], Where the power normalization factd?, ensures X exp(~YR-LY)] relying on [Ryy — E(%HT%) B

- YY YY — =

E[tr(SS™)] = T, while {D;,Dq‘}q‘;’:1 are dispersion matrices det{rRyy) ) T
from orthogonal design. Owing to the orthogonality, thecol JH + NoInr] as (36), where the mutual information is
ditional probability p(Y|S) may be decoupled ag(Y|S) = maximized for the equal-prob source ff(7,) = 1/Q},.
ITT2, p(Z4lsq)], Where we have(z, = 2 LY D, H+  As a result, the bandwidth-efficiency of FC-GSTSK increases
HY(DHHY]}, [0 = ((”NW%QT exp(—-2)], [o = |Y|? — logarithmically with @, which is evidenced by Fig. 5(a).
TIH|? = 2 o) 1 o [Zg—sql? : Furthermore, Fig. 5(a) also demonstrates thatQagrows,
Z‘?Zl o |7al”] and [p(z|s,) = TWOQXP(_ w, ) while the CCMC capacity of FC-GSTSK improves further beyond

MQ
STBC towards the full MIMO capacity. Once again, we note

the equivalent noise power is given by, = ﬁ%). As a
result, the CCMC capacity of STBCs from orthogonal desiqﬂat increasing the paramet@ in the FC-GSTSK signal
model of (18) does not impose extra hardware cost in terms

marks a loss in bandwidth-efficiency as [55], [77]:

Cstpc” (SNR) =max, . 1o 7 o1 Z(s43%q) of TAs, RAs or RF chains.
— QE [log, (1 + TUHIZ, @31) . The CCMC capacities of Fig. 5(a) are unbounded upon
P e A increasing the SNR. However, in reality, the power-efficien
= FOUTME (MN, 1, 5 n) < CTIAME (M, N,n), at a specific target rate is more relevant to the overall sys-

e ceMe . . . tem performance. The encountered Discrete-input Contisiuo
Vgh'Ch indicates thaCsrgc (SNR) is equivalent to a fraction gytput Memoryless Channel (DCMC) capacity is evaluated
7 of the full MIMO capacity of (30) withAM/ N TAs, 1 RA  pased onp(Y|S) = i exp(— ”Y?VSOHH )] as:

and (SNR= 10log;, %n dB). Therefore, the orthogonal

STBC only becomes capacity-optimal for the special case OEDCMC(SNR) _ maxl Z/p(Y\S)p(S) log p(Yls)dY

Alamouti’s (M = 2) scheme usingN = 1). ps) T << 2 p(Y)
Moreover, for the generic LDC signal model of (13),

_ del _ Iy —s'H]|?

the CCMC capacity evaluated based dp(Y[S) = _ 1 12:1 E [log Texp (_ No )
(ngl)TN exp(— “Yﬁ)H“ )l is given by [55], [74]: I i=0 i Zf/;lo €xp (_%) |
CEYU(SNR) = ma, s Z(:Y) 37)

= E{log, det [Inr + n(Ir @ H)"X"X(Ir ® H)] } . 32 which is maximized for the equal-prob source f(S?) =
In particular, the family of the capacity-optimal LDCs [55]1/1}/2,.
[74] including the Golden code [36] hag’x = Iru, As a result, it is demonstrated by Fig. 5(b) that the
which results in the full MIMO capacity ofcSS¥°(SNR) = proposed FC-GSTSK is capable of achieving better DCMC

CSIMS(SNR)). capacities than V-BLAST and STBC, where the SNRs re-
For the Pmﬁosed FC-GSTSK, both the _ClaSSiCNTOd_Ulatqdired for the FC-GSTSK to achieve the target rates of
symbols{s~}7_, and the IM activation indice$g. }>=, in R = {2.0,3.0,4.0} are lower, hence the better power-

(22) carry input information, yielding: efficiency. Moreover, it also appears that as the throughput

CENSTsSNR) = CESRSTaRP(SNR) + CESBTe(SNR).  (33) increases.toR_ = 4.0, the Golden code starts to perform
The first part in (33) is evaluated based GiY[S) — the best in Fig. 5(b). Hovyeverz when the practical power

L exp(— Hv,ﬁw)] as: consumption at the transmitter is taken into account by the
(mNo) T No ' PSNR of (PSNR= 101log;, %"O‘S'dB), the power-efficiency
cgg“gg;“ch)D(ng) = Max(, i)y LT({s'""}M ;Y |{g,}M,)  of FC-GSTSK is substantially better than that of the Golden

T=1)

Q Q . code, as distinctively marked in Fig. 5(c). Our more dethile
= ﬁ Z Z E [log2 det(Inr +nH JH)] . performance comparisons will be presented in Sec. V.
q1=1 qm=1
M V. EXTENSIONS ONSIGNAL CONSTRUCTION

(34)
The (Q x Q)-element[J = E(S”S) = diagJ,Jo, -+, Jur)] is In this section, we proceed to extend the FC-GSTSK signal
conditioned on the IM activation indice§;. }2Z,, where the construction for a wider range of MIMO scenarios. First of
constituent(Q x Q)-element{J,}* , has all-zero elements all, the ASK design for star QAM signalling is presented in
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CEOMCM g\ p — 11 S AM ) 1< e Yi{a M -~ ] p(?H@}yﬂ)d?
FC-GSTSK ) =  max T ({2 }7=1;Y)= max Z "‘721 p(YN{q, }r=1) Hp(qf) 082 pi—
anm=

{(p(@-) M, ra i, T = =i (Y)
Q Q M N (36)
1 Q" p(YHg. M
= > Y E o @ p(a HqT}TjL —,
TQ q,=1 G =1 Eq’lzl T thzl p(YI{QT -r:l)

M

40 [

39E -

3.
Target Rate; 12

i Target Rate: R=4.0
18 r _E_ V-BLAST I 4.0 R=40 4.0 [ ) T T T :
16 [} 5~ Alamouti 35 35 -4 Golden
> 14| @ Golden + 5 50| Target Rate; 5 a0/ “H FC-GSTSK
'S 12| - FC-GSTSKQ=1) 5 L R=30 - i
2 oL -A- FC-GSTSKQ=2) N b S 25f g 251 /
O [ = FC-GSTSKQ=4) ] O M. O ,, | Target Rate: :
Q 8l -4 FC-GSTSKQ=8) Q 20 Q “[ R=2.0 ’
O 6l K3 sl - V-BLAST o 15+ é - o
© al o -©- Alamouti e oL /}f’ -]
I Lo ~9- Golden al &
2} 05 -4- FC-GSTSK 05 44 : <~ ]
. /i | I I I
0. .. L L L L L L NEd = L L L L L L L L L L =
-10 0 5 10 15 20 25 30 -10 5 0 5 10 15 20 -10 5 0 5 10 15 20
SNR (dB) SNR (dB) PSNR (dB)
(a) Bandwidth-Efficiency: CCMC (b) Power-Efficiency: DCMC (c) Power-Efficiency: DCMC (PSNR)

Fig. 5: CCMC and DCMC capacity comparison between V-BLAST, Alams&TBC, Golden code and FC-GSTSK associated Witk= 2
and N = 2. The parameters for FC-GSTSK are given by Table VI in Sec. V.

TABLE IV: Parameters(Q, L, Lpa, Ly, u) of FC-GSTSK (PSK)
and parameter8?, L, Lpwm, Ly, u, La, ) of FC-GSTSK (PSK,SE-
/ME-ASK) used in Fig. 7.

PSK{(4, 16, 64, 54, [7, 57])

R=6.0 | SE-ASK(4,8,97,82,[5,80],2,2.0)
ME-ASK:(4, 4, 10, 14, [1, 9], 2, 2.0)
PSK{(16, 16, 256, 7, [1, 161])

R =8.0 | SE-ASK{(4, 16,64, 15, [1,49],4,1.4)
ME-ASK:(4, 16, 64, 23, [1, 15], 2, 2.0)

e ' where we have{{~, = ©Z1L4 1M \while o and 8 =
@La=21=8 0) La=4L=8 et e{{’y \/B}a.,.fl =1 o ﬂ
Fig. 6: Constellation diagrams for star QAM associated witlT* 7z, respectively represent the ring ratio and the as-
L4 = {2,4} ASK-amplitudes and. = {8, 16} PSK-phases. sociated normalization factor that ensufég(y;?) = 1]. The
resultant star QAM constellations are exemplied in Fig. & W

Sec. IV-A. Secondly, the DR arrangement for higher number obte that the advantageous choices of ring ratios in Rayleig
TAs is conceived in Sec. IV-B. Lastly, the reduced-RF varsidading scenarios arec = 2.0 for L, = 2 anda = 1.4 for

of FC-GSTSK is proposed in Sec. IV-C. La = 4 [78]-[81]. In summary, the overall throughput is
improved to[R = log, Q + log, L + log, L ].
A. Amplitude Shift Keying (ASK) As a further advance, the ME-ASK design [21], [56], [57]

. i is revised to modulate a total dff different ASK symbols in
As shown in Sec. lll-A, the FC-GSTSK does not increasgach FC-GSTSK layer as:

the signal transmission PAPR. Specifically, when the square
and star QAM are used for the modulated symbols.inof
(18), the constellation of the FC-GSTSK’s transmitted algn

in S of (18) is always limited to star QAM. Therefore, in
this section, we explicitly conceive the design guidelifes Where we haveA, = diad[yr1, - ,7rm]). The further
using SE-ASK and ME-ASK for star QAM signalling, whereimproved throughput is given byR = log, @ + log, L +

the ASK-amplitudes are modulated independently of the @ha®/ log, La]. The ME-ASK design no longer retains the full
matrix, so that the notations of Sec. Ill remain the same. diversity. For example, the two signal matricBs and S*

For the SE-ASK design, in contrast to the single-RBf (39) associated with a single different data-carryingkAS
schemes [20], [21], [56], [57] that invoke a single ASK fomplitude (1,1 # 7} ;) but the same remaining source bits
X‘nggyrlﬁb%?na#g:aégzhtr‘: eFrCéS_STSK modulates &level  aye rank-1A for the PEP of (25). HoweverG 4 and o,

T y ' optimized from Table Il for the phase matrices still offer a
1 1 performance advantage for FC-GSTSK(PSK,ME-ASK) over
S = Navi ;¢T yrdiag Gasy) G, (38) \LBLAST, as evidenced by Fig. 7. This is due to the fact that

M
1 T7—1 H T—1
S= — ¢1" ATd|aqGAST)GT ’ (39)
Vil ;l
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V-BLAST (8PSK) V-BLAST (8PSK) 2% 2 2% 2
—¥- FC-GSTSK (PSK) —¥- FC-GSTSK (PSK) EC-GSTSK FC-GSTSK
¢ FC-GSTSK (PSK, SE-ASK) X FC-GSTSK (PSK, SE-ASK) _ _
@ FC-GSTSK (PSK, ME-ASK @ FC-GSTSK (PSK, ME-ASK sub-block 1 | sub-block 2

2 x4 FC-GSTSK, DR

Fig. 8: Example of FC-GSTSK using the DR arrangement, when we
have(M = 4), (T =2) and(V = M/T = 2).

10 X\. 10? *\ ‘>< N

N\ \
A A\

Xy
7 83

where the (T x T) constituent matrices {s, =
ST s'"A.5 YY_, are all constructed by (18). The example

10° 10° - of using(M = 4), (T =2) and(V = M/T = 2) is portrayed
3 in Fig. 8. Furthermore, the LDC form of (40) is expressed as:

BER
BER

10 10° [~ b v T Q Q
S= Z Z ZSU,T@AMT,E = quAm (41)
10° L PP A ha} v=171=1g=1 q=1
0 5 10 15 20 25 5 10 15 20 25 30 35
Ey/No (dB) PSNR (dB) where a total of”’I" symbols are modulated by thé number

(@) R = 6.0, E,/No

(b) R = 6.0, PSNR

of (T x T') constituent FC-GSTSK:

Lo,r sz
V-BLAST (Square 16QAM) %V—BLAST (Square 16QAM) 5 —g =) 5" forg=7q, (42)
—F- FC-GSTSK (PSK) —F- FC-GSTSK (PSK) a v 0, for all the otherg ’
M FC-GSTSK (PSK, SE-ASK)| | & FC-GSTSK (PSK, SE-ASK)
~@- FC-GSTSK (PSK, ME-ASK) | ~@- FC-GSTSK (PSK, ME-ASK while the dispersion matrix is given by:
A,=A,,;=[0---0 A,z 0---0]".
10 X3 - 10tF s ! =1 e ] (43)
¢ v
10° - 4 ik 3 - The relationship between indices is given ly= g + (7 —
é g 1)Q+ (v—1)QT]. The total number of dispersion matrices in

(41) is given by(Q = VTQ). As a result, for the equivalent
LDC received signal of (13), thél x @)-element vectorS
is now given by (44). In summary, the transmit diversity

-4 | V" o . \ \A —

10 7 ? . \‘tY R order of the DR design is given by the reduced value of
. ST . LB TTTE e [min(M,T) = T = M/V], but the throughput is increased
o s 10 15 207 % 9 15 20 25 30 %5 40 to [R = V(log, Q +log L)].

Ey/N, (dB) PSNR (dB)
(c) R=28.0, Ey/No (d) R = 8.0, PSNR
Fig. 7: Performance of FC-GSTSK using PSK and star QAM, whep- Reduced-RF Transmission
we haveM =T = 2 and N = 2. The FC-GSTSK parameters are The reduced-RF FC-GSTSK arrangement may be devised
summarized in Table V. based onRemark 2 of Sec. IllI-A, which retains the full
transmit diversity order of\/ = T'. However, considering that
at high throughputs, the maximized diversity gain for a stibsthe parameter optimization in Sec. IlI-C becomes increggin

i i i i allenging for a high\/ at a higherR, we opt for invoking
of signal matrices is sufficient to ensure a good performan e alternative design of [51], where a total bf, — 2 out

Figs: 7(a) -a-nd 7(b) also showcgs.e a tradeoff betwegh'y "Tas are activated for transmitting th@ x 2) full-RF
bandwidth-efficiency and energy-efficiency, where the FG=Cc.GSTSK signal matrix oveF = 2 time slots. The resultant

GSTSK(PSK,SE-ASK) using the star QAM signaling PeTthroughput is given byr = PogQ( %A )J+log2@+log2 L.

form_s better than FC.'GSTSK(PSK) in Fig. 7(a) owing _t%pecifically, the signal matrices fd = 4 are given by [51]:

the improved bandwidth-efficiency of star QAM, but this

trend is reversed in Fig. 7(b) owing to the increased PAPR 511 512 00 0 0 su si2

of star QAM. Nonetheless, at a highe® = 8.0, FC- g-— 21 822 0 0)° 00 521 822 )" . (45)

GSTSK(PSK,ME-ASK) is capable of outperforming both FC- 8 %; %z 8 e?, 8 ,2; 8 Z e’

GSTSK(PSK) and FC-GSTSK(PSK,SE-ASK) with respect to

both E}, /Ny in Fig. 7(c) and PSNR in Fig. 7(d). where{{s,}2_,}7_, are signals taken from the x 2) full-
RF FC-GSTSK signal matri$ constructed by (18), while the

B. Diversity-Rate (DR) Tradeoff extra phase) is used for maximizing th€M, = 2)-order

The DR arrangement in [21], [62], [63] was originallydiVersity gain of (6).
conceived for the square-shaped signal matrix. In this work
however, we opt for using the rectangular-shaped signaixnat V. PERFORMANCERESULTS
setup of(T" < M), so that the signal construction for largé . ) : . .
is based on the smalldf’ x T') constituent matrices. More ~Firstly, the diversity producd,, and diversity sum\, results
explicitly, for an integer of V = M/T), the DR arrangement of (27) as well as the energy-efficiency metrics of PAPR
models the(T' x M) FC-GSTSK signal matrix as: and IAl are summarized in Sec. V-A. Secondly, our results

T _ recorded forM = 2 TAs are presented in Sec. V-B, where
S:\/M[Sl Sy -+ Sy, (40)

oy w4

the proposed FC-GSTSK is compared to the best-performing
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a1 q1,7 Qv qv,T
a lz lz ll lz
1,1 1,M V,1 V,M
SH0---0s%*0---0---0---0s 0---0---0---0s 0---0---0---0s 0---0]. (44)
T=1 =T T=1 =T
v=1 v=V
T T T
0.7 ~@- Perfect STBC(L=2
L ~&- Golden -+ Vv-BLAST(L=2)
06 - Alamouti 5.0 - -3~ FC-GSTSK(L=2)
b -3¥-- FC-GSTSK a5 | - Golden S
2l a0l | B V-BLAST ]
o 04 "I | -4 FC-GSTSK
< [ 35 B
0.3 g 30 1 &
r O
0.2 |- g 250 ] E
L 20l ]
o1 == o L g
L 15— — 2 -
ool v 1 \ \ ! 101 _
1.0 2.0 3.0 4.0 5.0 6.0 s 1h 4
R (bits/channel use) 05 7] L
i ) 0.0 % /| + P i 5 + | i oo R xal
(a) Diversity Product\, i =3 TS =3 o =2 LRES =)
7 T T T R (bits/channel use) M
07 i ~@- Golden (a) PAPR,R (b) PAPR, M
Alamouti
061 N g Fc-GsuTISK (1) Golden (1) Perfect STBC
O (2) V-BLAST (2) V-BLAST
L (3) FC-GSTSK (3) FC-GSTSK
o 04

0.3

S
=
S
=

0.2

0.1

1Al

ool
3.0 4.0 5.0

R (bits/channel use)
(b) Diversity SumA
Fig. 9: Comparison of diversity produgét, and diversity sum\; of
(27), when we havé M =T=2) and (1 < R <6). The FC-GSTSK
parameters are summarized in Table V.

6.0

(€]

@ ©

(d) 1Al M =4

Fig. 10: Comparison of the PAPR for signal transmission and the
equivalent 1Al for signal detection, when we hay&/=7=2) and

(c) 1A, M =2

TABLE V: Parameters(Q, L, Lpas, Ly, u) of FC-GSTSK (PSK)
used in Fig. 9.

Fig. 0@R = 1.0: (1,2,2,4,[1,1]) Fig. 0@ R = 2.0: (2, 2,4, 4, [1, 3]) (1< R<6)

Fig. 9@ R = 3.0: (4,2,8,14,[1,3]) | Fig. (@R = 4.0: (8, 2, 16, 14, [1, 7)) ="

Fig. 9@ R = 5.0:(16, 2, 32, 3, [1, 15])| Fig. 9@ R = 6.0: (8, 8, 64, 19, [3, 61])

Eg- ggg;lg = i-gr E;i ?é4é[1[i1£)]) E?g- ggg;g = i»gr Eg, ; ié&z[zlﬁ])u}) the other hand, Fig. 9(b) further evidences that the FC-GSTS
ig. = 3.0: (2,4,16,8,[1,¢ ig. =4.0: (8,2,18,22,]1, . g . . . .

Fig. 9(b) & = 5.0. (1.8.32.7.[1.9]) | Fig. 9(b) & = 6.0- (16. 4, 68, 45, 1, 0])] 'S capable of attaining superior diversity surg, which are

comparable to that of the Golden code at high throughputs. As
full-RF-based MIMO schemes. Thirdly, the performance adliscussed in Sec. |lI-C, the characteristics of Fig. 9 iatéic
vantages of FC-GSTSK are shown to be even more substartii@it the FC-GSTSK may substantially outperform Alamouti's
for the increased number aff = {3,4} TAs in Sec. V-B. G2 STBC asN increases.

Finally, our results of the channel coded schemes are dffare  As a high-rate scheme, the proposed FC-GSTSK exhibits
Sec. V-D. We note that since the most up-to-date 5G standéne¢ same level of transmission PAPR and IAl as V-BLAST, as
releases [82] currently support a maximum of four and eighemonstrated by Fig. 10. By contrast, despite their outistan
transmission layers for the uplink and downlink scenarioi)g diversity gains, the perfect STBCs including the Golden
respectively, we opt for using up t&/ = 4 TAs and up to code experience substantially increased transmissiorRRAP

N = 8 RAs in this section. Figs. 10(a) and 10(b). Moreover, the equivalent $AIM? of
perfect STBC is also shown to be a substantial extra price to

A. Characteristic Results pay compared to V-BLAST in Figs. 10(c) and 10(d).

As a full-diversity scheme, the proposed FC-GSTSK is )
compared to both the Golden code and to Alamouti’s @@ Performance Results for Two Transmit Antennas
STBC in terms of its diversity product\, and diversity In Fig. 11, the BER performance versus the normalized
sum A of (27) in Fig. 9, where the associated FC-GSTSlverageE,/N, of FC-GSTSK is compared to the best per-
parameters are summarized in Table V. On one hand, Fig. 9%@ming MIMO schemes associated withf = 2 TAs at
demonstrates that the diversity produt} of FC-GSTSK throughputs of(2 < R < 5). First of all, owing to the
becomes similar to Alamouti's G2 STBC as the throughpthigher diversity sumA seen in Fig. 9(b), FC-GSTSK starts
R increases, while the Golden code achieves a highetOn to outperform Alamouti's G2 STBC a& increases for the
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= V-BLAST (BPSK): PAPR=0 dB, IAI=2

-©- Alamouti (QPSK): PAPR=0 dB, IAI=0 -5 Alamouti(8PSK): PAPR=0 dB, IAI=0

—@- Golden (2QAM): PAPR=2.77 dB, IAI=4 -@- LDC(Q=3,QPSK): PAPR=5.45 dB, IAI=3
1¢° | —¥- FC-GSTSK: PAPR=0 dB, IAI=2 — 1¢® | —¥- FC-GSTSK: PAPR=0 dB, IAI=2 —

BER

N 20
E,/N, (dB) Ep/No (dB)

(a) R=2.0, Eb/No (b) R=3.0, Eb/NO
3 V-BLAST (QPSK) : PAPR=0 dB, IAI=2 -
-©- Alamouti (16PSK): PAPR=0 dB, IAI=0 -©- Alamouti (Square 32QAM): PAPR=3.48 dB, IAI=0
~@- Golden (4QAM) : PAPR=2.77 dB, IAI=4 ~¢- LDC(Q=5,QPSK): PAPR=6.19 dB, IAI=5
16 | =¥ FC-GSTSK : PAPR=0 dB, IAI=2 — -~ FC-GSTSK: PAPR=0 dB, IAI=2

BER

(c) R=4.0, Eb/No (d) R=5.0, Eb/NO
Fig. 11: BER comparison (with respect #6,/No) between the proposed FC-GSTSK, V-BLAST, Alamouti’s G2 STBC [31)C [55],
[74], [75], Golden code [36], when we hay@/=T7=2) and (N={2,4,8}). The FC-GSTSK parameters are summarized in Table VI.

TABLE VI: ParametersQ, L, Lpas, L., u) of FC-GSTSK (PSK) and parametdi@, L, Lpar, Ly, u, L a, a) of FC-GSTSK (PSK,ME-ASK)
used in Figs. 11 and 12.

N =2 N =4 N =3

R =2.0 | PSK:(2,2,4,4]L3]) PSK(1,4,4,8,[L,1]) PSK.(4,1,5,8,[L,2])

R =23.0 | PSK(4,2,8,14]13]) PSK:(2,4,16,8,[1,9]) PSK:(2,4,16,8,[1,9])

R =4.0 | PSK(2,8,27,13,[1,19])) PSK:(8,2,18,22,[1,11]) PSK(8,2,18,22,[1,11])

R =15.0 | PSK(4,8,32,29,[1,15]) PSK:(4,8,32,7,[1,9]) PSK:(4,8,32,7,[1,9])

R =6.0 | PSK:(4,16,64,54,[7,57]) PSK:(16,4,64,91,[1,45]) PSK(16,4,68,45,[1,9])

R =8.0 | ME-ASK:(4,16,64,23,[1,15],2,2.0) ME-ASK:(16,4,64,49,[1,37],2,2.0) ME-ASK:(16,4,64,49,[1,37],2,2.0)

case of R = 2.0 in Fig. 11(a). More notably, Figs. 11(b)-tion, the BER comparison (with respect to PSNR) between
11(d) further evidence that FC-GSTSK massively outperfornthe proposed FC-GSTSK and the best-performing Golden
Alamouti’s G2 STBC for using(N = {2,4,8}) at (R = code is further portrayed in Fig. 12. As expected, owing
{3.0,4.0,5.0}), as marked forN = 4 in Figs. 11(b)-11(d). to its beneficial low-PAPR design, the proposed FC-GSTSK
Secondly observe in Figs. 11(a) and 11(c) that owing to thenequivocally outperforms the Golden code with respectsto i
beneficial diversity gain, FC-GSTSK also exhibits a didtinSNR, as demonstrated by Fig. 12.

performance improvement over V-BLAST fON = {2,4,8})

at (R = {2.0,4.0}). However, the Golden code begins tq performance Results for Three and Four Transmit Antennas

excel in terms of its diversity gains in Fig. 11(c) as the For usingM — {3,4} TAs, Figs. 13(a) and 13(b) demon-

throughput increases toR = 4.0). Thirdly, Fig. 11(b) and )
11(d) further demonstrate that FC-GSTSK associated wsth Etrate that the FC-GSTSK consistently outperforms both V-

. L AST and STBCs. Furthermore, the FC-GSTSK is even
perfect 0 dB PAPR is capable of achieving a comparabé‘ . ' o
performance to that of the LDCs [55], [74], [75] using ar&itr Capable of outperforming the perfect STBCs fdd = N =

signals. This verifies our energy-efficient FC-GSTSK sign%{R :13'0) an(cji 1(]3\/[b: N = 4t,'R |: 3\'/0)' ats (’[ar\llltiencgd :y i
construction, which achieves optimum performance witho gbs.t t('a?l an d (d)ﬁfsgefhlve )c/j (?’[ no efFaC gg—?gKo '
relying on arbitrary constellations. substantially reduce » the advantage o - over

perfect STBC is further augmented versus the PSNR, which
In order to take into account the practical power consumfs not portrayed for Fig. 13 due to space limit. In summary,
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; Sl FC-GSTSK, DR: PAPR=0 dB
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o 2 |
w w 2
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Fig. 12: BER comparison (with respect to PSNR) between the pre- . : ;
pogsed FC-GSTSKF;nd Gol(den codep [36], when w)e Have-T=2), pnﬁlgbc)l:édBleéGc&rpsp}? n?/(_)ng\gEP Leép;%éﬁ ”[;/gg;‘))Qbe\g%nc t[zez]
(N = {2,4,8}). The FC-GSTSK parameters are summarized i erfect STBC [32], [3:3] and the,improved perfeét STBC [34]. Th,e
Table V1. parameter$Q, L, Lpur, L., u) of FC-GSTSK (PSK) associated with

. . . . (M =N =T = {3,4}) and (R = {3.0,4.0}) in (a) and (b)
the impressive performance of FC-GSTSK is attributed to thee given by(2,4,18,16,[1,7,13]) and (4,4, 16,27,[1,5,9,13]),
diversity gain maximization proposed in Sec. IlI-C. respectively. The paramete(®, L, Lo, L, u) of FC-GSTSK, DR

Moreover, for the case aff = N = 4 at high throughputs (PSK) associated wit{M = N =T =4), (T =2,V =2) and
of R = {6.0,8.0}, the DR arrangement of FC-GSTSK(£=16.0,8.0}) in (c) and (d) lare given by2,4,16,8,[1,9]) and
proposed in Sec. IV-B constructs the signal matrix fér= 4 (8,2,18,22,[1, 11]), respectively.
based on two constitueii2 x 2) FC-GSTSK signal matrices,
which is shown to outperform both STBCs and V-BLAST irand fed into the BCC encoder as thepriori LLRS Lp ,.
Figs. 13(c) and 13(d), respectively. Hence theextrinsic mutual informationZy,,, = I(Las.e; bm)

As a further advance, Fig. 14 demonstrates that whenatthe output of the MIMO demodulator becomes equal to
reduced number of M4 = 2) out of (M = 4) TAs are the a priori mutual informationZp, = I(Lp,;b.) at the
activated, the reduced-RF version of FC-GSTSK devised imput of the BCC decoder. Symmetrically, tegtrinsicLLRs
Sec. IV-C also achieves an improved performance compareditg . produced by the BCC decoder are interleaved and fed
its conventional counterparts of GSM [9] and STBC-SM [51ihto the MIMO demodulator as tha priori LLRS Ljs,,
over a wide-range of throughputs @@ = {4.0,5.0,6.0,7.0}). which indicates thatZp, = I(Lp.;b.) becomes equal to

Inm, = I(Lae;bm) as seen in Fig. 15. The idealistic

D. Performance Results for Channel Coded Systems error-free detection may become achievable, when the full
o5 = 1.0 is recovered by the BCC decoder.

The Se”a”y Concatenateq Code (SCC) co'nstltu.ted by BCI According to the IEEE 802.11a/n/ac/ah standard family, the
and MIMO is portrayed in Fig. 15, where the iterative demagscc scheme invoked in this work is specified by the generator
ping and decoding is invoked at the two-stage turbo receivgblynomials of gy = 1335 and ¢, = 1715 as well as the
More explicitly, the source bits are passed through the BGfnstrain length of = 7. The coding frame length is set to
encoder and a interleaver before MIMO mapping at the SG& 000 bits. The BCC rate is adjustable by puncturing, and

transmitter. At the turbo receiver, both the MIMO demodaiat W& UseR. = {1/2,3/4,5/6}. In order to avoid ambiguity, the
IMO throughput is still represented bi, hence the overall

and BCC decoder accept and produce soft-bit decisions in ed system throughput is now given bBy.R. Moreover
form of Log Likelihood Ratios (LLRs). Thextrinsic LLRs  without having to access the source bits at the transmitter,
L. produced by the MIMO demodulator are de-interleaveithe turbo receiver may evaluate the mutual information in an
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Fig. 14: BER comparison (with respect tB,/No) between the
proposed FC-GSTSK, the reduced-RF GSM [9] and STBC-SM [51]. | . \
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(16,4,68,45,[1,9],0.1rad), respectively 0
(¢) Re=5/6, R=4.0, (Ey/No) (d) R.=5/6, R=4.0,(PSNR)

Fig. 17: BER comparison (with respect tB:/No and PSNR)

Binary Source Y |
b b b : between the proposed FC-GSTSK, V-BLAST, Alamouti's G2
QA O S e IV STBC [37], AO-STBC [39], QO-STBC [42], Golden code [36]
Y and perfect STBC [32], [33] in BCC coded systems. The pa-
rameters (M, N,T,Q, L, Lpym, Ly,u) of FC-GSTSK associated
In, = Z(Lpa;be) &= Iy = T(Larei bur) v with R = {2.0,3.0,4.0} are given by(2,2,2,2,2,4,4,[1,3]),
e oo [y L o s (3,3,3,2,4,18,16,[1,7,13]) and (2,2,2,4,4,32,32,[1,19]), re-
Decoder Lpe [ | Lua Demodulatori spectively
L™ ]
T(Lo.i ) = uy = T(Latai b GSTSK exhibits an enhanced iteration gain. This is due to
ool ErorFraat @—. the fact that instead of only mapping to the Gray coded
eal Error-Freelp, = 1.0 PSK/QAM symbols, the FC-GSTSK maps the source bits to
Fig. 15: Schematic of BCC coded MIMO scheme and its two-stagigth the modulated symbol index and the dispersion matrix IM
turbo decoder. index, which offers additional degree of freedom. As a rgsul
e _ Fig. 16(b) demonstrates that the ideal error-free conditid
on-line” fashion [52]-{55] as: Ip, = 1.0 is achieved by the BCC FC-GSTSK scheme at

oL oL 1 1 Eb/NO = 0 dB, but its counterpart of'Go!den code can only
I(L;b)=1+FE L ol 10g2(1 n eL) + T4 el log2(1 +6L)l obtain a lowerZp, = 0.98, as shown in Fig. 16(c).

46) The EXIT charts analysis of Fig. 16 is further confirmed
so that the iterations may be terminated when no moby the BER results of Fig. 17. First of all, Figs. 17(a) and
information can be gleaned. In this work, we configure th&7(b) once again demonstrate that the proposed FC-GSTSK is
maximum number of iterations between MIMO demapper arthpable of unequivocally outperforming the MIMO schemes
BCC decoder to a small number of 4. of V-BLAST, Alamouti's G2 STBC, AO-STBC, QO-STBC,

The convergence behaviour of the turbo receiver is visGolden code and perfect STBC in BCC coded systems.
alized by the EXIT charts in Fig. 16. Notably, Fig. 16(aBecondly, although Goden code associated with the exeessiv
evidences that compared to the conventioanl MIMO schemidd = M? appears to perform the best at a higher throughput
of V-BLAST, STBC and Golden code, the proposed FGseen in Fig. 17(c), the substantially increased PAPR of &old



DRAFT 16

EXIT of BCC, R=1/2
—— EXIT of FC-GSTSK, E/Ng={-4,-3,-2,-1,0} dB
—e— Trajectory of BCC FC-GSTSK, jiN,=0 dB

EXIT of BCC, R=1/2
—&— EXIT of Golden, E/Ny={-4,-3,-2,-1,0} dB
—e— Trajectory of BCC Golden, f#fN,=0 dB

10 10 3r(1 iteration: 1.0 T — - -
5 V-BLAST T = 078 T erafion: "y, =05, Zp,, = 059
091 _o Alamouti 09 o iteration-ID” =10 0.9 2d iteration: Ty, = 0.66, Zp,, = 0.98
08 —¢— Golden 08} st: . Ty = 0.7~ N 0.3 iteration: Z,;, = 0.67, Ipy =098
e 1% iteration: Mg TN g E E
4-- FC-GSTSK — 05 : i
Tar, = 059 b g M
07 B e i +
N ; A A+ : .
Sy . f0
T } e R .-
" £+ by 3 T
= 05F i N BRI S 4.
AN o gt ¥ on:
g 1Miteratibn: Zp, = 009
03 03 Ip, =088
0.2 02
M=N=2
R=2.0
01 01
SNR=-2dB
0.0 0.0 :
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 10

Iy Iy =Ipg In, =Ipg
(a) EXIT charts (b) BCC coded FC-GSTSK (c) BCC coded Golden code

Fig. 16: EXIT charts of the MIMO schemed/{ = N = 2,R = 2.0) and decoding trajectories of BCC coded FC-GSTSK and Golden code.
The parameters are the same as those in Fig. 11(a).

code results in the evidently inferior performance comgdce [7]
the proposed FC-GSTSK, when the PSNR takes into account

S. Sugiura, T. Ishihara, and M. Nakao, “State-of-theessign of index
modulation in the space, time, and frequency domains: Beneiils a

the practical power consumption as shown in Fig. 17(d). (8]

VI. CONCLUSIONS

In this work, we have proposed a new FC-GSTSK schemég.]
It is unprecedented in the two decades of full-diversityhhig
rate MIMO system design that as the FC-GSTSK outperforms
both V-BLAST and STBC, the PAPR of signal transmissioh
and the equivalent IAl of signal detection are reduced to the
same level as that of V-BLAST. Moreover, the reduced-RIE1]
version of FC-GSTSK also outperforms GSM and STBC-SM
without increasing the PAPR and the equivalent IAl. Owing
to their explicit advantages in terms of energy-efficiency,
bandwidth-efficiency and power-efficiency, the proposed F&3l
GSTSK constitutes an attractive candidate for future wssl

MIMO systems. [14]

VIl. DEDICATION
15]
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