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Abstract—From the power amplifier's perspective, the Peak-to-

Average Power Ratio (PAPR) is of essential importance, especially

for both single-RF and reduced-RF Multiple-Input Multiple-

Output (MIMO) single-carrier schemes. In this context, many
of the diversity-oriented index modulation schemes - including
the full-RF Space-Time Shift Keying (STSK) and the single-RF
Asynchronous STSK (ASTSK) that invoke randomized signals
- exhibit eroded energy-efficiency. To circumvent this problem,
we propose a holistic signal construction approach for single-RF,
reduced-RF and full-RF MIMO setups, which always achieve
both perfect 0 dB PAPR transmission and Inter-Channel Inter-
ference (ICI) free signal detection. More explicitly, first of all, we

conceive a new family of single-RF Constant-Envelope ASTSK

(CE-ASTSK), which is capable of substantially outperforming
conventional Spatial Modulation (SM) in both Rayleigh fading
and Ricean fading associated with increasing Line-of-Sight (LoS)
power. Secondly we propose the new full-RF CE-STSK con-
cept, which is capable of outperforming the orthogonal Space-
Time Block Codes (STBCs) without either increasing PAPR
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Fig. 1: Triangular tradeoffs in Power Amplifier (PA) design.

Fig. 1. The Input Back-Off (IBO) seen in Fig. 1 is defined
by the ratio of maximum voltage supply and average input
power. For improving the linearity, a high IBO is required

for mitigating the signal distortion. However, the highf#R

signal associated with a fluctuating envelope only occasion

or imposing ICI. This is particularly beneficial because the ally has a peak voltage, yet perpetually degrading the PA
conventional Linear Dispersion Code (LDC) approaches always efficiency, as indicated in Fig. 1. As a remedy, on one

compromise the orthogonality of STBC and hence impose ICI. hand, the classic analog feedback/feedforward lineaizats

Thirdly, we also conceive the reduced-RF versions of CE-STSK, . - - . .

which outperform both Generalized Spatial Modulation (GSM) yvell as the dlgltal. predlstqrtlon t.eChn.Iqu? of Fig. 1 may be
and Space-Time Block Coded Spatial Modulation (STBC-SM). invoked for restoring the ideal linearity in the face .of onv
Finally, the proposed schemes are intrinsically amalgamated with IBO. Nonetheless, the performance of the analog lineariza-

turbo detection assisted channel coding, which further confirms tion circuits is dependent on the operating frequency, evhil
the superiority of CE-ASTSK and CE-STSK over SM and STBC  gophisticated digital predistortion is only suitable fbe Base
in the single-RF and full-RF modes, respectively. Station (BS) [12]. On the other hand, in order to mitigate
Index Terms—Index modulation, spatial modulation, space- the heat dissipation from using high IBO, we may arrange
time shift keying, constant-envelope, peak-to-average poweatio,  for adaptively controlling the supply voltage accordingthe
inter-channel-interference, Ricean fading, turbo detection. signal envolope. For instance, the classic Doherty tecienis
constituted by a main class-B PA and an auxiliary class-C PA,
I. INTRODUCTION where the latter is only switched on for high signal amplésid
In recent years, the Index Modulation (IM) philosophyeven though the transistors can be turned on and off at an
has been applied to a variety of single-RF and reducedftrasonic rate [15], the maximum achievable efficiency of
RF Multiple-Input Multiple-Output (MIMO) schemes [1]- commercially available PAs remains limited to 20%-35% [12]
[10], which aim for reducing the power consumption at thEL3], which indicates a substantial heat dissipation, reigas
transmitter by activating a reduced number of RF chains. &% the number of activated RF chains.
one of the most power-thirsty RF components, the critical From the PAs perspective, there is an energy-efficiency
goal of Power-Amplifier (PA) design is to reduce the Peakradeoff between single-RF, reduced-RF and full-RF MIMO
to-Average Power Ratio (PAPR) [11]-[14], as portrayed isetups, which is exemplied and summarized in Fig. 2. On
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one hand, it is widely acknowledged that even at a zero PA
output power ofP,,; = 0, the transmitter architecture still
consumes non-negligible power, which may even be as high
as 50% of the PAs input poweP;, [16]. The associated
Transmit Power Independent (TPI) term in Fig. 2 includes
the RF-drive power as well as an active cooling system [12].
Naturally, this TPI grows linearly with the number of actied

RF chainsM 4, as seen in Fig. 2. On the other hand, the PA
of the single-RF system has to delivif times higher output
power P,,, = P, than its counterparts operating in the full-
RF mode associated witR,,, = P,/M, where M denotes
the number of Transmit Antennas (TAs), whike denotes the
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TABLE I: Summary of MIMO schemes.

P 7 PAPR ICI Transmit Transmission
(i”’ P MIMO Scheme (Transmitter)| (Receiver) Diversity Delay
v SM [5] P(';*D';RK?O 9 lici—o x |T=1
TRTRPTTS TR el N L R L
[ Single-RF J [Reduced—Rl% [ Full-RF J Mg—l CEASTSK PAgPR:O - ICI:O T:M
Low TPI(M High TPKM M| aasieasy - O
oW TPIM,) 'gh TPKAM,) CE-ASTSKDR | pAprgdB | ICI=0 —M
= \/ T_W
High TPD(P,u.) Low TPOP,,) (Type IType 1) g
PAPR=0dB
P, = TPI(My4) + TPD(P,,) TPI: Transmit Power Independent V-BLAST [24] (PSK) ICl=M x =1
TPD: Transmit Power Dependent STBC [25-[28] P(/;\DPSRKTO B e =0 v |r>m
Fig. 2: The tradeoff between single-RF, reduced-RF and full-RF QO-STBC [29], [PAPR=03GB | -/, NERE=Y;
schemes from the PAs perspective. [30] (PSK)
Full-RF [DC [31[37] High PAPR [ICT=Q T=M
(M=M) [STSK[20], [2I] | High PAPR [ICT=0 | T=M
total radiation power [17]. As a result, the Transmit Power C('EI'ASSTI'?II?(AST) PAPR=0dB | ICI=0 v | T=M
Dependent (TPD) term, which has been shown empirically to CESTSKDR | paproodB | IC1=0 |
be a linear function of,,; [12], exhibits a reversed trend with (Type I/Type 1) W
M, in Fig. 2. In summary, the reduction in the number of RF GSM [7HH9] P("F\,ZRKT‘“’B S| % |m=
chains does not automatically lead to a reduced overall EA 4 e[ STEC-SM [l [PAPR=O0GE [TCT = [~ [
power consumptior?;,,. A reasonable rule of thumb is that S ) Ma
when a lower-gain PA is employed, the RF-drive power is gf<"4<M) | (1ype imype iy | PAPRE0AB |ICI=0 Vo | T=Ma
a higher proportion inP;, [11], hence reducing the number of CE-GSTSK PAPR=0 dB 'a'“ = v |T=dL

RF chains may become more beneficial. The low-gain PAs are

particularly popular for the power-hungry devices bothhie t highlighted in Table | in comparison to the existing MIMO

next-generation terrestrial uplink and in Air-to-Grou&RG)
communication systems.

Moreover, since the multi-carrier Orthogonal Frequency-
Division Multiplexing (OFDM) activates all the RF chains,
the family of single-RF and reduced-RF MIMO schemes
tend to rely on single-carrier transmission [2]-[4], where
frequency-domain equalization may be invoked both at the
terrestrial BS and at the aerial Ground Station (GS). Inghes
scenarios, typically Ricean fading associated with inseea
Line-of-Sight (LoS) power is encountered. The resultant an
tenna correlation is especially detrimental to single-Ratil
Modulation (SM) [5], owing to the fact that SM relies on the
independently fading channel coefficients to convey the IM
bits. As a rememdy, transmit diversity may be introduced.
It was demonstrated in [18], [19] that transmit diversity is
especially robust against the grave airframe-inducednfgdi
where the critical A2G link may become blocked by the
fuselage of Unmanned Aerial Vehicle (UAV). However, the
state-of-the-art diversity-oriented IM schemes inclgdivoth
the full-RF Space-Time Shift Keying (STSK) [20], [21], as
well as the single-RF Asynchronous STSK (ASTSK) [20], [22]
and the SM using Complex Interleaved Orthogonal Design
(SM-CIOD) [23] are not sufficiently energy-efficient due to
their high-PAPR. Against this background, in this work, we
have conceived a holistic signal construction approach tha
pursues the following imperative objectives for all theghin
RF, reduced-RF and full-RF MIMO setups:

() Low-Complexity Transmitter: The Constant-Envolope
(CE) design ensures having a perfect 0 dB PAPR for
signal transmission.

(I Low-Complexity Receiver: The STSK structure offers
Inter-Channel Interference (ICl)-free signal detection.

(I Diversity Gain: The space-time optimization of the
STSK’s dispersion matrix maximizes the diversity gain.

schemes. More explicitly, our novel contributions are:
(1) First of all, we conceive the single-RF CE-ASTSK

scheme using both the Threaded Algebraic Space-Time
(TAST) [33], [39] and the new Permuted Algebraic
Space-Time (PAST) signal structures. More explicitly, in
the (T'x T')-element signal matrix, the CE-ASTSK using
TAST activates a single one out @f non-overlapping
signal positions, where a singlePSK symbol is dis-
persed by the activated signal thread. In contrast to both
the conventional TAST of [33], [39] and to the ASTSK
of [20], [22], the proposed CE-ASTSK transmits at
PAPR = 0 dB and receives free from ICI. Moreover,
instead of switching betweeh threads, the new PAST
scheme allows full permutation of all signal positions,
which hence conveys a higher number [dbg, T"|

IM bits. The price paid is that the overlapping signal
positions have to be assigned with additional phase
rotations.

As the number of TASM grows, it becomes desirable
to limit the number of transmission time slofs For
this reason, we devise two types of Diversity-Rate (DR)
tradeoff arrangements, which are termed as the Type |
and Type Il CE-ASTSK-DR schemes in Table |. More
explicitly, the Type | of CE-ASTSK-DR partitions the
(T x M)-element signal matrix intdl” = M /T number

of submatrices, where a single one out/dfis activated

for transmitting a(7" x T')-element sparse TAST signal
matrix. As a result, on one hand, the signal construction
is simplified for largeM. On the other hand, an extra
number of [log, W| IM bits are conveyed. In order
to improve the throughput, the Type Il CE-ASTSK-DR
scheme allows the full set df out of M signal po-
sition combinations, which hence conveys an increased

number of[log, ( 47 )] IM bits.

These beneficial qualities of the proposed schemes arg) In order to offer a holistic design, we propose to trans-
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form the single-RF CE-ASTSK and the CE-ASTSK-DRBy contrast, the family of ICI-free STSK schemes proposed

to the full-RF CE-STSK and CE-STSK-DR schemesdn this work aim for outperforming the ICI-free SM and

respectively, as seen in Table I. This is achieved up@TBC schemes. The only exception is constituted by the CE-

multiplying their signal matrix by a normalized/ x STSK-RH scheme seen in Table |, which still has a reduced

M)-element Hadamard matrix, which neither increase€l = M, < M.

PAPR nor imposes ICI. To elaborate, the Hadamard In the rest of this paper, the system overview is presented

matrix was originally invoked in [39] for the sake ofin Sec. Il. The single-RF CE-ASTSK schemes are developed

balancing the average transmit power. However, withoirt Sec. 1, while its full-RF and reduced-RF CE-STSK coun-

amalgamating it with the IM philosophy, the employ+terparts are conceived in Sec. IV. The performance restdts a

ment of Hadamard matrix on its own fails to guaranteeffered in Sec. V. Our turbo detection assisted LDPC coded

PAPR = 0 dB transmission and ICI-free reception. Assystem is presented in Sec. VI, while our conclusions are

a result, the proposed full-RF CE-STSK and CE-STSkKoffered in Sec. VII.

DR become capable of outperforming both Alamouti's

G2 Space-Time Block Code (STBC) [25] as well as the 1. SYSTEM OVERVIEW

1/2-rate and 3/4-rate orthogonal STBCs [26]-[28]. Thi§ channel Mode

is a significant novelty compared to the conventional ap- . . .

proach of improving the STBC performance at the cost The S|gnals. received @V Receive Antennas (RAs) over

of imposing ICI, which includes the Quasi—OrthogonaﬁIme slots are:

(QO) STBCs [29], [30] as well as the Linear Dispersion Yo =SnHy + Vo, @)

Code (LDC) solutions [31]-[37] seen in Table I. where the(T x M)-element matrixS,, represents the signals
(4) As a further advance, we also conceive the reduced-ffansmitted from\ TAs, while the(T x N)-elementY,, and

versions of CE-STSK, which are capable of outperformy,, model the received signals and the AWGN, respectively.

ing both Generalized Spatial Modulation (GSM) [7]-The Ricean fading channels are modelled as [46]-[49]:
[9] and Space-Time Block Coded Spatial Modulation

— D Sy ,j0
(STBC-SM) [6], [38]. WhenM 4 = T out of M TAs are H, = (H; + H;)e’". @
activated, we multiply the sparse signal matrix by a nofrhe (\/ x N)-element LOS channel-matrix is given by
malized (M, x Ma)-element Reduced-size HadamargqD — ) ci2rAfiosng al where o2, denotes the LOS

(RH) matrix, resulting in the CE-STSK-RH scheme ohower. The LOS frequency offset i& fios — f.cos(do) <
Table I. In order to improve the throughput, we furtheyd, where f; refers to the normalized maximum Doppler
propose a CE Generalized STSK (CE-GSTSK) solutiofrequency, while ¢, is the angle between the LOS and

which achieves substantial performance improvementge moving direction. The signal direction vectors are
over GSM associated with the same ICIdfy streams. 5 = — [1 es2mdeos(én) ... ei2rd(N-Dcos(@)]T and a, =

(5) Finally, the proposed CE-ASTSK and CE-STSK arq% ei2mdcos(én) .. ei2nd(M—1)cos(¢)|T whered is the an-
amalgamatgd with the classic'Low—Densit'y Rarity-Che nna spacing in wavelengths, whilg. and ¢, refer to
(LDPC) coding scheme. We invoke EXtrinsic Informathe Angle of Arrival (AoA) and Angle of Departure (AoD)
tion Transfer (EXIT) charts [40]-{43] for analysing theyith respect to a reference direction, which is defined as
convergence behaviour of the turbo detection assistggographical North in LTE-Advanced [47]. Thé( x N)
receiver. Our simulation results confirm the impressivgcattered elements HY are generated by Clarke’s model as-
advantages of CE-ASTSK and CE-STSK over SM anghciated with the power2. The power normalization requires
STBC in the single-RF and full-RF modes, respectively2 | ;2 — 1, and the overall Ricealk -factor is defined as

- , K = 22, whereK = 0 and K = refer to the cases
We explicitly note that the TAST conceived for CE-ASTSK o5 >

. . . of Rayleigh and AWGN, respectively. Moreover, the channel
has been substantially improved compared to our previou

finite-cardinality Differential STSK (DSTSK) of [44]. In th phases in (2) is uniformly distributed in the intervei-—, ).
: ) . . ... This phase rotatior’? observed after the received signal’s
absence of differential encoding, we have dispensed wih t

- ) . wn-conversion from n nd i m
restrictions of 7" > M and Lp), = 2* for an integer: in own-conversion from passband to baseband is assumed to

: . .be constant during coherent channel estimation and signal
[44], and the corresponding methodology of the d'SperSI(H]etection [49].

matrix optimization is reformulated. As a result, we devése
wide-range of high-throughput STSK arrangements, as seen ) ) )

in Table 1, where opting forT < M is the key to both B Terrestrial Uplink and loT Scenarios

our simplified design and to its improved spectral efficiency In the most up-to-date 5G standard releases [50], [51],
Moreover, we have recently developed a family of GSTSkie single-carrier uplink waveform is generated by Diseret
schemes that use both 0 dB PAPR PSK and low-PAPR skaurier Transform-Spread-OFDM (DFT-S-OFDM), where the
QAM in [45]. More explicitly, the GSTSK arrangements ofDFT-based transform precoding and zero padding is perfidrme
[45] are associated with ICE M and they outperform the before the OFDM'’s Inverse Fast Fourier Transform (IFFT).
full-diveristy full-rate MIMO schemes of perfect STBCs [33 This results in improved oversampling and pulse-shapirag-ch
[34], [36], [37] including the Golden code [35], both of whic acteristics. The single-carrier mode often invokes thestaont-
suffer from a high PAPR and from an increased KEIM?. envelope Zadoff-Chu sequences, which are constituted by
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optimized phase rotations. The inherent 0 dB PAPR in the
discrete time domain also results in sufficiently low PAPR %
for the analog signal at the output of pulse-shaping, which i ‘
beneficial for the PAs of the UEs [52], [53], since it relaxes fg
the PAs linearity requirements and improves their power- P@ - Throtile
efficiency.

The current 5G standard release only supports a single

+ Throttle

transmission layer for the single-carrier mode. Moreower, (a) Terrain shadowing (b) Airframe shadowing

variety of unlicensed networks including Bluetooth, Zigberig. 3: Terrain shadowing for low-altitude rotary-wing UAV and
and IEEE 802.11ah as well as 5G IoT enablers of Long Rangieérame shadowing for high-altitude fixed-wing UAV.

(LORa) and NarrOWBand loT (NB'IOT) [54]1 [55] Currently —©— SM(M=2,BPSK), single-RF —— SM(M=2,BPSK), single-RF

i i - —%- CE-ASTSK, single-RF —%~ CE-ASTSK, single-RF
all employ_a single TA. Therefore, the smg_le RF SM scheme B Ammoutie GHOPSK), lRF B Amoutie GaPEK) fILRH
may constitute an attractive upgrade-candidate for theréut e~ OPSK over Ricean e~ OPSK over Ricean
communication systems [56], [57]. However, as the celluadi s QPSK over AWGN e QPSK over AWGN|

is steadily reduced especially in the 5G mmWave range of b
(24.25-52.6 GHz), the LoS components of (2) tend to become 107 F Y
more often encountered. Unfortunately, the associatezhaat i
correlation tends to degrade the reception-quality of tie | 10
bits in the SM scheme, which is considered as a major
stumbling block of practical SM deployments [10]. We will

demonstrate in Sec. II-C and in Sec. V that SM often performs [, illd 000 w0

even worse than its single-TA based PSK counterpart in Ricea ¢ e ° PNy "

fading scenarios. Against this background, in this work, we (@) K1 = K> =10dB (b){K1#K2}€10—|CNG10)

conceive a new family of STSK schemes that are capalfig. 4: BER performance comparison between single-/multiple-TA
of mitigating this problem by maximizing the diversity gainbased schemes over Ricean fading and shadowing effect Li5ing2
while the beneficial 0 dB PAPR signal transmission and ICT—AS andN' =1 RA.

free signal detection capabilities are retained. in aerial applications. The details of the CE-ASTSK design
will be given in the following sections.

10*

C. Airframe Shadowing

The three-dimensional maneuvers including pitch, roll arfd- SPace-Time Shift Keying Regime
yaw portrayed in Figs. 3(a) and 3(b) were key to the success ofA variety of high-diversity and high-rate MIMO schemes
modern aviation. However, the detrimental airframe shadgw — including the QO-STBCs [29], [30], the TAST [33], [39]
is induced by the dynamic maneuvers, where the A2G lirdnd the division algebra codes, including the Golden code an
may be blocked by the fuselage for as long as 74 seconds [§8rfect STBCs [34]-[37] — have been developed for the sake
It was reported in [58] that using multiple RAs at the GS isf improving the STBC performance. These MIMO schemes
unable to mitigate this problem. This is hazardous, sinee tmay all be specified in the LDC form [31], [32], [43] of:
UAV may have travelled thousands of meters with a blocked 0
control link. The traditional solution is to employ a pair of S — ZS A 3)
TAs radiating the same signal, which however would result in = e
self-interference nulls.

In order to mitigate this problem, Alamouti's G2 STBCwhere a total oft) modulatedLPSK/QAM symbols{sq}ff:1
was invoked in [18]. More explicitly, when the airframe-are dispersed both across the spatial and temporal domgains b
induced shadowing is encountered, the Ricean K-faciors the dispersion matricengq}qul. Following the IM philoso-
and K, of the two TAs are subjected to non-negative logghy, the LDC’'s multiplexing form is revised to the STSK’s
normal distribution [58]. Moreover, Fig. 3(a) shows thatan matrix selection form as [20], [21], [43]:
shadowing may also result id; # K, for low-altitude S_ A 4
UAVs. It is demonstrated by Fig. 4 that firstly, SM does =5 e )

not perform well in Ricean fading even in the absence Qfhere the classic modulated symbol indeand the dispersion
shadowing, because the fading envelopes of the antennasmagrix index ¢ carry log, L and log, Q bits, respectively.

not sufficiently different for conveying the IM bits. Secdnd  Accordingly, the received signal matrix of (1) is extended a
the transmit diversity schemes of Alamouti’'s G2 STBC and

CE-ASTSK are shown to be robust against shadowing in Y=SH+V, (5)

Fig. 4, owing to the fact that STBC and CE-ASTSK exploit thgare we have the vectorizétix TN )-elementY = rveq(Y)
fading envelope differences of the antennas both in thea@pagngV = rveq'V). The (Q x T'N)-element equivalent channel
and temporal domains. Moreover, as a single-RF scheme, gtrix is given byH = x(I; @ H), where we have théQ x
CE-ASTSK may employ the same RF chain using the same BAV)-element matrixx = [rveqA;)T, -, rveo(AQ)T]T.
as the single-TA scheme, which is particularly advantageolor the LDCs, thel x @)-element transmitted signal vector
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(A)Q=2,L=8,Lpy =5,L, =25
— (A)Q=2L =8 Lpy =5 L, =2, ! :Agli’(lv.:ﬁo:ug o= 03807
in (5) is given byS = [s; --- sq], Which is equivalent to V- il ot SO K, = 03324, &, = 03025
BLAST associated with) TAs andT'N RAs. Therefore, the BT :‘4”;:';’ ‘L’" ) ’: " %L 0 b, Ly
LDC receiver has to deal with an increased L) streams. wBasvop1. '
By contrast, for the STSK of (4), th@ x Q)-element vector o =01303, A, = 0474
. I 1 T T T T
in (5) is: 11 N gg
S=[0---050---0], (6) 10 Nl |
—_——
. . Q . . 1072 g
which becomes equivalent to a SM scheme associated@vith & )
TAs andT'N RAs, hence the single-stream based ML detectors® . =2
may be invoked [59], [60]. Nt i
10" 8 iy =
E. Design Criteria
The average BER may be expressed as [42], [43], [61]: 5 "5 5 50 5 2 o e e e e a0
_ Ep/No (dB) Ey/N, (dB)
o I-1 I-1 dp(i,17) gi S;) ) (a) Effect ofA:7 andAg (b) Effect OfX: and A,
ebit = {Z_ Z Ilog, Ip( — S Fig. 5: BER performance comparison between three CE-ASTSK
=0i=0,1 using TAST arrangements associated with=T = 2 andR = 2.5

where dy (i, i) refers to the Hamming distance between thi@ Rayleigh fading.
bit-mappings ofS? and S¢, which is directly obtained by L o T M e
conveying the indices and7 back tolog, I bits. Furthermore, More explicitly, firstly, {{|Aq(t, m)[” =1}, },,—, indicates
the Pairwise Error Probability (PEP) in (7) may be exprességat all eIement.T,I in the d|sperzllg‘n mgtmg] are tall<en fLom the
i i i_sih)H|=2 CE PSK constellation. Secon A =1 implies thatA

as E{p(S’ — 8")} = E{Q[y/ 155525}, whereQ(-) repre- =" . g~ T TR q
sents the integral form of the Q-function. The MIMO schemd§ Unitary, which ensures ICl-free STSK detection [20],][21
operate based on the scattered compod#fitin (2), where [43], [59]. Finally, the four CFs of (10) are not concave in
the trend of PEP is characterized by tigersity product and the variableA,, hence typically the gradient-ascent methods

by thediversity sum as [44], [62]: are invoked by the conventional LDC and STSK schemes,
1 - which often lead to local maxima [20], [21], [31], [32], [43]
Ap = 2 iy det(A) 0. (8a) However, we will demonstrate in Sec. Il that by confining the

elements ofA, to be taken from a finite-cardinality. p /-
PSK constellation, the brute-force exhaustive search Her t
global maxima becomes feasible, as specifiedRgynark 1

1 1
As = ———— min tr(A)2. 8b
2/ v ) o)

The distance matrix is defined 88 = (S —S%)(S* — 8% )]

4 9 , ) of Sec. llI-A.
for T < M and[A = (S?—S")H(S! —S")] for T > M. For : .
the full-rank A, the diversity order in (8) is given bp(A) = .Moreover, the four_ OFs in (10) cgn_not alwa_ys be all maxi-
min(M, T'). Moreover, according to (7), thaverage diversity mized at the same time, as exemplified by Fig. 5. Therefore,
product and average diversity sum are defined as [44]: we propose that for smalV, the maximization of\,, is given

S the highest priority, followed by, A, andA,. By contrast,
— 1 2 dp(i,i") the highest priority is given ta\; for large NV, followed by
A [IH SN ] . (9a) =

P72 | log, Tlog, I det(A) A,, As and A,. For example, when considering candidates
(A) and (B) of Fig. 5(a), candidate (A) and candidate (B)
B 1 2 Z Z dp (i, ) (9b) associated with a higheAp and A, are chogen for small
* T 2 /D(A) |log, T +1 o Tlog, Itr(A) : and I.argeN , regpectlvely. Moreover, for the sﬂgaﬂqn of two
candidates having the samdg, and A, as seen in Fig. 5(b),
All the four metrics in (8) and (9) are normalized to be withirtandidate (C) and candidate (A) associated with h@},eand
the range ofl0, 1]. Conventionally, the dispersion matrices of\; are chosen for small and largé, respectively.
LDC and STSK are obtained by maximizing the determinant
term of A,. The DSTSK in [44] also invokes\, as the
secondary Obijective Function (OF). However, it is evidehce I1l. SINGLE-RF CONSTANT-ENVELOPEDESIGN
by Fig. 5 that the trace terms of, and A, become more
important for largeNV. Based on this observation, we offer the In this section, we propose the single-RF CE-ASTSK,
following improved optimization approach: where the TAST, PAST and DR arrangements are devised in
Optimization I: In order to achieve the three-fold desigrsecs. IlI-A, 11I-B and 1lI-C, respectively.
objectives of having (I) PAPR:= 0 dB for signal transmission,
(1) ICI-free signal detection and (Ill) maximized divetgi

gains, our MIMO design follows the STSK model of (4),z Threaded Algebraic Space-Time (TAST) Scheme
which aims to satisfy:

Vi Vil#i

1
2

_ _ For the proposed CE-ASTSK, the dispersion elements jn
Maxea 39, Ap and A and A, and A, of (4) operate based on thiep-th root of unity [wy,,, =

subject to {{|A,(t,m)[> = 1}_ }M_, and A,AZ =17, exp(j£2=-)], which are taken from the followingT" x Q)-
(10) element Vandermonde generator matrix:
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— __(,,¥1 . ur i .
Ga =VDMr,q(wip, ’wLDM), _ so thatA, = 0 is avoided. Moreover, we always set = 0
L Wihy Wi o @ip “’(L%;)ul so thatg; = 1. This is because the parametdrs. }7_, are
! = - . T7=1

e, el W W only responsible for maximizing the phase differences betw

- . : : "~ {¢-}L_,, where the value of; does not have any impact.
2 @-1) @-1) Remark 1 (Parameters)The CE-ASTSK using the TAST

1 w)T witT o Wi ur . . e .
Lpm  “Lpom Lpwm Lpwm 11 scheme of (13) is unambiguously specified by the integer

More explicitly, as an intermediate step, thEx M )-element Parameters of{, N, T, Q, L, Lo, u, Ly, v). As a result,
CE-ASTSK using the Diagonal Algebraic Space-Time (DAST{'® CE-ASTSK has the following advantages over the conven-

scheme associated withf = 7' is constructed as: tional LDC and STSK. First of all, the brute-force exhaustiv
o _ F-1) @-1) search over all eligible integers becomes feasible for. (I0g
S=s"A;= sldiag([w(LqDM)“l,quDM Y wp M), search spaces far = [ug, - -, ur] andv = [vy, - - - ,vp] are

o (12) bounded by(£22)T and ()71, respectively. Secondly,
where the diagonal matri; is formed by taking the-th the CE-ASTSK transceivers only have to store the integer
column inG 4 of (11). Furthermore, instead of only using theparameters instead of the full signal matrices
diagonal matrix, the CE-ASTSK using TAST is constructed Remark 2 (Complexity):As a ICI-free STSK scheme, the

as: o signal detection complexity of CE-ASTSK using the TAST
S = slAT,g = slgz)TAgGZ*l, (13) scheme of (13) does not grow with modulation alphabet size
where the dispersion matrix is now given By{A.; = ;[5%]0'&[2%]}'_'.?@?’ for abslpetmfl(r:]throughpu%lreql(,;lrelment of
: G—1)u G—1)u 110 = =522~ it is favourable to choose a smé)land a large
¢ diag(w V" WD) GI1E VT The TAST T T g

of (13) partitions a(T x 7)-element space-time matrix intol Over all combinations ofL = =7-.
T non-overlapping threads, of which only a sinlge thread is Example 1:For the case of\/l = 7' = 2 at a throuhgput

activated. The associatgd” x T')-element thread-switching of 2 = 2.0, we have performed a comprehensive full-
matrix in (13) is given by: search over all possible combinations of parameters thiafysa
0 0 1 LQ =8,Q < Lpy < LQT andT < L, < LQT. The
1 -+ 00 best solution found by Optimization | has the parameters of
Ge=1|. . . .| (4 (Q,L,Lpy,u, L., v) = (4,2,8,[1,3],8,[0,1]). According
0 1 0 to the paramters, theﬁgilgnal matrixlof (13) is contructed as
| r—1| ws O 0o 1]

= whw] associated with <

An example of (14) forT' = 4 is presented in Table II. In S 0w 10 o
summary, the modulation indéxthe dispersion matrix index {0, 1}, 7 € {1,2,3,4} and7 € {1,2}. The resultant diversity
g and the thread-switching index in (13) conveylog, L, 9@ins of (8) are given byA,, = 0.5946, A, = 0.7071), which
log, Q andlog, T bits, respectively. The overall throughput i€ substantially higher thai\, = A, = 0.5) of Alamouti's

given by R = log, L+log, Q+log, T G2 STBC using QPSK [25]. Our detailed performance com-
= 22 . . X .
In contrast to the DSTSK of [44], first of all, the coherenpalgSons ;N'” ge Iﬁ)resent.ed |]r\1/[SeE VIT _ 3 B
CE-ASTSK no longer required py, and L,. to be a power xa(\)mp_e_ " orI usmg _h TAgT at it = f
of two. Secondly, we revise the phase rotations in (13) %'L Lptlmlzatfn pio uces  the parameters o
{¢- = wy }T_,, where a new vector of integer parameters?> ﬁ?M’uA T’_V) = (j’2’_4’ [1%1’7? 1]_#]6’ [0’(11’.2’3}.)

v = [v1,--- ,vr] is introduced. As for the degree of freedomt, "’.‘t ac |ev§( p = 0.5453, A, = 0.7071). These diversity

it is sensible to choos&) < Loy < LQT) and (T < L, < gains are higher that\, = A, = 0.5) of. both the 1/2-rate
LOT). In summary, the design guidelines for (13) are: STBC using QPSK and of QO-STBC using BPSK, where the

. . former relies onl” = 8 [26], while the latter imposes the ICI
(I) When LPSK is employed fos! = !, the transmitted [26] P

. : . @ Dur of 2 streams [29], [30].
signals in (13) are always in the formof w;” " "“wp”, According to Remark 2, the search space of Optimization |

| ;V,hiCh rizultfs Illn PAPE: Osgi_lzliorfsignalftrzallnsmri]ssic():né grows exponentially both wittR and7". In order to simplify

(1) Since ( ). ollows the orm of (4), the “this, we further conceive a hierarchical approach as fallow
ASTSK using TAST is also ICI-free. The total number  5niimization 11: When the full-search for the CE-ASTSK
of dispersion matrices in (4) is now given Iy = QT yging on the TAST philosophy becomes infeasible at a

high throughputR, we firstly invoke (10) of Opgipization I

Hor the DAST of (12) associated wit))L = 2, which

ot ; J ="~ produces the parameters bf,,; andu. Following this, (10)

T

{vr € [0, Ly)}r—; that maximize the diversity gains "Nof Optimization | is invoked again for the TAST of (13) in

(10). order to further obtain/,. and v. The detailed step-by-step
Since Optimization | requires the maximization of all fougescription is formulated in Algorithm 1.

OFs in (10), the simplified evaluation df, in [44] does not  Example 3:For M = T = 2 and R = 3.0, we haveQL =
reduce the search space. Nonetheless, Propositions 148Jof B2 | et us firstly invoke (10) of Optimization | for the DAST
still remain valid, where the terrﬂ% in (26) of [44] is  of (12). For smallN, we obtain candidate (A) associated with
now replaced by%. Consequently, we requidas;}/_, and the parameters ofQ,L,Lpy,u) = (4,8,11,[1,10]) that
{v-}I_, to be relatively prime td.p,s and L, respectively, achieves(A, = 0.259, A, = 0.2817). For largeN, we obtain

(1) The optimization of (10) becomes equivalent to searc
ing for the best integeru; € [1,Lpa)}, and
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Algorithm 1 Parameters Generation for Optimization Il
1) Initialize system parameterd{,N,T) and requiremenf?.

2) Update @,L) according toR = 2229 jn Remark 2.

TABLE II: Comparison between the TAST's thread-switching matrix

7

{G;"}7_, of (14) and the PAST's permutation matrpG,}”_,
of (16) for T' = 4.

N . - 10007 0001 0100 0010
3) ConstructS = SZAH with known (M, N.T,Q,L) and unknown =0_[0100| =1_[1000| =2 |0010| =3_|0001
(Lpwmu) according to (12). &=loo10|" S =|o1o0| Eoo01|" S=|1000]|
4) Obtain Cpas,u) by solving (10) for (12). 10001 0010 1000 0100
5) ConstructS = s'A, ; with known (M ,N,T,Q,L, Loy u)and  [ai=[1234]  a;—[1243F  ag—[1324F  a—[1342]
unknown (,.,v) according to (13). B It I el IR el IR I
6) Obtain C,v) by solving (10) for (13). G1=lo010| ©*=|ooo1| “*=|o100| ©*=|ooo1|
7) Output M ,N,T,Q,L,Lpy,u,L.v) for (13). L0001 0010 0001 0100
as=[1423]: ag=[143 2] ar=[2134] ag=[2143]:
- rtooo 1000 0100 0100
the candidate (B) ofQ, L, Lpas, u) = (4,8,32,[3,27)) that |G,= 0001 GG—{gg%]' G7—|:38(1]8:| Gg—|:(1)g8(1]‘|
achieves(A, = 0.2494,A, = 0.3827). In other words, Loo10 0100 0001 0010
candidqtes (A) and .(B) are chosen for tr_leir higmanAs, aqz[%gig]é aw:[?g;lé]é 811:[281113](:) am:[ZSfé}o
respectively. Following this, (10) of Optimization | is ioked G._|0010|, & _l0010], g _[0001|, & 0001
again for the TAST of (13) in order to further obtalp. and | | 1900 PrjoooL] EHEIT000] FEH 0010
v. Accordingly, for smallN, the parameters of candidate (A)a;s=[3124) a14=[3142): a;5=[3214] aje=[3241]:
— i i 0010 0010 0010 0010
are complemented byL,,v) = (16, [0,1])_, vyh|ch results in | Y000l = [1000]. = [o100] 0100
(A, = 0.259,A; = 0.2817) for (13). Similarly, for large |G13=|0100| G14=|0001| S157|1000| G1=|0001
N, candidate (B) is complemented BY.,.,v) = (64, [0,1]), 0001 0100 0001 1000

which results in (A, 0.2214,As = 0.3827) for (13).
Comparing to(A, = A, = 0.2706) of Alamouti's G2 STBC
using 8PSK [25], candidate (B) achievas = 0.3827, which
indicates a better performance, when a laigés used.

B. Permuted Algebraic Space-Time (PAST) Scheme

In order to maximize the IM spectral efficiency, we propos\é’h'Ch ach:;;\ée (Ap C: 0'1;])93’/\5 = 0.5017).
the PAST design, which allows full permutation of all s;igna\:Or candicate ©. the parameters
8,2,16,[1,3,5,7],2048, [0, 1805, 955, 1571, 351, 1112, 1681, 1213,

positions. The(T' x M)-element signal matrix is contructed!

of candidate (A) are given by(Q,L,Lpa,u,L,,v)
(2,8,43, 3,14, 29, 40], 256, [0, 36, 53, 202, 60, 182, 39, 82, 126, 101,
56,76,145,2, 183, 235])
(A, = 0.1031, A; = 0.3827). The corresponding parameters for

and

the

diversity gains

are

candidate (B) are4, 4,16, [1, 5,9, 13],2048, [0, 382,279, 16, 332,
1445, 800, 1176, 341, 82, 521, 1729, 1928, 1752, 194, 932]),

1185,894, 584,461, 84,1942, 846, 566]),

which

achieve

for M =T as: :
(A, = 0.1458,A; = 0.5043). According to Remark 2,
S=s'A,5=s'0,A7G,, (15) candidate (A) exhibits the lowest STSK detection compyexit
. . , . followed by candidates (B) and (C). By contrast, candid@te (
where Ehe dlsperslon mftr')i is {{Apg achieves the highest diversity gains, followed by candislat
%diag([w(Lq,;;,)ul, e vwéql;vll)uT])Gp}g:l};):l’ while  we (B) and (A). At the sameR, the 1/2-rate STBC using = 8

have {¢, = w;”}7_,. For a(T x T')-element sparse signal[26] achieves(A, = A, = 0.138) and (A, = A. = 0.2236) for
space, there are a total @f = 2(lloz=T"]) |egitimate signal employing 16PSK and square 16QAM, respectively, where the
positions, which carrieglog, T"!| IM bits. The indexp in (15) latter imposes a higher PAPR 2.55 dB. Moreover, the QO-
specifies aT-element index vecton,, which contains the STBC using QPSK [29], [30] achieve@\, = A; = 0.3536)
permutated positions of1,---,T}. Therefore, the elementat the cost of ICl= 2. In summary, all the three CE-ASTSK
on ther-th row ande-th column inG,, is: candidates achieve unequivocally higher than the STBCs,
. which once again indicates a better performance for la¥ge
— 1, ifay,,=c
G,(r,c) = Tl
0, otherwise

The difference between the definition of TAST in (14) an i
In order to useT < M for large M, first of all, we

PAST in (16) is exemplified in Table Il fof’ = 4, where the )
TAST'’s thread-switching matrix and the PAST's permutatioEir;ﬁgsﬁ];?r?xszga:tiﬁsn:ér?rﬂ%?/mjn&;ﬁﬁmj\@reéefn:]gm

matrix conveylog, 7' = 2 and |log, T'!| = 4 bits, respectively. overlapping(T x T')-element submatrices, where a single one
In summary, for the CE-ASTSK using the PAST of (15)put of W is activated:

(16)
g. Diversity-Rate (DR) Tradeoff

the modulation index/, the dispersion matrixy and the w
permutation indexp convey log, L, log, @ and |log, T"] S—To 0%0 ol — s'A. - (17)
bits, respectively. Therefore, the throughput is improved =[0- 080 Ol=5Aura

w

logy Ltlogy O [log, U - Simjlar to TAST, Optimization | N

be invoked for (15) at low and higi’he (7' x T')-element submatrixS in (17) may invoke the
TAST scheme of (13). Accordingly, the dispersion matrix in

4 at (17)isA,,3=1[0 ---0A.50 --- 0], whereA, 5 refers

Il for to the TAST dispersion matrix defined in (13). The resultant

logy, L+log, Q+log, T+log, W ' where

R = T
and Optimization Il may
throughputs, respectively.

Example 4: For the case ofM T
throughput R = 2.0, we invoke Optimization
(15) and obtain three candidates associated withroughput of (17) isRk = =
different combinations of @ and L. The parameters an extra number ofog, W IM bits are conveyed.
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. ABLE Ill: Signal matrices of single-RF CE-ASTSK and full-
The Type | DR of (17) does not require any furtheE;F CE-STSKgassociated with pargamete% =T = 2 and

optimization, yet the three-fold benefits of single-RF, RAP @,L,LDM,u, Lo,v) = (2,2,4,[1,3],4,[0,1]) at R = 1.5.
0 dB and IClI-free features are all retained. We note that (17) _

can also invoke the PAST of (15) as the component submatr )%gg 0?2' “6‘% u?i' “6‘1 a?Z’ “ v?i’

Since TAST and PAST only differ fof” > 2, we focus our [[o0 wi] [0 w?] [0 wl] [0 of]

attention on thel’ = 2 scenario. i 0) |wi Oflws 0 lws OF ]
Example 5: For the case of usingd/ = 4 and %if‘i _‘“32.%;?3 —%}i’%:é’ fﬁi’%;?i —wji’

T = 2 at R = 3.0, the Type | CE-ASTSK-DR of |, [0 —wf , [w: —w]  [wl —wl 4 [0 -]

(17) invokes the TAST of (13) optimized foM = [2lwd wi|' VRl wi]' Vo|w) wi| VRlwg wy]

T = 2 and QL = 16, which has two candidates that )

achieve the highest\, and A,, respectively. The candi- (0-1863,0.3827), respectively. By contrast, the QO-
date (A) has the parameters 60, L,Lpa,u, Ly, v) = STBC [29], [30] has the much Ilower values of
(2,8,21,[4,17],25,[0,11]), and the candidate (B) has(ip:As) = (0.0609,0.0975) and (A, = A, = 0.1581)
(@.,L, Lpa,w, Ly, v) = (8,2,18,[1,5],12,0,1]). Accord- for using 16PSK and 16QAM, respectively.

ingly, the (2 x 2)-element submatrix in (17) is constructed

based on (13) as — Slwﬁdiag([wg;;)ul, (LED—;)uz])GTl_ IV. FuLL-RF AND REDUCED-RF CONSTANT-ENVELOPE
The resultant CE-ASTSK-DR of (17) form@ x 4)-element DESIGN
codewords of{[0 S],[S 0]}, which achieve(A, = A, = In this section, we propose the full-RF and reduced-RF CE-

0.3827) and (A,, As) = (0.3647,0.5) for candidates (A) and STSK in Secs. IV-A and IV-B, respectively, while the reduced
(B), respectively. By contrast, the 3/4-rate STBC [26]}[28RF CE-GSTSK is conceived in Sec. IV-C.
achieves(A, = A, = 0.1126) and (A, = A, = 0.1826)
for using 16PSK and square 16QAM, respectively. More; ) ; ;
over, the QO-STBC using 8PSK [29], [30] had,, A,) = A Full-RF space-Time St Keying _
(0.1674,0.1913). Therefore, both DR candidates (A) and (B) !t has been demonstrated by Examples 1-6 that the single-
achieve substantially higher diversity gains than the SJB(F CE-ASTSK of Sec. lll is capable of outperforming the
without either increasing PAPR or imposing ICI. full-RF orthognal STBCs [25]-[28] without either increagi

In order to improve the throughput, we proceed to corthe PAPR or imposing ICI. Therefore, it is beneficial to enyplo
ceive the Type Il design, which allows all the legitimateCE-STSK in the same full-RF setup as the STBCs using the
¢ = 2tez2( ¥ )1 combinations of signal positions seen in [6]same PAs. Against this background, we propose the following
Specifically, the signal matrices fae/ = 4 andT = 2 are: lossless transformation between single-RF CE-ASTSK and
full-RF CE-STSK:

gll g12 00 w1 00 gll §12 w1 . . .

591 B22 0 0|“LDr’ |0 0 3y 599|“LDr’ Proposition I: The ful-RF CE-STSK is obtained upon
S= 0 511 512 0| wy 0 511 0 512] wy , (18) multiplying the (T" x M)-element CE-ASTSK signal matrix

0 321 322 0[“Zpr’ |0 321 0 3a2|“LDR by a (M x M)-element Hadamard matrix normalized b},

~ \T AT . . i where the triple benefits of PAPR 0 dB, ICI-free reception
where {{5.c},—}=, are signals in the(I" x T)-element and unaffected diversity gains are retained.

TAST matrix S of (13), while the codewords associated with
overlapping signal positions are assigned new phase gogati Proof. The well-known Hadamard matrix is an orthogonal
{qu,,;R}Sg. In summary, the Type Il DR throughput 8 = matrix constituted by elements &fl. The CE-ASTSK signal
log, L+log, Q;logz T+108:C Eor the case ol = 4 andT = 2, matrix is sparse, having a s_mgle _PSK signal on eac_h row and
Type Il mapslog, C = 2 bits to the signal positions, which iscolu_mn. Thereforg, the mu!t!pl|cat|on of the two matrlgeﬂed
higher thanlog, W = 1 of (17). The price paid is that furthernc_’t induce any signal additions, and the resultant §|gnaa|s a
search across the set b }CE is required. Similarly to still drawn from the same PSK cons’FeIIatlor? associated with
Optimization 11 for TAST v\’;é? s{;tul —0andLpp < OLC. PAPR= 0 dB. From t_he receiver’s point of view, the oth(_)g-
The following three-step ’hierarchical optimization amnb is onal Hadamard matrix does not change the characteristics of
the fading matrixH,, of (1). Therefore, the detection is still

conceived for the Type Il DR as: . . : .
Optimization Ill: For a specificR, the first step is to invoke performed on the sparse data-carrying matrix, which resnain
) i ICI-free and retains undiminished diversity gains. O

(10) of Optimization | for the DAST of (12) associated with
P
QL = QTT which produces the parameters bf;; andu. For example, the Hadamard matrix combined with jower

Secondly, (10) is invoked again for the TAST of (13) in ordeformalization for M = 2 is given by % 1 1_1

to further obtainZ, andv. Finally, the Type Il DR once again 1o cg.ASTSK using TAST of (13) is in the

) orm
invokes (10) forLpr andw.

s1 O 0 S1
Example 6: For the case ofM = 4 and T = 2 of Vo s || o]p whgre both s, and_SQ are
at R = 4.0, Optimization Ill produces two Iegitimatetake” from the PSK constellation. Upon applying Propo-
candidates associated Witl), L, Lpas,u, Ly, v, Lpr, w) = Siton 1, the resultant CE-TAST is in the form of
(4,8,32, [1,25], 64, 0, 1], 128, [0, 1]) and {% { o J L { uoo. ” which retains PAPR=
(16,2,32,[1,7],16,[0,1], 64, [0,1]), which achieve 0 dB. Table Il further exemplifies the signal matrices of CE-

(Ap, As) = (0.1317,0.3827) and (A, As) = ASTSK and CE-STSK associated with the parameférs=
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T=2and(Q,L,Lpa,u, L., v) =(2,2,4,[1,3],4,[0,1]) at matrix is now constructed b}/, = W = M/T number of

R=1.5. sparse(T' x T)-element submatrices as:
Moreover, for M = 2, the STSK receiver may treat w
[ 11 H) 1 | H, +H2 ; -~ ~
ﬁ{ 11 } { ue } e [ ul _He ] as the equivalent S=[5:8 - Swl=) s"A,, 4. (19)
fading matrix, whereH! and H? refers to the 1st and 2nd w=1

row in H,, of (1). For the case of Rayleigh fading, both row- - -

vectorsH! +H2 andH! — H2 are still zero-mean Gaussian-The (T’ x T)-element submatrice$S,, = s A, g }u_;
distributed. However, for a Ricean fading having a mean afe given by the TAST of (13), wherd, 5 is the (T x

op in (2), the two row-vectors are still Gaussian-distributed’)-element TAST dispersion matrix defined in (13). The
but their means becon®rp and 0, respectively. Nonethelessholistic dispersion matrix in (19) is given bA, 7 =

the average mean of the whole mat#ik, remainsop. We [0 --- 0 Q&Tw@w 0 --- 0], where thew-th submatrix
will demonstrate in Secs. V and VI that Proposition | is valids activated. Owing to the fact that there is only a single
for both Rayleigh and Ricean fading channels. non-zero element on each row and columnSgf, the total

number of non-zero signals on each row of (19) is given by
W = My, which results in the reduced-RF transmission. The
B. Reduced-RF Space-Time Shift Keying throughput of the CE-GSTSK scheme of (19) is given by

W (logy L+log, Q+log, T')
T .

Following Proposition |, we propose to transform the singIeR ~ ) )
RF CE-ASTSK-DR of Sec. llIl-C into the reduced-RF CE-_Although eact8, is ICI-free, thelV = M, submatrices in

_ L ; . (19) interfer with each other. As a result, the STSKis< Q)-
STSK-RH. More explicity, we offer the following corollary: element signal vector of (6) becomes the following GSTSK
Corollary I: When a reduced number dif4 = T out of form:

M TAs are activated, théT" x M)-element CE-STSK-RH is _ _ _

obtained by replacing thel” x T)-element sparse CE-ASTSK =~ @1 +(m—1)@ &+ ETQ D@ aw + (IW - e

submatrix in the DR arrangements of Sec. III-C by its ful A Iy 1 20

RF (T x T)-element CE-STSK submatrix, which invokes ng[ O”'Oi 0...00...0i 0...0...0...0iw 0. 0
(M4 x My)-element Reduced-size Hadamard (RH) matrix. @r QT @r

Consequently, the CE-STSK-RH retains the triple benefits ¢he total number of dispersion matrices is given @y =
PAPR= 0 dB, ICI-free reception and undiminished diversityy7 1y it can be readily seen in (20) that the CE-GSTSK

gains as the CE-ASTSK-DR of Sec. IlI-C. imposes the same IAF W = M4 as the GSM [7]-[9].
Example 7: For the case ofM = 4 and T = 2 Example 8:For the case o/ = 4 andT = 2 at R = 5.0,

at R = 3.0, a reducedMy = T = 2 number of g reduced¥ = M4 = 2 number of RF chains are activated.

RF chains are activated. Optimization Il in Sec. Ill-Crpe (2 x 4)-element signal matrix of (19) is constructed by

produces the paramete(s), L, Lpy,w, L, v, Lpr,W) = g =[S, S,], where {S,,}2_, invokes the(2 x 2)-element

(4,2,8,[1,3],8,[0,1],16,[0,1]) for the Type Il of CE- TAST of (13) associated wit L = 16. The TAST parameters
ASTSK-DR. Following this, thg2 x 4)-element reduced-RF gre the same as those in Example 5, where candidates (A) and
CE-STSK-RH is still expressed by (18), but tig x 2)- B) respectively achievéA, = A, = 0.2706) and (A,, A,) =
element submatrix in (18) is now given by the TAST 0%0.2579,0.3536) for the CE-GSTSK of (19). By contrast,
(13) multiplified by the normalized RH matrié _11] asS = the STBC-SM using square 16QAM [6] has the substantially

lower diversity gains of A,, A;) = (0.194, 0.2236).

e q—1 T—1
ey ' {“68 ufg [(1] % B _11} The reduced-RF CE-STSK-

RH achieves(A,, A;) = (0.3417,0.5187). By contrast, the

STBC-SM using QPSK [6] achievéd,, A;) = (0.4598,0.5). V. PERFORMANCERESULTS

Therefore, the proposed CE-STSK-RH performs better for . .

large N. Considering that 5G currently supports a maximum of four

and eight transmission layers for the uplink and downlind-sc
narios [50], in this section, we opt for using upié = 4 TAs
and up toN = 8 RAs. Secondly, a lowA fios = fq = 0.001
is assumed, where the near-ideal channel estimation schieme
Compared to Examples 1-6, the performance advantage[48)] is feasible. Thirdly, the AoA and AoD generally remain
the reduced-RF STSK in Example 7 becomes less substantigar-constant over a frame of signal reception even in tjie- hi
This is because the STBC-SM [6], [38] has already improvedobility aeronautical scenarios [49]. Therefore, for tlades
the spectral efficiency of Alamouti's G2 STBC by the IMof simplificity, we assumep, = ¢, = 90°, where the LoS-
design, which leaves little room for further improvemenher induced antenna correlation reaches its maximum. Fourthly
without increasingl” [63] or without imposing ICI [64]-[66]. without loss of generality, the performance results are pre
Against this background, we propose the reduced-RF C&ented in both Ricean and Rayleigh scenarios. Finally,rigr a
GSTSK, which retains both the 0 dB PAPR and the minimahriable-envelope and non-orthogonal MIMO schemes, their
delay 7', while having the same ICI of/4 streams as the non-zero dB PAPR values and non-zero ICIs are explicitly
GSM [7]H9]. More explicitly, the(T" x M)-element signal labelled in all the performance figures.

C. Reduced-RF Generalized Space-Time Shift Keying
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Ricean fadingK' = 0 dB.

LDC counterparts.

A. Capacity and Complexity Comparison

According to the STSK model of (5), the Continuous-inpda‘lamoun's G2 STBC’_ especially as the throughpiand/or
Continuous-output Memoryless Channel (CCMC) capacity 1§& humber of RASV increase.

given by [42]: Lastly, the complexities of the ICI-free MIMO schemes used
come I in Fig. 7 are compared in Fig. 8 in terms of the number of
Cstsi (SNR)  =max,s) 72(5;Y) __real-valued multiplications [43]. The complexities eualdi for

= max, 1y 72(s';Y|g) + maxyq) 7Z(3;Y). | pc, SM and Alamouti's G2 STBC arétM N + 2N)LM,
_) (AN +7)M and (16N +4), respectively, while that of STSK is
__, equivalent to SM associated with TAs andNT RAs. Fig. 8
confirms that all the three ICI-free MIMO schemes exhibit a
low detection complexity that does not grow with modulation
phabet sizd., but the STSK complexity grows linearly with
. Nonetheless, compared to LDC, STSK achieves substantial
complexity reductions, as evidenced by Fig. 8.

The first part in 7(221) is evaluated based @nNY|S)
TR exp(— X200 [43] as (22), which is maximized
for using the Gaussian Probability Density Function (PDd¥) f
p(s"), whilex, _ denotes thg-th row in’x. By contrast, the IM
index ¢ is discrete-valued. Therefore, the second part in (2
is evaluated based op(Yle) = gy ep(-YRyyY)
relying onRyy = E(Y'Y) [43] as (23), which is maximized
for equiprobable{p(q) = %}qQ:l, while H,,_ denotes the-th _
row in H and we have(s2 = |[H,,- |*}%_,. We note that (21)- B- Two Transmit Antennas
(23) become the CCMC capacity for SM in [67], when we set The proposed CE-ASTSK and CE-STSK are compared to
Q=M,T=1andyx =1Iu. their single-RF and full-RF counterparts in Fig. 9. First of
The CCMC capacities of SM and CE-ASTSK are portrayeall, it is demonstrated by Fig. 9(a)-(c) that the proposed CE
in Fig. 6. In contrast to SM, the spectral efficiency of CEASTSK and CE-STSK outperform the conventional ASTSK
ASTSK is improved by increasin@ in Fig. 6(b), which does and STSK solutions that generate high-PAPR randomized
not require any extra TAs in Fig. 6(a). However, as expectesignals [20]-[22]. This verifies the efficiency of our CE
the CCMC capacities of SM and CE-ASTSK cannot competiesign of PAPR= 0 dB using our improved optimization
with V-BLAST and STBC, respectively. Moreover, the CCMGOnethodologies. Secondly, in the single-RF mode, Fig. 9(a)
capacity of CE-ASTSK seen in Fig. 6(b) is lower than that alemonstrates that the proposed CE-ASTSK substantially out
SM observed in Fig. 6(a), because the mutual information pérforms SM. Thirdly, Figs. 9(b)-(c) show that in the fulFR
CE-ASTSK in (21) has to be normalized by the transmissi®etup, the proposed CE-STSK is also capable of outperfgrmin
duration of T Alamouti's G2 scheme, especially @&and N increase.
However, in reality, the RF chains using real-life PAs alsray The proposed CE-ASTSK and SM are further compared
deal with discrete signals, rather than with the ‘Gausskudii for a higher throughpui? and for higher Ricear factors
signals of (22). The associated Discrete-input Continuous Fig. 10. First of all, SM performs even worse than the
output Memoryless Channel (DCMC) capacity evaluatesingle-TA PSK atR = 2.0 and K = 0 dB, as demonstrated
based on[p(Y|S) = Wexp(—%)] [42] is inFig. 1.0(a).. The SM’s performancg moderately imp_roves for
(24), whereZ(S;Y) in (21) is maximized for equiprobabIeR = 3.0in Fig. 1(.)(b),' but degrades in the face of the increased
{p(Si) = %}{;01' We note that (24) is applicable to all MImo K = 6 dB value in Fig. :!.O(C). By contrast, the proposed_ CE-
schemes. ASTSK always_substan'qally outperforms both SM and single-
The DCMC capacities of the single-/full-RF schemes arE® PSK, as evidenced in Fig. 10(a)-(c).
presented in Fig. 7. First of all, Fig. 7(a) demonstrated tha
SM does not perform well in Ricean fading and the increases] Four Transmit Antennas
RiceanK further deteriorates the SM performance in Fig. 7(b). In the single-RF mode, Fig. 11 demonstrates that the pro-
By contrast, given the same single-RF setup, the proposed @&sed CE-ASTSK and CE-ASTSK-DR outperform SM-CIOD
ASTSK is capable of substantially outperforming SM in thesing high-PAPR signals [23], which once again advocates ou
face of the increasing Riceali, as evidenced by Figs. 7(a)CE design. Furthermore, the proposed CE-ASTSK and CE-
and 7(b). Furthermore, Fig. 7(c) demonstrates that as-#&ftll ASTSK-DR also achieve substantial diversity gains over SSK
scheme, the proposed CE-STSK is capable of outperformiagd SM, as explicitly marked in Fig. 11.
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Fig. 7: DCMC capacity of the single-RF schemes of SM [5] and CE-ASESKwvell as the full-RF schemes of Alamouti’s G2 [25] and
CE-STSK usingM = 2 in Ricean fading.
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Fig. 10: BER performance of the single-RF schemes of SM [5] andAGESK usingM = 2 in Ricean fading.

In the full-RF mode, Fig. 12 evidences that the propos€adSTSK achieves higher gains in Fig. 13(c) over STBC-SM
CE-STSK and CE-STSK-DR schemes outperform the 1/2-ras€ R = 5.0. The price paid is that the proposed CE-GSTSK
and 3/4-rate STBCs [26]-[28] using the same PAPR dB of imposes ICI from two streams, but the STBC-SM resulted in
PSK signals. Even after improving the performance of STBG@# increased PAPR of 2.55 dB. Moreover, it is unequivocally
by using QAM, they still remain substantially inferior to €E evidenced by Figs. 13(b) and (d) that the proposed CE-GSTSK
STSK and CE-STSK-DR, as seen in Fig. 12. substantially outperforms GSM [7]-[9] associated with the

In the reduced-RF mode, as previously discussed TRme PAPR=0 dB and ICl= 2.

Sec. IV-C, Fig. 13(a) confirms that the proposed CE-STSK-

RH is capable of improving the performance of STBC-SM V!- TURBO DETECTIONASSISTEDCHANNEL CODED

[6] at low R = 2.0, but this improvement seems to be SYSTEM

less impressive compared to our design in the single-RF and-inally, the proposed CE-ASTSK and CE-STSK schemes
reduced-RF modes. However, as expected, the proposed @i amalgamated with LDPC coding, as portrayed in Fig. 14.
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Fig. 11: BER performance of the single-RF schemes of SM [5],
SM-CIOD [23], CE-ASTSK and CE-ASTSK-DR using/ = 4 in

Rayleigh fading.
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Fig. 12: BER performance of the full-RF schemes of 1/2-rate and 3
rate STBCs [26]-[28], CE-STSK and CE-STSK-DR usihfj = 4
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TABLE |IV: Configuration of LDPC.
Description | Configurations|
Number of neighbors of a variable noded, = 3

Number of neighbors of a check node| d. =6
Coding rate 0.5 and 0.8
Number of decoding iterations 25

Decoding algorithm Sum-product

At the transmitter, the source bits are coded by the LDPC
encoder and then interleaved before MIMO mapping. The two-
stage turbo receiver is constituted by the MIMO demodulator
and the LDPC decoder. Both of them produce extrinsic LLRs
L., which are obtained by substracting theriori LLRs L,
from thea posteriori LLRs L, formulated asl. = L, — L.

The extrinsic LLRsL, are then de-interleaved and fed into the
next decoder stage as thgriori LLRs L,. In this section, we

thivoke the reduced-complexity demodulators of [59] for SM

and STSK, while the STBCs rely on the reduced-complexity
detector of [68]. Furthermore, the (3,6)-regular LDPC code
is configured according to Table IV, where the coding frame
length is set to 10 000 bits. The number of LDPC decoding
iterations is given by Ry ppc = 25 in Table IV. The number

of outer iterations between the MIMO demodulator and the
LDPC decoder in Fig. 14 is set tbR; ppc—_ 1m0 = 4. For
further details on the LDPC decoders, the interested reader
may refer to [69].

The EXIT charts [40]-[43] seen in Fig. 15 are invoked for
visualizing the convergence behaviour of Fig. 14. The iaihi
mutual information is evaluated from:

7y 1 - 2p(L|b)
I(b:L) = > /Ocp(L|b) 10g, Zb/:l,op(le’)dL’ (25)

b=1,0"7 "

where an equiprobable source having = 1) = p(b =0) =
1 is assumed, while the PDREL[b = 1) and p(L[b = 0)

are evaluated by the histograms bf[42], [43]. In Fig. 14,
the extrinsic information produced by the MIMO demodula-
tor becomes the priori information of the LDPC decoder
Imyp = ZIp,. Similarly, the extrinsic information produced by
the LDPC decoder becomes thepriori information of the
MIMO demodulatorZp,, = Zas,. When the full knowledge
of Zp, = 1.0 is recovered by the two-stage turbo decoder of
Fig. 14, a vanishingly low BER becomes achievable.

Fig. 13: BER performance of the reduced-RF schemes of STBC-SMMore explicitly, the area property of EXIT charts [41]-
[6], GSM [7]-[9], CE-STSK-RH and CE-GSTSK usiny = 4 TAs
and M4 = 2 activated RFs in Rayleigh fading.

[43] quantifies the relationship between the mutual infdroma
of (25) and the DCMC capacity of (24) ad);(SNR) =

f01 IhvgdIng, = %ﬁm. Similarly, the area property for
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Fig. 15: EXIT charts and decoding trajectories of LDPC coded singlesétfemes of SM and CE-ASTSK usid = 2 TAs and N = 2
RAs at R = 2.0 in Ricean fading.
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and CE-ASTSK using/ = 2 TAs andN = 2 RAs atR = 2.0in  Fig. 17: BER performance of LDPCR. = 0.8) coded full-RF
Ricean fading. schemes of Alamouti's G2, 3/4-rate STBC and CE-STSK using

M = {2,4} TAs and N = 4 RAs at R = 3.0 in Ricean fading
the channel coding resultstinl, = R., which is independent (& = 0 dB).

of SNR. As a result, in order to achieve decoding convergence )
for a vanishingly low BER as seen in Fig. 15, the followin?n LDPC coded systems. The performance gap observed is

two requirements have to be satisfied: (I) the area under Héther increased for higher LDPC coding rafig = 0.8 and

EXIT curve of the inner LDPC decoder is higher than thdPr higher Ricean facto = 6 dB.
of the outer MIMO demodulator asly;, > Ap; (1) the The BER results of the LDPC coded full-RF schemes are

only intersection point between the EXIT curves of the LDP&ompared in Fig. 17. First of all, Fig. 17(a) e\(jdences that t
decoder and the MIMO demodulator should redgh, = 1.0. CE-STSK arrangement outperforms Alamouti's G2. Secondly,

In summary, Fig. 15(a) demonstrates that the soﬁ-decisigﬁg' 17(b) further demonstrates that the CE-STSK arrangéme

: o ubstantially outperforms its 3/4-rate STBC counterpaihgi
CE-ASTSK lat high t Ii - d .
STSK demodulator produces higher extrinsic inform SK associated with the same PARR O dB. Even when

tion than its SM counterpart, where the CE-ASTSK scheme .
achieves a higher,; = 0.67 than the SM scheme ol — high-PAPR QAM is employed for the 3/4-rate STBC, the CE-

0.56 given the sameE,/N, — 0.5 dB. The performance STSK still performs substantially better in the LDPC coded

: tem, as evidenced by Fig. 17(b).
advantages of CE-ASTSK over SM are further increased e
; : : Lastly, the parameters of the CE-ASTSK/CE-STSK
higher E,/Ny = 0.6 dB f higher R f f '
igher E,/No = 0.6 dB and for a higher Ricean factor o chemes used in Secs. V and VI are summarized in Table V.

K = 6 dB, as seen in Figs. 15(b) and 15(c), respectively. e that th ; Il obtained f ‘off
Moreover, as expected, the decoding trajectories for theCD . e,noe. 1at these parameters are afl obtained from our “oft-
line’ optimization methodologies. Our designs are conerbi

CE-ASTSK arrangement rea = 1.0 seen in Figs. 15(a)- . ) .
© g @b g @ since the MIMO transceivers only have to store the integer

Our EXIT chart observations based on Fig. 15 are verifié)cf"mmeterS instead of the full signalling matrices.

by the BER results of Fig. 16, which demonstrates that
the CE-ASTSK schemes outperform their SM counterparts VII. CONCLUSIONS ANDFUTURE WORK

In conclusion, we have proposed a new family of single-

we note that the area property for channel coding was oiligissaluated RF CE-ASTSK schemes, which retain the three-fold benefits
asAp = [y Ip,dIp, = 1—-Rcin[41]. The EXIT curves of the LDPC are of pAPR = 0 dB for signal transmission, ICl-free signal

reversed in Fig. 15 in order to match the inner and outer desaieording to d . d imized di . . Th d CE

Tar, = Ip, andZp, = Iar,. As a result, we havelp, — 1 A, = R, detection and maximized diversity gains. The propose -

as seen in Fig. 15. ASTSK schemes are shown to substantially outperform their
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TABLE V: Parameters M, N,T,Q, L, Lpa,u, L., v) of the CE-
ASTSK/CE-STSK used in Secs. V and VI.

(a) CE-ASTSK/CE-ASTSK, TAST

(3]

(2,2,2,1,2,2,[1,1],4, [0, 1]): Fig.7(c).

(2,2,2,2,1,2,[1,1], 4, [0, 1]): Figs.7(a),7(b).

(2,2,2,2,4,7,[1,6],8, [0, 1]): Fig.7(c). [4]

(2,{2,4,8},2,4,2,8, [1, 3], 8, [0, 1]): Figs.7(a),7(b),7(c),9(a),9(b),10(a),15,16.

(2,8,2,16,2,32,[1,7],16, [0, 1]):Fig. 10(c)

(2, {4,8},2,4,8,32,[3,27], 64, [0, 1]): Figs.9(c),10(b),17(a). 5

(2.4,2,8.4.32,[1,25], 35, [0, 17]): Figs.7(c). 5]

(2,{2,4},2,4,8,11,[1, 10], 16, [0, 1]): Figs.7(a),7(b),7(c),9(c),10(b),10(c). 6
(b) CE-ASTSK/CE-ASTSK, PAST [6]

(4,{4,8},4,8,2,16,[1, 3, 5, 7], 1024, [0, 849, 831, 650, 239, 914, 308, 434, 7]

684,823, 85, 986, 636, 871, 422, 200]): Figs.11(a),12(a).

(c) CE-ASTSK/CE-ASTSK-DR, Type |

(4,{4,8},2,8,2,18, 1, 5], 12, [0, 1]): Fig.11(b).
(4,4,2,2,8,21,[4,17], 25, [0, 11]: Figs.12(b),17.
(4,8,2,8,2,18, [1, 5], 12, [0, 1]: Fig.12(b).

(d) CE-STSK-RH, Type |
4,2,2,2,2,4,[1, 3], 4, [0, 1]): Fig.13(a).
4,4,2,2,2,4,[1,3],4,[0, 1]): Fig.13(a).

(e) CE-GSTSK
(4,12,4}, 2,4, 2,8, (1, 3], 8, [0, 1]): Fig.13(b).
(4,2,2,2 8,21 [4 17], 25, [0 11]: Fig.13(c).
(4,2,2,4,8,11,[1,10], 16, [0, 1]): Fig.13(d).
(4,4,2,8,2
(4,4,2,8,4

(8]

El

L~

(20]

14,28, 2,18, [1.5], 12, [0, 1): Fig.13(0). 1]

14,2, 8, 4,32, [1,25], 35, [0, 17)): Fig.13(d).

conventional SM counterparts, especially in Ricean fading;
associated with increasing LoS power. Secondly, we propose
the full-RF CE-STSK schemes, which are obtrained upon mul-
tiplying the sparse signal matrix by a Hadamard matrix. As|gg)
benefit, in the full-RF mode, the proposed CE-STSK schemes
become capable of outperforming their STBC counterparts
using a large number of RAs without either increasing PA %
or imposing ICI. Thirdly, we have also conceived the reduced
RF versions of CE-STSK and CE-GSTSK, which are capabfel
of outperforming their STBC-SM and GSM counterparts.
Finally, the proposed schemes are examined in LDPC codesl
systems, which further confirm the impressive advantages of
CE-ASTSK and CE-STSK over SM and STBC in the single-
RF and full-RF modes, respectively. [17]
The proposed family of STSK schemes are unambiguously
specified by their integer parameters. As a result, the o
mization methodology devised in this work invokes brute-
force exhaustive search over the finite integer range fdvailo
maxima. We note that the optimization OFs are smphﬂe@i I
diversity gains rather than the holistic BER and capacity
expressions. The corresponding optimization based omaios[20]
form BER and capacity expressions constitutes a compelling
future study. [21]
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