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Abstract—The matrix-based differential encoding invoked by spatial modulation, diagonal algebraic space-time, threaded al-
Differential Space-Time Modulation (DSTM) typically results in  gebraic space-time, space-time shift keying, group code, single-
an infinite-cardinality of arbitrary signals, despite the fact that RF, finite-cardinality, single-stream ML detection, diversity gain,
the Transmit Antennas (TAs) can only radiate a limited number throughput-diversity tradeoff.
of patterns. As a remedy, the recently developed Differential
Spatial Modulation (DSM) is capable of avoiding this problem
by conceiving a beneficial sparse signal matrix design, which |
also facilitates low-complexity single-RF signal transmission.

Inspired by this development, the Differential Space-Time Block Differential Space-Time Modulation (DSTM) constitutes

Code using Index Shift Keying (DSTBC-ISK) further introduces ] . . . .
a beneficial diverstiy gain without compromising the DSM's & low-complexity design alternative to coherent Multiple

appealingly low transceiver complexity. However, the DSTBC- Input Multiple-Output (MIMO) schemes, where the excessive
ISK’s performance advantage tends to diminish as the through- pilot overhead and the high-complexity channel estimation
put increases, especially when an increased number of Receivecan be eliminated. Based on the classic Space-Time Block
Antennas (RAs) is used. By contrast, the classic Differential cqges (STBCs) [1]-[3], Differential STBCs (DSTBCs) were

Group Code (DGC) that actively maximizes its diversity gain for . . - . .
different Multiple-Input Multiple-Output (MIMO) system setups ~ conceived in [4]-[6]. Moreover, based on the family of Linea

is capable of achieving a superior performance, but its detection Pispersion Codes (LDCs) [7]-[11] that are capable of achiev
complexity grows exponentially with the throughtput. Against ing both the V-BLAST's high throughput and the STBC's full
this background, we propose the Differential Space-Time Shift diversity, Differential LDCs (DLDCs) were conceived in [[12
Keying using Diagonal Algebraic Space-Time (DSTSK-DAST) [13] where the Cayley transform was invoked in order to

scheme, which is the first DSTM that is capable of achieving . - . .
the DGC's superior diversity gain at high throughputs without employ unitary signal matrices. The recently developed Dif

compromising the DSM’s low transceiver complexity. As a further ferential _Space-Tlme Shift Keying (DSTSK) [14]—_[16] aVB_ld
advance, we also conceive a new Differential Space-Time Shiftthe non-linear Cayley transform, where only a single uwitar
Keying using Threaded Algebraic Space-Time (DSTSK-TAST) dispersion matrix is activated. As a benefit of the unitary
ﬁ:} rsrr(‘)%‘érge(;‘ibe;’;whg;fn C:;p:b!seub‘gﬁi‘;‘g@"ngl"j‘:edevggngf”g:f and linear design, both DSTBC and DSTSK are capable of
. . decoupling the received signals, where the single-stredm M
itﬁcg?gef ?om pslfrﬁg gogﬂggtﬁii tfratgfof?,eﬁeDfe%ZiOE”ghggﬂgﬁ‘ detection complexity does not grow with the constellatize s
multi-element and multi-level-ring Amplitude Phase Shift Keying [6], [17], [18].
(APSK) design, and we also arrange for multiple reduced-size  |n contrast to both the DPSK [19], [20] and star QAM
DSTM sub-blocks to be transmitted in a permuted manner, which  ¢-nemes [21]-[25] routinely used in Single-Input Single-
exhibits an improved diversity-throughput tradeoff. Output (SISO) channels, the matrix multiplication invoksd
Index Terms—Differential space-time modulation, differential the DSTM'’s differential encoding results in arbitrary irife
cardinality of transmit signals for all the aforementioned
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set, which became a special case of the DG, of [39] as-
sociated withr = 1. Moreover, the recently proposed DSTBC
using Index Shift Keying (DSTBC-ISK) [40] transformed the
DSTBC signals [4]-[6] to finite-cardinality sets by activeg
only a single modulated symbol in the STBC’s signal strugtur

Although FE-DSM and DSTBC-ISK significantly outperform 3)

DSM at low throughputs, their diversity gains tend to dirai

as the throughput increases, especially when a higher nrumbe

of RAs is used.

As a remedy, the classic Differential Group Code (DGC)
[39], [41]-[43] that forms a finite group may be invoked,
where the diversity gain is consciously maximized by ro-
tating the PSK signal elements for different Multiple-lnpu
Multiple-Output (MIMO) system setups. However, owing to
the associated non-linear phase rotations imposed on the da
carrying PSK signal, the DGC's ML detection complexity
grows exponentially with the throughtput. In summary, the
family of DSTM schemes is characterized in terms of its
transceiver complexity versus its performance in Table & W
note that for a generic DSTM, the notatiod$, N, T" and
Q@ represent the numbers of TAs, RAs, transmission time
slots and dispersion matrices, respectively. The cairtlnal
of the DSTM’s data-carrying matrix set is denoted By
hence the throughput i8 = %27, Againt this background,
our objective is to mitigate the problem of the diminishing
diversity gain of FE-DSM and DSTBC-I1SK, by invoking the

TAST signal structure. As a result, the DSTSK-TAST
design may follow the same procedures as the DSTSK-
DAST design, but the DSTSK-TAST scheme is capable
of conveyinglog, 1" extra bits for activating a single one
out of T" threaded layers for signal transmission.

In order to improve the throughput, we extend the
Single-Element (SE) Amplitude Phase Shift Keying
(APSK) design of [40] to a generic Multi-Element (ME)
design. Compared to the existing two/four-level-ring ME
APSK solutions of [33], [34], we conceive a single-
stream ML detector for the generic family of high-level
star QAM signals, where the detection complexity does
not grow with the constellation size.

) Furthermore, in order to strike a practical tradeoff, we

arrange for multiple reduced-size DSTM sub-blocks to
be transmitted in a permuted manner, which improves
Diversity-Rate (DR) tradeoff. This results in an im-
proved throughput at the cost of a reduced diversity
gain. Compared to the conventional DR design of [37],
[38] using the FE signal matrix, we opt for invoking
the layer-swiching matrix of the proposed DSTSK-TAST
scheme, so that the resultant bespoke DR design may
be applied to the whole family of the diversity-oriented
DSTM schemes.

The rest of this paper is organized as follows. The design
objectives and preliminaries are presented Sec. Il. The new

DGC's diversity gain maximization, without compromising the
DSM’s low transceiver complexity. More explicitly, the novel
contributions of this paper are:

DSTSK-DAST and DSTSK-TAST are proposed in Sec. lll
and Sec. IV, respectively. The ME APSK design and the DR
tradeoff design are detailed in Sec. V. The simulation tesul
are presented in Sec. VI, and our conclusions are offered in

1) We propose a new DSTSK using Diagonal Algebraigec. vi|

Space-Time (DSTSK-DAST) coding. First of all, we The following notations are used throughout the pa¢r)
portray the DAST of [7] as a LDC scheme usiig and S(.) represent the real and imaginary parts of complex
dispersion matrices. Then the proposed DSTSK-DASjumbers, respectively:)*, (-) and(-)¥ denote the conjugate

transforms the LDC’s 'matrix-multiplexing’ form into
the STSK’s 'matrix-activation’ form, wherég, Q bits
are assigned to activate a single one outoftisper-
sion matrices. In order to retain finite-cardinality

of a complex number, the transpose of a matrix and the
Hermitian transpose of a complex matrix, respectively.
represents the Kronecker product(-Xr rank(-) and det(-)
take trace, rank and determinant of a matrix, respectively.

signal set, we opt for confining the elements in the
DSTSK-DAST'’s dispersion matrices to an equi-spaced
Lpu-PSK constellation. As a result, on one hand, the
DSTSK’s single-stream ML detectionis invoked with- In this section, our design objectives are highlighted in
out imposing any performance loss. On the other harféie context of the transmitted signal model of Sec. II-A, the
the DGC'’s phase rotation method is applied tofhg,,- feceived signal model of Sec. II-B as well as the DGC’s
PSK elements in the dispersion matrices, so that thiv/ersity gain maximization of Sec. II-C. The high-throypgty
DSTSK-DAST's diversity gain is actively maximized DSM is also briefly reviewed in Sec. II-D.

for different MIMO setups.

Il. DESIGNOBJECTIVES ANDPRELIMINARIES

2) Furthermore, we propose a new DSTSK using Threadpad Transmitted Signal Model

Algebraic Space-Time (DSTSK-TAST) scheme, which , i . I .
transforms the classic TAST of [10] also into a finite; The DSTM's(T'x M)-element signal matris, is obtained

cardinality single-RF and diversity-gain-maximizingby differential encoding:

DSTSK scheme. More explicitly, in order to efficiently
exploit all the available degrees of freedom, the DSTSK- )
TAST divides the 1" x T)-element space-time signal'Vhere we have the constraint O(S'fsfﬂ =Tand M <T),
matrix into 7' non-overlapping threaded layers, wherd/hile the (' x T')-element data-signal matriX;,,, carries
each threaded layer isB-element vector. Specifically, SOUrce information. The recursion of (1) commences from
the DSTSK-DAST'sT-element diagonal signal vectorS1 = /47Ia,0]” [43], where the all-zero matriX0 has
constitutes one of the threaded layers in the DSTSKA x (T — M)] elements.

Sn = X7I,—1S'IL—17 (1)
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TABLE |: Summary of the DSTM schemes.

Transmitter complexity Receiver complexity Performance
- : ) Detection . . . .
Finite- Single-RF Single-stream : Transmit di- | Diversity  gain
cardinality? | transmission? ML detection? gn:(;r;r;lexny versity? maximization?
DSTBC [4]-[6] X X IV 0(Q) v/ X
DLDC [12], [13] X X X O(I = 2FT) v/ v/
DSTSK [14]-[16] X X v 0(Q) vV Vv
DGC [39], [41]-[43] v/ v/ X O(I = 2FT) v/ N
DSM [31]-[34] Vv N v/ O(2Hes2T'T) « x
FE-DSM [37], [38] v/ V/ Vi O(T) / X
DSTBC-ISK [40] V] Y/ v o(T) v x
[ DSTSK-DAST Il v ] v Il v l o(Q) I v v |
[ DSTSK-TAST I v v I v [ o@D v v |

for the OFDM time-domain signal’s Peak-to-Average Power
Ratio (PAPR) reduction based on the frequency-domain in-
put PSK/QAM constellations. Therefore, the finite-cartitya
feature that retains the standardized PSK/QAM signal con-
stellation is of practical importance to the applicatioshbin
single-carrier systems and in multi-carrier OFDM systems.

(a) Constellation forX (b) Constellation forS
Fig. 1: Constellations of DSTBC [6] signals W andS of (1), where
M = 2 TAs and 8PSK signals are used.

B. Received Sgnal Model
The data-signal matriX,,_; of (1) may invoke any unitary [N order to present a fair comparison against the existing
MIMO signal structures including STBC, STSK and Caylefinite-cardinality DSTM schemes of DSM [31]{34], FE-DSM
transformed LDC, which form the DSTM schemes of DSTB37], [38], DSTBC-ISK [40] and DGC [39], [41]-{43], the
[4]-[6], DSTSK [14]-[16] and DLDC [12], [13], respectively Same narrowband single-carrier model is invoked, where the
However, when coherent MIMO signals are directly used fig¢ceived signals are given by:
DSTM, the matrix mu!tiplication _of (1) typif:ally results in Y, =S, H,+V,. )
arbitrary transmitted signals having a cardinality tegdio
infinity. This problem is exemplied for the case of DSTBCY,, H,, andV,, are the(T x N)-element received signal
[6] in Fig. 1. Although the differential design aims for a lowmatrix, the(M x N)-element Rayleigh fading channel matrix
transceiver complexity, compared to the coherent STBC, the well as thgT" x N)-element AWGN matrix, respectively.
DSTBC's infinite-cardinality problem actually imposesmsifg In quasi-static fading channels, we hadg, = H,,_;, hence
icantly extra constraints on the speed, precision and pow@) becomesy, = X,,_1(Y,-1 — Vp—1) + V,,. This leads
consumption of both the digital circuitry and on the Digitat to the following differential detection:
Analog Converter (DAC). Moreover, when the DSTBC signals - . ; 2
of Fig. 1(b) are quantized to a finite-cardinality set, thecas Xp-1 =arg min Yo =XYoo ®)
ciated quantization error results in a severe performaose | . . . - - y
as demonstrated in [40]. As a remedy, the finite-cardineﬂi\ég](:h[srg]S l;cl)trs tl;lethczl;c()allzv%?g:?wwse Error Probabili&P)
design of DSM [31]-[34], FE-DSM [37], [38], DSTBC-ISK ’ v
[40] and DGC [39], [41]-[43] confines the signal matx, i p rank(A)
of (1) to have only a single non-zero element in each row at%x —X )<{1+ [4NL)(11V0+2)] det(A)+4No(11V0+2)tr(A)} ’
column, where the non-zero signal is drawn from the equi- (4)
spaced PSK and star QAM constellations. As a further benefitere the determinantet(A) = [];_, A, and the trace term
of using the sparse matrix, only a single RF chain is activatér(A) = Zle A dominates the PEP in the high- and low-
for signal transmission. SNR regions, respectively, while\;}7_, are eigenvalues of
We note that a single-carrier system is assumed in ths = (X' — X¥)# (X’ — X"). Accordingly, the trend of
paper, owing to the fact that the single-RF feature cann@) may be characterized by tlugversity product and by the
be retained by Orthogonal Frequency-Division Multiplexin diversity sum as [50]:
(OFDM) [44]. Nonetheless, considering that the products of A, = 1 min det(A)%.

o Eh ; : (5a)
the communication industry are typically standardized; ou 2 Vit
main objec'uvg of preserving the fmne—cardmgllty feataso A, = 1 min tr( A)%. (5b)
offers a practical interface to OFDM applications, where th 2\/T Vii

DSTM signals inS,, may be fed into the Inverse Discrete The tradeoff betweem\, and A, explicitly characterizes
Fourier Transform (IDFT) block as the frequency-domain irthe ubiquitous diversity-throughput tradeoff in MIMO dgsj

put signals. More explicitly, the frequency-domain signah- which is exemplied in Fig. 2. Detailed introductions to DGC
tered into the IDFT block at the OFDM transmitter are geneand DSM will be offered in Sec. II-C and Sec. II-D, re-
ally drawn from the standardized finite-cardinality PSKAQA spectively. It is demonstrated by Fig. 2 that on one hand,
constellations. In particular, a variety of practical teicjues the DGC-cyclic associated with the maximizag = 0.3827

- including active constellation extension, selected nivapp achieves substantial diversity gains fof = {1,2}, but it
tone injection and tone reservation [45]-[48] - explicilim does not perform well for largv = {8,16}. On the other
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-6~ DGC-cyclic(M=T=2,L=16,u=[1 7])A,=0.3827 A=0.3827 TABLE IlI: Example of DSM associated witd/ =T = 2
—— DSM(M=T=2,L,=2,1,74), A;=0.0,A~0.5 Permutation Index| Activation Sequence| Data-Carrying Matrix
—e— DQPSK _ {m=1,11.02) _ | =% 0
: m=1 a; = [1,2] X feted =
_ = [0 z'
m=2 ay = [2,1] xtm=2.l1,l2} — o2 0

min o[[[,_, |sin(*4!)[] 7 by searching for the best com-
bination of {1 < u; < L — 1}X_,. This exhaustive search
is simplied in [42] as: (a){u;}/_, are relatively prime to
L. Otherwise, we havdu,l mod L = 0] that results in
A, = 0; (b) The ordering of{u;}}_, does not changé,,
hence we seti; < us < --- < ur; (€) up and (Lpas — ug)

BER

Ey/No (dB) leads to the samd,, which results in a reduced range of
Fig. 2: BER performance comparison between DGC and DSMI < u, < L/2—1}]_,; (d) u; = 1 is set, because of rule (c)
associated with/ = 7' =2 and R = 2.0. and also because multiplyinfu;}~ , by a common integer
TABLE II: Example of DGC-cyclic (1 = T — 2,  — 8) at R — J0€S not changa,. _ _

1.5. Example 1: For a DGC-cyclic scheme associated with=
co_ é ? T ox[® O x— w32 0T xo= wg o7 T =2 and L = &, the legitimate parameters according to the
boaig 1?5 el =£6 e =£7 pd above search rules are given ly= [1,1] andu = [1, 3],

xi=| 8 wg]v X=0 Wl X= w2 XE[ 0w which lead toA, = 0.3827 and A, = 0.5946, respectively.

Therefore, the latter is chosen, and the resultant signalcaa

hand, the DSM associated with, = 0 performs even worse are given by{X' = diag([w}, wd'])}7_,, which are detailed
than its SISO DPSK counterpart fa¥ = 1 in Fig. 2, but in Table II.

the DSM outperforms both DGC-cyclic and DPSK for large Example 2: For DGC-cyclic associated with/ = T = 4

N = {8,16}. This is because the DSM's throughput ohnd L = 32, there are a total of 120 candidates foranging
R = leeTTo8: L s higher than the DPSK'® = logy L from u — [1,1,1,1] to u = [1,15,15,15] according to the
and the DGC-cyclic'sR = %. As aresult, upon comparing above search rules. The maximiz&g = 0.3827 is given by
the performance at the same throughput, the DSM may apt= [1,7,9,15], which leads to the DGC signal matrices of
for a lower-level LPSK associated with a higher Euclidea{X' = diag([w},, w3}, wis, wid'])}7L,.
distance, which leads to a high&g of (5b) and hence a better  Owing to the non-linear phase rotations on the data-cagryin
performance for largev. LPSK signal, the DGC detection invoking (3) has a complexity

Essentially, all operational and future wireless commanicorder ofO(I), which grows exponentially with the throughput.
tion systems are adaptive. For instance, the low-complexit
transceiver of SM and DSM schemes is favourable for the
evolving Internet-of-Things (I0T) in next generation netiks. D. Differential Spatial Modulation (DSM)
For the. billions of gonnectgd smart dewceg, it is es_pgmall The DSM [31]-[34] modulates a total ofM=T=Q)
beneficial to adaptively switch between high-diversity an T ! Com T AT
. . o IL,},—1-PSK symbols{z't = exp(j<~i;)};—, from a total of
high-throughput schemes according to the specific service, ) Ly ' _
demands and link qualities. Therefore, in this work, we aiRyt=1 1082 L+ bits. Moreover, a total oflog, M!| = log, M
for devising new DSTM scheme that is capable of evdyts are assigned for dete'rmlnlng the actlvatloTn sequapce
outperforming the classic DGC, which mitigates the problef@m.1:&m.2;" - ;&m,7], which obeysl < {as 1}, < M and
of the diminishing diversity gain of the recently develope@n.1 7 &2 7 -+ # @n,r. The permutation index: ranges

FE-DSM and DSTBC-ISK, without compromising the DSM'st < ™ =< M. This presentation indicates that thg, ath
appealingly low transceiver complexity. element on the-th row of the(T" x T)-element data-carrying

matrix X,,_; in (1) is activated to transmit'::

(_:. Differential Group Code (DGC) Diversity Gain Maximiza- . 2, if r=tandc=an,

tion X! (r,c) = { 0, all the other elements ©)
For cyclic DGCs [39], [41]-[43], the signal-matriXX _

of (1) is constructed byX' = G., where G, = WwhereX‘(r, {:) denotes the element on theth row andc-th

diag([w}*, w}?,--- ,wy?]) and we havew, = exp(j2F). columninX’. The example of DSM associated with/(= 2)

The integer phase-rotation parameters= [u1,us,--- ,ur] IS characterized by Table IIl.

are chosen for the sake of maximizing the diversity product Therefore, a pair of DSM codewords associated with=
of A, = minjo[[]_, \sin(%fl)ﬂ%. Moreover, the dicyclic m/, 1 = I} and {l; # [;}]_, leads toA, = 0 in (5a).
DGCs [39], [41]-[43] convey an extra bit determining whetheNonetheless, in the family of the existing finite-carditali
the signal matrix is diagonal or anti-diagonal. It is shownsingle-RF DSTM schemes, DSM offers the highest throughput
in [39], [43] that DGC-cyclic generally outperform DGC-of R = w, which is beneficial for using large
dicyclic. N, as discussed in Sec. II-B. Moreover, we note that DSM may
Given a MIMO system setup, the DGC-cyclic strivesnvoke the single-stream ML detector designed in Sec. IV of
for actively maximizing its diversity product ofv, = [40], which has a reduced complexity order @fM).
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TABLE 1V: Examples of DGC-cyclic and DSTSK-DAST associated

with M =T = 4.
DIAGONAL ALGEBRAIC SPACE-TIME (DSTSK-DAST) BGC-cydlic

IIl. DIFFERENTIAL SPACE-TIME SHIFT KEYING USING

DSTSK-DAST
In this section, we propose the new DSTSK-DAST scheme, wyt o 0 07! YL Rk
which simultaneously achieves our design objectives of (k)l_Gi_[ o w52w23 0| xi=atag=wl, 8 “JL(J)JMWUS g
forming a finite-cardinality set of transmitted signals,) (2 0 0 51,,;4 0 0 L(?MW%M

retaining a single-stream ML detection complexity and (3)

maximizing the diversity gain. o ) ] -
limited to the PSK constellation owing to the additions

_ _ of "Zf:l”. Consequently, when the signal matrix of (10)
A. The Relationsnhip Between DAST and LDC is invoked in the differential encoding of (1), the infinite-

Before the development of space-time diversity for MIMQardinality problem discussed in Sec. II-A arises. Morepve
systems, the temporal diversity was imposed onto a sequengenote that the DAST’s signal matrix of (10) is not unitrary,

of @ modulated symbolg = [z1,--- ,2¢]” in SISO systems which prevents the employment of a single-stream ML detec-
by a series of@ dispersion eIements{{at,q}}T:l}qQ:1 as tor.

T, = ZqQ:latﬁqxq. As a result, the receiver is capable of
recovering the dispersed sequenceZofcorrelated symbols g Finite-Cardinality Design

X = [Z1, - ,Zr)T unless the whole sequence experiences a _ - -
deep fade. This SISO diversity design was termed as Iattic:e—In order to conceive a finite-cardinality DSTSK-DAST

based multidimensional constellation [51]-[53], where liest scheme, we revise t.he L'?C’? matrix muiltiplexing form of (10)
rotations{{at,q}tT:l}(?z1 are obtained according to algebraicl;0 the STSK's matrix activation form [14] as:

number theory. More explicitly, according to the constiorct X = z'A,. (11)
based on PSK signalling in [51], the dispersed sequence may
be represented by: More explicitly, a total oflog, L bits are assigned to modulate
X = Gax, (7) @ L-PSK symbol {z! = .wlL}lL;Ol, and a total oflog, Q
_ bits are assigned to activate a single out @fdispersion
where G4 = VDMrxq(g1,--- . gr) is a (T x Q)-element matrix A,. The dispersion matrices are given HA, =
Vandermonde matrix: diag([w(q_l)“l (g=Duz w(q—U“T]) @ \where the dis-
_ \\“Lpm > "Lpm ' Lpm q=1’ )
a1 a2 G13 ... G1,Q persion elements are taken from & ,-PSK constellation.
@21 G22 Q23 ... G20 The sequence of integexs = [uy,uz, - ,ur| are invoked
Ga = : : : . for the sake of diversity gain maximization in the same way
_ _ _ . as the DGC, which will be further detailed in Sec. IlI-D.
L 971 aT’z aT.3 0-1 ar.Q (8) The revised signal matrix of (11) is equivalent to the DAST
1 g 9% gbq of (9), where theg(T x Q)-element Vandermonde matri® 4
_ I g2 95 - 9o is now given by:
.1 . . 2 Q-1 GA :VDMTXQ(wleM"” ’szM) 1
L gr 9 --- 9t 1w w2 o 'LU(Q Ju1
Lpm Lpwm Lpwm
Therefore, the diversity is imposed by the spreading ojmerat 1owle el e (12)

of 7, = Z§:1at,qxq = 22221 ggilxq' where {g,}{_, are Tl : o ’
taken from a4T-PSK constellation according to [51]. o " o (@-1)u
. . . . . u U - T
In order to achieve the space-time diversity in MIMO Lowpp,, Wiy -0 Wrp,

systems, the DAST scheme in [7] proposed to transmit the 4 theQ-element signal vectax is now given by:
dispersed sequence &f on diagonal of the MIMO’s space-

. . . Hp- H —_— DEEEY /] ‘l DY
time signal matrix. More explicitly, DAST using PSK may be x=10 0,2",0 0]. (13)
constructed by: a—1 Q—q

X = diag(G 4x) Therefore, in the absence of signal additions, the DSTSK-

_ di Q g-1 Q g1, . Q _a-1 DAST signal matrix of (11) complies with the finite-cardigl
dlag([zqzlgl Tardug=1 92 La g O xq} \ design of Sec. Il-A. We note that (11) requirés s > LQ
for creating distinct codewordgX'}!_,. We opt for choosing
Lpy = LQ for the sake of simplicity. Moreover, for the
proposed DSTSK-DASTQ and T do not have to be equal,

X =22 1,A,, (10) hence the throughput is now given iy = 8211108 @

As a result, the DAST signal matrix of (9) may be furthe
expressed in the LDC form [9] as:

where we have the equivalent LDC dispersion matrices of

{A, = diag[¢? ", - 79%*1])}2221, while Q = T is assumed C. Single-Sream ML Detection

for the DAST scheme in [7]. The relationship between DGC-cyclic and DSTSK-DAST
Although both{g,}7_, and {z,}c_, are PSK signals, the is further exemplied in Table IV, which demonstrates that

dispersed symboldz; = fozlgf’lxq}le do not remain instead of directly rotating the data-carryinfgPSK signal,
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the DSTSK-DAST applies the phase-rotation parameters

LE V: Example of DSTSK-DASTY =T = 2) usingQ = 2,
4, Lpy =8 andu = [1,5] at R = 1.5.

EﬁB

u= .[ul’ Uz, - - UT} to theLpp PSK S|gnals in the dlsperS|on Input bits | PSK symbol [ Dispersion matrix Data-carrying matrix
matrix. As a result, the detection of (3) may be decoupled fpr,,, 201 A =L 0] X—a®A,=| L 0]
the DSTSK-DAST as: 01l 01l
) " l 001 20 =1 A, = “68 S } X=20A,= lgs S
X,,—1 =arg max R|tr (X' _,Z)| =arg maxR |[(z")"Z,] . & 8
n g VX [ ( n—1 )] g Vol [( ) fl] 010 ol = A= (1) ? X—alA, = U(/)g u?z
(14) L . L W8
- —H 1_ —|ws O —olA,=| Ws O
We have Z = Y, YZ, and z, = tr (Aq Z) = | v=d A2=1 o wg} A
o 2 _ . 1 0 2. _|wE 0
Sr wp D%, where 2z, denotes the element on the 1® = [ M= 1} i IO
t-th row and¢-th column inZ. As a result, the single-stream 101 - Ay = “68 0 Xea? Ay 1%5 0
— . w <
L-PSK demodulatoiM 4. (-) may be invoked a total of) > =
- L PSK 110 =1 | A =0 X=23A,=| s O
times for all indicesg as: 0 1 Tlo wh
- 21~ 111 5= 1 A= |ws O } XezBA,—| Ws O
lg = Mpgi(Zy), (15) - PTlo w T 0w

where the phase of, may be directly roundédas Zq =
|
be detected by invoking (14) for a reduced numbe@dimes
as:

. [

g = arg n%ax R [(x ) zq} . (16)
Finally, the optimumL-PSK index isi = lq, which is the one
obtained in (15) associated with of (16). In summary, the

iLqu. Following this, the optimum activation index may

(@) {u¢}, are relatively prime ta.py;. Otherwise, there
exists [u:(¢ — 1) mod Lpy; = 0] for some intege,
which results inA, = 0 in (17).

(b) The ordering of{u,}7_, does not changd,, hence we
setu; <up <+ < up.

We note that unlike DGC of Sec. II-@y and(Lpy —uy) are

no longer equivalent in (17). In summary, the resultantcear

space is bounded by a total @f82)7 /2 + (£B1)T/2/2]

DSTSK-DAST's single-stream-based ML detection complexombinations for{u;}7_ ;.

ity order is given byO(Q), which does not grow with the
L-PSK constellation size.

D. Diversity Gain Maximization

troduce the following proposition for the simplified evatioa
of the DSTSK-DAST’s diversity product:
Proposition 1. The DSTSK-DAST’s diversity product of

(5a) is given by
5 I
n

7

o (qu¢ —ug +1Lpps/L)

Lpm

Ay =

min si
V(1#0]|g#1) t:l_[1

The brute-force exhaustive search constitutes a bettéceho
than random search [8], [9], [14] or the classic gradiertkeas
based search [12], [54], [55], because the cost functiod of (
is not concave. Nonetheless, when the search space becomes
excessive ag) and L increase, we may still resort to random

n'search since the optimization of (17) is no longer seresitiv

its values at a high throughput. As a further benefit, instead
of storing the dispersion matrices at the conventional DSTS
transmitters [14]-[16], the DSTSK-DAST transmitter onkysh
to store thel-element integer phase-rotation parameters
[Ul, e ,’LLT].

Example 3: Let us consider the DSTSK-DAST using =
T = 2 at the throughput of? = %2229 — 15 where we
have Lpy; = LQ = 8. Considering that the DSTSK-DAST

Proof. Owing to the fact that DSTSK-DAST’s signal matricesletection complexity order in Sec. IlI-C is given §(Q),

of (11) form a finite group under multiplication [39], [41]

—we commence from the parameter combinatiorf)o£ 1 and

[43], the determinant term in (5a) may be further expresséd= 8. The exhaustive search givas= [1, 1] associated with

as:
det(A) = det [(IT — 2! A)H (Ir " :clAq)]
Dy
- Ht 1 ‘1 - wLquDM (18)
2
=TI%, ‘1 —exp { 2w[<q—1>g;tllLDM/L] } ’

which results in (17) according to the relationship |of—

exp(j0)[> = 4sin* §. O

the diversity product ofA, = 0.3827, which is still smaller
than theA, = 0.5946 value of its DGC counterpart in Exam-
ple 1. Therefore, we further increagg and use the updated
combination of@) = 2 and L = 4. The exhaustive search gives
u = [1, 5] achievingA, = 0.5946. The corresponding signal
matrices are summarized in Table V. The resultant DSTSK-
DAST detection complexity order i©(Q = 2), which is
substantially lower than the full-search based DGC dedacti
complexity order of O(I = 8) in Example 1, despite the

As a result, with given a MIMO system setup, the DSTSKfact that both DSTSK-DAST and DGC achieve the same

DAST may also actively maximizé,,, of (17) by searching
over all the possible comb|nat|onsbI <wuy < Lpy—1}E ;.
The search space may be further reduced according to:

1we note that the detected indéxecovers theLPSK index! that can be
translated back to source bits as decZhin= (by - - - biog, 1,). Moreover,
I is the Gray coded version of the natural indeas defined in thelPSK
modulation ofz! = exp(2Z1).

maximized diversity product o, = 0.5946.
Example 4. For a DSTSK- DAST usingM = 4

at R = 1.25, following the same procedures as Exam-

ple 3, we arrive at the parameters &f = 4, L = 8§,

Lpy = 32 and u [7,15,23,31], which achieves the

sameA, = 0.3827 as the DGC in Example 2. The resul-

tant DSTSK-DAST signal matrices are given HyX®
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9 e T case1 {DSTSK TAST:
jgageg TAST: Por=1 T=2 T=3 T=4
0! iy 1[4]3]2] i1 2 3 4
2 (ala] i[]1 2 3 ik
ol 312014 1 2 3 al;
4131201 I 2 3 1 =

Fig. 4: Examples of TAST signal matrix [10] and DSTSK TAST

10° X
DSTSKDAST signal matrix forM = T = 4.

(M=T=2, N=1, Q=4, L=16)
10* ICase Liu = [1, 1], A, = 0.0491, A, = 0.0800 R

Case 2 = [25,39], A, = 01815, 4, = ”‘]G, A. The Relationship Between TAST and LDC
. Case3u H) () \ =0. t‘{t) \ 026 ‘
SECIECa 1&4N1?d3)2° RN Instead of only using the diagonal matrix, the TAST in
Fig. 3: Performance of DSTSK-DASE{ =T = 2, N — 1, Q — 4, [10] d|V|d_es a(T x T')-element space-time matrix infb non-
L = 16) associated with different. overlapping threaded layers, where each threaded layws-tra

mits a dispersed sequenge = {Gx,}7_,. An example

whA T O}q ., where the dispersion matrices are giveﬂf the TAST matrix ?SSfOCiart]ed witfl" = 4)"is porr]trayed in
- - Fig. 4. M ici PSK si i TAST i
by {A, — drag([wggq n, 15(q o) 23(q n. 31(q 1) ])} ig. ore explicitly, for the PSK signalling, the TAST is

Similarly, the resultant DSTSK DAST detectron complexr gonstructed by [10]:
order of.O(Q 4) is substentrally lower than the DGC X — Zzzl o7~ 'diag(G 4x, )G, (21)
complexity order ofO(I = 32) in Example 2.

where the phase rotationfp7 ' = w] '}I_, are taken

from a L,.-PSK constellation, which are mvoked for the sake
E. Further Considerations Concerning Average BER of retaining the full diversity order. The dispersion-ekm
generator matrixG 4 is given by (8). Moreover, the layer-

It was demonstrated in [54] that the diversity produgt swithing generator matriG, is given by:

of (5a) that characterizes the worst PRRX? — Xi') of (4)

does not always reflect the trend of the averaged BER: 0 0 1
P < E{SLSIZ #Epxi — X)), (9) Ge=|. . . .| (22)
0O --- 1 0

wheredy (i,1) refers to the Hamming distance between the
bit-mappings ofX' and X Against this background, the  similar to the DAST of (10), the TAST of (21) may also
average diversity product was conceived based on (19) in [40he expressed in the form of LDC:

as:

B L daa (i L (20) X = Zr 1 Z _1 TrgArg (23)
=4 (e i T ) T
D log2 I+1 ZVz ZVz #i I'log, I det(A) where the diSperSion matrices are{{AT’q =

The performance results of DSTSK-DASW(=T" = 2, Q = ¢;~ diag[g] Lo DG LY, while  the
4, L = 16) associated with different, and A, are exemplied TAST in [10] assumes) =T

in Fig. 3, which demonstrates that when baetk= [25, 39] and
u = [15, 63] achieve the maximum of, = 0.1815, the latter
choice associated with a high#y, = 0.2026 exhibits a better
performanceTherefore, we propose to use A, of (20) as the For the sake of forming a finite-cardinality signals set, we
secondary objective function for all diversity-gain-maximizing now propose the DSTSK-TAST, which revises the LDC's
DSTM schemes. Explicitly, when several candidatesachieve multiplexing form of (23) to the STSK’s activation form [14]
the same maximum,,, the one associated with the highest r

A, is chosen. X =1 Arg, (24)

B. Finite-Cardinality Design

where log, L, log, T and log, @ number of bits are
IV. DIFFERENTIAL SPACE-TIME SHIFT KEYING Using ~ Separately assigned to thé-PSK index I, the layer

THREADED ALGEBRAIC SPACE-TIME (DSTSK-TAST) activatiqn indexr and the dispersion activation indey
respectively. Based on the DSTSK-DAST design of (11), the

In order to achieve a further improved performance, wéispersion matrices in (24) are now given l{){ATq =
propose a new DSTSK-TAST. More explicitly, we firstlygy ~'diag([w(® D ... jw{T V*T)Gr-13T_ 12 .

Lpwm
represent the TAST [10] in the LDC form in Sec. IV-A,Therefore, the throughput of DSTSK-TAST is
and then transform it into the STSK form in Sec. IV-B. The? — & Litlog, Otlog, T \where log, T’ extra bits are

resultant finite-cardinality DSTSK-TAST invokes the siegl conveyed compared to DSTSK-DAST.

stream DSTSK detectors in Sec. IV-C, and its diversity gain Moreover, (24) requires thak, > max{LT,LQ, Lps}

is maximized in Sec. IV-D. Finally, the diversity producttbe for creating distinct codewords. Once again, for the sake of
proposed DSTSK-TAST is compared to the existing diversitgimplicity, we generally choosd.py, = L@ and L, =
oriented finite-cardinality DSTM schemes in Sec. IV-E. max{LT, Lp}.
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C. Sngle-Sream ML Detection

Similar to DSTSK-DAST,
may be decoupled for DSTSK-TAST aXX,_;
arg  maxyrq R [(2))*Z;], where we havez.,
tr (quz), which may be further simplied as;,
(or L, ;;"Ml)“tzttassomated with = {[T+(t—1)—
(7—1)] mod T'}H+1 and7 = {[T—(7—1)] mod T }+1. As a result,
the L-PSK demodulator is invoked'Q times as{{i,,
Megi(Zr.a) =1} s
may be detected ag,§) = arg maxy,, R {(:clw)*zﬂq}.
Finally, the optimum L-PSK index is directly given by

[ =13 4. In summary, the DSTSK-TAST'’s single-stream ML

detection complexity order is given W9 (7Q).

D. Diversity Gain Maximization

Since DSTSK-TAST forms a finite group, its diversity

product of (5a) may be expressed as:

L. 1 H I o
A, = 3 Jain det [(Ir — 2'A; )" (Ir — 2'A; )] 7" . (25)

It becomes more difficult to further simplify (25) because
of the associated layer-swithing. Nonetheless, we offer th

following two propositions for the cases @f= 2 andT = 4:
Proposition 2: For T' = 2, the DSTSK-TAST's diversity
product of (25) is given by:

Ap=min,_g 2y A}, where

T=1
AP

. T
=miny(i0)|q1) [ [121

1
m(qui—us+ILpn /L) || T
Lpwm ’

sin [

(¢)(ZF u)w

Lpm

1

T Tr(r—1)]|T
|
(26)

=2 V2|
A =minyvgver0)—5- sm[

Proof. For the case of = 1, DSTSK-TAST's signal matrix of
(24) is the same as DSTSK-DAST of (11), hem‘xﬁfl of (26)
is given by (17) in Proposition 1. Far = 2, the determinant
term in (25) is further extended as:

det(A) — |grwp Dt 4 gl D 12
— (g=1)(uitug)m | 27l 27r('r 1)
= 4sin? [#4, Zni }7
@7)

which results inA;:2 of (26) associated with" = 2.

Proposition 3. For T' = 4, the DSTSK-TAST’s diversity
product of (25) is given by\, = min,_;; 23, Aj, where
A;zl and A;=2 are given by (26) associated with = 4.
Moreover, the third term\;:3 is given by:

1/4

T7=3 1
A7 =7

‘sm [(q—l)L(ul-i-u?,)ﬂ'
DM

27l 2
+2 4 2]

(=D (uatug)m | 27l | 2
et - 2

1/4 (28)

sin |:

Proof. For the cases of = 1 andr™ = 2, A;=1 and A;ZQ

the ML detection of (3)

. Then the optimum activation indices

8

TABLE VI: Example of DSTSK-TAST{/ =T = 2) using @ = 2,

L=2, Lpyu=4, L,=4 andu:[1,3] at R=1.5.
Input PSK Index | Index g D|spf3r5|on Datq—carrylng
bits | symbol matrix matrix
A = | X=2"A, 1=
000 | z%=1 =1 q=1 1 0 1 0
0 1 0 1
Al = X=2"A; o=
001 | z°=1 T=1 q=2 i 0 i 0
0 —j 0 —j
As = | X=2"As:1=
010 | 2°= =2 q=1 0 j 0 4
j 0 j O
Az = | X=2"A;5 =
011 | z%=1 T=2 q=2 0 -1 0 -1
1 0 1 0
Ag = | X=zTA1 1=
100 | zl=—1 | 7=1 =1 1 0 -1 0
0 1 0 -1
Ai2 = | X=2"A 2=
101 | zl=—1 | =1 q=2 i 0 —j 0
0 —j 0
As = | X=2TAs:1=
110 | zl=—1 | 7=2 =1 0 j 0 —j
j 0 —J 0
As 2 = | X=2"A; =
111 | zl=—1 | 7=2 q=2 0 -1 0 1
1 0 -1 0

from the diagonal line. The corresponding determinant term
in (25) may be evaluated by:
‘1_~_¢2 (Lq Al/[(ulJrus
T D
1) (us+u
[ |1+¢r LqDM)( ) %I ]a

det(A) =[4 - wi'|?]

(29)

which results in/\;:3 of (28). Moreover, for the case of= 4
we haveG? = (G,)T in (24), which is equivalent to the case
of usingr = 2 associated withG,.. O

Consequently, similar to DSTSK-DAST, the DSTSK-
TAST's integer phase-rotation parametéis< u; < Lpys —
1}L, may also be obtained by brute-force exhaustive search
for maximizing the diversity product of (25). However, ki
DSTSK-DAST, the ordering ofu,;}{_, may changeA, for
DSTSK-TAST due to the phase rotations @f . Nonethe-
less, the DSTSK-TAST's search space may still be reduced
to (%)T number of combinations for candidate integers
{us}X_,, which are still supposed to be relatively prime to
Lpum-

Example 5: Let us now consider the DSTSK-TAST using
M = T = 2 at the throughput ofR = °&IT9 — 15
where we havel.py, = LQ = 4. Since the DSTSK-TAST
detection complexity order in Sec. IV-C is given BY(7Q),
we start from the parameter combination @f= 1, L = 4
and L, = max{LT,Lpy} = 8, and the exhaustive search
gives u = [1,1] associated withA, = 0.5946, which is
the same as the diversity product of its DGC counterpart
of Example 1 and that of its DSTSK-DAST counterpart of
Example 3. Furthermore, once we further incredgeand
use the updated combination ¢f = 2, L = 2 and L,, =
max{LT, Lpy} = 4, the exhaustive search gives= [1, 3]
achieving A, = 0.7071, which is higher than that of both
DGC and DSTSK-DAST. The corresponding DSTSK-TAST
signal matrices are summarized in Table VI. Specifically,

may be obtained in the same way following the proof afompared to the DGC of Example 1, DSTSK-TAST achieves

Proposition 2. For the case of = 3, we haveG? in (24),

a higherA, = 0.7071 at a lower detection complexity order

which implies that the activated layer is shifted twice awagf O(T'Q = 4).
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DGC-Cyclic

o 8 DGC-Dicyclic atR = 15for M =T = 2 and R = {0.75,1.0} for

05 |- X DM M = T = 4, but the diversity products of both DSTSK-

05 /\ DSTSK-DAST ISK and FE-DSM decrease rapidly and become substantially
I ! DSTSKTAST lower than that of DGC-cyclic as the throughput increases.

Secondly, it is evidenced by Fig. 5 that the proposed DSTSK-
DAST is capable of achieving exactly the same diversity gain
as DGC-cyclic, while the proposed DSTSK-TAST is capable
of achieving even further improved diversity gains, apeotrf

R (its/channel vee) : the low-throughput exceptions @t = 1 for M =T = 2 and
@M=T=2 R = 0.75 for M = T = 4, where the diversity products of

Diversity Product\,
°o o
w S
T

o
N
T

o
s
T

08 1 O DGC-Cyclic DSTSK-TAST, DSTSK-DAST and DGC-cyclic are the same.
o (3K | peC Doyl Once again, the diversity advantages of DSTSK-DAST and
05 |- * ggg&lDSAKST DSTSK-TAST are achieved at a substantially lower detection
05 |- 1 DSTSK-TAST complexity than that of DGC. Moreover, we also note that

the better-performing DSTSK-TAST has a higher detection
complexity order ofO(QT) than O(Q) of DSTSK-DAST,
despite the fact that neither of the two single-stream ML
detection complexities increase with the constellatiae.sDur
more detailed performance versus complexity comparisons

Diversity Product\,
°© o o
N w »
T T T

o
[
T

N
0.5 0.75 1.0 1.25 15 1.75 2.0

R (bits/channel use) will be presented in Sec. VI.
b)M=T=4
Fig. 5: Comparison of diversity products of finite-cardinality DSTM

V. AMPLITUDE-PHASE SHIFT KEYING (APSK) AND
DIVERSITY-RATE (DR) TRADEOFF

Example 6: For a DSTSK-TAST usingl = T = 4 at In order to improve the throughput, in Sec. V-A, we further
R = 1.25, we obtain the parameters @) = 2, L = 4, extend the SE-APSK design of [40] to the ME-APSK, while
Lpy =8, L, = 16 andu = [1,3,7,5], which achieves a generic DR arrangement is conceived for a practical DSTM
A, = 0.5453 that is higher thanA, = 0.3827 of the diversity-throughput tradeoff design in Sec. V-B.

DGC and DSTSK-DAST of Examples 2 and 4. The resul-

tant DSTSK-TAST signal matrices are given BY{X' = A wyti-Element (ME) Amplitude-Phase Shift Keying (APSK)

wi A+ g }i_o}tr=1}g=1, Where the dispersion matrix is given by

A g = wig diagfwg™, g g Y WG,
The associated detection complexity order$7'QQ = 8),

schemes.

According to [40], the genericl 4-level ring-amplitude
is applied to the PSK signals in (1) by the Differential
Amplitude Shift Keying (DASK) ad’,, = y,-1'»—1, where

which is lower than the DGC'®(I = 32) in Example 2. (Th1 — ahn—1 T, — aun} and {y,_1 — ac aLi()_l
) o represent the transmitted ring-amplitudes and data-iogrry

E. Comparison of Diversity Products ) _ . . Shart o2

ring-amplitude, respectively, whilex and § = %

Al of the diversity-oriented finite-cardinality DSTM eghectively represent the ring ratio and the associated no

schemes are summarized in Table VII, which may be caleyization factor. More explicitly, the indices of the tean

gorized into three types. The first type is the classic Cyc'iﬂitted ring-amplitudesT',,_,T',,} are given by the integers
and dicyclic DGCs, which actively maximize their diversity{u L pn} € [0,La — 1], while the data-carrying ring-

products by using the parametets = [u1,---,ur], but 5mpjjitide modulates the difference between ; and i, as
the DGC detection complexity grows exponentially with the _

= [(n—1+a) mod L 4] — p,—1, Wherea is the Gray coded
throughput, as demonstrated by Table VII. The second tyg sion of the natural index.
is the full-diversity FE-DSM and DSTBC-ISK schemes that |, o.der to further extend the SE design of [40] and

achieve a non-zera,, in Table VII. However, in the absencey,o yyo/four-ring ME design of [33], [34], the differential
of diversity gain maximization, both FE-DSM and DSTBC-,

encoding of (1) may be revised for the generic ME-APSK

ISK generally suffer from a performance loss compared to the (33], [34]:

DGCs as the throughput increases. Nonetheless, as a benefit, S, =X, 1S, 1A, (30)

both FE-DSM and DSTBC-ISK are capable of invoking the ' ’

single-stream ML detection. Finally, the third type is conwhere the (7' x T)-element data-carrying ring-

stituted by our proposed DSTSK-DAST and DSTSK-TASBmplitude matrix isA,—; = diad[vo—1.1,"** ,Yn—1,7)),

featured in Table VII, which are capable of achieving a atyiv which  forms a  star-QAM  constellation  for

maximized diversity gain at the low-cost of a single-strea, 1 = Spdiag([l'y—11, -+, Tpo17])  and

ML detection complexity. S, = S,diag[I'y,1,---,Tsr]) owing to the DASK of
The diversity products of (5a) achieved by the above DSTNL,, t = Yn—1,4n—1.4 1.

schemes are compared in Fig. 5, where the parameters ar was proven in [34] that for a single-RF sparse signal

summarized in Table VIII. Firstly, Fig. 5 evidences thamatrix S, ;, we have the relationship 08, 1A, ; =

DSTSK-ISK achieves higher diversity products than FE-DSM,,_;S,,_1, where the permuted matrix is given @y, _; =
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TABLE VII: Summary of diversity-oriented finite-cardinality DSTM sahes.

DSTM scheme | Diversity product Throughput Detection complexity
DGC-cyclic Ap = minyizo [17, [sin (Fud) [V R="1%8L O(L = 21'T)
DGC-dicyclic | A, = min{ 2=, minyizo [T,/7 [sin (Fu.l)|*/ 7} R=Tog22L 0(2L = 28T)

. ™ 1o, L+logs T
FE-DSM Ap = minyqzojjgz2n) [T/ \Bm [g1+ ZE D (g -] | R = aiflnt o(T)
DSTBC-ISK T =2: AP = min{sin(Tr/L), 2} R = logo L;logz T O(T)

T > 4: Ap = min{sin(n/L), %\/sin(%)}

. T . [w(que—ue+iLppr /L) 1|Y/T logy L+logs Q

DSTSK-DAST | A, = miny(yo|jgn) I11y [sin [ T2t oa /D ] R=losaliloss Q o(Q)

1
DSTSK-TAST Ap = %minv,;;ég det [(IT —x AT q)H(IT —x A.,- q)] 2T

where A, , = ¢7 ~diag([w(’ UL, wit TG

R — losa L+log’1% Q+logy T o(QT)

TABLE VIII: Parameters of DSTSK-TAST, DSTSK-DAST and DGCatig used for Fig. 5.
(@) DSTSK-TAST,M =T =2

R=10Q=1,L=2 Loy =2, L, =4, u=1,1] R=15Q=2L=2 Lpy =4, L, =4, u=1,3]
R=20.Q=4L=2 Lpy =28, L, =8, u=1,3] R=25Q=2L=28, Lpoax =16, L, = 16, u = [3, 13]
R=30.Q=4L=28, Lpy =32, L, = 32, u = [29, 3] R=35 Q=4 L=16 Loy =64, L, =64, u = [7,57]
R=4.0:Q=8,L=16, Lpy = 128, L, = 128, u = [3, 117]
(b) DSTSK-DAST,M = T = 2
R=1.0IQ=1 L=4 LDA4=4,1,L=[1,1] R=1.5ZQ=2,L=4,LDA1=8,u=[175]
R=20Q=2L=28 Lpm =16, u=1,9] R=25Q=4L=28 Loy =32, u=]1,25
R=30.Q=16,L=4, Lpax = 64, u = [1,37) R=35Q=28,L =16 Lpa = 128, u = [1, 81]
R=40:Q =064, L =4, Lpy = 256, u = [75, 255]

(c) DGC-cyclic,M =T =2

[R=1.0:L=4u=[1,1] | R=15L=8,u=][L3 [R=2.0:L=16,u=[1,7] | R=25L=232u=][1,7] |
[R=30L=64,u=[1,19 | R=35L=128 u=[1,47] | R=4.0. L = 256, u = [1,75] | |
(d) DSTSK-TAST,.M =T =4

R=0.75:Q=1, L=2, Lpay=2, L,=8, u=|1,1, 1, 1] R=1.0:Q=2,L=2, Lpy=4, L,=8, u=[1, 1, 3, 3]
R=1.25: Q=2, L=4, Lpy=8, L,=16, u=|[1, 3, 7, 5] R=1.5: Q=4, L=4, Lppy=16, L,=32, u=|[1, 5, 15, 7]
R=1.75: Q=4, L=8, Lpn=232, L,=32, u=15,25,11,31] | R=2.0: Q=8, L=8, Lpn=64, L,=64, u=[15, 41, 57, 63]
(e) DSTSK-DAST,M =T =4
R=05Q=1,L=4,Lpy =4, u=[1,1,1,1] R=075Q=2,L=4, Lpy =8, u=[1,1,5,5]
R=10.Q=4L=4, Lpa =16, u = [1, 5,9, 13] R=1.25Q=4,L =28, Lpam = 32, u =7, 15, 23, 31]
R=15:Q=16,L =4, Lpy = 64, u = [1, 29, 37, 49] R=175:Q =32, L=4, Lpm = 128, u = [83,91, 103, 127]
R=20:Q=64,L =4, Lpy = 256, u = [1,41,137,221]
(f) DGC-cyclic, M =T =4
R=05L=4u=1,1,1,1] R=075L=8 u=]l1,3,3| R=10.L =16 u=][L,3,5,7]
R=125L =32, u=][1,7,9,15] R=1.5 L =64 u=[1,15,27,29] | R= 1.75:. L = 128, u = [1, 25, 37, 45]
R=2.0: L =256, u=[1,35,41, 119]

diag([Yn_1.¢,, - - 777%171kT])'~ as {tL}LT:1 denotes the activa- TABLE IX: Summary of detection complexity of DSM using ME-

. h ; . APSK.

tion index of ;-th row in S, _;. As a result, the received screme Complexity order | Real-valued multiplications

signal model of (2) may be further extended ®5, = |[Two-ring-amplitude design [33] O(IL%) (6T°N +8T>N)IL}

anlxnfl(Ynfl —V,_1) + V,, under the assumption of Four-ring-amplitude design [34] O(IL7%) (67;2N+2T2N)12L£

H,_; = H,,, which leads to the following ME-APSK detec-| New generic design O(M) gg%{ (1 +6T°N +

tion:

{anl,anl}: arg min HY — X, 1 A1 Y 1“ [Y:_]?, and z,, denotes the element on theth row
VXpo1 € (X, and «-th column of Z = R(XH”Z). Owing to the fact that
VAn—1 € {A™ T L arefo,La-1) (k2 — ST 22, /k2_,,) in (32) is a constant for the ring-

. (31) amplltudes the ME-APSK detectlon may be decoupled as
The ME- DgAgSK de&gn&f gjggolg froves the DSTM throughpu %% L = MDASK(ZL K2 L) T without any performance
from R= T2 o =227 but the detection com- loss, where the linearized DASK detector is given by (48) of
plexity 0;: (31) also grows exponentlally with the througlnpu[40]. As a result, when the ME-APSK design is applied to the
asO(ILy). , finite-cardinality schemes of DSM, DSTBC-ISK, FE-DSM,
Against this background, we further propose to invoke thﬁSTSK DAST and DSTSK-TAST, both the linearized PSK
single-stream ML detection for our ME-APSK appl'Cat'onsdetectorMPSK() exemplied in (15) and the DASK detector
More explicitly, the decision metric of (31) may be furtheIM ASK() are invoked, so that the resultant single-stream
extended as: ML detection complexity does not grow with the star QAM
[Yn = Xno1Ap_1Yn_1 HQ: K2+ ZTE ’ L2 constellation size.
—2% [tr(A,, 1 X, Z)] Let us consider the DSM example of Sec. (II-D) using
:Hﬁ,JrZLT K2 (Yne16,—F0 K2 1,L)2*ZLT—153L/’13—1H ME-ASK. Firstly, in order to detect the unitary matriX '
in (32), according to Sec. IV of [40], the PSK detector is
where we definex? = ||Y,|?> andZ = Y, Y ,, while invoked MT times as{{lm; = Mpax((Z(t,am.¢)) 2, },,
¢ _, denotes the- th rowinY,_;. We also defin&? , , = where Z(t,a5) denotes the element on theth row and

n—1 L
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=1 =2
3 DSTSK-TAST (Q=8,L=64) v ¢
-O- DSTSK-TAST, SE-APSK (Q=4,L=321=4) 22 2% 2
, ¢ DSTSK-TAST, ME-APSK (Q=8,L=16,4=2) DSTM zeros zeros DSTM
10 T —
Lﬁ DSM, ME-APSK (L4=8,1,=16,L,=2) sub—block 1 sub-block 1
107 2x2 2%x2
zeros DSTM DSTM zeros
15 sub-block 2 sub-block 2
4 x 4 DSTM scheme 4 x4 DSTM scheme

BER

Fig. 7: Examples of a4(x 4) DSTM scheme using DR associated
with M =T =4andV = 2.

& TABLE X: Pseudocode for the single-stream ML detection of DSTM-
DR.

10750‘ 5 10 15 2 2 2 & 4 L forv=1t0V .
Ey/No (dB) 2 7' = (c;;z—l ®1TD) Y. YH |
Fig. 6: Performance of DSTSK-TAST employing ME-APSK, where | 3: foru=1t0V
we haVeM = T =92 andR =5.0. 4 %’u,u = arg maxviv,ue[o,lu—l] R [tr ((izv,u)HZé}u))}
az.¢-column inZ = Y, Y . Following this, a total ofAM 5 dyu=R|tr ((Xf;““') 27@))}
legitimate candidates can be formed fXr in (32) accord- 6: end for
ing to {{lm,}M_,}/_,. Secondly, the DASK detector is in- | 7: end for v
voked MT times as{{am,. = Mpask(Z.../#5-1,) Hi—1 }i=1, S 1{)A’: m?xw}ev{o’v_l} L=t B
—_ ’ S T W

which further formsM candidates forA,_; in (32). As
a result, the permutation index can be obtained by evlu-

ating (32) for a reduced number af/ times as = cardinality of theu-th constituent DSTM scheme, while the
arg min__, 17 1Y, — Xn—1X7L—1Y7L—1H2- Finally, the Permutation indev})_, carries an extra number afg, V

T data-carrying PSK and ring-amplitude indices are giveits- Furthermore, since there is no interference betwhen t

by {i, = [+, }L, and {a = = }L,, respectively. In DSTM sub-blocks, the single-stream ML detection may be

summary, the complexity comparison between the propos@igo invoked. Explicitly, the DR design forms thg" x T)-
generic design and the existing ME-APSK solutions [33]] [34lement signal matrix as:
is shown in Table IX. i o— R <

It is straightforward to see thaM,_; of (32) does not X' = (G @I diagX, - Xy ), (33)
comply with the full-rank requirement of (4), as a pair ofvhere instead of using a FE matrix in [37], [38], thé x V/)-
A, and A, _, associated withy,, 1, = 7,1, and element switching matribG, defined in (22) is invoked for
{14, # ¥_14 }i=e has rank-1. It is exemplied by Fig. 6the generic DSTM design. Moreover, th&p x Tp)-element
that for the case of DSTSK-TAST usiny = 1, the full-  sjgnal matrix{X_"1"_, of (33) denotes the constituent DSTM
diversity SE-APSK arrangement performs better. Howevey,p-block.
Fig. 6 also demonstrates that for the case of usiig= 4,  As a result, upon obtaining the received signals of (2), the

the ME-APSK arrangement helps the DSTSK-TAST schemgcision metric of (3) may be further extended for the DR
once again to achieve a performance advantage over DSMyetection as:

Moreover, as a DASK counterpart, tpe ASK using the ‘ ) v ) i
absolute-amplitude of’, = 7,1 = <5 is capable of Y= XY o | ZKZ—S-Zu_l{HYn1,(u)|\—2%[tr((XU)HZ(u))4L},
achieving a better performance in channel coded scenarios 3
[40], but this is beyond the scope of this treatise. Nonethethere we define the¢Tp x N)-element matrixY,,_; (,) =
less, for the sake of technical completeness, we note that 1([(v —1)Tp + 1 : uTp,:]) as the submatrix taken from
for the applications of ME-APSK design using ASK, theéhe[(u — 1)Tp + 1]-th to the(uTp)-th rows ofY,,_;, and we
DASK’S {y,—1.4}1_; in A,_; values of (30) are replaced byalso define th&Tp x Tp)-element matrixT(’u) =Z"([(u—
{¥n-1.¢/Tn—1+}—1, while the single-stream ASK detector isl)Tp+1 : uTp, (u—1)Tp+1: uTp]) as the submatrix taken
invoked as{v,,—1,, = Mpgq(Tn1,0,%.,./k%_1, )}, for (32) from the[(u—1)Tp +1]-th to the(uTp)-th rows and columns

according to (49) in [40]. of Z°' = (G '® ITD)HYan_l. Moreover, we note that
o PO HYn,L(u)H2 = k7,_, in (34) is a constant. As a result,
B. Diversity-Rate Tradeoff the detection of{X.“}V_, is decoupled in Eq. (34), which

The DR arrangement in [37], [38] partitions &' x T') is detailed in the pseudocode of Table X. Moreover, when

DSTM signal space intd7p x Tpp) sub-blocks, wheréd” = the constituent DSTM sub-blocks use FE-DSM, DSTBC-ISK
T'/Tp number of(Tp xTp) DSTM sub-blocks are transmittedas well as the proposed DSTSK-DAST and DSTSK-TAST
in a permuted manner. This is exemplied in Fig. 7 for thechemes, their respective single-stream ML detector may be
case of using = T = 4 and V' = 2, where two directly invoked for line 4 in Table X.
2 x 2 DSTM sub-blocks are permuted in thex 4 DSTM  |n order to once again introduce star-QAM signalling
signal space. As a result, the DR design retains a reduGgighout compromising the diversity, we further propose
diversity ord%r of7’p in exchange for an improved throughputhe DR-APSK design, where a single ring-amplitude
of R = Zu:llog"‘Tf”“OgZV, where {I,}V_, denotes the is assigned to eachTp x Tp)-element DSTM sub-
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—— DSTSK-TAST, SE-APSK (Q=32,L=8)
“““ § DSTSK-TAST, DR (V=2,Q=Q,=2,L;=L,=8)

—k— DSTBC-ISK, SE-APSK (L=32,,4=8) of [40] and the ME-APSK of Sec. V-A. More eXpIiCitIy,
"k DSTBC-ISK, DR (V=2,1,=8,L,=16) Fig. 8(a) exemplifies that for the case 8f = 7" = 4 and
TS \6 DSM, (Li=Lo=2,Ls=L,=4) R = 2.5, DSTBC-ISK using DR substantially improves the
Rk DN M=T=4, R=2.5 performance of DSTBC-ISK using SE-APSK, but the DR
‘\\ 7 design does not appear to be beneficial for DSTSK-TAST.
7 This is because DSTSK-TAST actively maximizes its rank-4
diversity gain forAM/ = T = 4, which is more advantageous
than its DR applications. Nonetheless, for the example ioigus
M =T = 4 at a very high rate ofR = 5.0 that conveys a
total of 20 bits, optimizing the diversity gain for the DSTSK

TAST cardinality of 22° becomes unrealistic. Against this
background, the DSTSK-TAST using DR may invoke a pair

BER

N
$

£ DSTSK-TAST, DR (V=2,Q=8,L,=32,Q=16,1,=32) of constituent DSTSK-TAST schemes (0, L) = (8,32)
— DSTSK-TAST, DR-APSK (V=2,Q=4.L=16,Q8,L,=16, Ly=4) and(Q1, L1) = (16, 32) that are optimized fon/ = T = 2 at
“““ 4 DSTSK-TAST, DR ME-APSK (V=2,Q=4,L,=16,Q:=8,L,=16, L,=2)

R = 4.5 andR = 5.0, respectively. As a result, it is confirmed
in Fig. 8(b) that for the case d¥/ =T =4 andR = 5.0, the
DSTSK-TAST using DR-ASK achieves the best performance
for N =1, while the DSTSK-TAST using DR and ME-ASK
ensures a further diversity gain over DSM far = 4.

il -&- DSM, SE-ASK (Li=L,=8,Ls=L,=16,L,=4) ‘

BER

VI. PERFORMANCERESULTS

RN First of all, in Sec. VI-A, the performance results of thdful
N 0 diversity design are presented, wheéve= {2,4} TAs and a

© 5 10 15 2 2 30 35 40 small number ofN = {1,2} RAs are used. Secondly, the

) M=T=4 R=50 diversity-throughput tradeoff is further discussed in .SéeB

Fig. 8: Performance of DSTSK-TAST and DSTBC-ISK employin%smg both small and large number &f = {1,2,4,8,16}
the DR and APSK arrangements, where we hawe= T = 4. As.

block. More explicitly, for the DR-APSK design, thea performance Results of Full-Diversity Design
(I' x T)-element ring-amplitude ~matrix in (30) IS 1o yarameters of DSTSK-TAST, DSTSK-DAST and DGC-

_?_'r\]/en by jlx"‘l - d'ag(El\T;l‘lle.TD"l" » -1V I ]). cyclic at high throughputs used in this section are sumradriz
The  resultant _star Q signal - matrices a'%h Table Xl, where the parameters of the low-throughput
Sn-1 = Swadiag(ln_1alry, -+, TuorvIz]) and arrangements are the ones given in Table VIII. The param-
S, = Spdiag([nalry, - "1;">VITD])’ .Where W€ eters for DSTBC-ISK, FE-DSM and DSM can be retrieved
have {I'n. = .%L‘l’“rn‘lv“}u:l for using PASK_' from [31], [32], [38], [40]. Moreover, the star-QAM ring-
The sparse matrix feature leads to the relationship o plitude ratios ofa — {2.0,1.4,1.2,1.1} are used for
Sn—iAn_1 = A,_1S,_1, where the permuted matrix is e

I i L,={2,4,8,16}, respectively.
_ V ) ) )
3”*1 - hd'ag(['gngll’tlkITD".” ’.7"*¥’téITD])’ as {tL}Lzll The performance comparisons are portrayed both in terms
en.ot.es the Sub-block act|yat|on index. As a result, tl?)q their DCMC capacity and their BER performance in Fig. 9
decision metric of (34) is revised for DR-APSK as: for the case of\l — T — 2 and R — 2.0. The evaluation
2 of DSTM’s DCMC capacity can be found in [40]. Fig. 9

N _ 2
HY”—X A Yn—lH = fn . demonstrates that the proposed DSTSK-DAST exhibits a
+ZZ:1{%2L—1¢U, Yn—l,(u)HQ_Q’Yn*l,tq}R [’[r((XZ‘)HZU 23 similar performance to the classic DGC-cyclic, where both

o DSTSK-DAST and DGC-cyclic achieve substantial diversity
detectiond@ins over DSM. Furthermore, it is also evidenced by Fig. 9
that the new DSTSK-TAST achieves an even further improved
performance over DGC-cyclic. We once again note that the

. i 5 diversity advantages of DSTSK-DAST and DSTSK-TAST are
Mpask (R {tr XV Zy | [ Y1, | )10 achieved at a substantially lower detection complexityntha
which leads to the ’fing-amplitude indicesa, ,. DGC-cyclic.

Accordingly, the decision metric of line 5 in The performance results of the finite-cardinality DSTM

Hence, following the unitary  matrix
of line 4 in Table X, the ring-amplitude
detection is also decoupled as{y,—1., =

Table X may be revised for DR-APSK ad,, = schemes and their SISO counterparts of DPSK/ADPSK are
P 2 P N T summarized in terms of th&, /N, required for achieving
() [Ynor @l = 290 R (X)) 2, BER=10* in Fig. 10 for the case o = T = {2,4} and

Finally, the detected ring-amplitude indices are given by = 1, while the corresponding complexity comparisons are
{ay, = as,,}Y_, after line 9 in Table X. portayed in Fig. 11. The complexities are evaluated in terms
Moreover, the DR design may also invoke the SE-APSHf the total number of real-valued multiplications, whicte a
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TABLE XI: Parameters of DSTSK-TAST, DSTSK-DAST and DGC-cydlised used in Sec. VI-A.
(a) DSTSK-TAST, SE-APSKM =T =2

R=3.0. Q=2,L=8, Lpy=16, L,=16, u=[3,13], La=2 R=3.5Q=4,L=8, Lpm=32, L, =32, u=[29,3], La=2
R=4.0: Q=4, L=8, Lpm=32, L,=32, u=[29,3], La=4 R=4.5Q=4, L=16, Lpy=064, L,=64, u=[17,57], La=4
R=5.0:Q=4, L=32 Lpn=128, L,=128, u=[127,97], La=4R=5.5: Q=4, L=32, Lpy=128, L, =128, u=[127,97], La=8
R=06.0: Q=8, L=32, Lpn=256, L,=256, u=[11,237], Lo=3
(b) DSTSK-DAST, SE-APSKM =T =2
R=25Q=2L=8Lpy =16,u=[1,9], La =2 R=30:Q=4L=28 Lpy =32, u=][1,25], La =2
R=35Q=4L=16,Lpy =64, u=[15,63,La=2 | R=4.0:Q=4,L=16, Lpy =64, u=[15,63, L4 =4
R=45Q=28L=16Lpy =128, u=[1,81], L4 = R=5.0.Q=28L=232 Lpm = 256, u=[1,161], La =4
R=55Q=28L=232 Lpy =256, u=[1,161], Ls =8 | R=06.0Q=8,L =064, Lpu =512, u = [310,511], L4 = 8

(c) DGC-cyclic, SE-APSKM =T =2

R=25L=16u=][1,7], La=2

R=3.0:L =32 u

=[1,7], La =2 R=35L=064 u=][1,19], La =2

R=40L=064, u=[1,19], Lo =4

R=45 L=128 u=[1,47], L. =4

R=050 L =256 u=[175], La—=4

R=0505 L =256 u=[1,75,La=38

R=6.0: L =512, u=[1,149], Ly, = 8

(d) DSTSK-TAST,M =T =4

R=15:Q=2,L=8, Lpyn=16, L,=32, u=[1,5,11, 15]

R=1.75: Q=4, L=8, Lpr=32, L,=32, u=15, 25, 11, 31]

R=2.0. Q=8, L=8, Lpa—064, L,=064, u=|15, 41,57, 63]

R=2.25: Q=8,L=16,Lp\=128,L,=128,u=[31,89, 113, 127]

R=2.5: Q=16, L=16, L py=256, L,=256, u=[1, 41, 55, 135]

R=2.75: Q=32,L=16,Lprn=512,L,=512,u=[71, 41, 489, 503]

R=3.0:Q=64,L=16,L pp=1024,L,=1024,u=[633, 603, 559, 797]

(e) DSTSK-DAST,M =T = 4

R=15: Q=8, L=8, Lpr—64, u=[7, 23, 47, 63]

R=1.756: Q=16, L=8, Lpa=128, u=[71,79, 119, 127]

R=2.0: Q=232, L=8, Lpa=256, u=|[1, 41, 49, 137]

R=2.25: Q=32, L=16, Lpa=512, u—=[49, 193, 401, 513]

R=2.5: Q=64, L=16, Lo~ 1024, u=|5, 999, 1303, 2587]

R=2.75: Q=64, L=32, Lp)=2048, u=[1119, 2047, 2271, 2687]

R=3.0: Q=128, L=32, Lpr=4096, u=[4045769312045; 1501]

(f) DGC-cyclic, M =T =4

[R=2.25 L =512, u = [1,67,123, 231]

[ R =25 L =1024, u = [1,187

1221,351] | R = 2.75: L = 2048, u = [1, 277, 325, 919]]

[R =3 L = 4096, u = [1, 493, 695, 1851] |

l |

DCMC Capacity

BER

Fig. 9: DCMC capacity and BER comparison of DSTM schemes’
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associated withM/ = T' = 2 and R = 2.0. The DSTSK-DAST’s

diversity gains over DSM at BER®~* are marked by red arrows, Lol
while the DSTSK-TAST'’s performance improvements over DGC at

BER=10"* are marked by blue arrows.

TABLE XII: Complexity (number of real-valued multiplications) of®"*

DSTM schemes.

Using PSK Using APSK
DSTSK-TAST [4ANT? +4T%Q +5TQ |[ANT? +4T?Q +5TQ + 2N + 3
DSTSK-DAST [4NT? + 4TQ + 5Q ANTZ +4TQ + 5Q + 2N + 3
DGC-cyclic ANT? + 5TL ANT? + 5TL + 2N + 3
FE-DSM ANT? + ATZ + 5T ANT? +4TZ + 5T + 2N + 3
DSTBC-ISK  |[4NT? + 2NT + 4T ANT? + 2NT + 4T + 2N + 3
DSM ANT? + 5Q20°e2TT  [4NT? + 5Q2°e2TT L oN + 3
DPSK/APSK  [4N + 1 6N + 9

—— Using PSK
---- Using SE-APSK|

DSTSK-TAST
DSTSK-DAST
DGC-Cyclic
FE-DSM
DSTBC-ISK
DSM
DPSK/ADPSK Y

<— DSTSK-DAST's gain over DSM

<— DSTSK-TAST'’s gain over DGC

35

o O % O+

R (bits/channel use,

35

40

Ey/No (dB)
@M=T=2
— Using PSK i DSTSK-TAST
---- Using SE-APSK /A DSTSK-DAST
O DGC-Cyclic
. < gai * FE-DSM
<— DSTSK-DAST's gain over DSM % DSTBC-ISK
<— DSTSK-TAST's gain over DGC| <> DSM
e DPSK
15F N T 2 138dB
i ] 275
t ;| 251 14.1
L 12 |
- — 2]
L ] 2 17.9dB
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L 4 c
L 1 & = b
L 1 § - ;| 19.5dB
- £
13 -
1 x
1 0.7 u
[ 0.5 ]
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byM=T=4

Fig. 10: Comparison ofz, /Ny required for DSTM schemes associ-
ated withM = T = {2,4} and N = 1 to achieve BER+0™*. The
DSTSK-DAST's diversity gains over DSM at BER& * are marked

by red arrows, while the DSTSK-TAST’s performance improvements
over DGC at BER%0* are marked by blue arrows.
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i DSTSK-TAST

/A DSTSK-DAST

O DGC-Cyclic . .

* FEDSM N =1, DSTSK-TAST associated witlk = 2.5 and R = 3.0

* DSTBC-ISK . . ipe .
7 — Using PSK & DSM achieves even more significant gains3®2 dB and 2.8 dB
I i Y over DGC-cyclic in Fig. 10(b) at &.5 timesand15.1 times
£ | o e ] lower complexity in Fig. 11(b), respectively.
§ T ok P A We note that the full-transmit-diversity arrangements are
g L sl O Il particularly beneficial for the popular Unmanned Aerial Ve-
g ] o] X o0 ks hicles (UAVs) applications, which are envisioned to be an
° 5 et Y, Y Cara= L . . . .
goavor TRTTE %o 25 Jad times important part of the loT. More explicitly, grave airframe-
é & u3 | induced shadowing [56] is encountered, when the critiaal ai
_%1000— ot 1 ground link becomes blocked by the chassis/fuselage of the
[ ey UAV. It is reported in [56] that using multiple RAs at the
OB Csichamatusey Ground Station (GS) is unable to mitigate this problem, bat t

@M=T=2 transmit diversity design [57] using multiple TAs is capabF

A DereKoasr significantly improving the connectivity. Therefore, weggest

O pec Sycle that the proposed finite-cardinality single-RF DSTSK-DAST
~ _ % DSTBC-ISK and DSTSK-TAST may become suitable candidates for the
) —— Using PSK < DSM . . . . .
g -—- Using SE-APSK| e DPSK _ UAV applications as a benefit of their low complexity and
7 e maximized transmit diversity gain, as discussed in [563}5
27T 0o ] and the references within.
% eooooj 2000 1o 5.1
_Z 50000j 2000 Jtimes jmes
.‘_;_ 40000~ 1000_ g . .
Bl FH T he i /20 B. Diversity-Throughput Tradeoff
£ soml- fmes In this section, the ME-APSK design and the DR design are
£ 00’5 N e applied to the diversity-oriented DSTM schemes of DSTSK-
° ' " Rbitsichanneluse) TAST and DSTBC-ISK for a variety of different MIMO

(o) M=T=1 system setups. More explicitly, DSTSK-TAST and DSTBC-

Fig. 11: Complexity comparison for DSTM schemes associated wi
Mg:T:{Q,eL} ar¥dN :pl,where the DSTSK-TAST'’s complexity ng are compared to DSM fon/ = T = {2,4} and
reduction compared to DGC-cyclic are marked by blue arrows. ¥ = {1,2,4,8,16} both at low and high throughputs of
R = {2.0,5.0} in Figs. 12(a)-(d). First of all, although
summarized in Table XIl. We also note that the evaluatidASTBC-ISK achieves a better performance far = 7" = 2
of the DGC [39], [41]-[43] detection complexity and that oRNd N =1 at a low R = 2.0 in Fig. 12(a), its diversity gain
the DSM [31], [32] detection complexity are based on theffiminishes, as the number of RAS and/or the throughput
simplied detectors summaried in [40]. R increase, as seen in Figs. 12(a)-(d). By contrast, although
First of all, it is evidenced by Fig. 10 that the DSM doeéhe DSTSK-TAST's diversity gain over DSM also decreases
not perform well for a smallV = 1. Secondly, Fig. 10 demon- Upon increasingV, Figs. 12(a)-(d) manifestly demonstrate
strates that DSTBC-ISK outperforms FE-DSM1a5 < R < that the proposed DSTSK-TAST is capable of achieving a
4.0 for M =T =2 and0.5 < R < 1.75 for M = T = 4. persistent performance advantage over DSM for the cases of
Moreover, DSTBC-ISK even outperforms DGC-cyclic at thd/ = T = {2,4} using both small and large number of
low throughputs ofl.5 < R < 3.5 for M = T = 2 and RAs N = {1,2,4,8,16} at both low and high throughputs
0.75 < R < 1.25 for M = T = 4, as shown in Fig. 10. R = {2.0,5.0}. Once again, DSTSK-TAST shares the same
However, Fig. 10 also demonstrates that the diversity advd@w transceiver complexity as the DSM, including the finite-
tages of both DSTBC-ISK and FE-DSM over DSM diminish¢ardinality single-RF transmitter and the single-strearh M
as the throughput increases. By contrast, both the proposggeiver architectures.
DSTSK-DAST and the classic DGC-cyclic achieve substantial In conclusion, based on our extensive simulations, we
non-diminishing diversity gains over the DSM in Fig. 10, busuggest that the DSTBC-ISK using the simple STBC signal
the DSTSK-DAST'’s single-stream ML detection complexitstructure is beneficial for the cases of using a small number
is significantly lower than the DGC-cyclic's exponentiallyof RAs N = {1,2} at low throughputs, such a8 < 3.0 for
increasing complexity portrayed in Fig. 11. Furthermohe t M = 2 andR < 1.5 for M = 4. Furthermore, with the help of
proposed DSTSK-TAST is seen in Fig. 10 to achieve an evére ME-APSK design and the DR design, the DSTSK-TAST
better performance than DGC-cyclic, despite its substliyti is capable of achieving a persistent performance advantage
reduced detection complexity seen in Fig. 11. for a variety of different MIMO system setups, such&s=
Specifically, for the case af/ = 2 and N = 1, DSTSK- T = {2,4} andN € [1,16] at R < 6.0. Nonetheless, we also
TAST associated wittkR = 3.0 and R = 6.0 achievesl.4 dB note that the construction of the DSTSK-TAST signal matrix
and 1.9 dB performance gain over DGC-cyclic in Fig. 10(appecomes extremely challenging at very high throughputs of
at a4.7 timesand 22.5 timeslower detection complexity in R > 6.0, where the DSM is preferred especially for using
Fig. 11(a), respectively. Moreover, for the caseMéf=4 and N > 2.
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Fig. 12: Performance comparison between the DSTSK-TAST, DSI®BCand DSM arrangements fat/ = T = {2,4} and N =
{1,2,4,8,16} at R = {2.0,5.0}. The diversity gains of DSTSK-TAST over DSM at BERs=* are marked by blue arrows and also listed
in figures.

20 25 30

VIl. CONCLUSIONS

El

In summary, our proposed finite-cardinality single-RF
DSTM schemes of DSTSK-DAST and DSTSK-TAST mitigatei0]
the problem of the diminishing diversity gain of FE-DSM and
DSTBC-ISK over DSM, without compromising its appealingl)pl]
low transceiver complexity. In order to improve the thropgh
of the diversity-oriented DSTM schemes, we also conceivé®]
the ME-APSK and the DR designs, which assists the proposed

tage over DSM for a variety of MIMO system setups.
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