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Abstract—We propose a new single-RF Differential Space-Time was proposed in [8] for two Transmit Antennas (TAs), and
Block Coding using Index Shift Keying (DSTBC-ISK), which is  then it was extended to multiple TAs in [9], [10]. In order to
the first in the family of Differential Space-Time Modulation improve throughput, star QAM and square QAM were also

(DSTM) schemes that can simultaneously achieve the following . . .
three imperative objectives of (1) forming a finite-cardinality applied to DSTBC in [11] and [12], [13], respectively.

transmit-signals set under the matrix multiplications of differ- Furthermore, the Differential Group Code (DGC) concept
ential encoding; (2) retaining a single-stream ML detection com- was proposed in [14], [15]. The DGC’s diagonal or anti-
plexity that does not grow with the constellation size; (3) offering diagonal signal matrices form a finite group under muiltipli-
a beneficial transmit diversity gain over the recently developed cation, where the signal elements are given by exponesmiati

Differential Spatial Modulation (DSM). In order to make a fair . L . . .
comparison, we also conceive a low-complexity single-streamfunCtIonS of anL-PSK symbol optimized for diversity gain.

detector for DSM, which does not impose any performance The entire family of full-diversity finite-group DGCs was
loss in comparison to the existing solutions in open literature. summarized in [16], [17]. In order to improve the DGC's
Furthermore, in order to improve the performance of finite-  performance at higher throughputs, a variety of nongroumos a
cardinality DSTM schemes at higher throughputs, we propose 10 jnfinjte groups were conceived in [18]-[21]. Moreover, Biff
generalize both Differential Amplitude Shift Keying (DASK) and . : . . .
Amplitude Shift Keying (ASK), which form the generic multi- ential Linear DISpeI'.SIC-)I’] que (DLDC) was proposed 'n_[22]
level-ring star QAM constellation that subsumes the existing @nd was further optimized in [23]-[25]. The DLDC combines
two/four-level-ring DASK solutions as special cases. Although a total of Q Hermitian matrices multiplied by) modulated
the DASK approach has been popularly used in DSTM schemes, symbols and then the Cayley transform [22] converts the
we demonstrate that our generalized ASK technique achieves o jtant Hermitian matrix to a unitary matrix. Owing to the

a higher capacity and a better performance in channel coding . . . .
assisted systems. Moreover, since the employment of star QAM associated non-linear signal mapping, both DGC and DLDC

constellations imposes the ring-amplitude dependent signal power €xhibit detection complexities that increase expondgtigith
problem for detection, we further develop bespoke Maximum- the throughtput. As a remedy, the polynomial-complexity
Likelihood (ML), Minimum Mean Squared Error (MMSE) and  |attice decoding and sphere decoding schemes were invoked

Least Square (LS) detectors for DSTM using DASK/ASK, which for DGC and DLDC in [26] and [22], respectively, which
exhibit different performance versus complexity tradeoffs. Our h introd f ’ | '
simulation results demonstrate that the proposed DSTBC-ISK is OWEVEr may introduce a perormance 10ss.

capable of achieving substantial diversity gains over DSM without ~ Inspired by the recently proposed Spatial Modulation (SM)
eroding its low transceiver complexity. [27]-[30] and Space-Time Shift Keying (STSK) [31]-[33],

Index Terms—Differential space-time modulation, differential  Differential SM (DSM) and Differential STSK (DSTSK) have
space-time block code, differential spatial modulation, group also been developed in [34]-[37] and [31]-[33], respetfive

code, star QAM, single-RF, single-stream detection. More explicitly, the DSM [34]-[37] activates a single pasit
in each row and column of the signal matrix for transmit-
l. INTRODUCTION ting modulated symbols. The DSTSK concept [31]-[33] has

. . e evolved from the DLDC arrangement, where only a single
In Slngk_e-lnput. Single-Output (SISO) _chann(_els, lefe_raht matrix out of @ dispersion matrices is activated. In the absence
Phase Shift Keying (DPSK) [1], [2], Differential Amplitude o injexing, the DLDC's Cayley transform was elimindte
Phase Shift Keying (DAPSK) [3]-{5] and Absolute-amplitudg, hgTsi [32], [33], and single-stream detectors were imabk
Differential Phase Shift Keying (ADPSK) [4]-[6] consti&it (). ,oth DSM and DSTSK in [32], [38], [39]. As a further
low-complexity alternatives to coherent PSK/IQAM SChemeﬁdvance, the dispersion matrix based DSM was proposed in

In l_\/IuItipIe-Inpgt Multiple-OL_Jtput (MIMO) channels, Diffe _[40], [41], where a beneficial tradeoff was struck between th
ential Space-Time Modulation (DSTM) that dispenses wi ultiplexing gain and diversity gain attained.

high-complexity channel estimation has also attracted sub The coherent MIMO schemes generally have a finite-

stantial research interests_. Explicitly, I_Diffe_rentiala@p-Time cardinality set of legitimate signals. However, when cener
Block Code (DSTBC) using Alamouti's signal structure [7};;o signals are directly used in DSTM, the matrix multi-
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performance is achieved at the excessive cost of an exponen- transmit-signal set, DSTBC-ISK is capable of achieving
tially increasing complexity as a funtion of the throughput a competitive performance at the low-cost of a single-
Against this background, we propose a new DSTBC using stream ML detection complexity.

Index Shift Keying (DSTBC-ISK), which is the first DSTM The rest of this paper is organized as follows. The design
scheme capable of simultaneously achieving the followingbjectives are presented in Sec. Il. The new DSTBC-ISK
three imperative objectives: is proposed in Sec. Ill. The single-stream ML detector is

V)

(in

()

More explicitly, the novel contributions are as follows:

1)

2)

3)

4)

5)

Finite-cardinality: the DSTM scheme forms a finite- conceived for DSM in Sec. IV. The generalized DASK/ASK
cardinality transmit-signals set under the matrix multiS modelled in Sec. V. Our simulation results are provided in
plications of differential encoding. Sec. VI, while our conclusions are offered in Sec. VII.
Single-stream ML detection:the DSTM scheme retains The following notations are used throughout the paper.
a single-stream ML detection complexity that does ndt(-) and 3(-) take the real and imaginary parts of complex

grow with the constellation size. numbers, while(-)*, ()" and () denote the conjugate
Diversity gain: the DSTM scheme achieves a beneficidlf @ complex number, the transpose of a matrix and the
transmit diversity gain over DSM. Hermitian transpose of a complex matrix, respectively. The

operation® represents the Kronecker product, whilé-)tr
rank(-) and det(-) take trace, rank and determinant of a
The proposed DSTBC-ISK activates a single symbehatrix, respectively. Moreover, for a generic DSTM, the
out of a total of@Q symbols in the STBC signal struc-notations)M, N, T andQ represent the numbers of TAs, RASs,
ture. In contrast to the dispersion matrix based DSMansmission time slots and modulated symbols, respégtive
of [40], [41], the proposed DSTBC-ISK systematicallyThe superscript of a data-carrying symbol (elgin {xl}f:’ol)
forms a finite-cardinality transmit-signal set under maer matrix (e.g. ¥’ in {X’}/Z]) denotes the data-carrying
trix multiplication. Furthermore, thanks to the STBGndex, which is directly determined by the source bits, sagh
signal structure, the proposed DSTBC-ISK retains botﬂﬁ = bin2de¢b; - - - b10g2L)] and [z = bin2decb; - - -b10g21)],
full transmit diversity as well as a single-stream Mlwhere the operation bin2deg converts bits to a decimal
detection complexity. integer.

In order to make a fair comparison, we also conceive

a single-stream ML detector for DSM. The resultant Il. PRELIMINARIES ON DESIGN OBJECTIVES
complexity reduction is as high as a factorlafO times In this section, we use the classic DSTBC as an example in
for the case of usingl(/ = 2) TAs and (V = 1) RAs order to introduce the objectives of our new DSTM scheme.
at the throughput of R = 4.0). Unlike the solutions in First of all, the DSTM transmitter’s finite-cardinality csiel-
[38], [39], the proposed DSM detector does not imposation property is introduced in Sec. lI-A. Secondly, the TG
any performance loss. receiver’s single-stream ML detection property is preserih
Furthermore, in order to improve the performance of tt@ec. II-B. Thirdly, the benefical diversity gain is introduacin
finite-cardinality DSTM schemes at high throughputshe performance analysis of Sec. II-C.

we propose to generalize Differential Amplitude Shift

Keying (DASK) and Amplitude Shift Keying (ASK), A. Transmitter Finite-Cardinality Constellation Propgrt

which form the classic multi-level-ring star QAM con-  The DSTBC introduced in this section is the Amicable
stellation that subsumes the two/four-level-ring DASKothogonal (AO) design [10]. The transmitter firstly consts
solutions of [11], [36], [37] as special cases. Althougg Q-elementLPSK vectorx,,_; = [z', - - -, z!@], where each
the DASK approach has been popularly used in DSTYlpsk symbol conveysog, L source information bits as
schemes [11], [36], [37], our generalized ASK techniquer, _ exp(G2E1,) = wlLI and we havew;, = exp(j2%). The

is capable of achieving a higher capacity and a bettgp, o inde%Lq o Gray coded,,. Following this, a(LTxT)-

performance in channel coding assisted systems. element STBC matriX, _; is modelled as:

Moreover, since the employment of star QAM con- L0

stellations imposes the ring-amplitude dependent sig- Xnp-1= ﬁGT (Xn-1), (1)
nal power problem for detection, we further develoghere the AO-STBC signal structure is given by [10], [42]:
bespoke Maximum-Likelihood (ML), Minimum Mean 20

Squared Error (MMSE) and Least Square (LS) detectatgO([z, , - - -, z,,])= G2L71([*x1, ) o Tyr11lgi—1 m
for DSTM using star QAM, which exhibit different —xyyqIge G2L71([‘r17"'7xL])2
performance versus complexity tradeoffs. and L. represents a2(~! x 2t~ 1)-element identity matrix.
Our simulation results demonstrate that the proposgd. " power of 2 ag’ = 2* for a positive integer, (2) can
DSTBC-ISK is capable of achieving a beneficial diver; '

_ AO _
sity gain over DSM without eroding its low transceiverbe constructed from =1 and G([z1]) = z:. The number

complexity. The DSTBC-ISK's diversity gains overOf modulated symbols in the STBC signal structure of (2) is

DSM are as substantal ab4.2 dB and 24.5 B at 'ty [ L e % TE A OIS BEE Y
BER=10"* for the cases of {/ =2, N =1, R = 2.0) T g ’

and M =4, N =1, R = 1.0), respectively. Moreover, signal matrixS,, may be obtained by differential encoding:

compared to DGC, which also form finite-cardinality S, =X,_1S,_1, 3)
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—— DSTBC using PSK

SISO DPSK: Sp = Tp—1Sp—1 & DSTBC using 8PSK -&- DSTBC using QAM
DSTBC (M=2): S, =X, 18,1 - D8PSK g DK
[ Sl sng} _ [ Tno11 In—1‘2:| [ Sno11 57,71,2} 18000 | T 7| O DAPS
51,2 Sn,1 12 Tooin ] [ TSee12 Shin . _ | Time index % A
Sn,l = Tn—1,15n-1,1 — ﬁnfl.ZS’yifl:Q g’ % | n=5000 ’»"
Sp2 = Tp—-115n-12 + xnfleS:lf]_] 42 ‘_g 5 i -
DGC—cyclic (M=2 2 g / g
— =2): 9 /
cyclic ( ): S 2.0 ; <
Sp,1 0 _ Tp—-1,1 0 Sp—1,1 0 = g L ! Rt
0 sn2 0 Ty 0 sp-12 2\ § sl ) ',Q i
Sp,l = Tp—1,157-1,1 g kS Y /"
Sp2 = Tp-125n-12 g g 2~ 0 ]
. . . . . & g 7 !
Fig. 1. Differential encoding of the SISO DPSK, DSTB@/(= 2) using 1l ; i
PSK and DGC-cyclic schemed/{=2). The DSTBC and DGC schemes are /‘
further explained by Example 1 and Example 4, respectively. 0 OO L]
P y P P P 4 o5 2 1%1=16  L=64 L=256
Time indexn Modulation Level

(a) Cardinality of transmit-signal (b) PAPR of transmit-signal

Fig. 3. Cardinality and PAPRs of transmit-signals of DSTB@1g$°SK [10]
and DSTBC using QAM [12], [13], whereM{ =2) TAs are used.

Consequently, the DSTBC's arbitrary transmit-signals may

impose significant constraints on the speed, precision and
(a) Constellation foX (b) Constellation forS power consumption of both the digital circuitry and the DAC.

Fig. 2. Constellation diagrams for DSTBC signalsXnands of (3), where N reality, the DSTBC'’s transmit-signals may have to be

(M =2) TAs and 8PSK signals are used. guantized to a finite-cardinality set of uniquely distirghable

) signals for the TA's analog RF chain to process and transmit.

where we have (8;'S,) = T and (M < T). S, in (3) The quantization complexity imposed and the errors are sub-

may start fromS; = \/%[IJW’ 0]”, where the all-zero matrix ject to the precision of realistic hardware design. Thispem

0 has[M x (T'—M)] elements. MoreoveS,, in (3) becomes was not considered when the DSTBCs of [8]-[10], the DLDCs

S,—1 in the next transmission block, ai,,_; carries source of [21], [22] and the DSTSKs of [31]-[33] were conceived.

information in each block, as exemplified by (1). At the time of writing, only DGC [14]-[17] and DSM [34]-

Example 1. The matrix multiplication of (3) is extended for[37] can systematically avoid the infinite-cardinality pro
DSTBC (M =2) in Fig. 1. In contrast to SISO DPSK, althoughem by their sparse matrix design. An example of DGC-
the DSTBC’s data-signals,,_; ; andz,_; » in X,,_; of (1) cyclic (M=2) is also portrayed in Fig. 1, where the transmit-
are drawn from anLPSK constellation, the transmit-signalssignalss,, ; ands, o may retain the sam&PSK constellation
sp,1 and s, 2 in S, of (3) do not remain limited to.PSK as the data-signals,,—;; and z,_; . The schematics of
due to the additions/subtractions seen in Fig. 1. Instdaal, tyclic/decyclic DGCs and DSM will be further expained in
matrix multiplication of (3) results in an infinite-cardiity ~ Secs. II-C and IV, respectively. In summary, we formulate th
set of arbitrary signals, which is exemplified in Fig. 2 foethfollowing transmitter constellation property, which ctihges
case of DSTBC {/ =2) using 8PSK. the first objectiveof our proposed DSTBC-ISK design:

More explicitly, it is demonstrated by Fig. 3(a) that the Property 1: In order to arrive at a finite-cardinality transmit-
cardinality of the transmit-signals i8,, of (3) grows with the signal set under matrix multiplication, it is sufficient toseire
transmission time index without limit. This implies that the that the signal matrices belong to a specific type of sparse
cardinality of the signals that the TAs should be prepared moatrices that have only a single non-zero element in each row
transmit tends to infinity, despite the fact that the TAs calyo and column, where the non-zero elements assume equi-spaced
radiate a limited number of patterns [43]-[45]. We note that PSK phases and/or equi-spaced DASK/ASK ring-amplitudes.
the time indexn is limited to a shorter transmission frame, We emphasize that condition of Property 1 is sufficient but
the cardinality seen in Fig. 3(a) is indeed finite. Howevenot neccessary. The special cases of differentially ertcode
the constellation of arbitrary transmit-signals exemgtifiby G2 using BPSK and QPSK in [8] as well as the real-valued
Fig. 2(b) is still different from frame to frame, which leatts DSTBC using BPSK in [9] have extended but finite cardinality
the infinite-cardinality problem for the TAs over time. for their transmit-signal sets. Moreover, the Field Extens

This infinite-cardinality problem is a direct consequenceased DSM (FE-DSM) of [41] using the specific parameter
of the differential encoding of (3), which does not exist fofu; = 2%) may also form a finite group. Nonetheless, only
coherent MIMO. In particular, although Linear DispersiodGC [14]-[17] and DSM [34]-[37] are capable of always
Codes (LDCs) [46]-[48] and STSK [31], [33] use signals thatatisfying Property 1, regardless of their parameters.
are not drawn from the classic PSK/QAM constellations, they It is also worth noting that Property 1 does not necessarily
still always have a finite-cardinality set of legitimatersids. lead to the same group property as the DGC of [14]-[17]. For

As a further detrimental effect, it is demonstrated iexample, DSM [34]-[37] does not always have the same set
Fig. 3(b) that the transmit-signals of DSTBC suffer from a-su for X,,_; andS,,. As a further benefit, Property 1 subsumes
stantial Peak-to-Average Power Ratio (PAPR) surge condpai@ondition 1 of [41], which facilitates single-RF transniiss
to their SISO DPSK/DAPSK counterparts using the classwithout diverting the focus of this paper, interested resde
PSK and star QAM constellations. may refer to [49]-[51] for more details in this area.
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Moreover, similarly to the coherent MIMO scheme ofD; = %(AquBq)}qQ:1 and {D, = %(Aq—Bq)}qul. As
SM that sacrifices V-BLAST'’s throughput in exchange foa result, the decision variable of (6b) is given By _; , =
lower transceiver complexity, Property 1 may also resﬁ%tr[yf[)—yn_ﬁyf_l(D+)HY7J, and the constant
in a throughput loss for the prospective DSTM schem .".’IH ! !

Nonetheless, the aim of our DSTM design is to offer
differential alternative to the classic SM scheme that ma
achieve an improved performance compared to DSM at t

same requirement of having a low transceiver complexity.

IS given by o= |\Yn||2—ZqQ:1 wwn,l}q\?. Therefore,
e single-stream demodulatidvi~—!(-) may be directly in-

8ked for each data stream in (5) as:

Tn-1q =M"(En-14), Yae{l,--,Q} (V)

B. Receiver Single-Stream ML Detection Property Taking LPSK as an example, (7) s, 1 , = exp(j 2£i), where
The received signals may be modeled as: the phase of,,_ , is directly rounded as= Lizzn_l,q].
Y, =S, H, +V,, (4) According to (}), the DSTBC satisfies Properéy 2, where
we have I, = 7. The corresponding{A,,B,},_, and

thertleq thi(vzéﬁ)-elfr_nentY" and?_/n IareTthe re;:\?lveld 5|gntal {Dq+ Dy }le are all real-valued sparse matrices, which only
anc e matrices, respectively. The/ x N)-elemen contain 0 and+1. As a result, instead of matrix multipli-

matrix H,, models spatially qncorrelateq Rayleigh fadin_%ations, the evaluation of the DSTBC3,_1., in (6) only

phannels. We note that transmitter prepodmg may be recmu'rjﬁvolves a total of7" complex-valued vector multiplications

in the presence of transmit and receive antenna correlat|r%? demodulating each,, ,

[52]-[54], which is not considered in this work. Example 2: For the g;;séq of DSTBCA( = 2) using PSK
In quasi-static fading channels, we halg = H,,_1, hence ’ . o

(4) becomesy,, = X,,_1(Y,,_1 — V,,_1) + V,,, which leads [10], the data-carrying matriX,, _; = nobto el

D ; ; . ~Tp_19 Tno1
to the classic Differential Detection (DD): satisfies Property 2. The dispersion matrices are giveA

Xn, =arg min ||Y, — X, 1Y,_ Z 5 10 = 10 = 0 1 = 01
1 =arg  min || 1Y 1| G |y | Bi=|g _y| Ae=| ) o|adBe=|] (|
The family of differential schemes is generally consideaed The equivalent dispersion matrices are given by =
a low-complexity design alternative to their coherent desn |1 © D — 00 DI = 01 dD: = 0 0
: i 00t o) 270027 1 o)
parts. If the complexity of channel estimation is to be aedid -

at the receiver, the exponentially increasing DSTM detecti DU€ to the sparsity of D, Dy }7_,, the pair of decision
complexity of (5) with respect to throughput should also beariables in (6) are given by, _, 1 = %[(Y%)HYEA-F
avoided yvithout any further performance loss. Therefome, [yl )Hyl] and Zn-1.2 ﬁ[*(Yi)HYiq +
order to |nvoke.the single-stream ML demodulator for (5), WFY%_l)HYH' where {Y*}2_, and %YZ 12, refer to the
offer the following property based on the STBC's orthogonali, row in Y, andY
design [10], [42], [55], which constitutdbe second objective
of our work:

Property 2: In order to decouple (5) without imposing an
performance loss, it is sufficient to requike,_; in (3) to be
linear and orthogonal:

n—1, respectively.

We note that the DGCs [14]—-[16] and their variants [17]—
21] as well as the DLDCs [22]-[25] do not satisfy the first
condition of Property 2. By contrast, DSTSK [31]-[33] and
DSM [34], [35], [40], [41] do satisfy Property 2. The redueed
. o complexity DSTSK detection algorithms that do not impose
@D Xn '54'”9"’“ combination ofY modulated szmboIs any performance loss may be found in [28], [29], [32], [41].

{#n-1,4},=1 and dispersion matricefA,, B,},;_, @S Based on Property 2, we will also conceive the single-stream
X1 =VP, S AR (Tn—1.4) T 7B S(2n—1,9)]- DSM detection in Sec. IV.
@ X,_1 in (3) has orthogonal columns & X, ; =
Zqul \wn,1,q|21
Q T

We note that P, is introduced in order to guaranteeC: ETfor Probability and Capacity

Eftr(X/}/ X, 1)] = T. Consequently, as demonstrated in The DD of (5) aims for detecting<,._; based on two

[56], the decision metric in (5) may be decoupled as: observationsY,,_; andY,, hence its performance may be
Y o—X, Yo = HYn||2;2%[Z(fon—1Yn—1)] (62) characterized by the following equivalent model:
+tr(VYvn—l)(n—1}("—1~Yn—1) — -
Q ([ ¥ur|? ) Y=SH+V, (8)
=5 (X5 g = 1gP) 0. (6D) N
where the received signal matriY = [Y!_,,YZ|T and

More explicitly, the first term|'Y,,||? in (6a) is a constant that the AWGN matrix V. = [V7

) = [VI_,,VI1T are both of size
does not depend oK ,,_;. The second term and third term of(2T x N), while the (M x N)-element fading matrix is given

(6a) may be further deco%pled into (6b) bei:al:se of the tvw H = H, , = H,. The (2T x M)-element transmitted
conditions X, 1 = v'Pi 320 1(Dg@n-14+Dg a1, ad  gignal matrixS = [S7_,,S?]” in (8) forms the Unitary

X2 X, 1 = MIT of Property 2, respectively. Space-Time Modulation (USTM) of [57], [58], whei® has
The equivalent pairs of dispersion matrices are given lythogonal columnss™S = SIS, , + SFs, = 21y,
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for the sake of maximizing the attainable capaCityfhis
may be satisfied b¥X,,_; in (3) using LPSK signalling and
obeying the second condition of Property 2, which results

SH |S,_1 =SS, = LI,. As a result, the non-coherent

detection probability based on (8) is given by [57], [58]:

exp{_n [?H S §H+N012T)*1?] }

(@ _ 9a
p(Y|[S) 72TN det(S S +Nolar)N 2
_ (gNg)MN K2 +K2
= (N exp (— =t (9b)

eXp(NLOH(YﬁI_l +Y I X 1)S0-1]1?),
where the constants arg= o7, w5 = | Y,-1]* and
k2 =|Yn||*. Explicitly, according todet(T+ AB) =det(I +
BA), we havedet(NoIor+S §H) = % in (9). According
to (A+BCD)"'=A-1—A-'B(C ' +DA-!B)"'DA",
we have(NyIyr +§IM§H)*1 =3Lr—LS s” Based on

No 0
(9), the Pairwise Error Probability (PEP) may be expressed

—N

] dw,
(10)

where{\,,}}_, are eigenvalues of the difference matfix=

i '\ 1 o0 4 M T2\, (402 41)
p(X'—=X")= ﬂﬁ) o211 Hm:1|:1+ IMNo(MNo+2T)

log, @
+logy L

in bits

Buiddey awi| —soeds

Fig. 4. where the constellation ofSBPis

Schematic of DSTBC-ISK,
employed as an example.

Example 4: The DGC-cyclic of [14]-[17] constructs its
data-carrying matrix aX' = G/, where the index is Gray
coded fromlog, L information bits, while the generator matrix
is given by G. = diag([w}', w}?,--- ,w;"]). The integer
parametergu, }._, are chosen for the sake of maximizing the
diversity product ofA = £ min;4o det[(Ir—G.)#(I;-Gl)] =
mingz ([T, |1 — wi' )T = mingo[[T/_; [sin(Z4)[] 7.
Similarly, DGC-dicyclic of [16], [17] is constructed b¥X' =
Gl Gif, where Gray coded indicés andi, carrylog, L and
i information bits, respectively, while the generator rices
are G, =diadG., G|, G, =diagw", w"?,--- ,w,"’*] and

|0 . )
Ga = [Im 0

} The appropriate integer parameters

{ut}f:/f are chosen toTr/naximize its diversity product of
y A A = min{ %, miny, 2o [[]7/? | sin(Z%L)[]2/T}. It is shown
ngfl(x )" X7 8y1]. Moreover,S,,—; may be replaced by in [16], [17/]§that DEC—éyélic genérally outperforms DGC-
S; = \/%[IMJ)]T for evaluating (10), wherX,,_>--- X1 dicyclic, except for some exceptions at low rates.
betweersS,,_, andS, are all unitary. For the case af{=T), Moreover, according to (9), the DCMC capacity [2], [59]
the difference matrix becomes = (X'—X")”(X'—X"), and may be expressed by (13) at the top of the next page. More
(10) tends top(X’ — X*') < (gh-) e k(A)Ndet(A)~N at  explicitly, (13a) evaluates the mutual information betwee
high SNRs. Therefore, the trend of (10) may be characterizgg discrete-input signa’ and the continuous-output signal
by the concept ofliversity produc17], [5S]: Y, which is maximized for equiprobable sourcgs(S') =
13121, Then we further invoke the expression pfY|S")

in (9), which results in the DCMC capacity of (13c). The

Following this, the average BER may be evaluated by [1]: discrete-input signa’ in (13b) is unambiguously determined
by the data-carrying matriX® in (13c). Once againS,,_;

I—-1~~I-1 dg(i,i i i
{Zizo =0 “O(gﬂ)p(x —X )}’ (12) may be replaced b, = |/ [I,0]” for evaluating (13),
wheredy (i,i') refers to the Hamming distance between thehenX,, ,---X; betweenS,,_; andS; are all unitary.
bit-mappings ofX‘ and X*".
In the absence of transmit diversity, the recently devedope IIl. D IFFERENTIAL SPACE-TIME BLOCK CODE - INDEX
DSM scheme of [34], [35] does not perform well, when the SHIFT KEYING

number of RAsN is small. In particular, DSM may perform  Tne schematic of DSTBC-ISK is portrayed in Fig. 4. More
even worse than DPSK for the case of usiig= 1, as seen in gyplicitly, DSTBC-ISK conveys a total ofldg, Q + log, L)
[35]. Against this backgroundhe third objectiveof our design  pits wherdog, @ bits are assigned to activate an ISK position

is to achieve a beneficial diversity gain for DSM withou;ndexq in the DSTBC'’s signal vectog,,_; seen in (1) as:
compromising its low transceiver complexity. We offer the

following diversity gains of DSTBC and DGC as examples:
Example 3: According to the STBC structure of (1), the

H v i _ 1 ~AO _ /\H ~AO !
dzlfference matrix isA = GG (x = x)7GT (x —x) = e log, L bits are mapped to thé-PSK symbolz!. As a

Q xr 7£E/ « . . . . . ) . .
=1 17077 quT. The minimum determinant in (11) is obtainedesult, the DSTBC’s space-time mapping of (3) becomes:
. . . ;L
by the closest codewords pair associated with=1, x| =wy, X, 1 = Grl(xn_ 1) = Aq%(xl) n qu%(acl). (15)

and {z, = x;}(?zz, which results in the diversity product of
A:%det(h*l@“LPIT)ﬁ :%sin% for the case of {/ =T). More expligitly, as demonstrated in Sec. II-B, the DSTBC'’s
data matrix of (3) may be expressed ax, ;
VP S [AR(Tn-1.4) +7B¢S(2n-1,4)]- The ISK indexq
activates a single position in the signal vecigy | of (14),

4(I,; —DDH), while we defineD = %(?)H?/ = 1[Iy +

A= 1 min det(A)ﬁ.

11
2 Vi (1)

Pe,bit S E

Xn—1 = [,0 O7xl7,0 O,]a
Q—q-1

(14)
q

1The Continuous-input Continuous-output Memoryless Cha(@EMC)
capacity given in [57], [58] corresponds to the maximized muinfarmation
1(S;Y) for the idealistic continuous-input signals. In this tisaf we specifi-

cally investigate the finite-cardinality DSTM schemes thatéhdiscrete-input

signals{gl}f;(]l. The resultant Discrete-input Continuous-output Memayle
Channel (DCMC) capacity will be derived later in this sentio

which is equivalent to activating the-th pair of DSTBC
dispersion matrices in (15), where we hake = 1 for the
sake of t(X X, ;)= T. Following this, the differential
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-1 Iqh (S
1 — =i =i YIS S __
Coowe = max 2> [ pTEE ) logy LY IE) iy (132)
et TS 2o P(Y[S )p(S")

Y P )

log, I 1 =t I -1 p(Y[s") = -1 p(Y|s’
=&l % / p(Y[S") log, 72“:21’(,,,' Jiv—r- L ST E |log, 7&:@2\ ) (13b)

T I-Ti= p(Y[S") I-Ti= p(Y[S")

I—1
S~ exp (IO YIRSl = LIV XS, ) [ b (130)
N() NO

i’ =0

T
=R—- —— EQ L
I-T;) 082

encoding of (3) is invoked in Fig. 4. Owing to the fact that the | pia | inex | symbol | Data-camying matrix

DSTBC's dispersion matriceSA Bq}?:1 are all real-valued 000 | g=1] =1 | Xp 1=G([1,0))=
sparse matrices that only have a single non-zero element of
{+1} in each row and column, DSTBC-ISK complies with | %0 | ¢=1 | =’ =i | Xua=G2°([j,0)=
Property 1 of Sec. II-A, which facilitates both finite-cardlity 010 | q=1 | a®=—j | Xp_1=G2O(—j4,0)=| 7
and single-RF transmission, as portrayed in Fig. 4. " o

Furthermore, the DSTBC-ISKX,,_; in (15) also satisfies | *** | 9= | @ =1 | Xn1=G(=1.0D=) ,1]

= O
—

(=R k=R

|
<
S . oF9—

Property 2 of Sec. II-B. Therefore, the DD of (5) may be | 100 | ¢=2 | «°=1 | X,_,=c(0.1)=| ° |
decoupled for DSTBC-ISK as: 100 | g=2 | o=, X 1=G20([0,5])= 3 f)]
anl = arg r?zn |Zn71,q - ‘rl‘2) (16) 110 qg=2 2 = —j Xﬂ/_lzch([Ol’ _J]): _0] B]:|
where z,_1, = t[Y/D, Y, + Y2 (D})PY,]. As a u1 | g=2 | 2®=-1| X, 1=G(0,~1)=| ‘01]
result, the single-strearh-PSK demodulator may be invoked TABLE |
for each index; as: ExampPLE OF DSTBC-ISK (I" = 2) usING QPSK.
I, =M '(zp_1,), Yae{l,---, Qb (17) candidatesx, ; = [z',0] andx,,_; = [0,2!] for (14). The

corresponding candidate matricKs, ; of (15) are given by:

g=1: GQO([xl,OD[gg ; (x(l))*jl] | (19)

Then the optimum activation indexmay be obtained by:

§=arg miny, |Zn,1,qf:nlq|2 =arg maxvg R[(a! ) Zn—1,q)-
(18)

Finally, the optimum PSK index is given bly= i;, which

is the index obtained from (17) associated withit can be

seen that the DSTBC-ISK may invoke the decoupled DSTB

receiver, where the evaluation of _, , only involves a total ... A, example of DSTBC-ISKT — 2) using QPSK is

of T vector multiplications. : )
In contrast to the diversity schemes of DGC [14]_[17]?resented in Table I. Although the DSTBC-ISK of (19) appears

. : %o have the same constellation as the dicyclic DGC of [14],

E;;i E)z SZI]\/_I [€45(%] [[)Alsl-l]—sge[splrtgii]e dargjs_lqsgelr;g nusrirr%tr[c)r(l 16] associated withl = 2), we will demonstrate in Sec. VI

X i ’ . _ .2 “that the DSTBC-ISK has a single-stream detection complexit
clas_sm STEC signal structur(_e _does n_ot requwe_optlm_manqhat does not increase with cognstellation size. 4
of signal parameters for attaining a high diversity gain: Al Proposition 1: The diversity product of DSTBC-ISKA =
though the parameter optimization can be carried out ofﬂin?:m using ZLPSK is given byA — min{sin(r/L), -}
maximizing the diversity product of (11) is generally a non- _ TV
convex/concave problem, which implies that the global of"00f- According to (%9)' there are tW°2 candidates frin
timum may not necessarily be found. Nonetheless, in ti&l): Which arelz—a|"I; and (|z[* +|2'[*)I5 = 2I,. For the
absence of this parameter optimization, the proposed DSTBSt case, an |r}stance of the closest _C°1”St?”at'°n paiveng
ISK may suffer from a performance loss compared to tHY © =1 andz’ =wr, which results in minyi det(|1 -
diversity-gain-optimized DGC scheme at high throughplois, wr|*I2)7 =sin(r/L) in (11). The second case is a constant

_(xl)* 0
here the ISK index; is determined by the first input bit,
ile the LPSK index! is modulated by the followindog, L

1=2: 6P|

. 1
DSTBC-ISK exhibits a substantially lower detection comple Of 5 minvi; det(2Iz) = . O
ity. The performance versus complexity comparisons will be
thoroughly examined in Sec. VI. B. Spreading Over Four Time Slot& & 4)

In the rest of this section, we present the details of the gy the case of I = 4), the AO-STBC of (2) has@ = 3).
novel DSTBC-ISK design that aims for achieving the bestg 5 result, DSTBC-ISK of (15) using (2) foff(= 4) can
attenablt_a performance at th_e low-cost of using the claesie | only convey|log, Q| =1 bit on the ISK indexg. Against this
complexity DSTBC transc.elve.r, where the casesBf=£ 2) background, we propose to use the Quasi-Orthogonal (QO)
and (I = 4) are exemplied in _Sec._ -A anq Sec. lI-B,gTBC of [60], [61], so that a higher number @bg, Q = 2)
respectively, then the generalization is offered in SEeCIl  ;ig may be conveyed by ISK, while the full diversity may

be retained by invoking phase rotations [62]-[64]. More ex-

A. Spreading Over Two Time SlofE & 2) plicitly, DSTBC-ISK associated withI{ = 4) may invoke the
For the case of { = 2), the AO-STBC signal structure QO-STBC structure of the so-called "ABBA” form [62], [63]:
of (2) becomes Alamouti's G2 having)(= 2) [7]. As a GHOw1, x2)) GH(w3, x4))

result, DSTBC-ISK associated with'= 2) has Q —2) ISK G4 (@1.22,23,24])=| 1o Ao . (20)
’ Gy ([ws, 24]) G ([0, 22])
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z! 0 0 0 q=0 | ¢=1 | ¢=2 | =3 | q= q=5 | ¢=6 | ¢=7
Ly —4 0 i
Q0.1 - 0 (= 0 0 Q
Gi([=,0.0,0) =1 4 o ' 0 Q=8 |0 : 2 | of
0 0 0 (2 Q=16 [ 0 1o 1o [ 77 [ 3 3 [ 3%
0 z! 0 0 TABLE Il 91
Q0 ! | =@hH* o 0 0 THE ARRANGEMENT OF PHASE ROTATlONs{G }Q/O’ FORDSTBC-ISK.
G37([0,2%,0,0]) = 0 0 0 z! q
- =16
0 0o @ o @
0 0 zted? 0 xR o e
1 _j6y\x k3 O
Q0 1_j6 _ 0 0 0 (x'e??) e .
G5 ([0,0,z7€’7,0]) = 2lei® 0 0 0 ¥ » B
0 (x'e?f)* 0 0 . o]
0 0 0 zlel? =4 7=5
Q0 BRI 0 0 7(1’18'79)* 0
G;([0,0,0,z"e’"]) = 0 2led® 0 0 4 o
—(ze?)* 0 0 0 : .
L ]
TABLE II =z R
THE SET OFX,,_1 OF (15) CORRESPONDING TO INDICEg; € {0, 1,2, 3}. - 0 ‘ B
q=6 7=7

As a result, the set oK,,_; of (15) corresponding to ISK Fig. 5. Example of phase rotatiof8z }Q/2 ! for DSTBC-ISK using Q =
indices ofq € {0,1,2,3} may be expressed as: 8) and QPSK.

q=1: G+, 000]) I ® G5°([2', 0]

[ ), so that the cases off' (= 2) and (" = 4) in Sec. lll-A and
qg=2: G¥°(0,2,0,0))=I, ® G5°([0, z]),
[ l

Sec. llI-B may be subsumed as special cases: [60]-[64]

(21)

g=3: G([0,0, 2167, 0))=T, ® GAO([xlc??, ), G3[z1,-+ ,2q)) =
q=4: GSO([Oa 0,0,z 639])_']2 ® Géo([owr 630])’ G?"/Q([xla T xQ/Z]) G ([mQ/2+1a ’ ,LL’Q])
where J, is a (2 x 2)-element anti-diagonal matrix with all G f[wgri, s wq)) GFfler, - xgy))

anti-diagonal entries equal to 1, while a phase rotatio of 00 (22)
is introduced in (21) for achieving full diversity [63]. Thewhich may start from T = 4) using G5 ([z1,22]) =
detailed matrix expressions of (21) are listed in Table Il.  G%°([z1,72]) as seen in (20). The QO- -STBC of (22) offers
Proposition 2: The diversity product of DSTBC-ISKAf = (@ =T) for T being a power of two, and the DQSOTBC—ISK’S
T = 4) using LPSK is A = min{sin(/L), 75 /[ sin 0]} data matrix of (15) is now given b, = G5 (xn—1).
2 . . . .
Furthermore, in order to retain full diversity, @/2-element

Proof. The matrices of (21) have three candidates iNr Q/2 1 ) ) ]
in (11), which are|z — #/|?L,, (|22 + |2/|2)I; and 2T, — set of phase rotationgg}; ., ~ may be introduced into (14):
2R{J> @ GH°([x*2'e?9,0])}. As same as the case aff(= Xn 1= [0 - 0,atei% 0 ... Q). 23)
T = 2) in Proposition 1, the first two candidates of B ’m

q —q—

A = |z —2']’I; and A = (|z|*> + |2/|?)I4 results in
the diversity product candidates efn(x/L) and % re- where the phase rotation index is given py= [2] — 1.
spectively. Moreover, the third candidate may be furthén order to comply with Property 1 of Sec. II-A, instead of

expressed asA = 2I, — 2R{J, ® G4°([z*2'e??,0])} = exploring all possible phase rotations [62], [63], we pregeo
o€y —Go([2R(2"2'e’?), 0] A ictance "ECUISIVely generate the equi-spaced seftft/o~". More
—Go([2R(z*2'e?),0]) 2I, ' explicitly, when 2 = T) is doubled fromQ /2, the new@/2-

of the closest constellation pair is given y= 1, ¢ = 3 element phase rotation set is given by all ¢4 elements
andx ', which results in the diversity product candidate ofy the former set of{0; }Q/4 ', together with all theQ/4
f\/ |sind]. Since we haV‘—LV |sind] < f’ the diversity of them adding an mcreme%, which starts fromd, = 0
product is given bw\_mm{sm(ﬂ/L , 75 V| sin 0]} D and Q = 4. For example, wheit;2° is constructed based on
Since the phase rotaticﬁhis effective in the intervalo, 7], GQO according to (22), the new two-element phase rotations
it is sensible to choosé = =, which maximizesA, while re- set is g|ven by the former set dffy = 0} together with
taining the equi-spaced pSK phases. The resultant tramsmit{fo = 0} + 7, which results in{0, T} as seen in Sec. IlI-B.
signals in (3) are drawn from2L-PSK constellation. We note Moreover, for the case of = 8), the increment is7, hence
that although QO-STBC [60]—[64] is not unitary, DSTBC-ISKthe new set is given by0, L} together with{0, 7} + 77,
using the QO-STBC signal structure exemplified by Table which results in{0, T, -, 27 }. The arrangement of phase
is unitary, as it satisfies Property 1 of Sec. II-A. rotations {6z }Q/2 ! is detailed in Table Iil, and an example
DSTBC-ISK (I' = 4) may also invoke the low-complexity for DSTBC- ISK using ¢ = 8) and QPSK is portrayed by
detector of (17) and (18), where the decision variablégg. 5. As a result, the signals f3¢,,_; andS,, in (3) are now

{zn-1,4}5—3 are replaced by their rotation$z, 1, = both drawn from &)L /2-PSK constellation. As a result, when

zn,l,qe*ﬁ} _5 in order to take into account the phase rotatioDSTBC-ISK (I" > 4) invokes the low- compIeX|ty detector of

on input signal in (21). (17) and (18), the decision variablés,, 1 q} ~_, are replaced
by their rotations of{Z, 1 4 =zn_1,4¢ 7%},

C. Generalization Proposition 3: The diversity product of generic DSTBC-

The generalization is based on the QO-STBC structuISK associated W'thM T = 4) using LPSKis given by
constructed recursively from Alamouti's G&4°([x1, 22]), A = min{sin(m/L), f sin( %)}
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[] DSTBC
* DSTBC-ISK | — Using PSK

O DGC-Cyclic | ---- Using ASK and PSK|

S e e N

DGC Cyclic A = min;g Hthl | sin (%utl) | T i
Dicyclic | A=min{Zs, mini, %o [1777 | sin (Zuely) | T}

.3 us
DSTBC A= °'“(QL) 5 ~os
— — T = T o Q
DSTBC-ISK | L =2 A = min{sin(7/L), 5} .§ .§
T>4 A = min{sin(w /L), % sin(%)} n>_\ c; 0.5
TABLE IV 8 3
SUMMARY OF DIVERSITY PRODUCTS OF11) FORDGC, DSTBCAND H g o4
DSTBC-ISKASSOCIATED WITH (M = T). e ° o
j=2} o 0.
10’ - M=2, DSTBC, BPSK g g
“ -5 M=2, DSTBC-ISK, BPSK z z
-@- M=4, DSTBC, BPSK 0.2
10 -O- M=4, DSTBC-ISK, BPSK|
—6— M=8, DSTBC, BPSK 01 =
—©- M=8, DSTBC-ISK, BPSK P A A S ——
102 - 10 15 20 25 30 35 40 075 10 125 15 175 20
o R (bits/channel use) R (bits/channel use)
@ @M=T=2 by M =T =14

Fig. 7. Average diversity products of (24) for DGC, DSTBC @@ TBC-ISK
associated with X/ = T = {2, 4}).

10° ! g th row. 0 10
0 5 10 15 20 25
EyN, A -
Fig. 6. Performance comparison beltv?/een DSTBC and DSTBC-ISKgus Amg =
BPSK associated with\( = T' = {2,4,8}) and (V = 1).
0 - 0--0
Proof. In line with the QO-STBC structure of (22), the i
difference matrix A in (11) may also be expressed in am,q th column

E, E;
E; E;
GT?Q(xn 1), whereE; andE, are both {"/4xT/4)-element exhibits an even better diversity advantage than DGC-cycli
submatrices. Wher3° is constructed based oGQ02 ac- at low throughputs, but its average diversity product dscay

cording to (22), the updated difference matrix is’ given bgepldly as the throughput increases. In order to circumvent
Ao FioE; FyQE, this problem without compromising Property 1 of Sec. II-A,

Fy0E; FIQE,| where {Fy, Fy} € {I2,J2}. This e will further introduce DASK/ASK modulation in Sec. V.
results in a squared value falet(A), which is normalized
to the same diversity product according to (ll) As a re- 1V. SINGLE-STREAM DIFFERENTIAL SPATIAL
sult, the diversity product of DSTBC-ISK associated with MODULATION DETECTION
(M =T > 4) remains the same as Proposition 2. Taking . . . i
into account all phase rotations, the updated diversitglypecd In order to provide a fair comparison to DSTBC-ISK, we

devise a single-stream ML detector for the DSM schemes of
's now given byA = min{sin(f), minvg 75 /|sinfql} = [34], [35] in this section based on the fact that DSM is alse li

min{sin(%), f sin( 7)1 [0 ear and unitary as defined by Property 2 of Sec. 1I-B. The DSM
The diversity products of (11) for DGC, DSTBC anoscheme hasM = T Q). The transmitter firstly2 modtélates
DSTBC-ISK are summarized in Table IV. It can be seen i Vector of {Lg},-PSK symbols{z's = exp(j% Iy la)}g=
Table IV that the diversity product of DSTBC-ISK may berom a total of Zq:110g2 L, bits. Moreover, a total of
even higher than that of DSTBC, when they employ the samig, M!| = log, M bits are assigned for determining the
L-PSK scheme. This feature is exemplified by Fig. 6, whesymbol activation order, which is represented by the atitiva
DSTBC-ISK using BPSK may even outperform DSTBC usingequencea;, = [as.1,8mn.2, - ,an,0]- The range for the
BPSK for (M = 4) and (M = 8). However, the DSTBC- permutation indexn is 1 <m < M. According to Property 1
ISK’s throughput of R = 22 is generally lower than the in Sec. II-A, the activation sequence obays {a, ,}&, < M
DSTBC'’s throughput ofR = €1%:% except for the BPSK and &1 #ax,27# - --#an,q. This presentation indicates that
case of Fig. 6. This implies that DSTBC-ISK has to emplothe a;, ,-th element on the-th row of the (7" x T')-element
higher-order L-PSK, when it is compared to its DSTBCdata-carrying matrixX,,_; in (3) is activated to transmit’a .
counterpart at a higher throughput. Our detailed perfomaanin summary, DSM modulateX,, ; in (3) as:
comparisons will be further discussed in Sec. VI. s, ifr=qande=ay,
It was demonstrated in [24] that the diversity product of X,_1(r,¢c) = { 0. all the other elemeftts
(11) that features the worst PEP of (10) does not reflect the ’
averaged BER accurately. Considering the BER expressionvwdiere X,,_,(r, ¢) denotes the element on theth row and
(12), we propose the concept aferage diversity produas: c-th column inX,,_;.
e The data-carrying matriXX,,_; of (25) may also be rep-
(10g2 S S %) M (24) resented in the fgrm of linear combinations @anodulétted
aymbols{;nn_l,q}q:1 and( dispersion matrice$A, 4},

the same "ABBA” form [62], [63] asA:{ for Fig. 8. Schematic of DSM dispersion matrf Az, q} 1}

(25)

A=l

The averaged diversity products of DGC, DSTBC an
DSTBC-ISK are compared in Fig. 7, where DSTBC-ISK X 1 :Zg?:le,qxlq, (26)
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Permutation Activation Data-carrying Dispersion Matrices
Index i Sequenc@ | matrix X,, 1 {An 1N 30,
q= 1 q= 2
m=1 a1:[172] anflz A= A o=
z'l 0 10 00
0 z'2 00 01
m=2 ax=[2, 1] Xn-1= . Az1= Az2=
0 'l 01 00
z2 0 00 10
TABLE V

EXAMPLE OF DSM ASSOCIATED WITHM = 2

L 4
<

Conventional DSM
Single-stream DSM
DPSK

6000 [~

5000 —

4000 —

3000 —

T FrrFrT T

L 10.7
r time:

1000 —

2000~ 4 15

42.7

times | |

20000

1 15000 —
170.6

times
10000 —

5000 —

142.2
ltimes

356
times

Complexity (number of real-valued multiplications)

AN
-4 ) 4
05 1.0 1.5 20 25 3.0 35 4.0

R (bits/channel use)

@M=2N=1

Complexity (number of real-valued multiplications;

A

A

S ¢
1.00

125 150

175

R (bits/channel use)

(b) M =4,N =1

2.00

e e N
R T S

() L,=8 L=16 (d)La=16,L=16

Fig. 10. Constellation diagrams fdr-level star QAM associated with 4, =
{2,4,8,16}-level ring-amplitudes and. = {8, 16}-level PSK phases.

is given by [(4T2N + 2T N)I], while the complexity of (29)
and (30) is given by4AM2N+5M Q). It is confirmed by Fig. 9
that the complexity of the conventional DSM detector grows

Fig. 9. Comparison of complexity (real-valued multiplicasprof conven-
tional DSM detector of (5) and single-stream DSM detectof28f) and (30).
The complexity of the SISO’s DPSK is also portrayed as benckmar

exponentially with throughput, while the complexity of the
single-stream DSM detector has a linearized complexity tha
is in line with the SISO’s DPSK complexity. The resultant
complexity reductions achieved are as high as a factdr76f
and 142 for the cases of M = 2,N = 1,R = 4.0) and
) (M =4,N =1,R =2.0) in Figs. 9(a) and 9(b), respectively.
— 1, if r=qgandc=a ; ; ; ]
Ay g(ryc) :{ 4 In contrast to the solutions in [38], [39], the single-strea
0, all the other elements DSM detection of (29)-(30) is directly streamlined from the
which is virtualized in Fig. 8. The example of DSM associateblL detector of (5), which does not impose any performance
with (M = 2) is further characterized by Table V. Accordingoss for any DSM scheme associated with all parameter values
to (26), Property 2 in Sec. II-B is validated for DSM. There- This optimal detection capability is especially importamt
fore, the analysis in (6) may also be applied to DSM, whicghannel coded scenarios [2], [28], [65], where the binagi-de
simplifies the DD of (5) as: sions are replaced by the soft-decision Log-Likelihoodidat
(LLRs) that reflect the Max-A-Posteriori (MAP) probabids.
X < 3 [ty (A 7 o8 More explicitly, sub-optimal detectors may produce largdrL
n—1=atg V{z;}n%}f,\mz;l {(x ) tr( 4 )] » (28) values that deviate from the true probabilities, which aaedh
- - to correct by the channel decoder, especially after a few
whereZ=Y, Y |, while the constants of2_, =|Y,_:||> decoding iterations between the sub-optimal detector hed t
and k2 = ||Y,.||* in (5) are omitted in (28). According to channel decoder.
(27), we also have ([Kg’qZ):Z(q,am,q), whereZ(q, am 4)
denotes the element on theth row and g, ,-th column in
Z. As a result, the single-streaPSK demodulator may be AMPLITUDE SHIFT KEYING
invoked M@ times as: In order to improve the performance of the finite-cardinyalit
Y | _ 7 DSTM schemes of DGC, DSM and the proposed DSTBC-
ma = M(Z(08n.q)), Vim € {1, M}, Vg €L, O ISK at high throughputs, in this section, we propose to
extend theLPSK constellation used in the previous sections

where the PSK indices{lq}?:1 and permutation indexn
carries source information. The dispersion matrix is gikgn

(27)

V. DIFFERENTIAL AMPLITUDE SHIFT KEYING AND

Upon obtaining the PSK indice§{i;; ,}2-1}% |, the opti- S . : .
mﬂmﬁz may bge obtained by: O8llm.a}m—0 tg-1 P to the classicL-level star QAM constellation associated with
' L s-level ring-amplitudes and.-level PSK phases, which is
m = arg maxvs ZqQ:lgg (ztma) Z(g,amq)| . (30) exemplified by Fig. 10. The encoding on star QAM’s ring-

amplitude is introduced in Sec. V-A. As a result of using

Finally, the optimum PSK indice§l, }&_, are the ones in (29) star QAM signalling, the power of the DSTM's data-carrying

associated with of (30) as{i, = I q}Q ) matrix becomes variable depending on the data-carryirg rin
m, q=1" . . .

Fig. 9 demonstrates complexity comparison between tagplitude. Against this background, we further develop be-
conventional DSM detectgr of (5) and the single-stream DSM2We note that the DSM detector in [34], [35] is extended fror 4
detector of (29) and (30) in terms of the total number of reak, | — arg minyx,  R[tr(Xn—1Yn_1Y)], but its complexity of
valued multiplications. More explicitly, the complexity (6) (872N1I) is higher than that of (5).
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Transmit signal matrix

== _ CLER A data-carrying index: as well as by the previous transmitted
Transmit ring-amplitude I, =% = . . atn—1 .
Transmit uniary signal Matmix S, ring-amplitudeI’,,_; = , which may be expressed as
Data-carrying signal matrix Xpo1=n-1Xn_1 = {ig}é;ol vt = al(pn—rta)mod Lalyin 1
Data-carrying ring-amplitude Y1 = (1A Alternatively, for DSTM using ASK, the differential encod-
Data-carrying unitary signal matriy X, 1 = J[X"’]ﬁ»rz_o1 ing of (31) may be revised as:

TABLE VI B 1 - -
NOTATIONS OFDSTM USING STARQAM. S, = X—1Sn_1, (32)
Data-carrying ring-amplitude Transmit ring-amplitude Fn—l

DASK | 7" = ‘ZS“"’IM T PATT 1 | Ty = yn=1ln— where the differential encoding of the unitary matricesléma
ASK | " =13 ELEV Tn = ¥n given by (3), while the absolute-amplitude is invoked in the

same way as in ADPSK [4]-[6]. More explicitlyy,, 1 in
Xn—1 ="7n-1X,—1 0f (32) is anL 4-level data-carrying ring-
spoke ML, MMSE and LS detectors for DSTM using staamplitude formulated as® = -, and then thanks to the
QAM in Secs. V-B, V-C and V-D, respectivel At 1 H ; : ;

: ' ' p Y. normalization ofi in (32), the transmitted ring-amplitudes
always assume the absolute-amplitudd gf= ~,,_.

SUMMARY ON DASK AND ASK.

A. Differential and Absolute Amplitude Encoding

For the sake of clarification, the notations of DSTM usin§- Maximum-Likelihood Differential Detection (ML-DD)
star QAM are summarized in Table VI, where the superscript The received signal model of (4) may be revised for DSTM
of a symbol/matrix (e.gX?) denotes the data-carrying indexusing star QAM as:
mapped from the source information bits, while the subscrip ~
of a symbol/matrix (e.gX,,_1) denotes the temporal index. Yo =8.Hn +Vy, (33)

More explicitly, the transmit-signal matrix is now given byAs a result, for the equivalent received signal model of (8),
Sn = I',Sn, whereS,, is the PSK-aided unitary transmit-ye haveS = [SZ_,,ST|7 and hences’’s — SH S, i+

n—1»

signal matrix of (3) using;”sx signalling. Thezeggog term igrrg, = (%, +1%) 7Ly, which results in a variable power
the ring-amplitude of’,, = <=, wherea and f = =*=—— of tr(S"'S) = (I'2_, + I'2)T depending on ring-amplitudes

respectively represent the ring ratio and the associated np  andT,,. Furthermore, the probability(Y|S) of (9a)
malization factor. In this paper, the ring-amplitude ratiof may be revised for DSTM using DASK and ASK as:
a = {2.0,1.4,1.2,1.1} are used forL, = {2,4,8,16}, - . ) )
respectively. Moreover, the data-carrying matrix is nowegi p(Y|S)= % exp (— S

> . (mNo) = No (34a)
by X,-1 = 7,-1X,-1, Where log, I source bits are as- exp(-L |ISH_ (Y1 + X2, Y,)|1?)
signed to encode the PSK-aided unitary data-carrying matri g?v " ) Yo ’
X1 ={X'}/Z} in (3), while log, L bits are assigned to p(Y[S)= {23y exp(—K”’Al,:K"
modulate a ring-amplitudey,, ; = {7*}24,". As a result, exp(L|ISH (Y1t ——XH_ Y.
there are a total of = L 41 combinations for the data-carrying No Fn=R 2n= il Py Ton—1 2l /o
matrix X,, ; = {X'}2"}, and the throughput is increased tdespectively, where) — NNoTETryT IS how a variable.

R—losaT _ logy Itlogy L Then the average BER of (12) may be rewritten for DSTM

T T " : .
In order to guarantee that all the transmitted signalS,in using DASK and ASK as:

are drawn from the equi-spaced star QAM constellation,u\ﬁe’bitSE{ ZT;O127'1}1 La—1 du(ii) (Sun_l,LSun_l,?i7

(34Db)

propose for the DSTM scheme to employ the ring-amplit i'=07~pn—1=0L s Tlog, T

encoding methods of DASK and ASK in [11], [36], [37], _ €
which are summarized in Table VII. More explicitly, forwhere the equivalent transmit-signal mati is now de-
DSTM using DASK, differential encoding is applied both tdermined by both the previous transmitted ring-amplitude

the unitary matrices and to the ring-amplitudes by: Fny = M;{ apd the data-carrying index. The PEP
S, =X, 18, 1. 31) p(S" " 8" ) in (35) is still expressed by the right

_ _ — _ _ hand side of (10), where we haie = 24 (S"" " )H§"" "
which may start fromS; = /53, (I, 0]". The differential Based on this PEP, we offer the following two propositions
encoding applied to the unitary matrices in (31) is stilleiv concerning the performance of DSTM using star QAM:
by (3) asSn:X_n_lsn_l_. More(_)ver, th_e differential en(_:oc_jmg Proposition 4: The PEPp(gun_l,z . gun_l,z’) of DSTM
applied to the ring-amplitudes in (31) is the same as in mas%lsing DASK is as same as that of DSTM using ASK.
DAPSK [3]-[5], which is given byIl',, = ~,_1[',,_1. The
La-level transmitted ring-amplitude and data-carrying fing?roof. The  difference  matrix that determines the
amplitude are given bi]n:% andy,_, = a4, respectively. PEP of (10) is given byA = 4[I,,—DD"]. For
According toT,, = n_1T,1, the ring-amplitude indices DSTM using DASK, we haveD = (T2 )l +
have the relationship ofu, = (tin_1 +a)modLy,], where 24(T,_17%)(Iy—17®)SH (X)) P X"S;. For DSTM using
the data-carrying index is Gray codeda. As a result, the ASK, we haveD = 1(I'2_ )Ty + 2L~2y@'SH(X)H XS,

n—1
modulation of~,, 1 = {ya}aLgo‘l is determined both by the Owing to the fact that DASK's {I',,_1v* =
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a#n—1+a) mod Ly

75 tva and ASK's {y* = Nf}\m results in where we havey® = MN0+[FiMl+( o . As a result, the
the same set of ring-amplitudes, DST using DASK' angetection of the unitary matriX' is also given by (37), while
DSTM using ASK have exactly the same PEP values.[J  the detection of the ring-amplitude® may be rewritten as:
However, the different bit-to-ring-amplitude mapping of 5 o o 9 - "
DASK and ASK may result in differentP. ;;; of (35). a= arg nax F[F bkt (V) K A20, 1y d |+ M N In g
Nonetheless, for the mapping of the data-carrying maXix= R (40)
aXi thelog, L4 number of bits assigned to ring-amplitudehe updated decision concerniiig, = v* may be fed back
@ is generally smaller than tHeg, I bits mapped to the PSK- to the next ML-DD block ad’, ;.
alded unitary matrixX?, hence the BER performance results Since the detection of the unitary matriX’ and the
for DSTM using DASK and ASK are expected to be similagiétection of the ring-amplitude® are separated, the single-
without the assistance of channel Coding stream DSTBC-ISK detection of Sec. Il and the Single strea
Proposition 5: An optimized diversity product for a DSTM DSM detection of Sec. IV may both be directly applied for
scheme using PSK also results in an optimized diversity- prddjetectmgXZ in (37).
uce for its star QAM counterpart of DSTM using DASK/ASK. Following the same steps as (13), the DCMC capacity of
DSTM using DASK/ASK derived based on the conditional
Proof. Since DSTM using DASK and ASK have the same PEP’mbam“tIes of (34) is expressed in (41) at the top of next
according to Proposition 4, let's now consider DSTM usingage, where we havé"" " = [, 18T, I, (X'8,)7]"
ASK associated with {/ = 7). The difference matrix that for DSTM using DASK andS"" """ = [I',,_;ST, (X'S;)T]T
determines the dlverS|ty produdt of (11) may be extended for DSTM using ASK. However, in fact, (41) can only be

asA=[4 —(Th_ 17" NI +12 799" Ag, whereAg=  applied to DSTM using DASK. For the case of DSTM using
(X=X (X-X") is the difference matrix used for its PSKASK, the dominant metric in (41) at high SNRs becomes
aided DSTM counterpart in Sec. lI-C. Therefore, the diffise n"n LGN |2 A M H

1(S D e i 1871 [Yn-1 +
matricesA and A, are in direct proportion, which results in (+(m=)?1 T+ No
the same relationship for their diversity products. Thiplies — (Xl)HY 1|2, whereT',,_; = 4* = L andT,,_; =
that the parameters used for optimizing DGC using PSK i = -2 would result in the same metric, ﬁlt they correspond
[14]-[17] may be directly used for star QAM. OO to different bit-mappings. Therefore, the maximized DCMC

In summary, the ML-DD aims for maximizing the probacapacny for DSTM using ASK is given by melsnuatlon of
bility of (34a) for DSTM using DASK, which is equivalent to Perfect decision-feedback concernifig_; = = in (42).

maximizing the following decision metric: - . : .
g g C. Minimum Mean Squared Error Differential Detection

. < {Fn a1+ (Dn1y®) s (MMSE-DD)
0w iy " . (36) Alternative to (9), the MMSE model of [67] may also be
+ 2F Y R(XY 1Y)+ M N Ing®, applied to (8), where the coherent probability based on (8)
where the equahty holds forM{ = T), while we have may be expressed as:

We discovered in [66] that p(YS,H) = exp(— |(|;(N ?2?1\‘[‘ /No) (43)

" = N AT
the detection of the DAPSK'’s phase is independent of the
ring-amplitude detection. Similarly, the detection of thiétary As a result, maximizing (43) ove{X’ 1701 is equivalent to
matrix X’ in (36) may be carried out independently as: minimizing dwmse = [ Yy_1 — Sn— 1HH2_Jr 1Y, — S, H|?.

For DSTM using DASK, the decision metnc of (43) may
be extended aslivse = K2_ —2§R[tr(H "SH v, )+

Upon obtaining the maxmum) from (37), the ring-amplitude tr(EH S{f,lsn,lH) + k2 — 2R[tr(H Snfl(X7)HYn)] +

i=arg maxwal, whered’ =Rr(X'Y,_, YD) ((37)

index detection may proceed as: (v )2tr(ﬁH§£[1§n71ﬁ), Since S, H is unknown, an
A e 2 .2 ay2,.2 ; i inQdi —
a=argmaxve 5= [ _1k5 4 +E21“n,17 ) kL 39) MMSE estlmate maz be obtained by tili(ll’%% = 0,
+2I2_ 4% | + M N Inn®. which leads toS,, H = —— {Yn_ﬁ-(X’)HY,L}, where
DASK
The updated’,, = ~4T,,_; may be passed on to the nexive definerg,g. ':'1+(’Ya)'2- Using this MMSE estimate of
ML-DD block as the decision-feedback dh, ;. S, _1H, the decision metric of (43) becomes:

Similarly, based on (34b), the ML-DD aided DSTM using dz P a1 1Y, — )~(7Yn 12

ASK aims for maximizing the following decision metric: DAS ay2 .2 (44)
= O s 20" Xy, YH)].

< {F H 4 ( a)2/€2 THASK TOASK THASK n-
=N U et T (39) As a result, the detection of the unitary mat#’ is also
+2Fn—1’7a§R[tr(X1Y’n—lYf)}} + MN1Inn®, given by (37). Upon obtaining the maximur from (37),

the detection of the ring-amplitude” is formulated as:
SFor DSTM using star QAM, the expression of diversity prodnobf (11) 9 9 9 A
and that of the average diversity producof (24) may be revised by replacing Ky, (’V ) K1 2v4 Ei 45
i, 4" and I by ¢, ' and I, respectively. a=arg nvun a + T a : (45)
@ Tpask TBASK TDASK
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P
. o3 Hn—1% ! T Heo
TSy, (nfn=1")MN exp(n IS8T n=1")=X1%)
DASK __ 1 ~ Vi1 No
CDCMC - LA-f-T ZVi Zvﬂn,—l E 1Og2 ! G AL;/_l-,;’ ! F—— ’ (41)
vy ZV,L o n ) MN exp (g [I(S" "1 ) HY||?)
It 1’)Mchp<7" \|<S“" 1HEY|?)

Sy (nfn=t TYMN exp(2 H(S“" L EY|2)

CS%I\K/IC I T 2ovi Zv# {log2 [

} ) (42)

SIE IR - TP,

Mn 1

hm—1:4
=R— 5 X D, Elloge[Xva ('7)MNGXP(

ptn—1:0

25

Similarly, for DSTM using ASK, the deC|S|on metric in (43)
may be extended af ez = K2 —28%[tr(H SH_ 1Y n1)]+ 20
tr(H Sn 1Sn 1H)+r2 — —ER[tr(H SH (XI)HYH)} g ,
g1
(7 tr(H SH Sn_1H). Evaluatmg‘sziMSE = 0 leads to S
n 1 5 8Sn—lH g 1.0
r ST .
S, H = ”Tl[Yn 1+F (Xl)HY ], where we define e
ASK P
0.5 l| —«— DSTBC-ISK, 16PSK
Tisk=T2_+(v*)2. Then the deC|S|on metric of (43) becomes: e DSTBC.ISK. star 160AM (2DASK, BPSK
1"2 | —6— DSTBC-ISK, star 16QAM (2ASK, 8PSK)
~ ~ ool—1l
7 n—1 < i 2 5 0 5 10 15 20 25
dymse = ra HYn T XLYanH : (46) SNR (dB)
ASK n—l (@) DCMC Capacity
Therefore, the detection &’ based on (46) is also given by | ¥ DSTBC-ISK, 16PSK, MLUMMSELLS]
i e i i i i . —& DSTBC-ISK, star 16QAM (2DASK, 8PSK), ML
(37), while the ring-amplitude detection is given hy: o DSTBCAISK. tar LOGAM (2DASK. 8PSK). MMSE
2 2 ( )2 2 QF a - —&— DSTBC-ISK, star 16QAM (2DASK, 8PSK), LS
a = arg min n-1™m R e e a. (47) -5 DSTBC-ISK, star 16QAM (2ASK, 8PSK), ML
v Ta Ta Ta -©- DSTBC-ISK, star 16QAM (2ASK, 8PSK), MMSE
¢ ASK ASK ASK 16’ [ - DSTBC-ISK, star 16QAM (2ASK, 8PSK), LS

D. Least Square Differential Detection (LS-DD)

In contrast to the MMSE-DD, the I:S solution directly takes
Y, =S, 1HandhencdY,_; —S, 1H|? =0 for (43).
Consequently, for DSTM using DASK, the decision metric
in p(?\g H) of (43) becomeslis = HY — XY, 4| =
k2 + (v)2k2_, — 29 Rr(XPY -1 Y)]. As a result, the
detection of the unitary matriX‘ is given by (37), while the
ring-amplitude detection may be expressed as:

BER

. . . ! L SN
0 5 10 15 20 25 30 35

_ SNR (dB)
d 5 1 (b) BER performance
a = arg min n — = Mg Z 48
& Va (’Y “%71) DASK( DASK)’ ( ) Fig. 11. DCMC capacity and BER performance of DSTBC-ISK udh&K

and star QAM associated with\{ = 2) and R = 2.5).

i - ; _d -
where the decision variable Bask = e Moreover, the (32) asY, Xn (Yot — V1) + V., which was

single-stream DASK demodulation = Mgy (Zoask) in - employed in [13] '[33], [68]. Therefore, the detectors ity

(48) may directly delivera as the Gray coded index = onY,_; = S,_,H that have been popularly used in the

{max[min([log, Zoask | +4n-1,0), La—1]—pn—1} mod La. literature [11], [13], [33], [36], [37], [68] in fact corrgmnd to
Similarly, the LS-DD of DSTM using ASK also re|ieSthe sub-optimal LS solution, which suffers from a perforean

on Yn1 = S,1H, which results indis = |Y, loss compared to the ML-DD and MMSE-DD.
Y, _1]|?. The detection ofX’ is also given by (37) In summary, the ML-DD of Sec. V-B, MMSE-DD of
wh|le the ring-amplitude detection is given by: Sec. V-C and LS-DD of Sec. V-D share the same unitary
s matrix detection concerning’, which may be simplified for
4= arg min k2_( v di)Q ML (T 1Zask), DSTBC-ISK and DSM as devised in Sec. Ill and Sec. IV,
va LA 2 ASKLT n—1=ASK respectively. However, the three DDs use different mefiics
~ (49) detecting the ring-amplitude®. As a result, the ML-DD of
where we defin€ask = —2—, while the ASK demodulation (38) and (40) that involves calculations in the logarithrdgs

i = Mg (T 12Zask) i ('49) directly obtainsi as the Gray main exhibits the highest complexity, followed by the MMSE-

codedd = max|min(|log, v/ATn_17ask],0), La — 1]. DD of (45) and (47) and then by the LS-DD of (48) and (49).
We note that the LS-DD of DSTM using DASK may also Their performance results will be further compared in Sdc. V

be obtained based on the extension of the received signal

model of (33) using the differential encoding of (31) as VI. PERFORMANCERESULTS

Y, = X,-1(Y,_1 — V,,_1) + V,,, which was used in  First of all, it is demonstrated by Fig. 11 that DSTBC-ISK

[11], [36], [37]. Similarly, the LS-DD of DSTM using ASK using star QAM outperforms its PSK counterpart in terms of

may be obtained according to the extension of (33) usihgth the DCMC capacity and the BER performance at high
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1.0 4 DSTBC, 8PSK (Unconstrained cardinality)
—8— DSTBC-ISK, star 16QAM (2DASK, 8PSK| —©— DSTBC-ISK, star 32QAM (2ASK, 16PS

0.9 | —o— DSTBC-ISK, star 16QAM (2ASK, 8PSK)

4 DSTBC: Transmitted as star 32QAM (two-ring)
-#- DSTBC: Transmitted as star 64QAM (four-ring)
-4 DSTBC: Transmitted as star 256QAM (eight-ring)

BER

0.0
00 01 02 03 04 05 06 07 08 09 10
I SNR (dB)
(a) EXIT charts

Fig. 13. Performance comparison between DSTBC and DSTBC-ESKc

— (1) RSC coded schemes, & psii=2 ated with (M = 2), (N = 2) and (R = 3.0).

“““““““ (2) TC coded schemes, 184, IRrc.psTvi=4

— = (3) IRCC-URC coded schemes, Re-pstv=2, IRrcc-urc-nstmj=30 * DSTBC-ISK| O DGC-Cyclic
---- (4) Maximum Achievable Rates & DSM .

[] DSTBC-ISK, star 16QAM (2DASK, 8PSK| 10 * ‘
O DSTBC-ISK, star 16QAM (2ASK, 8PSK)

12 5 5
SNR (dB) 1070 15 20 25 30 35 40 5 10 15 20 25 30 35 40
(b) BER performance M E2r/NluQ(dB) 00 by A EZ/N%(tdB) Lo
a =2, R=2. =4, R=1.
Fig. 12. EXIT charts and BER performance of DSTBC-ISK usiray QAM @ (®)

: . - Fig. 14. BER performance results of DSTBC-ISK’s diversityngesover DSM
associated with{/ =2) and (R=2.5) in RSC/TC/IRCC-URC coded systems. asgsociated witFr)\M — 92, R=2.0)and (M = 4, R — 1.0). The performance

. . results of DGC and DPSK are also depicted as benchmarks.
SNRs. Furthermore, although it was demonstrated in [12] tha P

ML-DD and LS-DD invoked for DSTBC using QAM exhibit used in DSTM schemes [11], [36], [37], it is demonstrated by
a similar performance, we can see from Fig. 11(b) that &g. 12 that the ASK technique is capable of offering a better
N increases, the performance differences between ML-Dperformance in coded scenarios, which confirms the DCMC
MMSE-DD and LS-DD for DSTBC-ISK using star QAM capacity comparison results of Fig. 11(a). Therefore, i@ th
become more significant, where the ML-DD achieves thest of the paper, we opt for employing the ASK approach for
best performance, followed by MMSE-DD and then by LSeur DSTM schemes using star QAM signalling.
DD. Therefore, we opt for employing ML-DD for all DSTM  Fig. 13 demonstrates that DSTBC associated with uncon-
schemes in the rest of this paper. trained transmit-signal cardinality outperforms DSTB&KI
Moreover, it is demonstrated in Fig. 11(a) that DSTBC-ISKlowever, a severe performance loss is recorded in Fig. 13,
using ASK exhibits a higher DCMC capacity than DSTBCwhen the DSTBC’s transmitted signals are quantized and
ISK using DASK, but their BER performance results artransmitted as a finite-cardinality set of star QAM signals.
almost the same in Fig. 11(b), which is indeed expectdherefore, we only consider the finite-cardinality DSTM
according to Proposition 4. Nonetheless, the advantag&ef Aschemes of DSTBC-ISK, DGC and DSM in the rest of this
becomes more significant in Fig. 12, where its performanpaper, and their parameters are summarized in Table VIII.
potential is further improved with the aid of channel coding The BER performance comparison between DSTBC-ISK
More explicitly, the powerful tool of EXtrinsic Informatio and DSM is exemplified in Fig. 14 for the cases of (= 2,
Transfer (EXIT) charts [2], [69], [70] is used in Fig. 12(a),R = 2.0) and (M = 4, R = 1.0). First of all, Fig. 14 shows
which quantifies the extrinsic informatiorf£) produced by that DSM performs worse than DPSK in these two cases using
the soft-decision DSTM detectors, given thepriori infor- (N = {1,2}). Secondly, Fig. 14 evidences that DSTBC-ISK
mation I, provided by a channel decoder. To avoid lossingchieves substantial diversity gains over DSM, which are as
focus, the soft-decision DSTM detectors are derived in Afrigh as14.2 dB and 24.5 dB at BER=10~* for two these
pendix A. Moreover, Fig. 12(b) examines the performance oises associated withV( = 1). Furthermore, Fig. 14 also
DSTBC-ISK using DASK/ASK in conjunction with Recursiveshows that DSTBC-ISK is even capable of outperforming the
Convolutional Codes (RSCs), Turbo Codes (TCs) as wellassic DGC for these two cases, despite the fact that DSTBC-
as IRregular Convolutional Codes (IRCCs) and Unity Rai&K simply use the classic DSTBC signal structure without
Codes (URCs), where the simulation parameters are the sanweking DGC’s parameters optimization.
as those summarized in Table V of [71]. The number of We note that the proposed DSTBC-ISK does not share the
iterations between a channel decoder and the soft-decisgame transmitter property as the existing DSTM schemes of
DSTM detector is indicated by the acronym “IR” in Fig. 12(b)DSTBCs [8]-[13], DLDCs [22]-[25] and DSTSKs [31]-[33],
In summary, although the DASK approach has been populaff0], [41], which suffer from the infinite-cardinality prédm.
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(a) DSTBC-ISK,T = 2, R = {1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0}
[L=2 ] L=4 | L=8 | La=2L=8 | La=2L=16 | La=4,L=16 | La=4,L=32 | La=8L=32 | La=8,L=064 |
(b) DSTBC-ISK, T = 4, R = {0.75,1.0,1.25,1.5,1.75,2.0, 2.25, 2.5}
[L=2 [ L=4 | L=8 | La=2L=8 | La=2L=16 | La=4L=16 | La=4,L=32 | La=8,L=32 |
(c) DGC-cyclic,T = 2, R = {1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0}

[L=4u=[1,1] [L=8, u=[1, 3] [La=2 L=8u=[1,3] [La=2,L=16,u=[1,7] [La=2, L=32, u=[L,7]|
|[La=4,L=32,u=[1,7][La=4, L=64, u=[1,19][La =4, L=128, u=[1,47][L4 =8, L=128, u=[1,47]| |

(d) DGC-cyclic,T = 4, R = {0.75,1.0,1.25,1.5,1.75,2.0, 2.25, 2.5}

[L=8,u=[1,1,3,3] [L=16, u=[1,3,5, 7] [L =32, u=[1,7,9, 15] [L =64, u=[1, 15,27, 29] |
[La=2,L=8,u=[1,1,3,3][La=2, L=16, u=[1,3,5,7][La =2, L=32, u=[1,7,9, 15][La =2, L=64, u=[1, 15, 27, 29]|

(e) DSM, T =2, R = {1.0,1.5,2.0,2.5,3.0,3.5,4.0,4.5,5.0}
[Li=1,Lo=2[L1=2,Ly=2[L1=2,Lo=4 [L1=4,Lo=4 [L1=4,L5=8 [L=8,Ly=8[L4=2,L1=8,Lo=8[La=4,L1=8,Lo=8[L4=4,L1=8,Lo=16|
(f) DSM, T'= 4, R = {1.0,1.25,1.5,1.75,2.0,2.25, 2.5}

[ Li=1,Lo=1,Lg=1,L4=1 [ L1=1,Ly=1,L3=1,L4=2 [ L1=1,Ly=1,L3=2,L4=2 | L1 =1,Ly=2,L3=2,Ly4=2 |
| Li=2,L2=2,L3=2,L4=2 | L1=2,Ly=2,L3=2Ls=4 [ L1=2,Ly=2,L3=4,Ly=4 | |
TABLE VIII
PARAMETERS FOR FINITECARDINALITY DSTM SCHEMES USED IN THIS SECTION
§ BE&BC"S.K : and (.0 < R < 2.5) for the cases of {/ = 2,N = 1) and
DRSSk | o Ui oK S AM (ASK and PSK (M =4,N = 1), respectively. Furthermore, Fig. 16 confirms
5o sE o g that DSTBC-ISK and DSM exhibit the same linearized single-
sl ol o * B stream ML detection complexity, which is comparable to the
T a0 T [ aeds Dl SISO DPSK/ADPSK scheme’s detection complexity.
= 2 Q ] Moreover, considering that the finite-cardinality propest
8 40l gL 9K ] Sec. II-A is the first and foremost objective of our design,
2, g wop g0 . we have also presented the classic finite-cardinality sehaim
@ ol @ 125 : DGC in Figs. 15 and 16. First of all, Figs. 15 and 16 evidence
15k 10 24.5dB that DSTBC-ISK achieves an even better performance than
1ok 075 b DGC in the lower throughput ranges of.¢ < R < 3.0)
BT I N and (.75 < R < 1.5) for the cases of {/ =2,N = 1) and
E/N, (dB) Ey/N, (dB) _ _ H H _ ’

@ M= A b) M = e (M_I4,N_ 1), resplecuvgly, desp|tef'the DﬁTBC ISK’s Ir?yver
Fig. 15. Comparison af, /N required for DSTBC-ISK and DSM to achieve COMPplexity. Secondly, Fig. 15 confirms that DGC achieves
BER=10"%. DGC and DPSK are also depicted as benchmarks. a superior performance in the higher throughput ranges of

é Do - (R>4) and R > 1.75) for these two cases. However, it is
O DRC-Cyclic | ———chising ctas QAM (ASK and PSK demonstrated by Fig. 16 that the DGC’s detection complexity
* DPSKIADPSK[™5 grows exponentially with the throughput, where the detecti

p
/

1400 (TG T TR
T Tl

complexity of DGC becomes rather excessive, whicl(s2
times and 50.7 times higher than that of DSTBC-ISK for
the cases of f/ =2,N =1,R=5.0) and M =4,N =1,

- R = 2.5), respectively. By contrast, DSTBC-ISK is capable
fmes of achieving a beneficial diversity gain over DSM without
eroding the DSM’s low transceiver complexity.
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VII. CONCLUSIONS ANDFUTURE WORK

0 Rl g e In this paper, we propose a new DSTBC-ISK scheme,
R (bits/ohannel use) o7 R (sichannel use) which achieves a beneficial diversity gain over DSM at the
Fig. 16 a%révéaﬁs%nj\gf:détection complex%/)({'\gafvglu]gd:'rpllidiations) of same requirement of haying a !OW transceiver complexitg Th
DSTBC-ISK and DSM. DGC and DPSK are also depicted as benchamark p.roposed DSTBC'I.SK. is the first DS_TM scheme c;apgble of
simultaneously achieving the three imperative objectioés
Moreover, the proposed DSTBC-ISK also does not share th€finite-cardinality transmit-signals set, a single-gteML
same receiver property as DGCs [14]-[16], which exhibit affletection complexity and the full diversity gain. In order t
exponentially increasing complexity with the throughplite make a fair comparison, we have also conceived a single-
design objective of the new DSTBC-ISK scheme is to achie¥gream ML detector for DSM. Furthermore, we propose to
a beneficial diversity gain over DSM [34]-[37] at the samgeneralize DASK and ASK for DSTM using star QAM. The
requirement of having a low transceiver complexity. three bespoke detectors of ML-DD, MMSE-DD and LS-DD
The simulation results of DSTBC-ISK and DSM areexhibit a performance versus complexity tradeoff. We have
summarized in terms of thé, /N, required for achieving also demonstrated that our generalized ASK technique is ca-
BER=10"* in Fig. 15, and the corresponding complexitypable of achieving a higher capacity and a better performanc
results are presented in Fig. 16. It is evidenced by Fig. &b thhan its DASK counterpart in channel coding assisted system
the proposed DSTBC-ISK achieves substantial diversitpgai In recent years, the technique of hybrid beamforming con-
over DSM across the wide throughput rangelof K R <5.0) ceived for massive MIMO systems has attracted a significant

N
=
S

Complexity (number of real-valued multiplications)

Complexity (number of real-valued multiplicatio
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research interest [72]-[74]. Specifically, the recent tlgve Upon obtaining the optimurﬂiSK of (55) over aII{}NCZ ;;01
ments in the millimeter-wave band facilitate the employmethe updated”,, = v,,_1 may be passed on to the next ML-DD
of a large number of antennas having fewer RF chainslock as the decision-feedback oy ;.

which results in a significantly reduced power consumption
compared to the conventional massive MIMO. In this con-
text, our proposed single-RF finite-cardinality DSTBC-ISK{y
may constitute a suitable low-complexity alternative te th
existing coherent schemes due to the following reasons: (13
Analog precoding can be employed based on channel statistic
such as the channel’s covariance [74] instead of full chiannés]
knowledge at the transmitter. This would enable us to employ
DSTBC-ISK, which eliminates the need for baseband channgj;
tracking, especially when the channel coefficients fluetuat
rapidly [75]. (2) In addition to the low-resolution ADC ateh
receiver, thanks to beamforming, the finite-cardinalitgide 5
of DSTBC-ISK also helps us to reduce the power consumption
of the DAC, especially at the transmitting base stations.
(3) The single-RF feature and transmit diversity design of
DSTBC-ISK may improve the performance of its single-[6]
antenna-based counterparts without increasing the nuofber
RF chains. (7]
APPENDIXA
SOFT-DECISIONDSTM DETECTION

Based on (9), the posterioriLLR produced by the Max-
Log-MAP algorithm [2], [65] may be expressed as:

di,

(8]

[9]
Lp(bk,) = maXXiGka:] d1 — MaXxicx (50)

whereX,, -1 and X, refer to the signal seX, when the
specific bityy is set to 1 and 0, respectively. The probabilit&ll]

b =0

[10]

metric in (50) is given by: [12]
d' = VI 4+ YIHX2 4 5505 T bLa(by),  (B1) g

where {Zk}fiil represents the bit-mapping corresponding to
the data-carrying matriX’, while {L, (b))}, %2’ refers to the
a priori LLRs gleaned from a channel decoder.

For DSTM using DASK, the soft-decision ML-DD using

Max-Log-MAP may be expressed based on (34a) as:

[15]

; R 4
L,(by) = max _max dpask’ — max _max  dpask s 7]
Yitn—1 XieXy, 1 Yiin—1 XieXy, o
(52) g
where the probability metric is given by:
1,0 18 & i
dlDASI1<1 =1 No |\S£I—1[Yn—1 + (Xl)HYn]HQ (53) [19]

FMN Ingpe-ri 4 %2 1, 1 (by). 201

Similar to the DCMC capacity evaluation of (415”_1 in
(53) may usdl’,, 1S, = ”“’%X%[IM,.O]T. . 21

As expained for the DgM capacity evaluation of (42),22
DSTM using ASK relies on decision-feedback concerninb ]

J O":;‘T;l. Therefore, (52) may be revised for ASK as:[23]
Lp(bk) = __max d,iASK — _ 1max diDASKv (54) [24]
XieXp, =1 XteXp, =0

where the probability metric is expressed based on (34b) dg5]
sk = Hp STV ooy + s (XD 126}

i log, I 7 (55)
+MNInn' + 3,527 by Ly (by).
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