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Abstract—Multiple-Symbol Differential Sphere Detection (MS-  Differential Phase Shift Keying (ADPSK) by Fischet al.
DSD) relies on the knowledge of channel correlation. More [2] in order to distinguish it from the family of differentia
explicitly, for Differential PSK (DPSK), the transmitted symbols’ amplitude DQAM schemes developed later. As a result, the

phases form a unitary matrix, which can be separated from . . .
the channel's correlation matrix by the classic Multiple-Symbol ADPSK receiver invokes a low-complexity noncoherent detec

Differential Detection (MSDD), so that a lower triangular matrix ~ tor, where the data-carrying phase is recovered by the DPSK
extracted from the inverted channel correlation matrix is utilized ~scheme’s Conventional Differential Detection (CDD), whic
for the MSDSD's sphere decoding. However, for Differential observes the phase changes between every pair of consecutiv
QAM (DQAM), the transmitted symbols’ amplitudes cannot  yqcejved samples, and then the ring-amplitude is dematlilat
form a unitary matrix, which implies that the MSDD'’s channel . o ..
correlation matrix becomes amplitude-dependent and remains by a quannzer. Similarly, for Square Q_AM trgnsmlssm_n,
unknown, unless all the data-carrying symbol amplitudes are Weber [1] applied the DPSK scheme’s differential encoding
detected. In order to tackle this open problem, in this paper, to the specific pair of information bits, which determineé th
we propose to determine the MSDD’s non-constant amplitude- particular quadrant, so that the quadrant information Wss a
dependent channel correlation matrix with the aid of a sphere recovered by the DPSK’s CDD at the noncoherent receiver,

decoder, so that the classic MSDSD algorithms that were orig- hile th itude of th ived | tized
inally conceived for DPSK may also be invoked for DQAM whiie the magnitude of the received samplé was quantize

detection. As a result, our simulation results demonstrate that Within the detected quadrant. In 1982, Simeh al. [3]

the MSDSD aided DQAM schemes substantially outperform their proposed to apply the DPSK scheme’s differential encoding
DPSK counterparts. However, the price paid is that the detection philosophy to the Square QAM phase in order to completely
complexity of MSDSD is also significantly increased. In order eliminate its phase ambiguity problem. However, unlike in

to mitigate this, we then propose a reduced-complexity MSDSD
search strategy specifically conceived for DQAM constellations, PSK and Star QAM, the phase angles of the Square QAM

which separately map bits to their ring-amplitude index and Constellation points are not equi-spaced, which inewtabl
phase index. Furthermore, the classic Decision-Feedback Dif- results in arbitrary phase rotations after differentialaing of
ferential Detection (DFDD) conceived for DQAM relies on a the phase. For this reason, typically Star QAM consteltetio
constant channel correlation matrix, which implies that these are preferred for DQAM design. Furthermore, the classic

DFDD solutions are sub-optimal and they are not equivalent to . . . ; .
the optimum MSDD operating in decision-feedback mode. With Differential Amplitude Phase Shift Keying (DAPSK) was pro-

the advent for solving the open problem of MSDSD aided DQAM, Posed by Weblet al. [4] in 1991, where differential encoding
we further propose to improve the conventional DFDD aided was invoked for both the Star QAM ring-amplitude and phase.

DQAM solutions in this paper. In 2000, Fischeet al. [2] carried out the capacity comparison
Index Terms—Multiple-Symbol Differential Sphere Detection, Of ADPSK, of DAPSK and of their twisted-constellation-
Decision-Feedback Differential Detection, Differential QAM, based counterparts both in AWGN channels and in quasi-static

Absolute-amplitude Differential Phase Shift Keying, Differential  fading channels. In this paper, the notational form \d
Amplitude Phase Shift Keying, Schnorr-Euchner search strategy DQAM(M,Mp) is used for all the DQAM schemes, where
M, M4 and Mp refer to the number of modulation levels,
ring-amplitudes and phases, respectively, where we hawe th
. INTRODUCTION relationship ofM = M, Mp.

HE Differential QAM (DQAM) design philosophy was The development of DQAM ha_ls inspired a lot of research.
T firstly proposed by Weber [1] in 1978, where the phasér-he performance of the CDD. aided DAPSK was compared
ambiguity of Star QAM as well as the quadrant-ambiguity P that of the coherent QAM in [5]-{7], where the DAPSK
Square QAM incurred by false phase-locking of the carrief/@s shown to be particularly advantageous, when its coheren
recovery scheme were avoided. More explicitly, Weber [QAM counterpart suffered from a realistic channel estiorati
applied the Differential PSK (DPSK) principle to the phase§o"- H_owever, it was observed in [4] that the performarice o
of Star QAM symbols, while the ring-amplitudes of the StafPD aided DAPSK degrades and eventually an error floor
QAM symbols were directly transmitted without differentia!S formed in Rayleigh fading channels, when the Doppler

encoding. This scheme was later termed as Absolute-araplitfféduency is increased. In order to further improve the GDD’
performance, the classic Decision-Feedback Differeridied
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DFDD solutions [10]-[13] invoke a low-pass filter in order to amplitudes. In this way, the classic MSDSD algorithm
estimate the current Channel State Information (CSI) sampl of [18], [19] may become applicable for all DQAM
based on the previous decisions. Nonetheless, the optimum constellations.
noncoherent detector for DQAM is the MSDD advocated by 2) Moreover, we propose a reduced-complexity MSDSD
Divsalar and Simon [14] in 1994. More explicitly, the MSDD search strategy that is explicitly conceived for the
was firstly proposed for DPSK in [15]-[17], where the CDD'’s DQAM constellations, which separately map the bits to
observation window width is extended frodv,, = 2 to the ring-amplitude index and phase index. Consequently,
N, > 2. Consequently, a total ofN,, — 1) data-carrying the complexity imposed by invoking the MSDSD [18],
symbols have to be jointly detected. In order to mitigate the  [19] for DQAM may be substantially reduced.
MSDD's exponentially increasing complexity, the statettod- 3) Furthermore, the DFDD conceived for DQAM in [12],
art Multiple-Symbol Differential Sphere Detection (MSDBD [13] relied on the assumption of the channel correlation
was proposed for DPSK by Lampt al. [18] in 2005, where matrix being constant. The resultant DFDD solutions are
the MSDD is facilitated by invoking the Sphere Decoder (SD). no longer equivalent to the optimum MSDD of [14]
The soft-decision MSDSD was further developed for DPSK by  operating in decision-feedback mode. With the advent
Pauliet al. [19] in 2006, so that the MSDSD may be invoked of solving the open problem of MSDSD aided DQAM
in the context of turbo detection [20]. in this paper, we propose to improve the conventional
However, at the time writing, the implementation of MSDD ~ DFDD solutions of [12], [13].

by sphere decoding in the context of DQAM detection is 4) Finally, we explicitly present the attainable capacity
still an open prob|em, which also has been the most sub- SpeCifica”y derived for both absolute- and differential-

stantial obstacle in the way of offering a solution for MS-  amplitude DQAM constellations in continuous Rayleigh
DSD aided Differential MIMO schemes using the family ~ fading channels. The capacity analysis is confirmed
of bandwidth-efficient QAM constellations [21]-[23]. More by our theoretical and simulation-based BER resullts,
explicitly, for DPSK, the transmitted symbols’ phases may  demonstrating that the proposed MSDSD aided DQAM
form a(N,, x N, )-element diagonal matri, which is unitary substantially outperforms its DPSK counterpart of [18].
and hence can be separated from (¢, x N, )-element The price paid is that the detection complexity of
channel’s correlation matri€ by the classic MSDSD of [18], DQAM relying on M4-ring Star QAM constellation is

[19]. By contrast, for the case of MSDD aided DQAM, the  at least about\/4 times higher than that of its DPSK

(N, x N,)-element transmitted symbol matrix is given by ~ counterpart, when the proposed hard-decision MSDSD

S = AP, where A and P refer to the(N,, x N,,)-element and DFDD are employed.

diagonal matrices of transmitted ring-amplitudes and ehas Without loss of generality, we may readily assume that

respectively. Naturally, the phase matRxis a unitary matrix, the OFDM technique and/or interference surpression filters

but the ring-amplitude matrixA is not, which cannot be are employed in the scenarios of frequency-selective ¢adin

separated fronC. As a result,C remains unknown until all and/or multi-user scenarios, respectively, like withiB]i27].

the ring-amplitudes inA are detected. As a result, when the proposed MSDSD and DFDD aided
Nonetheless, a low-complexity soft-decision MSDD uPQAM schemes are employed for the sake of mitigating the

ing Iterative Amplitude/Phase processing (MSDD-IAP) waRotential error-floor imposed by a high Doppler frequenbg, t
proposed for coded DAPSK in [24], where the MSDD i@ssumptlon of having an interference-free flat fading ckblnn
invoked for ring-amplitude detection, while the MSDSD idnodel is used. _ _

employed for phase detection. Then these two detectoes iter 1€ €St Of this paper is organized as follows. The DQAM
tively exchange their decisions in order to improve the alrer constgllatlons are introduced in S_ec. Il. The MSDD is mod-
performance. However, the MSDD-IAP still suffers from afflled in the context of DQAM in Sec. lll. Furthermore,
error floor in uncoded systems. The reason for this is thi¢ MSDSD is conceived for DQAM in Sec. IV. Following
without the aid of channel coding, the two detectors md{!S: our improved DFDD solution is designed for DQAM in

exchange erroneous decisions. Against this backgroured, #FC- V» While our simulation results of capacity, BER and
novel contributions of this paper are as follows: complexity are provided in Sec. VI. Finally, Sec. VIl and
Sec. VIII offer our conclusions and a discussion of poténtia

1) We observe that although tliév,, x N,,)-element chan- future research of turbo detected DQAM, respectively.

nel correlation matrixC has a total of\/} candidates, The following notations are used throughout the paper.
a (v x v)-element partial channel correlation matrixthe notationsin(-) and exp(-) refer to natural logarithm
C, that is evaluated with the aid of the SD’s previousnd natural exponential functions, respectively. The timia
decisions only had/, candidates according to a singlep(-) and E-) denote the probability and the expectation,
ring-amplitude variable. We prove that the resultarespectively. The notation®(-) and (-) take the real part

(v x v)-element lower triangular matridL, that is and the imaginary part of a complex number, respectively.
directly decomposed fronC;! = L,LI has exactly The operation dec2bjn) converts a decimal integer to binary
the same elements as the unkoW¥, x N, )-element bits, while bin2de¢) converts binary bits to a decimal integer.
lower triangular matrixL that is decomposed from The operationg-)*, (-)7 and(-) denote the conjugate of a
C*1~: LLH. As a result, the SD may be invoked basedomplex number, the transpose of a matrix and the Hermitian
on {L‘,}f)’;’2 without the knowledge of all DQAM ring- transpose of a complex matrix, respectively. The operation
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Considering the 16-ADPSK(2,8) as an example, the data-
. (] carrying symbolse,,_; are modulated according to (1) based
on the Star 16QAM constellation of Fig. 1. The resultant
o e transmitted symbols,, obtained by the differential encoding
of (2) are also drawn from the same Star 16QAM constellation
:/oﬁ: 717ﬁ 1/oﬂ : O/W pf I(:2|§] 1, thanks to the ring-amplitude normalization@h
in (2).

B. Differential Amplitude Phase Shift Keying (DAPSK)

For an M-DAPSK(M 4,Mp) scheme [4], [31], differential
encoding is invoked both for the pha®g = w, 19,1 and
Fig. 1. Constellation diagram of Star 16QAM. for the ring-amplitudel’,, = v, 1’1 by:

. o = Tno18n—1, 3
® represents the Kronecker product. The notation (Méc on = In-1n—l 3

forms a row vector by taking the rows of matrix one-by- which also starts from; = —-L-. More explicitly, the transmit-
one. Moreover, the operations dfag and ToeplitZa) create ted DAPSK symbols;,, in (3) are encoded to be Star QAM
a diagonal matrix and a symmetric Toeplitz matrix from vectesymbols as [2], [32]:

a, respectively. atn o

Sn :Fnﬂn = ——exp(j—r n)s 4
NG P(JMPQ ) “4)

where the transmitted symbol’s ring-amplitude and phase in
A. Absolute-Amplitude Differential Phase Shift Keying dices are given biu,, = (a+u,—1) mod M4] and[q,, = (p+

II. PRELIMINARIES ON DQAM CONSTELLATIONS

(ADPK) gn—1) Mmod Mp], respectively, while the data-carrying ring-
For anM-ADPSK(M4,Mp) scheme [1], [2], the transmitter @MPlitude and phase indices = bin2detbeps, +1 -+ beps)
generates a data-carrying Star QAM symbol as: andp = bin2degb, - - - beps,, ) are Gray coded andp, respec-

tively. In this paper, we aim for conceiving generic MSDSD
o exp(ji[)) 1) and DFDD schemes, where the DQAM schemes’ data-carrying
VB Mp™" symbolsz,,_; in (3) have to be detected. Therefore, based on
) and (4), the modulation of,,_; is formulated as:

a
™= ,_Yawp —

where the Star QAM modulation index is directly mappeéa
from the BPS = log, M source bits asm =

3 (a4+pn—1) mod Ma]—pn—1} 2
bin2degb; - - - bgps). Moreover, the notations of* = 2- and

2™ = AP — a{[ - exp(i 5),
o gl p(j W p)(s)
wP = exp(j2=p) in (1) refer to the ring-amplitude and phase . . . .

of #™ rgéjpggtﬁ)ely. (In)more detail thgfirsthB& log, J\?/p where the modulation of the data-carrying ring-amplitude

- . a — o{l(@+pn-1) mod Mal—pn-1} ¢ d th i
BPSp Y a epends on the previous
r i r ign modul PSK . . . i
source bits{b,},_7" are assigned to modulate aipPS transmitted ring-amplitudd,,_; — 2o

phase indexp = bin2dedb; - - - bgps,. ), Which is the Gray- ) S B while the data-
coded indexp. The following BPS, = log, M, source bits C&MyINg phase.” = exp(j7;p) is directly modulated as
{be 2 3ps, 1 are assigned to tha/,-level ring-amplitude MpPSK. _ ,
indexa = bin2de¢bgps, +1 - - bps), which is the Gray coded Let us consider the 16-DAPSK(2,8) as an example, which

indexa. The relationship between the indices is givervby=  €ncodess, = I',(2, of (4) according to the Star 16QAM
T Ma-1 2 constellation of Fig. 1. More explicitly, the first three it

. - « .
a+pMa. The notationsx and § = =+=y-—— respectively 5.0 agsigned to an 8PSK phasg_;, and then the trans-
represent the Star QAM ring ratio and normalization facto,itaq phase obtained b2, — w, 15, , is drawn from
n - n— n—

The most advantageous choices for ring ratios in Rayleigh, ame 8PSk phase set, as seen in Fig. 1. Moreover
fading channels are = 2.0 for twin-ring Star QAM [28], [29] according to (5), when we havg, ; = 0 and hence
anda = 1.4 for quadruple-ring Star QAM [30], respectively. - .

Following (1), the ADPSK t > ; Sifferetiel ! = —5. the last source bib, € {0,1} is mapped
ollowing (1), the ransmitter performs differemtia e -
encoding as [1], [2]: to v—1 € {a}i_o = {l,a}. Similarly, when we have

in_1 = 1 and hencel',,_; = %, by € {0,1} is mapped

5, = ! Ty 1Sm1, @) 1071 € {allethmod2=tid = {1 1}, As a result,

|sn—1] the transmitted ring-amplitude obtained by, = ~,,_1I',,_1
which starts froms, = —-. Explicitly, the transmitted ADPSK is always drawn from the twin-ring set ¢t5, 5}, as seen
symbols of (2) is represented in the form of = I,Q,, M F9- 1.
wherel’,, and(2,, refer to the ring-amplitude of and phase of ) )
sn, respectively. According to (2), the ADPSK scheme invokds: Twisted ADPSK (TADPSK) and Twisted DAPSK (TDAPSK)
differential encoding for the phase 85 = w,,_ 19,1, but no As proposed in [2], [13], a ring-amplitude-dependent
differential encoding is invoked for the ring-amplitudeheve phase rotation is capable of increasing the Star QAM con-
the transmitted ADPSK symbols always have the absolutgellation distances. Let us firstly consider a genetic
amplitude ofl',, = |sp| = |Tn-1] = Yn-1. TADPSK(M 4,Mp). The differential encoding of TADPSK is
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the same as that of ADPSK as specified by (2). However, Ill. M ULTIPLE-SYMBOL DIFFERENTIAL DETECTION
the TADPSK data-carrying symbal,, 1 = v, 1wp_1¥n_1
contains the extra phase rotation term ©f_;, which is
determined by the ring-amplitude indexas given byy* =
exp(j27a). Therefore, the modulation of the TADPSK's data:
carrying symbolz,,_; is now given by:

For a Single-Input Multiple-Output (SIMO) system, the
signals received by thé&/; receive antennas are modelled as
Y, = s,H, + V,, where theNg-element row vectory,,,

H,, and V,, model the received signal, the Rayleigh fading
and the AWGN, respectively. The MSDD models the received
a signal as:
o=ty = exp (o) explj 7). ’
P Y=SH+V=APOH+V, (20)
As a result, the TADPSK transmitted symhg| according

to (2) also contains an extra phase rotation tdrp i.e. we where the  received signal matrix Y -

T T ™7T i i
haves, =T,9,¥,, where the differential encoding proceséYNw’YNw—l’ -, Y%, the fading channel matrix
: H = [HY HL - HT and the AWGN
is performed on both the phasg, = w,,_1€,_1 and on the _ N  TNy=17 750 .

: : - matrix V. = [VL ,V% -, VIT are of size
ring-amplitude-dependent phase rotatidpy = ¢, 1V,_1, Ny> VN, =175 V1 .
but we still have the absolute-amplitude Bf, — |s,| — (N, x Ng). Moreover, the transmitted symbol matrix
1] = 1 S = diag{[sn,,, SN, -1, ,51]}, the amplitude
e , . - matrix A = diad{['n,,['n,—1,--,[1]}, the phase
Similarly, the TDAPSK is obtained by twisting the DAPSKmatrix p _ diag{[Qn, O, 1+ ]} and

constellation. The differential encoding process of TDKPS e ring-amplitude-dependent phase rotation matrix
is th hat of DAPSK f | . H ?)‘ N ) :
is the same as that o SK formulated by (3). Howeve _ diag{[Wy, , Uy 1. -, Uy} are all of sizel Nyy x Ny).

th ati f the TDAPSK data- i = i . . i
aew;:ﬁdiusan;ggiﬁed aes. SK data-carrying symhdt We note thaO is an identity matrix for ADPSK and DAPSK.
v ’ Moreover, bothQ2; and ¥; are common phase rotations of
. _ 21 27 the following symbols. Hence they should be separated from
m _ Al(@+pn—1) mod Ma]—pin—1} —
r=a ' ! + exp(y Mpp) eXp(jMa)' P and O in (10), which leads to:
(7) L
Therefore, the TDAPSK transmitted symbol is also repre- Y =APOH+ YV, (11)

sented bys,, = I',92,%9,, where the differential encoding ) o _
of (3) results iNTy, = ~n 1T 1, O = wy 12, and Where thev'" diagonal element if is given byQ, = 2,9,

U, — iy, U,y which leads to_Q% = 1 and Q, = Wy 1001 = H_f;_ll wy
gor v > 1. Similarly, the vth diagonal element inO is
given by ¥, = ¥, U7, which leads to¥; = 1 and ¥, =
Yo 1W,y1 = [[VZ) 4 for v > 1. As a result, thev' row

Moreover, all the aforementioned DQAM constellation
separately modulate the ring-amplitude and phase. By a&sintr
it was introduced in [2], [13] that the two terms may be jontl . vl 1 X
modulated, which is represented in the form of DQAM [N H is given byH, = 0,7, H,. However, unlike(}, and

For example, the joint mapping conceived for the TADPSI%’l' the value ofI', does_affect t_he MSDD decision, but
constellation of (6) is expressed as: I'; does not carry source information for the current MSDD

window. Therefore, wher in (10) is detected by the MSDD,

. o mod My) o I'; is considered as a known term, which is either obtained

ro= TGXP(JM’”)’ (8) pased on previous MSDD decisions or detected separately
as an unknown variable. As a result, there a@NWl)

where all the BPS= log, M source bits are assigned to encodgombinations forA in (10). Specifically, for the absolute-

the global modulation index ofn = bin2degb: ---bgps), amplitude ADPSK/TADPSK/TADPSR! using (2), theut"

which is the Gray coded index. The resultant constellation diagonal element im is given byI', = ~,_1. By contrast,

is referred to as TADPSKR'. Similarly, the joint mapping for the differential-amplitude DAPSK/TDAPSK/TDAPSK
designed for TDAPSK constellation of (7) is formulated aSiysing (3), we havd, = v, 1Ty 1 = ([['2; %) 1
1 v v— v— t= .

. {107 mod Ma)+p, 1] mod Ma} o0 The MSDD aims for maximizing the following posteriori

= pyr— exp(j7m),  (9)  probability:

which is referred to as TDAPSK. It is worthy to note that (A, P[Y) = p(Y|A P, T )p(A)p(P) p(T1),

DQAM and its DQAMM counterpart which have the same & 2vawp P(Y|A, P T)p(A)p(P)
constellation topology achieve the same capacity. Thaela ~ - (12)
examples for twisted DQAM and DQAM may be found in wherep(T';), p(A) andp(P) refer to thea priori probabilities

[2], [13]. of T';, A and P, respectively, which may all be assumed to

In summary, the DQAM constellations discussed in thige equiprobable in uncoded systems. Furthermore, acgprdin
paper include the absolute-amplitude DQAM schemes ¥ (11), the probability of receivind’ given A, P andI'; is
ADPSK/TADPSK/TADPSKM, which invoke the differential
encoding process of (2) as well as the differential-ampﬁt 1Y in (10) stores received signal vectors in a reverse order acedpto

. .. ' [18], [19], so that the MSDSD may detect the phases accordintheir
DQAM instantiations  of DAPSK/TDAPSK/TDAPSW' differential encoding order of2, = w,_1$,_1, instead of detecting them

which rely on the differential encoding process of (3). backwards ag,_1 = w?_; Q.
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formulated as [14], [17], [18]: and the case ofl';y = %,71 = %] would be detected
R L o
(YA BTy = exp {—rvedY) .R;Hrvec(y)]H} as [Ty N 5N = ‘/EL which |mposes amblgq|ty, becguse
p By l1) = NrNw det(Ryy) ) N =3 and~y; = 5 carry different source information.

(13) We note that this is not a problem for DAPSK, because both
where the equivalent MSDD received signal model of (11he cases ofl'; = T'; = ﬁ] and[l'y =Ty = %] carry the
becomes rve@') = rveqH) - [(APO) ® Iy, | 4+ rveV), same information fory; = I';/T'; according to (3).
where the operatior® represents the Kronecker product. As

a result, the correlation matrix seen in (13) is expressed as
IV. MULTIPLE-SYMBOL DIFFERENTIAL SPHERE

Ryy = E{[rveo(Y)]H : rveo(Y)} = (O"PHCPO) 31y, DETECTION
(14)

where bothP and O are unitary matrices. Moreover, the

channel’s characteristic correlation matiix seen in (14) is

In order to invoke SD for MSDD aided DQAM, we firstly
have to reformulate the MSDD metric of (16) as a summation
of increments, so that the SD becomes capable of evaluating a

given by: C—AHR,,A+R (15) single metric at a time. Secondly, the Schnorr-Euchnerckear

v strategy of [34] should be tailored for MSDSD aided DQAM.
where the fading characteristic matrixRy;, = Thirdly, a reduced-complexity search strategy is propdsed
Toeplitz([ po p1 -+ pn,-1]) and the AWGN the MSDSD of DQAM schemes that separately modulate their
characteristic matrixR,, = NyIn, are the same as inring-amplitude and phase.

the case of DPSK usingVg = 1 in [18], [19]. More
explicitly, the temporal correlation between the fadingtdes
is defined by{p, = Jo(27 f4-v)} =, according to Clarke’s A. Partial Euclidean Distance (PED)

][33] .fadingf; T]]Odlfl‘ the;ej‘)(ﬁ).l is thf igfrco—grder Beshsel First of all, the MSDD of (16) is rewritten in form of
unction of the first kind, whilef; = enotes the £\, ciijean Distance (ED) as:

cf

normalized Doppler frequency, as f., ¢ and fs refer to

the velocity of the mobile receiver, the carrier frequertbyg - - . . N 2

speed of light and the sampling rate, respectively. (AP} = e { AT [LTO"PTY|]" + N - ln[det(C)]} ,
However, sinceA is not a unitary matrix, it cannot be ’ (18)

separated fronC in (15). As a result, in contrast to the casevhere we have the trace function property ofBF B) =

of DPSK in [18], [19], A#R;,, A seen in (15) is neither a ||BJ|?, while the lower triangular matris. is derived from

constant matrix nor a Toeplitz matrix. This implies th@tof decomposition ofC~! = LL”". We note thaL andIn[det(C)]

(15) does not become known until all the ring-amplitudes iof (18) remain unknown, until the entire ring-amplitude mat

A are detected. In summary, the MSDD that maximizes (12 is detected. In order to solve this problem by a sphere

is formulated as: decoder, we conceive two propositions as follows:
{K7f)} —max max —tr(Y/POC 'O PHY) Proposition 1: The first term in the ED of (18) may be
VI VAVP (16) extended as:
— NgIn|det(C)], _ 2
where the determinant in (13) is given biet(Ryy) = No || v 2 (19)
det(C)N=, Furthermore, ifl'; is fed back from the previ- T In L OYY
ous MSDD decisions, then a Hard-Decision-Directed MSDD UZ::? ; N =t LNy —ott B 50 T o

(HDD-MSDD) is simply formulated as: N

& 2 __ o where the coefficient{ln, —t+1 N, —v+1}i—1},1 are ele-
{A,P} = VAR ~tr(Y#POC™'O"P"Y)~Npg In[det(C)]. ments inL. It can be ss{é{en in (19) that ng ;ipelcific indgx

’ X (17) only a subset of the coefficiNen{sle_t+1,Nw_v+1};’:1 from

Then the newly detectedATNw in A may be passed on toa (v x v)-element submatriL, is required, wherd. in (19)
the next MSDD window ad’;. We note that the absolute-is expressed in the form of submatrices as:
amplitude DQAM of ADPSK/TADPSK/TADPSK" can only
employ the HDD-MSDD of (17). Let us consider MSDD
aided ADPSK associated witN,, = 2 as an example, where
the decision in (16) becomesinyr, minv., v, { gz7ay (T3 + N N
No)IY1]|? + (T2 + No)||Ya||? — 2T1Tapi R(wiY2YH)] +  The submatricef, andG., are of size(N,, — v) x (N,, —v)
Ng In[det(C)]}, while the determinant terfalet(C) = (I'+ andwv x (N,, — v), respectively, while thell-zero submatrix
No)(I'3 4+ No) —I'{T3p?] tends to zero, as the SNR increase®)y, , , are of sizg N,,—v) xv. We will formally show below
This leads us to the ADPSK decisioniafnyr, miny,, ., 1+ that althoughC and L are unkrlov!n,f,v may be obtained
Y2 — %wlYlnz for the simplified situation op; ~ 1. This by the Cholesky decompositioﬁLsz = C;l, where the
implies that if bothT'; andT'; = ~; are variables for the partial channel correlation matri€,, may be evaluated with
ADPSK detection, both the case @if; = —=,71 = 5] the aid of the SD's previous decisions concernifig};=}

L= (20)

]:jv Owa'u,v
G, L, '
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and a single variabl&', as: have {le—t+1.,Nw—v+1~= lNU_HLl};’:l. The previous ring-
amplitudes{T;}*— in C, of (21) are known from previous
SD search, and hence there is a total)dfy candidates for
T',, which determines\/4 candidates foil.,,. Moreover, the
: : . : previous phase$Q;}’_| have also been decided, and hence
| Tilvpo—1 Thluipp—2 --- I'2po + No there areM p candidates fow,,_; in (26). The ring-amplitude-
[ T2py+ Ny &F dependent phase rotatiodd,}’— and 1, , are explicitly
5, Coy determined by the ring-amplitudd&™; };_;.
1) Furthermore, the determinant term in (26) is given by
=, = Ng-In[(T2po+ No) —el' C,*,&,] —&,_1. We note that
The (v — 1)-element column vectog, in (21) is given by in order to retain the full MSDD capability, all the MSDSD's
€, = [[wly_1p1, ++, Tylipy_q]t. PED increment values of (26) have to be non-negative. For
Proof: Similar to L expressed in (20), the Hermitianthis reason, the extra constantQf ; = minyr,..vr, Nrg -
matrix C of (15) may be expressed in the form of submatricds[(T'2p, + No) —e. C;',€,] is introduced in the determinant

[ FzQ;pO + No F'ul—‘vflpl o Fvl—‘lpvfl
- Too1lwpr T2 1po+No -+ Tyoilipy—2

as: term =, which is similar to the case of adding; for the
B, D? soft-decision SD's PED in (23)-(25) of [36]. We note that
- D, C, |’ (22) adding a constant o(fZiV;“z —&,-1) to the MSDD metric of

(18) does not impose any performance difference, and the

where ]§v and ﬁv are of size(N,, — v) x (N, — v) and constants{gv_l}f}’;2 are pre-evaluated and pre-stored in an
v x (N, — v), respectively, whileC, was defined in (21). Off-line fashion, before performing MSDSD. In summary, the

According to the blockwise matrix inversion property [35]0nly variable in the determinant terd, is I',, and hence
the matrix inverseC—! is expressed as: there are a total OMA candidates fOEv.

év 7Qvﬁ3(~3;1

Cc = C-1D,0, C-'D.Q.DTC! 4 &1 | B. Schnorr-Euchner Search Strategy

(23) Based on the PED defined in (25), the MSDSD algorithm
where Qv _ (gv _ ]536;1]5‘,)_1 is a Hermitian matrix. of [19] may be invoked, but its “sortDelta” subfunction for-
According to LLT = C-!, we have the following rela- mulateq for the Schnorr'-Euchner search ;trategy [34] shoul
tionships based on (20) and (23, E? = Q,, G ET = be revised as summarized in Tablé Dwing to the fact
—C:'DLQ, and G, GT + L, LT = C2'D,Q,DIC:! + that the MSDD model of (10) stores the received samples
ST M M v Y=Y in a reverse order compared to [19], the MSDSD algorithm
should commence from index= 1, and the sphere radius is
L,LT = C;!. Therefore L, in (20) may be directly obtained upda}ted at indew = .Nw' The SD se.arch. termin_atgs, when
v M ~ the index ofv = 2 is reached again without finding any

i i
from the_(_?hole.sky decomposition @, ". solution in the search sphere. The range for the child node
Proposition 2: We propose to evaluate the second term in . A
the ED of (18) by: countern,_; in Table | is given by0 < n,_; < (M — 1)
’ throughout the SD search, which accords with the constel-
Ny lation point index range. Moreover, similar to the pseudo-
In[det(C)] = In (T'po + No) +Zln[(F§po + Np) (24) code presented in [19], the MSDSD may initialize the PED
v=2 B asd; = 0 for the sake of simplicity, but th&';-related term
~&TCL8,). dy = |llny n, Y1 + Ng - In (T2p + Np) should be added

to the SD’s output radius before comparing EDs ol/grin
Proof: According to the Leibniz formula [35], the de'(18) P paring ¢

Eierménant Ofr(;" n 15721) T?%Ple Eval_tlj_?eq bglt,et((tjﬁ’ )t he Itis worth noting that all the candidates bf, and=, over
et( V_—l)[( wpo+ No) — e, v—1€_”“]' IS Implies that the {T'+}¥_, seen in (26) are pre-evaluated and pre-stored in an off-
evaluation ofdet(Cy) may be carried out in the logarithmicjine fashion. They remain fixed as long as the constellation a
domain by adding an incremental term to the previous evgly asN,,, N, and f, are fixed. There is a total @N'_wl M,
uationNaSNfolllo!vslndet(Cv) = Indet(Cy—1) + n[(Ip0 +  candidates forf, and =, stored in memory. As a special
No) —el'C;',€,]. Therefore, the complete determlngnt teriace of DAPSK associated withl, = 1, the DPSK only
In[det(C)] may be calculated by a SD from the initial term,,5 15 evaluate and store a single candidate for the constant
that is associated with the index of= 1 asln[det(C;)] = Ln. =L

2 . ey . . W .
In (Fipo + ]X]O) in ad2d|t|0n to thef;’rfinlatlon of allincremen- \we also note that the SD tree-search strategies include both
tal termsy_, ", In[(I'2po + No) — €L CJ 116, ]. B K-Best and depth-first. Moreover the SD constellation-siear

As a result, the SD’s Partial Euclidean Distance (PED)

d, based on (19) and (24) is defined as (25), and thewe note that the subscriph. € {0,--- ,M — 1} represents the data-
PED incrementA,_; is given by (262, where the coef- carrying Gray coded constellation point index which may beddly translated

- ~ - . back to binary source bits g8; - - - bgpg] = dec2bir{m). Furthermore, the
v —
ﬂ0|ents {Z’U—Nt‘*‘lal}t:l are elements inL, obtained from subscriptim € {0,---,M — 1} represents the constellation point index

LVINJEI; = C_'. According to Proposition 1, we alwaysordered according to the increasing values of PED increment .

C;', which leads to the following conclusion&, =

~C,'D,E,, G,GT = C,'D,Q,DIC;"' and then finally
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v v

dv =[xy v Y1|* + Na - In (T3 po + No) +

T,k ) K
INy—t4+1,Np—+1 P QY
1

) =2 |[t= (25)
+ NR . Zln [(F%po —I— No) — ’égé‘;il’éi] = dv—l + AU—l'
=2 v—1 2
Ay_q = 11,1@:719271Yu + Wy—19Pu—1 (Z lv—t+1,1®:Q:Yt> + Zo, (26)
t=1
Subfunction: HAT 30 A2 Y H 20 s no—1] = sorDelta({Y ¢ }y_y, {Te by, {1y oy {21
Requirement: Both L., and =({I}vZ},Ty) = E, in (26) are pre-evaluated and pre-stored.
1: for m=Oto M — 1 [lvisit all M child nodes.
2:  ADPSK/TADPSK/TADPSKY: I',, = 2_,; DAPSK/TDAPSK/TDAPSKM: T', = ~2_ | -T',_4 INisit & | =% - wP ot
3 AT =l O Y WPt (VT e 1 UYL |12 + E{ TS T /levaluate PED increments of (26).
4: end for
5 ny-1=0 /linitialize child node counter.
6 A bm—o {20 b m—o] = SO({AL 1 }5775) lisort {A}" , },/=, in increasing order.
TABLE |
PSEUDO-CODE FOR THESCHNORR-EUCHNER SEARCH STRATEGY TAILORED FORMSDSDAIDED DQAM.
strategies include both the Fincke-Pohst enumerationdBd] where the ring-amplitude-related term is given by:
the Schnorr-Euchner search strategy [34]. In order to gueea o1 2
. . .y _ _ _ 2 —_ _ _
that the MSDSD ac_h|eves the same detection capability as the'  _ i, & 0 v, || + ZZWHM\P;Q;Yt 1 E,,
MSDD, the depth-first [38] and the Schnorr-Euchner strategy =1
[34] constitute the default choice for the MSDSD algorithms r . . 28)
[18], [19] and A,_, only hasM, candidates over the single variable

- . , ». We note thatAl' | of (28) is invariant over the different
More explicitly, according to the depth-first tree-searcfpaqe candidates, ; in (27). Moreover, the phase-related
strategy [38], the SD increases the index(as= v +1) OF o1 conditioned on the ring-amplituds®/" in (27) is given
decreases the index @s= v—1), when the new PED valug, py. vt
of (25) is lower or higher than the search radius, respdgtive -
Moreover, according to the Schnorr-Euchner constellation wir _ T 7 = x Ak \H
search strategy [34], when the SD visits a specific index At = m[w”*lll’lwv*l\I}”AQWIYU(;lv_t“’lq}t X7
for the (m + 1)-th time, the constellation point considered is — —oR(wr_ 24T,

the one associated with th{@ + 1)-th lowest PED increment (29)
value A,_; of (26). Therefore, the practical approach to the

implementation of the Schnorr-Euchner strategy [34] isoid s where the decision variable is formulated as:

the M PED increment valueA,_; in increasing order, as seen 20 = 'SP (HSP A (30)
in Table |I. ~ -

An example of the HDD-MSDSD aided 16-TADP3¥2,8) The Nr-element fO\{)V_\llgctorYS% =Laty VY,
using the Schnorr-Euchner search strategy of Table | is p&nd H3®, = —>77" 1, 111970 Y, seen in (30) may

trayed in Fig. 2. Explicitly. Fig. 2 shows that when the Spe interpreted as the equivalent “received signal vectad a
visits v = 2 andv = 3 for the first time in StepgD) and “fading vector” formulated for detecting,—; in (29). More
@), the “sortDelta” subfunction sorts th&/ = 16 values of explicitly, when the ring-amplitud&’, is assumed to be fixed,
A,_1 in increasing order, where the best candidate associah{l/,—¢+1,1};—; andi,_ of (29) are given, hence there are
with the lowestA,_; is chosen. The PED is updated as\/p candidates foA‘j'_F1 over the single variable, . There-

d, = dy_1 + A,y in each step, and the search radius i®re, given a specifit',, finding the local minimumA“!"; of

updated tody, = 5.42 in Step @. For Step@), the SD (29) over all theMp phase candidates af,_; is equivalent
decreases its index to = 2 in order to visit the second- g minimizing\z“‘r |2 = |z“"r |2+1—2§R(w:_1zwlr),

. v—1 " Wu—1 v—1 v—1
E?Sr: catrrlldld?;e,;vSosc(aj_PEDHvaluecf?]f:SQI.388 turnﬁ putt to be twgere 12°I"12 + 1 is a constant. As a result, the decision
'gher than the radius. Hence the search is termina \?ar'iable z,‘f'fl of (30) may be directly used for detecting the

phase variabley, ;.

C. Reduced-Complexity Schnorr-Euchner Search Strategy More explicitly, the locally optimum phase associated with
When DQAMM is employed, the Schnorr-Euchner search SPECIfic ring-amplitudé, may be directly given by, =

- 2m s M w|l A
strategy of Table I, which exhaustively visits alll con- eXP(JfTPp)*_WherEP— |55 47,11, and the remaining local
stellation points is the only choice. However, a reduce@h@se candidates may be visited later in a zigzag fashion by
complexity search strategy may be conceived for detectiffff SP in the same way as the MSDSD aided DPSK [18].
DQAM constellations including ADPSK, DAPSK, TADPSK Once the local phase candidates related to éachave been
and TDAPSK, which modulate the ring-amplitude and phag@termmed, the globally minimum PED increment is found

independently. In order to achieve this goal, we separate Y comparing thel/, local candidates fon, ., of (27) over
PED increment of (26) into two terms as: the variablel’,,. Based on this design, the MSDSD algorithm

of [18] may be invoked for DQAM, which modulates the
Ay =A |+ Ajj'fl, (27) ring-amplitude and phase separately, but the “findBest” and
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v=1
I . ﬂ’w S D
V-1 W 34 6%@ 46612.86 v=2
{A)} 2y £ 11029 73.83 61.48 107.3 10.92 36.3 76.66...35.43..65.2 — —— e
Woma 0O 0O 0 O O €310 0787000 0 0 0 Ohs
{AVL o * 45.35 39,69 25.46 30.56 10.47 13.06 13.35 47.71 48.76 38.8 44.852 18.49 32.72 21.3
R=232+3.1=542
O visited constellation points —— the SD’s path @©,®,®),--- the SD’s steps @——@ the SD’s decision
O Sort all candidates at (v=2):
{AT ML :1‘ 2.32 ‘} 9.88‘ 10.9# 12.8#5 14.46 35.*3 36|3 40}72 4#.51 6h.48 #5.23 #3.83 ‘76.66 ‘83.87‘ 107.# 11029, = 2.32

@ Sort all candidates at (v=3):

{AT s :1‘ 3.1 ‘1 6.52‘ 10.4# 13.0(# 13.3# 18.+9 211.3 25‘46 sd.ss 3#.72 FS.S #9.69 }44.82 ‘45.35‘47.71‘ 48%5 | — 3.1

{am et :‘2.32 l‘ ?;8{5‘1 10.9# 12.8%; 14.(46 35.%3 35|3 40}72 4#.51 6#48 45.23 17383 ‘7666‘8387‘ 107.# 11829 — 983> R

Fig. 2. Example of HDD-MSDSD aided 16-TADPZK(2,8) recorded at SNR=15 dB, where we havVg = 2 and N,, = 3.

“findNext” subfunctions of [18] should be replaced by those Firstly, the most recent received signal vector within an
summarized in Table II. observation window is given by:

For further illustration, the HDD-MSDSD aided 16- ref
ADPSK(2,8) is exemplified in Fig. 3, which invokes the Y, = svoHw, + Vi, & O, Uy, Hy, + Vi, (31)
same depth-first tree-search strategy as the example of HDibre referencdI’sf in (31) is output from a linear prediction
MSDSD aided 16-TDAPSR'(2,8) of Fig. 2. The difference is filter as [13]:
that the Schnorr-Euchner constellation-search strategyow

simplified. In more detail, Fig. 3 shows that when the SD HiSitHﬁf _ Ni:lvav/(Qv\ilv) = W (ONw)H (pNu)HyNu

v = 2 for the first time in Stegd), the “findBest” subftamction v ot ’

of Table Il firstly evaluates the decision variables’™, }1_, (32)
of (30) for the M4 = 2 ring-amplitudes, and then their phasavherew = [wy, _1,--- ,w:]|” represents the filter taps, while
indices are directly given byp = &£ 4zjfﬁ}}1:0, The the diagonal matriceB ™~ andO™~ are given by the previous

PED increment values for these two local candidateguof decisions onP and O of (10) eliminatingQy,, and ¥y,
0,p =3) and(a = 1,5 = 3) are evaluated according to (27)respectively. Moreovery V= in (32) is given byY of (10)
and then(a = 0,p = 3) is chosen forv = 2, which has the eliminatingY y,,. The DFDD aims for minimizing the Mean
global minimum ofA,_; = min{A% |, A% |} =3.14. Then Square Error (MSE):

the SD increases its index to= 3 in Step@, where again, the 2

“findBest” subfunction of Table Il is invoked. The SD radiugMse = E{HYNU,/(QNW‘I’NU,) - HY || }

?s upd'ated taly, = 4.7 in Step@_. Moreover, Whgn the SD —T2, 4+ Ny 2E {FN, Hy (YIVU,)HI?,NU,ONU,}W
index is decremented back to= 2 in Step@d), the “findNext” v o

subfunction of Table Il firstly updates a new local phase +WTE{(()Nw)H(PNw)HYNw(YNw)HPNw()Nw}W
candidate fora = 0, becausga = 0,p = 3) was previously ) o = B

chosen for = 2, and then the next global candidate for= 2 =Ty, +No—2ey, W+ W Cn,-1W,

is found by comparing\,_; = min{A%_; A% _,} = 5.65, (33)

which is higher than the SD radius, as seen in Fig. 3. Hen\%ﬁlere the auto-correlatioﬁle,;Land cross-correlatiofiy.,

th?nss?Jrzfna;f; ;]Si:vt;r:r?rl]r;astz?ﬁe number of SD steps, the HDI%re given by the submatrices @, in (21) assgciated with
MSDSD aided 16-DAPSK(2,8) of Fig. 3 visits a considerablviv_en]\éw' il'?r’u.arefore, the MMSE solution fop@% = 0ls
lower number of constellation points than the HDD-MSDS y [13] =1~
aided 16-TDAPSRY(2.,8) of Fig. 2. W =Cn, 18N, (34)
As a result, the MSE of (33) is now simply given by:

2 2 ~T ~—1 ~
V. DECISION-FEEDBACK DIFFERENTIAL DETECTION omse = I'n, + No — erCNW—ler' (35)

. . he DFDD opts for maximizing the posteriori probabilit
It was demonstratedlln ['12], [13] that the DFDD wde% p(Tn 7QN,p Y. ), which isgequivglent to tr?e foIIowi%;g
DQAM is capable of estimating the current CSI sample basegnditional plr“obablflity whenyy, 1 and wy,_; are both
on the previous decisions, so that coherent detection may deuiprobable:

performed. However, the aforementioned contributionsiigd of 12
the problem of having a ring-amplitude-dependent chamyigt, [Ty, Qn,) = 1 e <_|YNw —ngw\I/NwHNwH .
correlation matrix. With the advent of solving this problem TOMSE OMSE 36

for MSDSD, in this section, we propose to further improve the Equivalentl h DEDD L he decisi
conventional DFDD solution of [12], [13], so that the DFDD 9“"’? erg[?y, the A rgln|m|zesl t ¢ decision
aided DQAM becomes equivalent to the optimum MsDB'Elic of (37), where we aVTNw = In(oysp) =

aided DQAM of Sec. Il operating in decision-feedback modén | (T, + No) — €%, CnL 16w, according to
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— @ M4 —1 TO I MA—1 ;-a Ma—1 M4 —1 o M4 —1 - M4 —1
subfunction:  [{AL 1A T (= 1A T (B b Aster Ly da L {AT e At e
Dy1,dy_1,ny1] = findBest({Y,}y_;, {Tu 72 (W00 {0 }7— )

1. A,_1 =inf [linitialize A, _1.

2: fora=0to (Ma —1) IIvisit all M 4 local miniNmums.

3: ADPSK/TADPSK:T', = v, _;; DAPSK/TDAPSK:T',, = v;_; 5 A /ffix the specificl",, for Ly, andZ,,.

4 Y2, =)t QY /lupdatéSP | according to (30).

5 Hﬁ[;l = e QY A /lupdatdISP | according to (30).

6: AE_& =Y B2 12+ E{T 2, Tw) /levaluate ring-amplitude-related term of (28).
I8 29I = ySP (HS )M Ilevaluate decision variable of (30).

8: p= ]g—fézfl_rla /lupdate the local optimund/ »PSK candidate.
9 Py = LP]

10: steff _, = sign(p — po_,) IIstore step size for the next child node.
11: A" = _oRfexp(—j e Pe1) 21T /lupdate localM pPSK-related term of (29).
12: AL = Afil + Af‘_rl /lupdate local minimum.

13: if AS_ | < Ay_1 /lupdate global minimum parameters.

14 Dy_1 =405,

15: ay—1 =a /lupdate ring-amplitude index.

16: end if

17: ny_; =0 /finitialize M pPSK counter.

18: end for

19: ny,_1 =0 /finitialize child node counter.
Subfunction: [{pg_l}f%;l, {stepﬁfl}ﬁ%;l, ae_, %ﬁ;l, {no_, ff:?e;l, Au-t,ay1,mo1] = findNext

a —1 w|T® -1 La -1 -1 a -1 a -1 .
G D TS ol JUE SR P Dot Y I s S U VY DA SR Lo Dt Y ISR DY)

1 a=ay-1 /lupdate the previously visited ring-amplitude index

2. ng_,=n_;+1 /lupdate the local child node counter

3 if nf,_l < Mp IIvisit the next localM pPSK candidate associated with

4 Py_1 =Py_1 +stef_, )

5: stgpgfl = ;stenjfl — sign(steﬁfl)A .

6: Ag—l = Avil - QER[eXP(*j%ﬁz—l) T2y g

7: endif

8 A,_; =inf

9: fora=0to (M4 — 1) /lupdate the next global child node

10: ifny_; < Mpand Af_; < A,

11: Ay,_1 = A:—l

12: ay—1 =a

13: end if

14: end for

15: ny_1=ny_1+1 /lupdate the global child node counter

TABLE I
PSEUDO-CODE FOR THE REDUCEBCOMPLEXITY SCHNORR-EUCHNER SEARCH STRATEGY TAILORED FORMSDSDAIDED DQAM, WHICH MODULATE
THE RING-AMPLITUDE AND PHASE SEPARATELY.

(35). Furthermore, according to (23), we hav§8], [29], [31], [32], [39], [40] and(M 4, Mp) = (4,16) for
Qn,—1 = (T%. po + No — &% 6;1‘1"_15%)71 = 1/0%,gp M =64 as demonstrated in [4], [7], [30]{32].

and we also have@Nw_l = I3, as a benefit of the

relationship ofC~! = LL7. Therefore, the MSE of (35) may A. Capacity Comparison

pe rewritten asg%.“.E - 1/QNW‘1 - 1/1.%1’ which results ) o ;g firstly determine the Discrete-input Continuous-
in the DFDD deCISIOIl metric pre;ented in (37). Furthermorgutput Memoryless Channel (DCMC) capacity [20] of the
we haVSDNw* = ey, according to (gz)i WTCh reS,UItsMSDD aided DQAM systems. For the differential-amplitude
Nl = In, 411 because-Qy, 1Cx,, 18n, 1SN poaM constellations of DAPSK and TDAPSK, the first
the first col_umn pr according to (23) and also becausg jnsmitted ring-amplitude is treated as an equiprobabie v
of the relationship ofC~! = LL”. As a result, the DFDD 1o ia we have(p(I@) — p(I'%) = L }va va. Therefore

metric of (37) is completely equivalent to the MSDSD’s PElhe iDCMC capacity of MSDD aideéWAdiﬁg}eantial—amplitu'de
incremen_t of (26) as'\sﬂociated With = N,. Therefore, the DQAM is given by (38), where)(Y|S?, I'%) is given by (13),

DFDD aided DQAM™ may be simply completed by the i the conditions of — S andT’; = I'® indicate thafY is

sortDelta” in Table |, and the DFDD aided DQAM which yp5ine4 by transmitting’ andI"®. By contrast, the absolute-

separately modulates the ring-amplitude and phase mMay,jiv;de DQAM constellations of ADPSK and TADPSK

be implgmented by the “findBest” of Table II,. where bo“%an only employ HDD-MSDD, which implies that the full

subfunctions are supposed to be associated Wi, DCMC capacity is achieved, when trgepriori information

representing’; is available from decision feedback, i.e. when
VI. PERFORMANCERESULTS we have{p(I'?) = p(T%) = 1}a_s—. and {p(I'%) = p(I'?) =
In this section, we offer simulation results of capacity,BE 0}vaa,vazq- AS a result, the DCMC capacity of (38) is

and complexity for the MSDSD and DFDD aided DQAMu revised for HDD-MSDD aided absolute-amplitude DQAM as

Without loss of generality, we focus our attention on the 16a (39).

level and 64-level DQAM constellations introduced in Séc. | The DCMC capacities of ADPSK and DAPSK formulated

where the default Star QAM configurations 4/ 4, Mp) = in (39) and (38) are portrayed in Fig. 4. First of all, Fig. 4(a

(2,8) for M = 16 as seen in [1], [2], [4]-[6], [10]-[13], [24], demonstrates that the CDD facilitated by MSDD associated
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v=1
R=314+1.56=4. Zig v=2
8 =
a=0 ﬁz % b1 =314 e v=3
p=1 A3 =1147
A2 =156
O Find the best candidate at V=2, 1‘7 ;,L;‘: ‘ ‘ ‘ ‘ ‘ ‘ ‘ Al =314
=== A = min{Aﬁfl, A':’_l}
a=1]ses| | [ | | [ [ Jal,=s5e =314
@ Find the best candidate at (v:%):: 0 :‘7]1’;67“ ‘ ‘ ‘ ‘ ‘ ‘ ‘ A2 156
L L v A =min{AZ_ A3}
oot T T T [ T T Javi-uar =00
@ Find the next candidate at (v:(%):: 0 ‘ 314 ‘ 6.06 ‘ ‘ ‘ ‘ ‘ ‘ A% = 6.06
- A =min{AS_ | A |}
e B8l T T T [ T T Iamss  =owor

Fig. 3. Example of reduced-complexity HDD-MSDSD aided 16-AIB#2,8) recorded at SNR=15 dB, where we havg = 2 and N,, = 3.
2

Ny —1
d= llA,lQ*wallij*walYNw — WN,—1%N, -1 ( Z ll,lwt\i/:Q:Yt) + 2N, (37)
t=1
L (N —1) _ MWNw=1) sMa=1,, v gi pa & @i a
PR Dl IE{logz [EZE< = } [s=stri=r }
CMSDD _ a0 Xi—o p(Y[S*.I%) (38)
DCMC = (No — DMaAM Va1
_ (Nyw—1) _ (Nqy —1) gt pa = i a
ST B g, | Mo s _gir, <
CHDD-MSDD _ 2o p(Y|S¢,Ie) 39
DCMC = (Ny — 1)MaMNw=1) (39)
....... =2, {=0. . . .
- - Hﬁ:é fj:8,8§1 -5 DAPSK performance in low SNR region, whel,, is increased to 3.
— N,=3, {=0.03 —*— ADPSK "
40 ‘N —— P 40| - TADPSK & Secondly, the DCMC capacities of the DQAM constella-
LS ST fq T DPSK ] tions are further compared in Fig. 4(b), where the DPSK
ot 74 ] N3 1003 ] capacity is also portrayed as a benchmark. It is evidenced
g3or N g3or 7 by Fig. 4(b) that the 16-DQAM constellations generally have
2 25— /22 7 2 251 - a higher DCMC capacity than 16-DPSK, which verifies the
S 50l /] - i claim that DQAM is more bandwidth efficient. Moreover, it is
S /i St l also demonstrated by Fig. 4(b) that both 16-ADPSK(2,8) and
= /N an " 16-DAPSK(2,8) achieve a similar performance at high SNRs
B 10 //' N7/ 0 10 in uncoded systems, but HDD-MSDD aided 16-ADPSK(2,8)
osl / 1-5‘8‘ pit 05 may outperform MSDD aided 16-DAPSK(2,8) in turbo de-
VA ] tection aided coded systems operating at low SNRs. This
0 T e 2 s ao M 0 1 2 = feature is also observed in Table Ill, where the 16-ADPSB)(2,
SNR [dB] SNR [dB] constellation exhibits a higher minimum distance than 16-
Fig. 4. Cacity of MSDD aided DOAM, \here we hawy — DAPSK(2,8), which indicates a better performance for 16-

1. (a) MSDD aided 16-DAPSK(2,8). (b) MSDD/HDD-MSDD aided 16-ADPSK(2,8) at low SNRs. Moreover, Fig. 4(b) shows further-
DAPSK(2,8), 16-ADPSK(2,8), 16-TADPSK(2,8) and 16-DPSK.w = 3,  more that TADPSK does not achieve any noticeable capacity

fa = 0.03. improvement over ADPSK. This is because although the
mine™ — 2™ | | E(ja™ — 2™ |) twisted modulation [2], [13] increases the distance betvitbe
16DAPSK(2,8) 0.382683 1.60486 constellation points located on the different ring-amyalis,
16ADPSK(2,8) 0.484061 1.35334 the minimum distance that is determined by the adjacent
16TADPSK(2.8) 0.484061 1.35346 constellation points located on the smallest amplitudeg rin
TABLE 11l remain unchanged, as confirmed by Table Ill. Nonetheless,

COMPARISON OFDAPSK, ADPSKAND TADPSK CONSTELLATION

DISTANGES. since the ring-amplitude-dependent phase rotation ingase

correlation between the ring-amplitude and phase, the soft

with N,, = 2 is unable to achieve the full DCMC capacity Ofdecision detection of the twisted modulation constellatio

CDCMC _ BPS even at high SNRs, when we hafe— 0.03. is expected to be able to benefit from an improved iteration

Tﬁ?“ . : floor for the CDD i . Igain in turbo detection assisted coded systems, which will b
is capacity gap predicts an error floor for the CDD in rapid further discussed in Sec. VI

fluctuating fading channels. Nonetheless, it is evidenced
Fig. 4(a) that the MSDD effectively mitigates the CDD’s As a closely related result, our simulations based on (38)
capacity gap in high SNR region and also improve the CDDand (39) also confirm thdtM 4, Mp) = (2, 8) achieves higher
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—8- MSDSD, N,=2 | -l HDD-MSDSD, N,=2
—©— MSDSD, N,=4 | --@- HDD-MSDSD, N,=4 : H
. MSDSD. w% D=y m:ts aided DPSK [18] is also portrayed as a benchmark. The
—% MSDSD, N,=11 | -~ HDD-MSDSD, N,=11 theoretical BER portrayed in Fig. 6(a) is evaluated acewdi

to:

100 T T o e o e B

MPNw—=1) pr(Ny—1)

5 dp (i,1) s ai
P X X e, e )

' (40)
where dy (i,7) refers to the Hamming distance between the
bit-mappings ofS? and S?, which is directly obtained by
converting the indices and i back to (N,, — 1)BPS bits.
Moreover, the Pairwise Error Probability (PEP) in (40) is
7 Jisoapskg) \ evaluated acco(ggi(r;)g tq;(S’ — S’:) = p(D < 0) g
O T e e e e e 40 10 T e e e ao > _RH polesREE— =), Which takes into account the residues

Ey/N, [dB] Ey/No [dB] at the poles located in the right-hand complex s plane [17].
More explicitly, the MSDD decision difference is simplified

BER

a o]
Fig. 5. BER( p)erformance of HDD-MSDSD aideé ?LG-ADPSK(Z,B) alw

as MSDSD and HDD-MSDSD aided 16-DAPSK(2,8), where we hiye= as D = rvedY) - [(R,)™! — (RLy)™'] - [rveqY)]H,

0.03. (a) 16-ADPSK(2,8). (b) 16-DAPSK(2,8). where the determinant termiet(Ryy) in (13) diminishes,
& DAPSK 5 DAPSK as the SNR increases. As a rej\sfﬂ& vthelcharactenstlc amcti
—e— ADPSK ] —e— ADPSK of D is given by ®p(s) = [[,. 5™ x—57, Where )y is
- TADPSK_' X s % k

the k-th eigenvalue ofR: [(Ri )1 — (Riy )Y [41],

[42]. A simple approach to the evaluatior]1V 015 this PEP is to
1 RiVw 1

firstly formulate the functionf(s) = ][ Z " x 577 as

fo(s) = ﬁ and f;(s) = ﬁnv,\#xk ﬁ Then
we apply the Laurent series based representatiorf;(f),
where the constant coefficient associated with index 0
is the residue at the pole = —Aik, which is given by
fo(=5) = = Tlya,2n, Ak’\f’&k In summary, the PEP in (40)

may be evaluated by:

s —-8)< Y I 2 @

VAR <OVAL#L

TADPSK™

BER
BER

— = theory
— simulation

10 LN 10
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Ey/No [dB] Ey/No [dB] Both the theoretical and simulation results portrayed by
Fig. 6. BER(Szzrformance comparison between IISE\)PSK, ADPSK, T8RP Fig. 6(a) demonstrate that the HDD-MSDSD aided 16-DQAM
and TADPSP@:' empfloying HDD-MSDSD, where we havd/r = 2 and . Schemes significantly outperform its MSDSD aided 16-DPSK
ggn?a)?éggésT v b%ircﬁwgﬂfiarfsit 6. xiDiD;"ﬂgd]\? P:SK{l[%f]ﬁ f}’as%ounterpart. In Fig. 6(b), the performance advantage of DIQA
Ny = 6. over DPSK is shown to be as much as 5 dB and more
than 50 dB at BER¥0~® for the cases ofM = 16 and
capacities thar{M 4, Mp) = (4,4) for both 16-ADPSK and M = 64, respectively, when the MSDSD window is increased
16-DAPSK, albeit these curves are not included in this paper N, = 6. The performance of MSDSD aided 64-DPSK is
due to the associated space limit. It is worth noting thatlaim not shown forE} /Ny > 40 dB in Fig. 6(b), because it is out of
results can be found in [29], wheld/4, Mp) = (2,8) also scale. This feature verifies that DQAM is especially prefdrr
achieved a higher capacity thdd/ 4, Mp) = (4,4) for 16- over DPSK for higher-order modulation schemes.
DAPSK employing CDD. Furthermore, for the comparison of DQAM constellations,
. Fig. 6 demonstrates that DAPSK and ADPSK perform sim-
B. BER Performance Comparison ilarly in uncoded scenarios, while TADPSK does not pro-
The capacity results of Fig. 4 are further verified by the BERide any noticeable performance improvement, as predicted
results of Fig. 5, which demonstrates that both HDD-MSDSBy Fig. 4(b). Moreover, Fig. 6 also shows that TADP¥K
aided ADPSK and MSDSD aided DAPSK mitigate the errquerforms slightly worse than its DQAM counterparts. This
floor of the CDD encountered in rapidly fluctuating fadings because the joint amplitude-phase mapping may result
channels. Moreover, it is also demonstrated by Fig. 5(b) tha an even more significantly improved iteration gain for
HDD-MSDSD does not impose any significant performancBADPSK™ in coded systems, which implies that TADP¥K
loss on MSDSD for DAPSK. Therefore, the HDD-MSDSD isletection produces a lower extrinsic informatién without
capable of facilitating both DAPSK and ADPSK detection im priori information, i.e. at/, = 0, but thelg achieved by
uncoded systems. TDAPSK detection may be higher than that of DAPSK and
Fig. 6 further compares the BERs of DQAM constellationSADPSK in the presence of perfeatpriori information, i.e.
employing HDD-MSDSD, where the performance of MSDSDBor 14 = 1. We will continue this discussion in Sec. VIII.
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-©O- HDD-MSDSD -5~ MSDSD "
, | O~ DFDD ,| -3~ DFDD —&— ADPSK/TADPSK", HDD-MSDD
107 | ..@- 10| .m-
DFDD (Lampe et al.) DFDD (Schober et al. Ste TADPSKJMY HDD-MSDSD

s TADPSK™, HDD-MSDSD lower bound

10 & —¥- TADPSK™, DFDD
g 5
= —e— ADPSK, HDD-MSDSD
10° oS 2 @ ADPSK, HDD-MSDSD lower bound
x o 2 ¢ —e- ADPSK, DFDD
[a1] m
16° . g s -A- DPSK, MSDSD
8 - DPSK, MSDSD lower bound
5 2 -/~ DPSK, DFDD
10% N 5 1038 = 8. = i)
\ g .
e ), =
10—\\\\\\\\\\\'« 10-5\\\\\\\\\\\ N % 2
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 %102 -----------------------------------------------------------
Eo/No [dB] Ey/No [dB] g .
@ (b) 8 THmBmimhe T R

0 5 10 15 20 25 30 35 40

Ey/No [dB]
Fig. 8. Complexity comparison between HDD-MSDD, HDD-MSDSDdan
DFDD aided 16-TADPSK"(2,8), 16-ADPSK(2,8) and 16-DPSK, where we
have N,, = 3, Ng =2 and f; = 0.03.

Fig. 7. BER performance of DFDD aided ADPSK and DAPSK, where we
have N, = 6, Ngp = 2 and f; = 0.03. The performance of the DFDD
conceived for ADPSK (Lampet al.) in [13] and the DFDD (Schobest al.)
conceived for DAPSK in [12] are also portrayed as benchmdejsADPSK.

(b) DAPSK.
—— RSC coded systems —— RSC coded DQAM
Fig. 7 portrays the BER performance of DFDD aided , | TCcodedsystems , Lo TCcoded DQAM
ADPSK and DAPSK. As demonstrated in Sec. V, the proposed & DAPSK " -5 DAPSK
DFDD is the decision-feedback version of the HDD-MSDD. § g ?Eg,ng ] g $E§§§K
Therefore, the DFDD is also capable of mitigating the CDD’s *° TADPSK™ 10 ; TADPSK™
error floor, when the fading channels fluctuate rapidly, but "£x DPSK £ DPSK
the HDD-MSDSD still appears to be superior, as confirmecho® - = & M=16- 10% [{CX A M=64-
by Fig. 7. Furthermore, as expected, the conventional DFED Ok XK/ Nw=6 % 3 Nu=6
solutions of [12], [13], which assumed a const&htin (15) 16° ¥k X doded  10°F sRySstCeﬁwosded
impose a performance loss, as demonstrated by Fig. 7. i L
10* = 10 F B
C. Complexity Comparison gcst'ce e ‘ T8 coded
The complexity of HDD-MSDD of Sec. I, that of HDD- e - R4 o LB LI YT, L
MSDSD of Sec. IV-B invoked by TADPSR' as well as that of ee EﬁN;?dé? o e 2OEb,z,\S,O [ZOB]SS o
the reduced-complexity HDD-MSDSD of Sec. IV-C invoked () (b)

by ADPSK are quantified in terms of the total number of reakig. 9. BER performance of DAPSK, ADPSK, TADPSK and TADP¥K

valued multiplications in Fig. 8. It can be seen in Fig. 8 th&mploying HDD-MSDSD as well as DPSK employing MSDSD [18] in RSC
and TC coded systems, where we havg, = 2. There are no iterations

the HDD-MSDSD prODOS?d in Sec. IV substantially reducggyyeen the RSC/TC decoder and the hard-decision HDD-MSRISDSD.
the HDD-MSDD complexity, where the HDD-MSDSD com-The number of inner iterations between the two RSCs within §@iven by

plexities converge to their lower bounds, Bs/N, increases. {frc =4. (@M =16, Ny = 6. (b) M = 64, Nw = 6.

Furthermore, Fig. 8 demonstrates that compared to TADWS%FDD becomes higher than that of the HDD-MSDSD in the

igh-SNR region.
Moreover, Fig. 8 also demonstrates that as expected, the

detection, the HDD-MSDSD of Sec. IV-C, which separate
visits the ring-amplitude and phase subsets, exhibits r@Efsig

cantly reduced complexity for ADPSK detection, which isoals i ) " ;
y pexry lowest possible DQAM detection complexities, which corre-

in line with the examples portrayed in Figs. 2 and 3. .
i e spond to the HDD-MSDSD and DFDD aided 16-ADPSK(2,8)
Although the MSDD complexity is efficiently reduced by e still about more thai/, — 2 times higher than the 16-

the MSDSD as seen in Fig. 8, the SD complexity still remailﬁ'PSK detection complexities
an exponential function of constellation size at low SNRS;, P '

as demonstrated in [43]. As an alternative, the DFDD of

Sec. V imposes a detection complexity that is independént RSC and TC coded DQAM and DPSK

of the SNR, which is also portrayed in Fig. 8. The DFDD The performances of HDD-MSDSD aided DQAM schemes
complexity is shown to be lower than half of the HDD-are further examined in Recursive Convolutional Code (RSC)
MSDSD complexity at low SNRs, as evidenced by Fig. &nd Turbo Code (TC) coded scenarios in Fig. 9. We note
However, it is also worth noting that the DFDD complexitythat the noncoherent detectors developed in this papeatper

is slightly higher than the HDD-MSDSD complexity lowerbased on hard-bit decisions, and hence there are no itesatio
bound seen in Fig. 8. As discussed in Sec. V, the DFDD letween the channel decoder and the HDD-MSDSD in Fig. 9.
equivalent to the HDD-MSDSD at index= N,,, which has It is demonstrated by Fig. 9 that the different DQAM schemes
a higher detection complexity than the HDD-MSDSD at indestill perform similarly in RSC and TC coded systems, when
v < N,. Therefore, the average complexity (per symbol) dhe hard-decision HDD-MSDSD is employed. Furthermore,
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Fig. 9 evidences that the HDD-MSDSD aided DQAM scheméaintly detected. This solution was further streamlinedXayet
also substantially outperform their MSDSD aided DPSHI. [31] in 2013. Furthermore, in 2012, Wang and Hanzo [24]
counterparts in coded systems. Explicitly, Figs. 9(a) and (proposed the soft-decision MSDD-IAP aided DAPSK, which
demonstrate that in RSC coded systems, HDD-MSDSD aideds introduced in Sec. I.
ADPSK outperforms MSDSD aided DPSK by about 4 dB an% Atﬁ;hep ngerai bbeeecr:)irg\égk?g;g'[):%QrﬁoM atrgpggﬁe Otlﬁfaecstic?f?
-5 _ _ ; [ i y i W y -
22 08 af BERA(' Jor M = 16 and M — 01 1Specvel. gecision MSDSD aided DPSK of [19] to DQAM. More
igs. 9(a) and (b) also demonstrate that by employing th@magy jicitly the PED increment of (26) may be modified for
powerful TC, the performance differences between HDDyft-decision MSDSD as:
MSDSD aided ADPSK and MSDSD aided DPSK are reduced
to about 3 dB and 8.5 dB fol = 16 and M = 64,
respectively, provided that the resultant substantialtyeéased

2

v—1 —

t=1

v—1
IV, Q1Y + wom1%u—1 <Z lthrl,l\Il:Q:Yt)

channel decoding complexity is affordable for the specific BPS
DQAM system considered. +E - Y [bIQ,,La(bkv) —al,f%] ;
ky=1

VIlI. CONCLUSIONS (42)

In this paper, we solved the open problem of SD-aidedvhere {b,;v}gpil denote the bit-mapping corresponding to
DQAM amplitude detection, so that the MSDSD algorithmthe DQAM constellation point forr, 1 = yy_1wy_1%y_1,
that were originally proposed for DPSK [18], [19] becomavhile {La(bh)}%fﬁl refer to thea priori LLRs gleaned
applicable for all DQAM constellations. Our capacity résul from a channel decoder. Moreover, the constanﬁgr]—% =
of Fig. 4 and BER results of Fig. 6 and Fig. 9 demonstratetiULa(bl-%” + La(b;;v)] is artificially added in (42) in order
that the proposed MSDSD aided DQAM schemes significantly maintain a non-negative ED, as discussed in the context of
outperfom their DPSK counterparts of [18]. Furthermore, @7) in [45].
reduced-complexity MSDSD search strategy was also pro-Before extensively examining the DQAM performance in
posed for the DQAM constellations which separately maggrbo detection assisted coded systems, the complexity of
bits to ring-amplitude index and phase index, so that thBe soft-decision MSDSD of [19] has to be substantially
MSDSD complexity imposed for DQAM detection was subreduced for DQAM constellations, while the potential error
stantially reduced, as evidenced by Fig. 8. Moreover, we algropagation problem of HDD-MSDSD has to be avoided.
improved the performance of the conventional DFDD aidegiore explicitly, we aim for tackling the following issues
DQAM solutions of [12], [13], as demonstrated by Fig. 7for “Turbo DQAM” in our future work. Firstly, the reduced-
Fig. 8 suggested that the detection complexity of hardsii@ti complexity soft-decision MSDSD aided DPSK of [45] should
MSDSD and DFDD aided DQAM schemes was at le5t be further developed for DQAM, so that the soft-decision

times higher than that of their DPSK counterparts. SD becomes capable of visiting a reduced number of DQAM
constellation points without any performance loss. Selpnd
VIIl. FURTHERDISCUSSIONSON “TURBO DQAM” the MSDD-IAP of [24] should be further developed, where

Due to the space limit, we dedicated our efforts to harde SD should be invoked for amplitude detection, while the
decision DQAM detection in this paper, which builds the feurf€duced-complexity algorithm of [45] should be invoked for
dation of offering further solutions to soft-decision DQAMPhase detection. Last but not the least sophisticated Soft
detection. More explicitly, as demonstrated in [19], thét-so Decision-Directed (SDD) MSDSD has to be developed for

decision MSDSD exhibits a beneficial iteration gain, whicH'€ differential-amplitude DQAM schemes in coded systems,
can only be exploited by invoking iterations between thwhere soft-decision-feedback may be invoked in order tadavo

MSDSD and the channel decoder. Although the performanl¥ €rror propagation problem. .

of MSDSD aided DQAM schemes has been examined in!t iS @lso worth noting that although hard-decision HDD-
coded systems in Sec. VI-D, where the channel decoderMs$DSD and DFDD perform similarly, as evidenced by Fig. 7,
directly concatenated with the hard-decision DQAM detes;to the potentially erroneous decision feedback tends to degra
the ultimate goal is to more closely approach to the full® authenticity of the LLRs produced by the soft-decision
performance potential of DQAM constellations promised byFPD; which deteriorates the performance of turbo detectio

the capacity results seen in Sec. VI-A with the aid of turb®S the number of iterations increases [45]. For this reason,
detection in channel-coded DQAM systems. the MSDSD solutions, which are capable of retaining the full

Historically, May et al. [30] proposed Trellis decodeddetection capability of MSDD are expected to play a more
DQAM, and then Fischert al. [44] proposed to invoke salient role in soft-decision DQAM detection.
MSDD aided DQAM for BICM in 2001. Moreover, Ishibashi
et al. [39] proposed the low-complexity soft-decision CDD REFERENCES
aided DAPSK, where the amp”tl*'de and phase are Sepafat?ly W. Weber, “Differential encoding for multiple amplitude@ phase shift
detected. However, no iterations were invoked between the keying systems,1EEE Trans. Commun., vol. 26, pp. 385-391, Mar.
channel decoder and the DQAM detector in these studiesz. égf?- her L L d4'S. Calabr. “Differential tratedi
In 2011, Lianget al. [40] proposed to employ CDD aided (2] R. Fischer, L. Lampe, and S. Calabr, "Differential encuglstrategies

] ! : for transmission over fading channelkt. J. of Electron. and Commun.,
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