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Abstract—We show that certain signal constellations invoked [1], [2]. While MIMO systems support high data rates, they
for classic differential encoding result in a phenomenon weerm  suffer from low energy efficiency [3], [4] owing to the power
as the unbounded differential constellation size (UDCS). Various hungry RF-front end components, such as amplifiers and

existing differential transmission schemes that suffer fom this . that ired f h of the t it and .
issue are identified. Then, we propose an enhanced algebrdield mixers that are required tor each ot the transmit and receive

extension based differential spatial modulation scheme (RE- Cchains. Furthermore, multi-stream transmissions [2] esuff
DSM) and its enhanced counterpart that strikes a diversityrate  from a high maximum likelihood (ML) detection complexity
trade-off (AFE-DSM-DR), both of which overcome the UDCS at the receiver. Some of these issues were addressed by the
issue without compromising its full transmit diversity advantage. recent single-RF chain based transmission scheme known as

Furthermore, the proposed schemes are extended to incorpate tial dulati 51.(8 hich ts | laxit
amplitude and phase shift keying (APSK) in order to exploit SPatial modulation [5]-[8], which supports low-complexi

all the available degrees of freedom. Additionally, we propse a Single stream ML detection [9]-[13] and it is also energy
pair of detection schemes specially designed for APSK aided efficient [14], [15]. Specifically, the SM system activatedyo

differential transmission schemes. Explicitly, we concee the a single transmit antenna (TA) at any time instant, thus glesin
buffered minimum mean squared error (B-MMSE) detector and  yrangmit RF chain is sufficient [5]. More specifically, in SM

buffered maximum likelihood (B-ML) detector, which exploit the . - o . .
knowledge of previously detected symbols in order to furthe the input bitstream is divided into blocks bfg, (M N¢) bits,

improve the detection performance. Our simulation resultshave and in each blockog, (/N;) bits are used for activating a TA
shown that the proposed detectors are capable of bridging & from N, transmit antennas aridg, (M) bits are used to select
performance gap between the conventional differential detctor g symbol from anl/-ary alphabet.

(CDD) and the coherent detector that has full channel state While the SM system offers several advantages over con-

information. Specifically, when employing the proposed APR . . .
aided AFE-DSM scheme operating at a rate of 2 bits per channel ventional multistream MIMO [2], it suffers from the lack of

use (bpcu), the B-MMSE and B-ML detectors are observed to transmit diversity owing to its single TA activation corsstit.
give about 3 dB and 3.5 dB signal-to-noise ratio gain with rggect This issue was addressed by amalgamating space-time block

to their CDD counterpart at a bit error ratio of 107°. codes (STBC) and the SM scheme [16]-[20]. Furthermore,
Index Terms—Differential spatial modulation, finite input con- ~ closed loop schemes were conceived for further addressing
stellation, diversity, minimum mean squared error, maximun this issue, which include link adaptation based SM [21]]][22
likelihood detector. and antenna subset selection aided SM [23]-[26]. However,
the majority of the literature, including the family of ckx
. INTRODUCTION loop techniques mentioned above, was designedcédrer-

The employment of multiple-input multiple-output (MIMO) €nt communigatiqrwhere ac_curate channel impulse response
systems is imperative for achieving a high spectral efficjen (CIR) estimation and tracking are assumed at the receiver
_ _ [27]. But attaining accurate CIRs imposes significant frajn
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was specifically meant for two transmit antennas. In [33, th
authors have proposed a field extension based DSM scheme
(FE-DSM) as well as a FE-DSM scheme that is capable of
striking a flexible trade-off between the diversity orderdan
transmission rate (FE-DSM-DR). More recently, the authors
of [34], [35] have proposed an amplitude and phase shift
keying (APSK) aided P-DSM scheme, which is referred to as
APSK-DSM. Note that all the aforementioned schemes use
either PSK or APSK signal sets, and have only one non-
zero element in each row and column of the transmit space-
time matrix (STM). Furthermore, when employing APSK
signal sets, the transmit STM is non-unitary and hence the
conventional differential detector (CDD) becomes subugti
In [50], the authors have proposed a minimum mean squared
error (MMSE) detector that performs better than the CDD
when employing a non-orthogonal space-time block coded
differential transmission scheme (D-STBC). It is also \wort
mentioning that the differential input constellation of DM
DSM, FE-DSM, FE-DSM-DR and D-STBC schemes grows
unbounded with the transmission block owing to the dif-
ferential encoding, which we refer to as having unbounded
differential constellation size (UDCS). This problem u$ua
arises, when the PSK constellation employed has an anpitrar
tilt or when more than one TAs are activated during a
given channel use, as in the case of D-STBC. Note that the
unbounded constellation issue makes the employment of a
high-resolution digital-to-analog convertor (DAC) impéve,
which is both expensive and power hungry. On the other
hand, if the differential constellation is designed so that
is free from the UDCS issue, then low-cost amplifiers and
phase shifters would be sufficient to implement the trartemit
hence alleviating the need for expensive DACs. We discussg)
this issue in detail in Section-1I-C. Table | summarizes the
various characteristics of the differential transmissohemes
discussed so far.

Against this background, the new contributions of this pape
are:

1) We first provide a formal discussion of the UDCS issue
and then study the existing schemes in this new light.
Our theoretical analysis shows that the existing FE-
DSM and FE-DSM-DR schemes, which rely ¢man-
scendentafield extensions [33], suffer from the UDCS
issue. Furthermore, we propose nowgebraic field
extension based FE-DSM and FE-DSM-DR schemes,
which overcome this issue without compromising the
full transmit diversity advantage and low-complexity
ML detection. The proposed algebraic field extension
based schemes are termed as the AFE-DSM and AFE-
DSM-DR schemes, which have the following benefits:

a) The proposed schemes are amenable for low-
complexity differential encoding, where we do no{
have to multiply complex-valued matrices, instea(g

2)

we obtain the multiplied matrix from a pre-define
dictionary.
b) Since the proposed schemes do not suffer from tR

UDCS issue, they do not require a high resolution
DAC at the transmitter [39], and hence they facil-
itate low-cost and low-power system design.
Unlike the existing FE-DSM-DR scheme, which
requires two phase angles to be optimized by com-
puter search, the proposed AFE-DSM-DR scheme
systematically determines these phases.

c)

Furthermore, in order to achieve higher rates, we further
extend the AFE-DSM and AFE-DSM-DR schemes by
considering APSK constellations with the aid of differ-
ential amplitude encoding. It is worth mentioning that
the number of ring amplitudes, in the proposed APSK
extensions are generic unlike those of [34] and [35].
Furthermore, we employ absolute amplitude encoding in
the proposed extensions in contrast to their differential
counterparts proposed in [34] and [35], owing to their
ability achieve higher capacity as observed in [41].

The APSK aided differential transmission schemes result
in non-unitary transmit STMs, which render the CDD
suboptimal. The MMSE detector of [50] is known
to achieve better performance than the CDD in case
of differential schemes employing non-unitary transmit
STMs. In this paper, we further generalize the MMSE
detector of [50] and propose a novel buffered MMSE
(B-MMSE) detector, which makes use of the previously
detected transmit STMs. Note that the search complexity
of the proposed B-MMSE detector remains the same as
that of the CDD.

We propose a novel buffered maximum likelihood (B-
ML) detector for differential transmission schemes em-
ploying non-unitary STMs. As in the case of the B-
MMSE detector, the proposed B-ML detector makes
use of the previously detected transmit STMs in order
to improve the detection performance and its search
complexity remains the same as that of the CDD.
Furthermore, the B-ML detector is observed to bridge
the performance gap between the coherent and non-
coherent communication schemes, thus making it an
attractive solution.

The rest of the paper is organized as follows. Section Il de-
ails the system model of DSM and discusses the fundamental
sues in differential encoding. In Section Ill, the propds
FE-DSM and AFE-DSM-DR schemes are presented. In
ection IV-A we extend the AFE-DSM and AFE-DSM-DR
8heme5 to support APSK signaling with the aid of differanti
amplitude encoding. Furthermore, the novel B-MMSE and B-

INote that the UDCS issue is also studied in [40], though ndhinsame ML detectors are presented in Section IV-B and Section IV-C,

context and depth as in the present paper.

respectively. Section V provides our simulation resultbjlev



TABLE |

COMPARISON OF VARIOUS EXISTING DIFFERENTIAL TRANSMISSION SHEMES.

No. of transmit Throughput Achievable diversity Number of Is input
RF chains (bpcu) order transmit antennag constellation size
required supported bounded ?
N.

P-DSM [30] 1 logs (M t)+lc:gz L(NeD) Jop N, Ni Yes

N¢/d
DM-DSM [31] 1 loga (Mt 3* log2(Q) dN, Ny No

' (1<d< Ny)
CS-DSM[32] 1 log2(Q'Q) 2N, 2 Yes
FE-DSM [33] 1 Al NNy N, No
FE-DSM-DR [33] 1 bbb st gN, < N¢N, N No
(g = Nt/h)
N.
APSK-DSM [34] 1 logy (M) + l°§§L<Nf’”2P+ N N, Ny Yes
(1-bit ASK) '
N.

APSK-DSM [35] 1 logy (M t)+10g2PL(Nt!)J2P+2Nt N, Ni Yes
(2-bit ASK) '
D-STBC [50] N Ni logy (M) NN, N} No
with STBCs
from [43], [47]-[49]

bpcu : bits per channel use |c|2r denotes the largest integer that is a power of two and sniaierc

Q : No. of DMs in [31], [32] d : transmit diversity order

Q' : No. of cyclic signal matrices in [32] 1 Depends on the STBC employed

Section VI concludes the paper. A. DSM System

If S; € CNexNt represents thanitary STM to be trans-
] . mitted during the symbol period of thé&" block, then the
Consider a MIMO system having/; TAs and N, RAs  (jfferential encoding [28], [29] of the transmitted STM is
operating in a quasi-static Rayleigh flat-fading channélere represented b; = X, 1S;, whereX is taken to bely, .
each of the channel realizations remains constant for 8evetjnce the SM system employs only a single RF chain at the
successive channel uses, which is modeled as transmitter, each column d§; is assumed to have only a
Y; = pH;X; + N, 1) single non-zero element. Assuming that.the channel remains
constant over a period of two successive blocks, we have
whereH; € C"*"t andN; € CN-*"t are the channel andy, , = ,/pH,X;_; + N,_;, and hence (1) can be written
noise matrices, respectively, whose entries are f£d{0,1), asY, =Y, 1S; + N; — N;_;S;. Assuming that there is no
X; € CNexNe s the transmitted space-time matrix (STM)channel state information (CSI) at the receiver, the ogtima
Y, € CN*Ne is the received STM, ang denotes the differential detector [28] is given by
average signal-to-noise ratio (SNR) at each receive aatenn
The subscript in all matrices indicates the block index.

Il. DIFFERENTIAL SPATIAL MODULATION SYSTEM

)

2Notations: Uppercase and lowercase boldface letters represent emtrivhere S is the set of transmit STMs. Note that the detector
and vectors, respectively. {1 and Q. are two sets, the®s = Q1 x Q2 in (2) is optimal when the transmit STMs are unitary [29]. In

represents the Cartesian product of the ggtsand Q2. Furthermore|| - || i .
represents the Frobenius norm of a matrix, or the two-norra eéctor. The case of non unitary STMs, such as APSK aided DSM schemes,

notations of(-)7 and(-)T indicate the Hermitian transpose and transpose of@ovel optimal detectors are to be conceived.
vector/matrix, respectively, while - | represents the magnitude of a complex

quantity, or the cardinality of a given set and R represent the field of . . .
complex and real numbers, respectively.ylfis an m length vector, then B. Dispersion-Matrix Based DSM [33]

S; = in|Y; — Y 1S|?
argmin | ]

diag(y) represents am x m diagonal matrix whoséj, j)" element |sy£ The transmitted STM in case of DM-DSM is of the
Furthermore,® defines the Kronecker product of two matric€s\V (3, o*) f S — D(s)A h h D -
denotes a complex Gaussian random variable with nfeand variances2. orm 5; = (S) ¢ Where we have (S) € D =

{diag(s)|s; € £;-PSK}, s = [s1,82,...,5n,], and A, € A,

If L is a field, thenL[X] represents the ring of polynomials i over L.



where A = [Ai,A,,...,Aq] is the set of DMs. The Let us now focus our attention on the the existing DSM
achievable transmission rate of the DM-DSM is given bgchemes [30]-[33]. It can be readily verified that the P-DSM
Rpym—psm = %@Qf[w bpcu. [30] and CS-DSM [32] schemes do not suffer from the UDCS,
C1: Itis required that each element gfshould be a unitary while the DM-DSM [31], FE-DSM and FE-DSM-DR [33]

matrix [29] and should have only a single non-zero elemedp suffer from this issue. More specifically, the FE-DSM
in each column and row. The latter condition is necessagnd FE-DSM-DR [33] employ transcendental elements chosen
since the SM system can transmit only a single symbol fiem the unit circle as phase offset of the PSK signal set,
each channel-use owing to using a single RF chain at th¢hile the DM-DSM scheme employs arbitrary elements which
transmitter. are chosen from the unit-circle as the phase offset of the
PSK signal set. Thus, the schemes in [31] and [33] pose the
issue of UDCS. Furthermore, it is worth mentioning that the
UDCS issue highlighted above can be seen in other diffexlenti
transmission schemes in the literature, which employ

1) orthogonal space-time block codes [45], [46] combined

C. A Fundamental Issue in Differential Encoding

Considering the differentially encoded STM at tfieblock,
we have

Xi=Xi18i, ®) with QAM signal sets,
= Xi—28i-18;, (4 2) non-orthogonal STBCs constructed both from division
algebras [43] and from number theory [47], the Golden
— XS1 ... Si S 1S., 5) code [48] and the perfect STBCs [49].

The performance of these STBCs in the context of differéntia
which is essentially the product of all the STMs transmitteglansmission scheme can be found in [50]. In case of the
from the first channel use, since we haXg = Iy,. Since aforementioned STBCs, the differential constellationdmees
SpeSforl <k<i, wehaveX; € S; =S xS x--- xS denseboth in phase as well as in amplitude, when the number

. i times of transmission blocks is increased.
and |S;| = |S|*. Thus, the signal set that the transmitter has
to support grows exponentially with the number of transmis- |||, PRoPOSEDALGEBRAIC FIELD EXTENSION BASED
sion blocks, unless the se& is designed to satisfy certain DISPERSIONMATRIX SET CONSTRUCTIONS

specific conditions. Since practical systems operate atita fin A brief overview of algebraic field extensions as required
transmission power, the signal s&f would becomedense f

! . ._fqr our exposition on the proposed DM set construction can be
for large ¢, which renders the scheme unsuitable for pracuc% P brop

. T L . . und in Section IlI-A of [33]. For further details, the rezd
use. Let us illustrate this issue by considering a simplglsin

. ) o e are referred to [42], [43]. In this section, we first provide
symbol differential transmission scheme, where a difféadip a brief overview of the EE-DSM and FE-DSM-DR schemes
encoded symbat; = z;_1s; is transmitted at the!" time in-

: . [33], which were constructed based on transcendental field
stant ar}i%?]gu%cglw). Letlus cor;(szlgke/a’%PASﬁlggneaj!esets extensions, and then discuss the UDCS issue in the context of
S = {e', " = and S’ = {e Yo = €"S. ipase schemes. Secondly, we propose algebraic field extensi
where 5" is _the same a§, ex_cept for the ph'ase offsét_ The based DSM schemes for overcoming the UDCS issue, while
corresponding differential signal sets of t& transmission

T L , , retaining all the benefits of the FE-DSM and FE-DSM-DR
blockareS; = § x § x -~ x SandS; =5 x5 x - xS gchemes. The proposed schemes are referred to as AFE-DSM

nd AFE-DSM-DR, which are thalgebraic counterparts of
E-DSM and FE-DSM-DR, respectively.

i times i times
SincesS is closed under multiplication, it can be easily showﬁ
that.S; = S and
Sl = {ej(%/M) Sia ’ﬂeﬂi@)}M 1 . (6) A. FE-DSM and FE-DSM-DR [33]

thkiea =0 1) FE-DSM: Let S = {wi,}M ;" represent the conven-

Lemma 1:1f ¢ is any algebraic real number such thétis tional A/-PSK signal set, where, = €/27/M Let u; be
transcendental, thef),_, S/ is a null set for any finite > 2. algebraic ovefQ anday = —e’*' be a transcendental element

overQ(S). For exampley; can bey/3, which is a root of the

Proof: Please refer to Appendix A. m Polynomialz? — 3. Consider the field” = Q(S, ¢’**), where

We can infer from Lemma 1 and (6) that each of thi1€ polynomiak™ +aq = 2™ —¢’* (for anyn) is irreducible

. o P, ver F'. Furthermore, consider the extended fi&ld= F'(«a),
differential signal sets; is distinct and hence the number of " "is the primitive n!" root of e7*. The companion

constellation points to be supported by the transmittewgro matrix associated with the primitive element is given by
unbounded with the number of transmission blo¢ck#én the

aforementioned case, the transmitter should support ynearl (1) 8 8 ejgl

every phase value in the sfi, 2x), which practical phase 01 .- 0 0 e

shifters can hardly support. Again, this issue is termed as M = . . €F Q)
the problem of unbounded differential constellation sigg. 0 (3) R 1 (3)

contrast, the sef does not result in this issue. Thus, the choice
of phase offset used in the signal set plays a crucial role iihe DM set used by the FE-DSM scheme is givendy=
the differential encoding scheme. {In,l\/I,l\/IQ, . ,1\/["‘1}, wheren is chosen to be&V;. The



transmit STM set is given bys = D x A, where the seD
has scaled identity matrices of the fowh,, such thats € S.

Example 1:Considern = N; = 3 andag = —¢IV2, Then,
the elements of setl are given byls,

0 0 V2 0 V2 0
M=|10 0 andM?=| o (o V2
01 0 1 0 0

The following proposition illustrates the UDCS issue in th

FE-DSM scheme.

Proposition 1: In FE-DSM scheme, the set of differentially

encoded input constellation points can grow as fast; &k
symbols overi transmission blocks, where is the largest
positive integer satisfying(n — 1) = gn + r for some0 <
r<n-—1.
Proof: Please refer to Appendix B. |
2) FE-DSM-DR: Let g - h represent factors oiV,. A DM
set that allows us to transmitindependenfi/-PSK symbols

(a) Tilted 16-PSK (b) Differential Constellation

1 S 5 1
o o
j=2] oD
E 0 H E O
o [e)
-1 © ° -1
2 -1 0 1 2 2 -1 0 1 2
Real Real
(d) Differential OSTBC
(c) 16-PSK Constellation
1 ¢] 1
o] [e]
o o [0}
go o o g 0
- o e} =
o o]
-1 Q -1
-2 -1 0 1 2 ~2 2
Real
Fig. 1. Comparison of the coherent and differential sigrmistellations.

Plot(a) and Plot(b) correspond to thdted 16-PSK signal set and its
differential counterpart, respectively. Plot(c) and Riptcorrespond to the
untilted 16-PSK and the resulting differential constellation whenpiying

in each transmit STM and achieve a transmit diversity ord@BfTBC, respectively. The differential constellation gsigorrespond to the

g is constructed as follows. Consideridg= Q(S, —e’“1) as
before and the extensioR = F'(«), wherea is a primitive
g™ root of the polynomiap; (z) = x9 — ¢*1, we obtain the
DM set given byA’ = {I,,M,M?, ... M9 '}, whereM €

F9*9 is the companion matrix g, (z). We defineD to be a
set of block-diagonal matrices given by

D= {diag(slAl, S$oAso, ..., ShAh) |Sz e M-PSK A; € .AI}

(8)
Let us now consider the field extensidn= K (/3) associated
with the polynomialps(x) = 2" — e7%2, whereel“2 is tran-
scendental ovek and is the primitiveh™ root ofe’“2. Then,
the regular representation of an elemeént Zf;ol ki3t e L
is given by >/~ " k;N‘, wherek; € K, 0 < i < h—1 and
N € K"*" is the companion matrix of,(z). We define the
DM set as

A= {In,N’,N’Q,...,N’H}, 9)

whereN’ = N ® I,. The transmit STM set is given h§ =
D x A as before.

Example 2:Letn = N, =4, g =h =2, u; = /3 and
us = v/5. The elements of the s@ are

st 0 0 O 0 se/V3 0 0
0 s1 0 O 51 0 0 0
0 0 s O [|’] 0 0 ss 0 |’
0 0 0 so 0 0 0 s9
0 sV 0 0 510 0 0
s1 0 0 0 0 s O 0
0 0 0 Ser\/g 10 0 0 spedV3 |
0 0 So 0 0 0 S9 0

wheres; and sy are from the classid/-PSK signal set. The
elements of the DM setl are

1000 00 Vs 0
01 00 00 0 Vo
00 1 O01|’]1 0 o0 0
0 0 0 1 01 0 0

input constellation over thousand encoding blocks.

Since FE-DSM-DR uses FE-DSM as its diagonal blocks,
it is easy to see that the differential constellation in case
of FE-DSM-DR also grows unbounded and hence suffers
from the UDCS issue. Fig. 1 illustrates the growth of the
differential constellation size in case of transmissionesoes
employing tilted PSK signal in DM-DSM, FE-DSM, FE-
DSM-DR?, and in case of OSTBC employing untilted PSK
signal set. Note that the differential constellation inecad
OSTBC is normalized for ease of presentation. It is plaesibl
that the transmitter in case of a differential scheme has to
support a large set of constellation points. Specificalig t
differential constellations of DM-DSM, FE-DSM, FE-DSM-
DR require nearly continuous phase, whereas in case of
OSTBC aided differential transmission both the amplitude a
phase are continuous. In the following section, we propose
algebraic field extension based DM set constructions, which
overcome the UDCS issue in contrast to the transcendental
field extensions considered in [33].

B. Proposed AFE-DSM and AFE-DSM-DR

1) AFE-DSM: Let S = {w},}} ' represent the conven-

tional M/-PSK signal set, wheresy; = ¢/27/M . Consider

a polynomial of the formx™ + ag, whereay is chosen for
ensuring that the polynomial is irreducible ov@(.S). From
Proposition 5 of [43], we show that™ + a( is irreducible
over FF = Q(S5) if ag = —wy, so that the primes in the prime
factorization ofn forms a subset of the primes that appear in
the prime factorization of/. Let us now consider the extended
field K = F(«), wherea is the primitiven™ root of wy;. The
companion matrix associated with the primitive elemens

3The tilted PSK signal points result from the arbitrary phasgles used
in the DMs in case of DM-DSM and from the phase factar&“(, e?“2) in
case of FE-DSM and FE-DSM-DR schemes.



given by Thus, from Corollary 1 and Corollary 2 it becomes evident
that the proposed AFE-DSM and AFE-DSM-DR schemes do

0 0 0 e2m/M :
10 0 0 not suffer from the UDCS issue. In the next part of the
M= |0 1 0 0 nxn paper, we study the AFE-DSM and AFE-DSM-DR schemes
= S (20) ! . ) . . . .
Coe : in conjunction with differential ASK constellations.
00 - 1 0

. IV. PROPOSEDAPSK AIDED AFE-DSM AND
and the DM set used by the AFE-DSM scheme is given by AFE-DSM-DR

A= {I,,M,M? ..., M""'}, wheren is chosen to beV;. ) _ )
The transmit STM set is given b§ = D x A, as earlier. So far we have considered only PSK constellation while

Remark 1: In contrast to the transcendental extension co?lt-l"?ymg the AFIE-[?ASSI\IA< gnd AFE'?.SM_D:E ;}Chﬁgﬁsxgsﬂgs
sidered in [33], the aforementioned extension is algebraiéeC lon we employ N conjunction wi € ( )

Note that sincel is a power of twoz" -+ ag is irreducible in order to further improve the bandwidth efficiency of thepr
for any n = 2!, hence the proposed scheme achieves thsed AFE'DSM and AFE'DSM'D.R schemes. Furthe_rmore,
full transmit diversity order ofn — N,. For more details we conceive several _novel detection schemes for striking a
on the achievable diversity order, please refer to the proglerformance complexity trade-off. . .

of Proposition 1 [33]. Let L.a d_enote the number of discrete amplitude lev-
An important advantage of the proposed AFE-DSM schen?tlas’ which is assumed fo be a power of two. Let these

. ! ) _ _.amplitude levels be given by1,«a,a?, ..., al«=1}, where
is that it does not suffer from the UDCS issue, which |g 1. The (L.M)-APSK signal set is then given by

discussed below. {akwh,} In order to have a unity average
. . . MI0<k<Lq,—1,0<I<M—1-
Proposition 2: In the AFE-DSM scheme, the transmit STMpower, the signal constellation is assumed to be normalized

set is closed under multiplication, i.6.x S C S. a1 2 :
Proof: Please refer to Appendix C. by v/B, where§ = === The encoding of the trans-

Corollary 1: In the AFE-DSM scheme, the differential ir]_m|35|on amplitude in the™ transmission block is given by

ki ;
. ) . ; = a" /v;_1, where0 < k; < L, — 1 is chosen based on
put co_nst_ellatlon siz€ does not grow with the number %ﬁelogg (L) bits belonging to theé'" transmitted data block.
transmission blocks.

Proof: The proof directly follows by repeatedly applying .

Proposition 2 m A Proposed APSK aided AFE-DSM and AFE-DSM-DR

In the next part of the paper, we extend AFE-DSM to AFE- Recall from Section Ill-Al that the seD consists of
DSM-DR scheme, which trades off diversity order against tiggaled identity matrices of the forml,, wheres € L-
throughput, whilst avoiding the UDCS issue. PSK signal set. In contrast to this, while employing APSK

2) AFE-DSM-DR:In contrast to the FE-DSM-DR, whereconstellations, we have = {sIn|s € (LaL)-APSK}, where
both the field extensionst = F(a) and L = K(g) thels| =% = a™ /v is decided based olvg, (L) bits
are transcendental, we consider algebraic extensionssia cBélonging to thei™ transmission data block. Furthermore,
of AFE-DSM-DR. Specifically, the elements, and us in proceeding along the lines of Proposition 2 and Corollary 1,
pi(z) = 29 — e/ and py(z) = 2" — e/*2 are chosen for can be readily seen that employing APSK constellations does
ensuring that the associated field extensions are algebrafet lead to any UDCS issues in AFE-DSM, i.e. we have finite-
Recall that in AFE-DSMe™ —w,, is irreducible, when boti ~ cardinality differential input constellation. Similariy case of
and M are powers of two. Thus, we can choase= 27/M AFE-DSM-DR we have
and g _to be a power of two, which renders t_he polynomlz_ab — {diag(s1A1, 52As, ..., 51Ap) |s; € L-PSK A; € A’}
p1(x) irreducible overQ(S), hence guaranteeing a transmit ' ' (11)
diversity order Of%' /’]\mee that in case of AFE-DSM-DR, g, ihat the amplitudes of all the PSK symbelsare differ-
we have_M.q = " I_-‘J’.Wh'Ch is an important property entially encoded afs;| = v; = ¥ /~;_1.
that assists us in alleviating the UDCS issue. Furthermore,,ia that the differential detector of (2) is no longer opti-

H _ .h
let us considep,(z) = =" —wn, where we have opted for 5 “\yhen employing APSK constellations and hence better

uz = 2 /M. The transmit STM set is given by = D % A, detectors have to be conceived. In the following subsestion
whereD and A are of the form (8) and (9), respectively. Tthe propose the

following proposition shows that the AFE-DSM-DR advocate . Buffered MMSE (B-MMSE) based differential detector:

does not suffer from the UDCS issue. « Buffered ML (B-ML) differential detector;

Proposition 3:In AFE-DSM-DR scheme, the transmit o
which are shown to perform significantly better than the

STM set is closed under multiplication, i.8.x S C S. . X ) . .
Proof: Please refer to Appendix D. - conventional differential detector (CDD) of (2) in Sectibin

Corollary 2: In the AFE-DSM-DR scheme, the differential
input constellation size does not grow with the number &. Proposed B-MMSE Detector
transmission blocks. Since employing an APSK signal set renders the transmit
Proof: The proof directly follows by repeatedly applyingmatrices of both AFE-DSM and AFE-DSM-DR to be non-
Proposition 3 H unitary, the CDD (2) is no longer optimal. An MMSE based



differential detector was proposed in [50], which was conn error floors for certain system configurations. The main
ceived for overcoming the shortcomings of the CDD in differeason for the emergance of the error-floor is that whenever
ential transmission schemes employing non-unitary trénsr8; is erroneously decoded, it affects each of the terms in the
matrices. In this section, we further generalize the MMS&ummation in(16) during the subsequent decoding, sirige
based detector of [50] by considering multiple successidepends or$;_1,...,S;_ . Thus, the entire metric is affected
receive matrices instead of two [50] and propose a bufferbgt a single instance of erroneous decoding, which in turn
MMSE based differential detector. causes the errors to propagate. This limitation is overcome

Consideringk + 1 successive receive matrices, we havey our B-ML detector, which is presented in the next part of
(12) (given in the next page) where we have assumed thgg paper.
the channel envelope remains constant #o+ 1 successive '
transmission blocks, i.e{H;};_, , are identical. Assuming

thatH;, /p and{X;}_, , are known, we have C. Proposed B-ML Detector
Considering the system model of (12) and assuming that
) (13) the channeH; is unknown to the receiver, we have

f(Y|Hi, /p,X) o exp (— Z 1Y, — PHL X%,

j=i—k

; (Y\p X) N exp {—Tr [Y(Ipsnyn, + pXIX)1YH]}
. . 3 ) — — NT -
LetT=>"_, ,|Y;~ v#H:X;|7., which can be equiva- det (Tt 1w, + pXHX) .
lently written as ) . o . 17)
_ By invoking the matrix inversion lemma [52], we have
! ) 2 S
T= Y, — /pH: X, S F! 14 o\ ! XAxX
_Z H 1 VP i F’ (14 (I<k+1)Nt +PXHX) =Ipiyn, ————  (18)
j=i—k (l _|.Zk ~2 )
i P 1=0 li—1
. 2
= > HYj —zS; o (15)  Furthermore, we have
j=i—k N, N,

i .y det (T XPX) " =det (1 XX 19
whereS? = S,S,,,---S, 1S, andS’/ =1, wheni < j and ¢ ( (k+DNe F P ) ¢ ( Netp ) - (19
Z = \/pH;X;_j. The ML metric in (13) can be minimized k ) N
wrt. Z = /pH;X;_ by differentiating T w.rt. Z and = det | In, +PZVHIM '
equating it to zero. The following proposition gives theual =0 (20)

oY
of 5z- N . x
Proposition 4:Let T and Z IE)e defined asHabove. =(1 +pz,y§il)zvtzw. (21)
Qi—k+1Qi—k -
Then, we have 47 = Z[leo SIS ) | 1=0 X
k i kt1H Substituting (18) and (21) in (17), we have
) g (18) and (21) in (17)
Proof: Please refer to Appendix E. [ | exp {_Tr {YYH _ 1\1%’17)(\(:’”
Now, the specificZ that minimizes (13) is obtained by f(Y|p,X) x ’ f;\’[”*l 7 (22)
equatingg—%kto zer]? and ksoll\{/ing itk forz, yieldlicngHg—’Zf = (1+p2f:0w3,l) o
5 Qi—k+1gi—k+1 qi—k+17 _
0, = ZZl:O Sﬁfl SLZ _21:0 Yi—lsgfz - Oal exp{ Y12 + I xH % }
. & 4 H ko=l g H\ T - FT I 5k 2
— Z= (X Y S) (S s _ ARV (23)
Note thatZ is a function ofS;_j,S; 11, - ,Si_1,S;. (1 +p30 %-24)
By usingS;_x,S;—x+1,--- ,S;—1, which are the estimates of . s ISR Y X2
Si—kSi—k+1,-+,S;—1 available from the detector invoked B eXP{— Yoo 1Yl + T IR, }
during earlier channel uses, can be viewed as being a - (1 S 2 )Ntzvr
function of S; alone. For clarity of presentation, we U&éS;) TP 2iam0im (24)

in order to represeri.. SubstitutingZ(S;) into (15), we have
Y(Si) = Zi Y. _ Z(Si)STHlH; Taking natural logarithm on either side of (24), we have

j=i—k H J I In f (Y‘ X) _ Zk 1Y% + 1210 Yi Xl
The proposed B-MMSE detector is given by n P X 1=0 Il Yi—lllF T o2,
j NN, In(1 + pi:O V2 ).

. . . 2 .
S; = arg éniré E HYj - Z(Si)S;."C+1 H , (16) The proposed B-ML detector is given by, =
j=i—k F argming,es V(S;), where

whereS’ = §;S;.,---S;_1S;. Note that the proposed B- b ,

MMSE detector of (16) reduces to that of [50], whenr= 1. V(S = - Z 1Yl +

We illustrate the proposed B-MMSE detector when= 2, 3 =0

in the examples provided in the next page. R
Remark 2: Although the proposed B-MMSE detector is = NNy 111(14‘0%24'/’2%2—1)’ (25)

capable of outperforming the CDD, it will be demonstrated =t

by our simulation results in Section V that it would resulsuch thatX; = X;_1S; and {X;_;}%_, are the estimates

& R
|| Zz:o Yi—lxﬁl”%

k-
VIR R IR
k




Yi,Yicq,.. .. Y] = VoH; [ X, X1, Xmg) F [N, Ny, NG ] (12)

Y X

Example 3:The B-MMSE metric associated with = 2 is given as follows:
2

2 . ~ 2 N
-8l - sl

Y(S,) = HY — 7(S)S8i_1S;
F

where

. . . . . 1
Z(S;) = [Yi(sflsﬁﬂ +Y, 8%, +Yi72} [Sifl(SiSzH)Sﬁl +S:i 87+ I} .

Example 4:The B-MMSE metric associated with = 3 is given as follows:
2

)

T(S;) = HYz — Z(S:)Si—2Si-1S: -

2 . o 2 ) . 2 )
. + HYi—l —7Z(8;)Si—28;_1 HF + HYi—Q - Z(Si)si—QHF + HYi—S - Z(S))

where

“ “ “ N “ N “ " “ N N N “ “ “ “ —1
7(S:) = [Yisffsfils{g+Yi,1s§{1s§{2+Yi,gs{£2+Yi,3} [si,gsi,lsisffsfilsfi2 +8:i 08, .SH SH, 4§, .85, 4 I] .

based on the previously detected transmit matrices. Sigila
{%}?:1 are the estimates of the transmit amplitude of the §
previousk transmit matrices. 10-

V. SIMULATION RESULTS ANDDISCUSSIONS

107

Simulation parameters: In calculating a bit error rate =
(BER) of 10-™ we have used at least0™"?2 bits. Each ® . \
BER point is averaged over 10,000 channel realizations. In  '®"e- FE-DSV-DR.BPsK
all our simulations, we have used block Rayleigh fading 4- FE-DSM-DR, 8-PSK
channels with a coherence duration of 1000 channel uses. The g+ |5 Afe oem oR spek. I
AFE-DSM and AFE-DSM-DR schemes are assumed to use b 2EEZB§MZBE‘ S_PPSSKK
uy = 27 /M and(uy,u2) = (2w /M, 27 /M), while employing — AFE-DSM-DR, 16-PSK \
an M-PSK signal set, respectively. In case of the AFE-DSM- 0° . " - 20
DR scheme, we have considergd= h = 2 and N; = 4. The SNR [dB]

same set of parameters are used in case of its APSK aided
counterparts as well. In the simulation results, the patante Fig. 2. Comparison of the BER performance of FE-DSM-DR withttof
denotes the buffer length of the B-MMSE and B-ML detectord"E-DSM-DR scheme in a system having = 4, N, = 2, and employing
. . various PSK signal sets.
and the APSK signal set is assumed to haye= 2 anda = 2.
Let us first compare the BER performance of the existing
FE-DSM-DR scheme to that of the proposed AFE-DSM-

DR schemé Fig. 2 compares the BER performance of thg, oughput of 2 bpcu, while Fig. 3(b) corresponds to 3 bpcu.
existing FE-DSM-DR to that of the AFE-DSM-DR schemg js eyident from Fig. 3 that for larger values &f the B-

employing various PSK constellations ranging from BPSK {y\1sE detector suffers from an error floor. Fig. 4 portrays the

16-PSK, where both the schemes are assumed to employ ffi&: herformance of the B-ML detector in the aforementioned
conventional differential detector at the receiver. It véddent system. It can be seen from the figure that unlike the B-
from Fig. 2 that the proposed AFE-DSM-DR scheme achievghyse detector, the B-ML detector does not suffer from any
nearly the same performance as that of the FE-DSM scherafor floor. From Fig. 3 and Fig. 4, we can also infer that the
i.e. it does not suffer from any performance loss. Thus the tormance gain of both detectors diminishes: screases.
proposed AFE-DSM and AFE-DSM-DR schemes provide thethermore, we can also see from Fig. 3 and Fig. 4 that the

maximum achievable diversity advantage, while avoiding therformance gain attained drops as the throughput incsease

UI?:(i:S I:'sssug.rtra s the BER performance of the B-MMS Fig. 5 portrays the BER performance of the B-ML detector
g- = P Y P L:for various values of buffer lengtk, when employing the

detector reco_rded for various values of buffer Ieng<th. APSK aided AFE-DSM-DR scheme using, — 4 and N, —
when employing the APSK aided AFE-DSM scheme using’ o o :
N, = N, = 2. Specifically, Fig. 3(a) corresponds to the" Similarly to the AFE-DSM scheme, |t_|s evident th_at the

K " ' ' ' performance gain erodes Asncreases. This can be attributed

“Note that the optimal phase angle’t!) in case of FE-DSM and AFE- (O the nature of differential encoding, where any transmivS _
DSM schemes are same and hence their BER performances atieatle  iS encoded based on the product of the DMs corresponding



(2) AFE-DSM with B-MMSE, 2 bpcu (b) AFE-DSM with B-MMSE, 3 bpcu

(2) AFE-DSM-DR with B-ML,

(b) AFE-DSM-DR with B-ML,

0 1.25 bpcu 0 1.75 bpcu
10 ; 10
— k=1 Y
- =+--k=3 ==+ -k=3
107} - 8- -k=5 10™ - 8 -k=5
——k=7 —— k=7
107 107
] x o
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m m
10°% 10°
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—k=1
-+ -k=3 J 10 10"
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y . —e—k=7 S
05 %6 12 18 24 30 Y0 6 12 18 24 30 107 107
12 18 24 0 12 18 24
SNR [dB] SNR [dB} SNR [dB] SNR [dB]
Fig. 3. Comparison of the BER performance by B-MMSE dete¢tor rig 5. Comparison of the BER performance by B-ML detectarviarious

various values of buffer lengttt. Plot (a) and Plot (b) correspond to theygjues of buffer lengttk. Plot () and Plot (b) correspond to the APSK aided
APSK aided AFE-DSM scheme operating at 2 bpcu and 3 bpcugcégply. AFE-DSM-DR scheme operating at 1.25 bpcu and 1.75 bpcugctsply.

,(8) AFE-DSM with B-ML, 2 bpcu

b) AFE-DSM with B-ML, 3 b _
100( ) AFE-DSM with B-ML, 3 bpcu (2) AFE-DSM with B-MMSE, 2 bpcu __(b) AFE-DSM with B-ML, 2 bpcu
: . : 10 ‘ :

10 —k= 10°
[ k=1 q -A-CDD -A-CDD
e i . L
1571 k=3 154 4 —k=1 —k=1
- -k=5 10—1‘ -+-k=3 10—1‘ -B-k=5
= —e— k=7 5 —v— Coherent =% Coherent
102 : 102 :
2 -2
10 10
x 3 x 3 x
m 10 @10 & B-MMSEH 0 B-ML
[an] o
-3 -3
. . 10
107 107 10
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109 109 " TF ks 10 10"
-m - k=5
—— k=7
10° 10° i -5 [ ‘ -5 ‘ ‘ A V"
o 6 12 18 24 30 0 6 12 18 24 30 V0 %6 12 18 24 30 0 6 12 18 24 30
SNR [dB} SNR [dB] i 2o ds

Fig. 4. Comparison of the BER performance by B-ML detectarvarious
values of buffer lengttk. Plot (a) and Plot (b) correspond to the APSK aide

(gig. 6. Comparison of the BER performance by the proposed\BSE and
AFE-DSM scheme operating at 2 bpcu and 3 bpcu, respectively.

-ML detectors with that of the existing CDD and the coheremtinterpart,
when employing APSK aided AFE-DSM scheme operating at 2 bpi (a)
and Plot (b) correspond to the B-MMSE and B-ML detectorspeetvely.

to the current and the previous channel useblote that in

. . . - i - b) AFE-DSM with B-ML, 3 b|
Fig. 5(b), the BER performance &f= 3 is slightly better than () AFE-DSM with B-MMSE, 3 bpeu () e pet

0

that of k = 7. This is attributed to the smaller buffer length 0 10
which makes the system more resilient to error propagatic f .
It is important to note that longer buffers do not necesgari 10
imply better performance, since longer buffers are mora@ro
to error propagation. Let us now compare the performance . 10 - 10
the proposed detectors against that of the existing CDD au i
its coherent counterpart. 10° 10

Fig. 6 and Fig. 7 compare the BER performance of tt .
proposed detectors against that of the CDD and its ¢ 3¢ 2 SP0 0t 2P0
herent counterpart, when employing the APSK aided AFI - +-B-MMSE. k=3 —E-B-ML, k=5
DSM scheme associated withh; = N, = 2. In case of 15L=¥— Coherent 1075L=F— Coherent
coherent detection, the receiver is assumed to have per N [é-S] 2430 o 6 I [331 2430

CSI and employ the ML detector. Specifically, Fig. 6 anu

Fig. 7 correspond to the throughput of 2 bpcu and 3 bpcglg. 7. comparison of the BER performance by the proposed\ESE and
B-ML detectors with that of the existing CDD and the coheremtinterpart,
5Note that owing to the severe error floors exhibited by the B$E when employing APSK aided AFE-DSM scheme operating at 3 bplai (a)
detector in case of AFE-DSM-DR scheme, we restrict our @rrthtudies and Plot (b) correspond to the B-MMSE and B-ML detectorspeetvely.
to only B-ML when employing AFE-DSM-DR.
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(a) AFE-DSM-DR with B-ML, (b) AFE-DSM-DR with B-ML, (@) N=2, k=3, M=4 (b) N=4, k=3, M=4

& 1.25 bpcu 0 1.75 bpeu 10° 10°
" [-a-cop 10 -A-CDD
——B-ML, k=1 ——B-ML, k=1 It
108 -8-B-ML k=5 ¥ - 8- B-ML, k=5 g | 9% LT g
—¥— Coherent —— Coherent g7 o7 g
s s
1072} 102 E 2
i i g0}, g
m 5 o 5 § 5' §
10 " 107 5 x
= [0
g g
§ 10 1§10t
1074 104 - ©- B-MMSE - ©- B-MMSE
\ ——CDD —CDD
16° ‘ ‘ \\ 16° ; ‘ ‘ B I s B-ML ¢ - |- B-ML
0 6 12 18 24 0 6 12 18 24 2 4 6 8_ 10 12 14 16 2 4 6 8 10 12 14 16
SNR [dB] SNR [dB] N, '

Fig. 8. Comparison of the BER performance by the proposedlBdbtector Fig. 9.  Comparison of the computational complexity of thepmsed

with that of the existing CDD and the coherent counterpaltenvemploying detectors with that of the CDD. Plot(a) gives the variatibthe computational

APSK aided AFE-DSM-DR scheme. Plot (a) and Plot (b) corredptm the complexity as a function ofV;, where N, = 2 andk = 3 are fixed, whereas

throughputs of 1.25 bpcu and 1.75 bpcu, respectively. plot(b) gives the variation of the computational complgxass a function of
N, where N; = 4 andk = 3 are fixed.

respectively. It is evident from both Figures 6 and 7 that the . . )
proposed detectors are capable of outperforming the CD®, V- Where N, = 4 and k = 3 are fixed. It is evident
while attaining a performance close to that of their cohereffom Fig. 9 that the computational complexity of the B-ML
counterparts. Specifically, we observe from Fig. 6(a) that t_de_tector is much lower than that of the _B-MMSE detector and
B-MMSE detector § = 3) attains about 3 dB performancel iS comparable to that of CDD. Specifically, whe¥ = 8,
gain over the CDD and hence is only about 1 dB away frof{- = 2, andk = 3, the computational complexity of the
that of its coherent counterpart at a BERIOf 5. We observe B-ML detector is about1% lower than that of B-MMSE
from Fig. 6(b) that at a BER of0~° the performance of the detector and abow7% lower than that of CDD. Further_more,
B-ML detector ¢ = 5) is only about 0.5 dB away from thatwhen Ny = 4, N, = 8, and k = 3 the computational

of its coherent counterpart. Similar observations can lagvdr complexity of the B-ML detector is aboui6% lower than
from Fig. 7 as well. that of B-MMSE detector and abo@6% lower than that of

Fig. 8 compares the BER performance of the B-ML detect&DD'
when employing the APSK aided AFE-DSM-DR scheme asso-L€t us now study the sensitivity of the proposed detectors to
ciated withV, = 4 andN, = 2. It can be observed from Fig. 8 channel correlations in time. In order to study the serigjtiv
that the performance of the B-ML detectdr £ 5) nearly co- of the proposed detectors to channel variations, we conside
incides with that of its coherent counterpart, thus briggine @ rapidly varying channel where each channel block of length
performance gap between the CDD and the coherent detecfok Starts with a channel realizatioH; and fades into an
Note that the differential encoding makes the successarestr independent channel realizatidh, in discrete steps of/BL.
mit STMs dependent on previous ones. This fact is exploitddiat is, the channel matrix in thé' channel use is given by
by the B-ML detector, which makes use of the previousfli = “57*Hi+grHa for 1 < i < BL. Figure 10 compares
detected STMs in order to improve the detection performané@e variation in the BER in case of the proposed detectors in
Let us now study the computational complexity imposed K APSK aided AFE-DSM system having, = N, = 2 and
the various detectors. The CDD in (2) would requ[8| N, N, Operating at 2 bpcu. Specifically, Fig. 10(a) correspondhdo
number of complex-valued multiplications. The B-MMSECase where the operating SNR is 18 dB, whereas Fig. 10(b)
detector in (16) would imposé2k + 1)N,N;|S| number corresponds to the case of 24 c_JIB. It_|s evident from Fig. 10
of complex-valued multiplications for computiri§j(S;) and that the_ proposed_detectors reta_ln_thelr advantage atlakva
about(k2N; + kN; N, + (k — 1)N,)|S| number of complex- of BL in comparison to the existing CDD. F_urthermore, at
valued multiplications for computing(S;). Furthermore, the @ BER of 107, the proposed B-ML detector is observed to
B-ML detector in (25) would requir@N, N, (k+1)+N, N,|S| ~9ive an SNR gain of 2.5 dB with respect to the CDD when
number of complex-valued multiplications for the compiatat BL = 20 and about 2 dB whe [ = 60. Thus, the proposed
of WU(S,). Note that the natural logarithm in case of the Bdetector not only requires low-computational complexity b
ML detector in (25) can be implemented using a look-uplSO gives beneficial SNR gains.
table. Figure 9 gives the variation of computational comipye ~ Let us now study the sensitivity of the proposed detectors
as a function ofN; and N,. Specifically, plot(a) shows theto channel correlations in space. We assume the Kronecker
variation of the computational complexity as a function ofhannel model for simulating the correlated channel caoit
Ny, whereN, = 2 andk = 3 are fixed, whereas plot(b) giveswhich is characterized b¥.,,. = Ri/QHRi/Q, where R,
the variation of the computational complexity as a functioand R, are the receive and transmit correlation matrices of
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(@) N:2’ N,=2x 2 bpcu, SNR=18dB (b) N1:2’ Nr=2, 2 bpcu, SNR=24dB 100
N ; . , 10" ‘
10 ---.CDD i o ié
—e-wse 10 ":::@::::::9: ........
- -B-ML . v
107 102 10 l : i
_________________________ x = —%— Coherent
u10° SNR=6dB  g\r-1548 L. |-B-B-ML k=3
B T R e S ISR -A-cDD
_ _ - _ -8
W 10 3| w 10’3 10 Y L T 3
=T 7
105G -mnnn
10°L 109 i i i i i
0.1 0.2 0.3 0.4 0.5 0.6 0.7
-.CDD B PR o Channel correlation
——B-MMSE
gL BME ‘ 16° ‘ ‘ ‘ Fig. 12. This figure depicts the sensitivity of the proposeiB detector

20 100 20 100 to channel correlations in comparison with that of the CDIE #re coherent

counterpart when employing APSK aided AFE-DSM-DR schemerating
at 1.25 bpcu.

40 60 80 40 60 80
Block Length (BL) Block Length (BL)

Fig. 10. \Variation of the BER as a function of channel blochdth in

an APSK aided AFE-DSM system haviny; = N, = 2 and operating at

2 bpcu. Plot(a) corresponds to the case where the operahifiy) i$ 18 dB,

whereas plot(b) corresponds to the case of 24 dB. VI. CONCLUSIONS

We have identified a deficiency of differential encoding

AFE-DSM operating at 2 bpcu

termed as the UDCS issue and studied the various existing

10 schemes in the light of this phenomenon. Then the AFE-DSM
A and AFE-DSM-DR schemes were conceived for overcoming
s ‘/‘\ ““““ ool ittt Sl the UDCS issue without compromising the attainable ditgrsi
] L = y advantage. Furthermore, APSK aided schemes were conceived
1l ' SNR - 16 8 |[=9= Coherent for further exploiting the available degrees of freedomdAd
& SNR=6dB SO EEE A-8-B-ML k=3 | tlor_1aIIy, a pair of novel detection sc_heme§ were conceived,
@ =T 7 IE‘D'\SMSE k=3 which outperform the CDD. Our simulation results have

demonstrated that the proposed detection schemes ardeapab
of bridging the performance gap between the CDD and the
coherent detector, while retaining the same search coiitylex
as that of the CDD or the coherent detector.

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Channel correlation

VII. APPENDIXA

Fig. 11. This figure depicts the sensitivity of the proposeBISE and PROOF OFLEMMA 1

B-ML detectors to channel correlations in comparison witht tof the CDD
and the coherent counterpart when employing APSK aided BBE} scheme

operating at 2 bpcu. Proof: In order to prove the lemma, it is sufficient
to prove that (if)2r + 3T (Zle kz)M # (mb)ar +
22 (S ky)y, for 1< m < i, where (u); = u modulo t.

) ) ) Assuming that
dimensionsN,. x N, and N; x Ny, respectively. Thei, 7)™

element of these matrices is given by 7!, where0 < o < 1 ) 21 [ 27 [ —
is the correlation coefficient. Fig. 11 and Fig. 12 compaee th (i6)2r + M <Z kl) = (mb)zx + M <Z k7‘> , (26)
BER performance of the proposed as well as of the existing =1 M =t M
detectors in correlated channel conditions. Specifichlty, 11 we have((i—m)f)a, = % oy kr)M—% (Zlizl kz) -
corresponds to the APSK aided AFE-DSM scheme operatigg, , M

at 2 bpcu, whereas Fig. 12 corresponds to the APSK aided for some—(M — 1)/§ k .S (.M - 1). Furt?l(irn;gre, we
AFE-DSM-DR scheme operating at 1.25 bpcu. It is evideR@Vve(i—m)0 = 2mq+25z-, which implies tha‘% =,
from Fig. 11 and Fig. 12 that the proposed detectors are orWJﬁ'Ch_ cqntradlcts the fact that is .transcendental. hus the
as sensitive as the CDD or the coherent detector to the charffality in (26) does not hold. This concludes the proo
correlations. It can also be observed that the performaaire g

of the proposed detectors w.r.t. the CDD remains constant fo

various channel correlation conditions. VIIl. A PPENDIXB
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PROOF OFPROPOSITION1 or = Y, ZSITHHS R
~ Proof: The differential input constellation at th& trans- 7 Zf:o Si- k“s?f“ — leo YZ_ZS?*f“H This
mission block is given by concludes the proof. |

S§i=8x8x -+ xSES=DOxA)x(DxA) x-x(Dx A,
— ——
7 times
@7
X (Ax Ax - x A) = M MZi=m “Yoctari_ <1 2]
28)

where 0 < k&’ < M — 1. Considering the worst casef
q=n—1forl1 <l<iand Iettingi(n—l) =qn+r, SO
that0 < r < n — 1, we haveS; = e/ ¥ {Mi("-D} =
IR (Mt} = eI T eﬂqul{M Yo<r<n—1, Where we
have exploited the fact thabl” = e/“1I,. Since ¢/ is
transcendental, it follows from Lemma 1 that the Sgegrows
by ¢M symbols overi transmission blocks. This concludes

(31

(4

(5]

the proof. [ ]
P 6]
IX. APPENDIXC
PROOF OFPROPOSITION2 7]
Proof: We haveS x S = (D x A) (DxA) =D x

(Ax A) = dFY (MaM®) = /3 Ma+e, where0 <

q1,q2 < (n—1) and0 < k' < M. Letting @ f @ =qntr,
so thatd) < r < M, we haveS x S = e/ M Mate =
eI RTE Mantr — oI 5K MM = 7% M” e S, where
k" = (K + q)p» and we have exploited the fact thf?" =

El

e7?27a/MY This concludes the proof. m [10]
X. APPENDIXD [11]

PROOF OFPROPOSITION3
Proof: Considering [12]
SxS=(DxA) x(DxA) =D N"D,N?®? (29) 13

whereD;,D, € D (8), N N> ¢ A (9) and0 < ¢, ¢q2 <

h. It can be readily seen tha&’" D, = DN’ where [14]
D(q” € D is a block diagonal matrix, whose elements are
the same as those dD,, except that they are circularly
shifted by ¢; blocks down along the diagonal. Thus, from
(29) we haveS x § = D;D{"N/“ N/ = D/N/+% = [15]
D'(N®IL,)"" " = D/(Nete @ 1,). Letting g1 +q2 = gh+

r such that) < r < h, we haveS x S = D'(N"*" ®1,) =
D'(NN"®1,) = D'e?"/M(N"®1,) € S, where we [16]
have exploited the fact tha¥?" = eJQ’Tq/MI D/ei?ma/M ¢

D and (N" ®I,) € A. This concludes the proof. [ |

[17]

X1. APPENDIX E - PROOF OFPROPOSITION4
Proof: The Y in (14) can be equivalently written as

(18]

T = YT [(Y, - 287 (Y, - z8 )] = g
S YY)+ Tr(ZS|FI§i k1" ZH)

TI‘( S’L kJrl ZH) ( Sz k+1YH) [20]
By employmg the results of [51], we Qave
3T _ Zlil kzs; k+lS; k+1H _ YjS;_—k-i—l . [21]

Changmg the vanable fromj — (i — [), we have
[22]

SHere, by worst case we mean a set of transmission blocks ebalts in
maximum number of distinct differential constellation iisi
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