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Abstract—In this paper, we propose to reduce the complexity of often low-complexity linear receivers (e.g. MMSE recejver
both the Approx-Log-MAP algorithm as well as of the Max-Log-  [7]-[9] are employed for multiple-stream MIMO schemes
MAP algorithm conceived for generalized PSK/QAM detection (e.g. V-BLAST [10]) in order to separate the superimposed

where only a reduced-size subset of the PSK/QAM constellatn
points is taken into account for producing a single soft-bitoutput. parallel data streams. On the other hand, the parallelrstea

Although the detectors of Gray-labelled low-order PSK/QAM Of orthogonal STBC schemes [11], [12] may be readily
schemes generally produce near-horizontal EXIT curves, aupro- transformed into an equivalent single-stream form, as &fiten
posed detectors exploit thea priori LLRs gleaned from a channel  of the orthogonal space-time code design. Therefore, wien t
decoder in order to retain the optimum detection capability for conventionalLPSK/QAM detector is invoked by the MIMO

all PSK/QAM constellations. Furthermore, we demonstrate n . the detecti lexity | th d T
this paper that the widely applied MIMO schemes including V- receivers, the detection complexity is on the orderCuf.)

BLAST and STBC, which invoke the proposed soft PSK/QAM instead ofO(L?), whereQ represents the number of symbols
detectors may also benefit from our reduced-complexity degh. transmitted together. Moreover, the bit-metric generatieth-

Our simulation results confirm that a near-capacity performance ods introduced in [13]-[15] may further reduce the compiexi
mzy b‘é gChie".ed by thle proposed detectors at a substantially 5rger t0 O(log, ), where the approxmiated LLR values are
reduced detection complexity. . efficiently evaluated on a bit-by-bit basis. However, theady
Index Terms—Reduced-complexity, Approx-Log-MAP, Max- contributions on bit-metric generation did not considee th
IB%ngéAP' T“rbofl\jteg'o”’ i'lt/lm(e:t”c genir'at"\)/néﬁ&ag%'ag_‘?ggg' a priori LLRs. This is because the detection of the Gray-
 Square QAM, Star QAM, Cross QAM, V- ' " labelled low-order PSK/QAM schemes (e.g BPSK/QPSK and
Square 16QAM) generally produces near-horizontal cumes i
. INTRODUCTION the EXIT chart [5], which means that exchanging information

HE significant technical breakthrough of Turbo Codeletween the soft_P.SK/QAM Qetector and the channel decoder
T (TCs) was proposed in [1], where a substantial perfof?@y have a negligible benefit.

mance improvement was achieved by exchanging extrinsicAt the time of writing, high-orderLPSK/QAM schemes
information between two channel code decoders. Inspirace routinely utilized in commercialized systems. For egkem

by the development of TC, the PSK/QAM demodulator waSquare 64QAM and Square 256QAM have been included in
modified in [2], [3] so that turbo detection may be carriethe ITU-R IMT Advanced 4G standards [16] and in IEEE
out by exchanging extrinsic information between the out&02.11ac [17], respectively. As the number of modulation
channel decoder and the inner PSK/QAM demodulator. levels L increases, the sofLPSK/QAM detectors become
order to eliminate the error floor often observed in twosapable of producing an improved iteration gain. Therefore
component concatenated codes, it was proposed in [4] thasignificant performance improvement is attained, once the
a further Unity Rate Code (URC) may be incorporated, so priori LLRs have been taken into account by the soft
that an infinitesimally low BER may be achieved by a thred2SK/QAM detector. However, how to relate eacpriori LLR
stage turbo detector. Furthermore, the IRregular Coniiat to a reduced-size fraction of the channel’s output signal co
Code (IRCC) concept [5], [6] was proposed for replacing thetellations remains an open problefgainst this background,
regular convolutional codes, so that a vanishingly low BERe novel contributions of this paper are as follows:

may be achieved at a near-capacity SNR.

As researchers inch closer and closer to the channel capact) e observe that the Max-Log-MAP algorithm aims for

ity, the complexity of the resultant communication systdéms finding the maximum probabilities, which is similar to
also increased. In fact, soft-decision-aided MIMO detecti the action of hard PSK/QAM detection. Therefore, after
typically contributes a substantial fraction of the totale linking each a priori LLR to a reduced-size fraction
plexity. In order to circumvent this problem, on one hand,  ©f the channel's output signal constellations, the Max-
Log-MAP algorithm may be operated at a reduced
The authors are with the School of Electronics and Computer S complexity.
?nc? qaversity of ;(%Uthampm”' SOLJ)thamptO”’ SO17 1B, (e-mail:  2) Furthermore, the corresponding reduced-complexity
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Star LQAM and CrossLQAM. The symmetry exhlbltedwhere{b } (M- BPS) represents the bit mapping corresponding

by each Gray-labelled constellation diagram is the ket the specn‘lcsZ It can be seen that Eq. (3) operates on

to the detection complexity reduction. a vector-by-vector basis, which has a complexity order of
4) Finally, we demonstrate the benefits of our solutio®(L™). Therefore, linear matched-filtering detectors [7] may

in the context of both channel-coded V-BLAST systeims invoked for detecting th@/ data streams separately. For

as well as channel-coded STBC systems. The iteratiorample, the low-complexity Zero-Forcing (ZF) filter prods

gain achieved by the soft QAM detectors results ithe following output:

a significant performance improvement, while a sub- _ _

stantial complexity reduction is achieved without any Z,=Y,Gzr=S,+V,, (4)

performance loss.

The remainder of this paper is organized as follows. The Where th% Z'f filter weight matrix is given bfazr =
BLAST system and the STBC system are reviewed in Sec. fn (H.Hz) ™", while the equivalent noise matrix is given
In Sec. I, our reduced-complexity soft PSK/QAM detectio?y Vr = V nGzr. It can be seen in Eq. (4) that ZF receivers
algorithms are proposed. Our performance results areqdvi suffer from noise amplification, hence often the Minimum
in Sec. IV, while the application of our reduced-complexit)/éan Square Error (MMSE) detector [8], [9] is employed

design is discussed in Sec. V. Our conclusions are offered'ftj linéar MIMO detection. More explicitly, the MMSE filter
Sec. VI. designed for detecting the-th transmitted symbol produces

the following output:

[I. MIMO SYSTEMS ZM =Y, Gl ee =STHT G or -
A. V-BLAST SyStemS + STHWGWMSE + VnG':\:ILMSEa

The architecture of a classic V-BLAST system may be
found in [7]. The encoded source data stream is split intehereGjyse € CV*! refers to then-th MMSE filter weight
multiple streams in order to be modulated and transmitt@éahtrix. The performance of MMSE detection is limited by the
independently byM transmit antennas. The signal receivethl [7], and hence the priori information is utilized for the
at the N receive antennas may be expressed as: sake of interference cancellation, which may be expressed a

_ 9l:
Y,=S,H,+V,=S"H"+S"H"+V,, (1) o]

whereY, € C*N §, ¢ Cc*M H, ¢ CM*N and
V,, € C*¥ refer to the received signal vector, the transmittegthere the estimate of a specific symbol basedaopriori
LPSK/QAM symbols vector, the Rayleigh fading channelsLRs is given by:

matrix and the Additive White Gaussian Noise (AWGN)

m

Z, =27 - e{STHH] Glivse, 6)

n

vector, which has a zero mean and a variancéVgfin each L exp {ZBZS'Z;-LG(I)-)}
dimension, respectively. Furthermorg™ and H? ¢ C'*V {9} = ZslPr(S,T =g = Zsl BPS .
denote them-th element inS,, and them-th row in H,, 1=1 =1 —1{1 + exp[La(b))]}
respectively, whileS™ ¢ C**(M-1) and H?® € CM-DxN Y
are obtained by removing thei-th element inS,, and by {1z s ?)
removing them-th row in H,,, respectively. It can be seen in It was demonstrated in [8], [9] thaw =
Eqg. (1) that whenS]" is detected, the rest of the transmitted results in the MMSE weight matrix shown in Eq. (8),
symbols introduce Inter-Antenna Interference (IAl). where {E™}M_ denotes the transmitted signal power of

The full-search-based ML detection imposes an excesswach antenna, which may be different, if tdé transmit
detection complexity. More explicitly, upon obtaining theantennas belong ta\/ independent users in the context
a priori LLRs {L,(b )}(M BP9 from the channel decoder,of Space-Division Multiplexing (SDM) [19]. When non-
the a posteriori LLRs produced by the Log-MAP algorithm constant modulud.PSK/QAM is employed, the correlation
conceived for ML V-BLAST detection may be expressed awmatrix representing the symbol power is given Bgs =
[18]: diag([e{|SE1%}, -, e{|S}|*}]), where the estimate of a spe-
ZSzesb _exp (dy) cific sylmbols power is given bylrgplacmg the constellation

= Ly(bg) 4 Le(by), Points’ in Eq. (7) by its power|s'|*. Furthermore,RSS €
Zszesb _o &xp (di) CM-Dx(M-1) in Eq. (8) is obtained by removing both the
(2)  m-th column as well as the:-th row in Rgss. As aresult, the

where Sy, —, and S;,—o refer to the LPSK/QAM symbol  ¢onventionalLQAM detector may be invoked as:
vector sets, when the specific hif is fixed to 1 and 0,

Lp(bk|Yn) [

respectively. Given a specifi PSK/QAM symbol vector Zszesb _, exp (dy)

i (LM) . . . (LM) . . . L (bk|Yn) =In A (9)
{s%}._, . its probability metric{d; };=, ’ in Eq. (2) is defined P > sics, o xp (d)
as [2] =0

. M-BP wheres;,, 1 ands;, g refer to theLPSK/QAM symbols sets,
|Y, — S'H,|]? . (1 AN S PO ;
dy = —1-n = -nll E ' b;La(b;), (3) Wwhen the specific bit, is fixed to 1 and 0, respectively,
No i— ' while the symbol-by-symbol-based probability metfit; } -,
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(H)"” No, 17
m m m n m i m m m 0 m
GMMSE = {(Hn )HHn + Em [ SS T dlag(g{sn }HE{Sn })] Hn + Em IN} (Hn )H' (8)
becomes [2]: where we have 27 = z;{/ﬁng and (No = 2N0/|\Hn||2) for
~ 2 the case of Alamouti's G2 STBC.
Zm — Sl‘ BPS _
d = No + Zlb-jL“(bj)‘ (10) [1l. REDUCED-COMPLEXITY SOFT PSK/QAM DETECTION
i=

For ZF NreceiversZ’L” refers to the m-th element of ZF filter
output Z,, of Eq. (4), while the equivalent noise power i

given by Ny = ||GZ:|>?No, where Gt refers to the m-th
column of the ZF ﬁlter’s weight ma'irbGZF. For MMSE
receivers, we haveZ™ = Z. - (h.) /|h.|? and Ny =

Giimsell” - No/|h'|2, where the equivalent fading factor is

given byh, = H" G k.

B. STBC Detection

A. Conventional Soft PSK/QAM Detection

In practice the Log-MAP algorithm of Eq. (9) imposes an

SUnaffordable detection complexity, owing to its high-poers

representation of probabilities. Therefore, when desigra

low-complexity soft detector, the so-called Max-Log-MAP

algorithm [18] may be invoked as:
Lp(bk|Yn) = lmax (dl) —

esbk:]

max (d;) .
st GSbk:()

(16)

Since only two maximum probability metrics are taken into
account in Eqg. (16), the Max-Log-MAP algorithm imposes a

For a STBC system, the transmitter firstly encodes th@gnt performance degradation. In order to compensate for

(Qlog, L) bits to an LPSK/QAM symbols vector of,, =
[81 DR

n?

T this performance loss, the Approx-Log-MAP algorithm [20]
,s@]". During T symbol periods, the symbol-matrixwas introduced as :

transmitted from thel/ transmit antennas may be formulated

as:
1

S, = —
VM

GM(Sn)v

where the T x M)-element matrixG (s,,) represents the
orthogonal STBC structure. Considering Alamouti's G2 STBC

The addional term of'{|d; — d2|} in Eq. (18) takes into

as an example, the STBC matiixy, (s,,) is given by [11]:

s} s2
" ik . (12)

Galon) = | () sty

Lp(bk|Yn) = jaCSLESbk:1 (dl) — jacszesbkzo (dl) R (17)

(11) where jac denotes the Jacobian algorithm, which may be

expressed as [21]:

jaC(dl,dg) = max {dl,d2}+I‘{|d1 —d2|}. (18)

account the difference betweefi and d, according to a
lookup table [21]. Based on the ZF/MMSE aided V-BLAST
estimation of Eg. (10) as well as on the STBC estimation of

The signal received by th&/ rece@ve antennas may still peEq. (15), the symbol probability metricg?; } ; invoked by
represented by Eq. (1), but the size of the transmitted bigRge detection algorithms may be summarized as:

matrix, the received signal matrix and the AWGN matrix

becomesS,, € CT*M Y, € CT*N andV,, € CTxN,

respectively. Furthermore, due to the orthogonality effier
by the STBC design, the equivalent received symbol may be

expressed as [11], [12]:
20 = 5% - Ry, + 0.

(13)

More explicitly, the decorrelating variablés;{}qQ:1 for Alam-
outi’s G2 STBC are given by [11]:

A =YhE) B (V) =Sl B
2=y, @) —HL(Y2)" =2 b, + 7, -
where the equivalent fading factor is given @n = %)

while the equivalent noise fact0|{3~;g}§:1 have a new vari-
ance of(|[H,||? - No). The (L x N)-element vector§ Y7}~ ,
and{H: }M. denotes the-th row in the matrice¥,, andH,,,
respectively.

Based on the new equivalent received signal model
Eq. (13), theLPSK/QAM symbol probability metridd; } =,
seen in Eg. (9) may be expressed as:

|Z;ZL _ s BPS

> 1)2 »
d; = _E s + ) " biLa(b)), (15)
No ot

BPS

D biLa(by).

When Squard. QAM is employed, the real and the imagi-
nary parts of the constellation may be detected separétely.
result, the Squar@ QAM symbol probability metrics{d'lm}l‘f1
and {dRe}Y” are given by:

‘ 2

e l
Zn — S
d = —% + (19)
No

Im(Z,) — Im(s1)|>  BPSi2_
dllm:_| (Z )N (5)| + ijLa(bj)a
0 j=1
(20)
Re(Z,) — Re(s))|? BPS
d?e:_’ o) — R, ST biLa(by):
No j=BPS/2+1

B. Reduced-Complexity Soft Square QAM Detection

For producing a single soft-bit output, the conventional
Max-Log-MAP algorithm of Eq. (16) as well as the Approx-
pbg-MAP algorithm of Eq. (17) have to estimate and compare
all the /L probability metrics using Eq. (20) according to the
VvV LPAM constellation, which forms the real and imaginary
part of a Squard.QAM symbol. In this section, we aim for
reducing the detection complexity by reducing the number of
constellation points that have to be visited.
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VL = 4 PAM magnitudes for Square 16QAM while the constant is given b£clm — _ﬁ + @’l As
0010 Qi 5 | 0ol 0000 a result, the maximum metric found by evaluating all the four
X candidates in Eq. (23), which is pursued by the Max-Log-MAP
of Eg. (16), may be obtained by:
m max{di", d" }
0110 o1 , | o101 0100 (max = maX{ max{dy", di"} o5
V1% \without considering the signs, the size |tlml| + La(b2) ( )
tof the constellation points is reduced to — max + Cim-
V/L/2 = 2 positive PAM magnitudes { |t|m2| - }
5 f I i I
’% ~7n i ﬁ i Therefore, instead of evaluating and comparing Eq. (22) fou
1110 w1, | 1101 1100 times in Eq. (23) according to the 4PAM constellation pqints
vio Eq. (25) is obtained by comparing two candidates, where the
absolute value calculation eliminates the need for conisige
the signs, as portrayed by Fig. 1.
According to the maximum metric search approach demon-
1010 10.11,V%,, 1001 1000 strated in Eq. (25), the first two soft bits produced by the
reduced-complexity Max-Log-MAP algorithm may be ob-
tained as:
o e e oy s o ooy L) = max{d ) — (!
B { ~tim1 + La(b2) } { tim1 + La(b2) }
= max _tImZ _ é — max t|m2 _ é 5
5Ng 5Np

First of all, let us extend the imaginary part probability,(bs) = max{dy", df"} — max{d}", d5"
metric calculation of Eq. (20) as: 4
= |tim1| + La(b2) — [tima| + —=.
IMGE)2 Im)2 2ImE)Im(s)) ek oo (26)
am = =" + n) + Z b; L

No No Slmllarly, the corresponding Approx-Log-MAP algorithm yna
- (21)  pe obtained by compensating the error imposed by consiglerin
where( W is invariant over the candidate variatfe only the maximum in Eq. (26) as:
which may be ignored because all the multiplicative cortstan

may be eliminated by the division operation in the Log-MAR,,,(b;) = jac{ ?ml * L a(b2) } _ jac{ i'”‘l + Lj(bz) } ,
Im2 — - Im2 —

algorithm of Eq. (9). Therefore, Eq. (21) may be further 5N 5No
O ] 4
simplified as: Ly(b2) = Altima]) + La(b2) — Al/tma]) + —=
BPS/2 5Ny
gm =MD ey “m ”2 Z b;La(by), (22) (€0
= — Zn ’ . . . .
! Ng where we define the special case of the Jacobian algorithm of
Eq. (18) as:
where we have{ Ny = Ny/2). Let us now take the Square A(t]) = jac(t, —t) = || + T{2J¢[}. (28)

16QAM constellation of Fig. 1 as an example, where the

(v/L = 4) imaginary metrics of Eq. (22) may be expressed Based on the example of Square 16QAM detection, we
as: summarize the Max-Log-MAP algorithm conceived for Square

LQAM detection as follows:

d|m — 3|m(zn) 9
1 \/_ 0-No  10Ng
Algorithm 1: Max-Log-MAP Algorithm for Square
qm — Im(Zn) _ 4+ Ly(b LQAM Detection.
? 7£/E'10L (11)0])V+O (b2) 1) Define the testvariables, which relate
_— 'mgllm(zn) 2 m> (23) L, (bgps2+1) and Lg(b;) to the real and
d3" = =T, W + La(b1) imaginary parts of,, as:
= —tim2 — —‘*— + C|I’Tla _
dim mG) " L tre, = AeCa) _ Lollorgan),
4 - _\/E~N0 a ION + ( 1) + a( 2) " . AH% Zn) _ La(b1)2 (29)
= —tm + La (b2) + Cim, Im; = No 2
where we relate the imaginary part af to the corresponding where { 4; }‘/_/2 are the positive real PAM mag-
soft bit inputL,(b1) as: nitudes on the x-axis and y-axis of SqQuar@AM
IM(Z,)  La(b) 3IM(Z,)  La(b1) constellation diagram.
_ Zn a(01 _ Zn al01
tim1 = V10-No - 2 tim2 = V10N, - T2 (24)
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L=8 constellation points for 8PSK

2) Calculate the maximum probability metrics, Without considering
which relates the rest of thB?S/Qpriori LLRs g}?hie'gcnjés_t{‘;%izfn ]
{La(b)) gB'ngS/2+2 and{Lq(b;)};—; "~ to the PAM 011 1. 001 folia=z M
magnitude index as: ' R

_ BPS T A? ' )
dre, = [tre,| + Zé;g/PSﬂ-i-Q bjLa(bjjz— A 010 g0
27 : ,
d|mi = |t|mi| “+ Elj:2 bjLa(bj) _ N‘L
(30) ‘

3) For the first bit and théBPS/2 + 1)-th bit, which 4 i
determine the signs, treeposterioriLLRs are given 110 r 100
by: :

L bl = max (dbl,: ) h r
PO = gy U g 190
g
— max (dﬁfo) ,
ie{1,,vL/2} ' I
Ly, (bgpg/at1) = max (ngFfS/”l:l) Fig. 2. Constellation diagram of rotated 8PSK. We delitmyatotate all the
ie{1,-,vVL/2} & LPSK (L > 4) constellation diagrams anti-clockwise by a phaserpf, so
b -0 that there are exactly./4 constellation points in each quadrant.
_ max (d BPS/241— )
Re; ’

i€{1,--,vL/2}
(31)

where the probability metrics of Eqg. (30) have f{
be updated when the specific bit is set to be 1 o
as:

determine the magnitudes, the complexity order of Eq. (84) i
0 given by O(v/L/2). Furthermore, when detecting the two bits
which determine the signs, the complexity order of Eq. (31)
is given by O(v/L), because the constellation set has to be
=" = ~tim, + Z?Zi/QEjLa(bj) - %?, updated twice, when the specific bit is fixed to 1 and O.
g0 — o ZBF;S/Q’Z;_L ) - é_?'o (32)
Im; I g=2 I N, C. Different PSK/QAM Constellations

b =1 x 2 i i
A =t = g Z?EEPS/Z)H b;La(bj) — 4 For SquareLQAM schemes, the signs and the magnitudes

baps/241=0 BPS ~ A?N“ of the real and imaginary parts of a transmitted symbol are
dre, = tRe, + Z.7':BPS/2+2 bjLa(bj) — (NE:B) encoded separately. By contrast, a high-orBBISK scheme

associated wit{L > 4) encodes its phase, which means that
the magnitudes of the real and imaginary parts of a transditt
' LPSK symbol are in fact encoded jointly. As a result, the

4) For the rest(BPS— 2) bits, which determine the
magnitudes, the Max-Log-MAP algorithm is give

by: jointly encoded bits in aLPSK symbol have to be detected
Ly(bg) =max (dim,) — max (dim, ), together, yvhich imposes a higher complexity. However, it ca
br=1 bx=0 be seen in Algorithm 1 that as long as we have two bits,
ke{2,---,BPS/2}, (34) which determine the signs of the real and imaginary parts

respectively, a similar reduced-complexity detectioroatym
may be obtained. For the sake of achieving this goal, we
ke {BPY2+2,-.- ,BPS, have to rotate all the.PSK constellations (except BPSK)
where the tentative indices set far in [19] anti-clockwise by(w/L), so that there are exactly
(i e{1,-- ’\/Z/g}) is halved when a specifig /4 constellation points in each quadrant. The rotated 8PSK
bit by, is fixed to 1 or 0. constellation is shown in Fig. 2.
Similarly, a Star LQAM constellation [22], [23] may be
The corresponding reduced-complexity Approx-Log-MARotated anti-clockwise by a phase anglgnf L p), whereL 4
algorithm conceived for SquareQAM may be obtained by and L, refers to the number of constellation rings and the
appropriately modifying the proposed Max-Log-MAP algonumber of phasors, respectively. More explicitly, a SIQAM
rithm, where themax operation should be replaced by jaGymbol may be represented by, = ~,0,, wherelog, L4
operation, while the operatiofj|) should be replaced by thepits are assigned for encoding the rad{ug }~4,, while the
A([t]). following log, Lp bits are assigned for encoding the phase
In the design of reduced-complexity soft QAM detec{ag}ﬁ;’l. If we define the ring ratio of a StatQAM symbol
tion algorithms, we aim for a reduced-complexity order ofs the ratio of the ring radii, we have = {W—Zl)}ﬁifl-
O(log, L). However, both the real and imaginary part of &hen the symbol power normalization factor is given by

SquareLQAM symbol has(BPS/2 — 1) bits, which encode !4 g1 . .
the PAM magnitude together, hence they have to be jointly La - Therefore, the StatQAM ring radius should be

. (p—1) .
detected. As a result, when detecting {B®S— 2) bits which normalized as{y” = Z-—1}7,. It was shown in [22], [23]

Lp(be) =max (dre,) —max (dge,),
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that the two-ring Star 16/32QAM associated with = 2.0)
and the four-ring Star 64QAM associated with= 1.4) have
the optimum performance in Rayleigh fading channels.

In order to operate the Max-Log-MAP algorithm conceive
for different PSK/QAM constellations at a reduced complexi
we extend thea posteriori probability metric of Eq. (19) as:

PN
Ny No (35)
~ BPS
Re(z,)R I )l
Ny

|Zn|

where the constant of — may be ignored. Let us now
0

consider the 8PSK constellation of Fig. 2 as an example,&vhg

the eight metricg{d,;}?_, of Eq. (35) may be expressed as:

d3 = —trel + tim1 + Cspsk,

d7 = —trel — tim1 + Cspsk,
(36)

di = trel + tim1 + Cspsk,
ds = trel — tim1 + Cspsk,

dy = trer + tim2 + La(b3) + Cspsk,
dy = —trez + tim2 + La(b3) + Cspsk,
de = trez — tim2 + La(b3) + Cspsk;
ds = —trez — tim2 + La(b3) + Cspsk,
where we relate the real and imaginary partszgfto the
corresponding soft bit inpuk, (b2) and L, (b1) as:
_ cos(F)REZn) _ La(ba) FIRe(Zn) _

2
_ sin(gjm(zn) _ La(b1) cos(Z )Im(zn)
No No

37)

sin( Lo (b2)

3

La (bl)

(38)
constant  Cgpsk is given by
[OsPSK— —= + M . The eight probability
metrics {dz}l are arranged into two groups in
Egs. (36) and (37), where every four metrics are associa
with the same constellation magnitudes. It can be seen t
the four metrics formulated in Eq. (36) all contain thre
parts, i.e. they are-trer, +tim1 and Cspsk. As a result, the
maximum metric over the four candidates in Eq. (36) is give
by max;—{1,3,5,7} d; = |tRe1| + |t|m1| + Cgpsk. Similarly, the
maximum metric over the second group in Eq. (37) is give
by max;—(24651 di = [tre| + [tim2| + La(b3) + Cspsk.
Therefore, the maximuma posteriori probability metric
generated by the Max-Log-MAP algorithm is given by:

[tret| + [tim1| + Cspsk } (39)
ltre2| + |tim2| + La(bs) + Cspsk |

Instead of evaluating and comparing Eq. (35) eight times
Egs. (36) and (37), Eqg. (39) only has to evaluate and comp
two candidates in order to obtaify,a. In other words,dmax

is obtained without visiting all the eight 8PSK constebati
points. In fact, only the two constellation points in the ffirg
guadrant are of interest, as demonstrated by Fig. 2. In m
detail, the reduced-complexity Max-Log-MAP algorithm ma
be formulated as:

tre2 =

3

) time =

(
2

while the

dmax = max {

where dbint and d25° may be obtained by replacing

{ltmi[}7_y In Eq. (39) by {—timi}7_; and {timi}i;,
spectively, whiled’25! and d®2;° are obtained by replacmg

max
dltreil}7 _, and {tre }2_,, respec-

_, in Eq. (39) by{—tra)?
tively. The constanCsgpsk in Eq. (39) may be omitted.
Based on the example of 8PSK detection, we propose the
reduced-complexity Max-Log-MAP algorithm conceived for
generalLPSK/QAM Detection as follows:

Algorithm 2: Max-Log-MAP Algorithm for General
LPSK/QAM Detection.
1) Define the test-variables, which relates the first ty
a priori LLRs L,(b2) and L,(b;) to the real and
imaginary parts of,, as:

VO

tRQ — Aw"_\’_e(zn) _ La(bZ)
X —_— —35
P Bimz.)  La(by) (41)
m = TN, 2 o

where{(A;, B; )}L/4 denote the coordinates of th
LPSK/QAM constellation points which are locate
in the first quadrant.

Calculate the maximum probability metrics, whig
relates the rest of the priori LLRs {L.(b;)}573
to the magnitude index as:

BPS

d; = [t |+[tin, |+ bjLa(b
j=3

117

2)

AZ’+B2

0

i) — . (42)

3) For the first two bits, which determine the sign
the a posterioriLLRs are given by:

Lp(bl) = ( )

max (dflzo
ie{l,-,L/4}
()
max

(dbgzo
ie{l,,L/4}

=t

max i

ie{l,-,L/4}

).
).

where the probability metrics of Eq. (42) have {
be updated as:

ed
hat

(43)
L., (b
plba) =, max

D

i

=}
o

5

= 2, g2
A= = Itre| = tim, + 3375 B La(b;) — S5,
2
d7'=" = |tre,| + tim, + ZBPS La(bj) — AL +B
44)2
=" = —tre, + [tim, | + Yoorg bjLa(bs) — ALQB
in 2= = tre, + |tim, | + Yooeg bjLa(bs) — ANLB
are 245)

4) For the following(BPS— 2) bits which determine
the magnitudes, the Max-Log-MAP algorithm is
given by:

pre L,(b) = d;) — d;),
‘ p(br) =max (d;) —max (d;) (46)
ke{3,---,BPS},
where the tentative index set fore {1,---, L/4})

is halved, when a specific bif, is fixed to 1 or 0.

Lp(bl) = d?nlax1 dg"}axov
LP(bQ) - dgfaxl dfnzaxov (40)

L,(b3) = |tre2| + [tim2| + La(b3) — [tret| — |tim1],

The corresponding reduced-complexity Approx-Log-MAP
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algorithm may be obtained by replacing theax operation - Ei:lg; {?IR?CCV-BLASTWithI 2, E/Ne=-0.50B
by the jac operation, and by replacing the operatidiy the —— Trajectory of IRCC URC \-BLAST ENo=-0.5d8
A([t]). H

V-BLAST using Square 64QAM
MMSE Detection
M=4,N=4

When detecting the two bits, which determine the signs, 09
Eq. (43) in Algorithm 2 has a detection complexity order of
O(L/2), while Eq. (46) evaluated for detecting those specific
(BPS-2) bits, which determine the magnitudes has a detection 07
complexity order ofO(L/4). They exhibit a substantially
reduced complexity compared &(L), owing to the fact that
the proposed detection algorithms visit a reduced-sizgifna
of the constellation points. 0al

In summary, Algorithm 1 introduced in Sec. IlI-B is
conceived for Squard.QAM detection, while Algorithm 2

le, la,

introduced in Sec. IlI-C is conceived for detecting general 02

LPSK/QAM constellations. We note that whfn 2Algorithm 2 o = Ei:; OI$CI3\CIXE+T(I:E:4N .

is invoked for LPSK detection, the consta(nf‘—i]% = 7\7}_0) ' - T,ajection;om \}_B{AOS_T, E/N=1dB

in Egs. (42), (44) and (45) may be ignored. Furthermore, 000 o1 o0z 03 04 05 08 07 08 09 10
when the number of bits per Squar€QAM symbol is an law lg,

odd number, Algorithm 1 may be readily modified, where the _ ,

real _positi_vePAM _m_agnitudes hav_e/2L/2 candidates, while \':/%LZ'ST 2‘?:;0?6'33%Ctézl_ec‘gr?:gle;eif;rﬁzg(_[%;T&Ag'gbﬁﬁ;n?ﬁnﬁgﬁf

the imaginarypositive PAM magnitudes have/L/2/2 can-

didates. Furthermore, it was shown in [24] that Cra§3AM ]

constellations actually have a better performance condpare !N order to demonstrate the benefit of the soft QAM detec-
SquareLQAM schemes. We note that Algorithm 2 may pdors’ iteration gain, we also applied our detection aldoris in

adopted for detecting CrossQAM constellations. channel-coded systems. The half-rate TC employed is consti
tuted by two half-rate Recursive Convolutional Codes (RSCs
IV. PERFORMANCERESULTS associated with a constraint length/éf= 3 (a octal generator

We discuss our simulation results in this section. We quaRolynomial of [7,5]) and with the half-rate puncturing ofeth
tify the complexity in terms of the total number of real-vatli Parity bits, while the schematic of the IRCC-URC MIMO
calculations required for producing a single soft bit ontpusystem may be found in [25]. We portray the resultant Monte-
The complexity reduction achieved by Algorithms 1 and 2 igarlo simulation based decoding trajectory in Fig. 5. Th&RBE
portrayed in Fig. 3(a) and Fig. 3(b), respectively. In castto Performance of channel-coded STBC systems is portrayed
the Squard.QAM results of Fig. 3(a), Algorithm 2 conceivedin Fig. 6(a), which shows that a significant performance
for generalLPSK/QAM detection achieves a higher Comp|eximprovement is achieved, when the number of outer iteration
ity reduction, as demonstrated in Fig. 3(b). This is becalse IS increased k... = {1,2,3}), when four inner TC iterations
conventional SquaréQAM detection presented in Sec. ll-A(Irc = 4) are used. Nonetheless, Fig. 6(a) shows that a
already has a relatively low detection complexity, owing t§imilar performance may be obtained by employing a stronger
the fact that the real and imaginary parts of a Squa@aAM TC associated withlc = 12) and (,,: = 1), while an
symbol are detected separately. Nonetheless, the coryplegiven better performance is recorded when the IRCC and URC
reduction seen in both Fig. 3(a) and Fig. 3(b) is substant@ghemes of [25] are applied. However, Fig. 6(a) demonstrate
especially, when the soft PSK/QAM detector is invoked salvetthat a significantly improved near-capacity performance is
times in turbo detection applications. Furthermore, as t@€hieved upon increasing the number of inner iterations to
number of modulation leveld increases, the complexity lurc—mrmo = 2, which would be simply impossible without
reduction becomes even more substantial, which is eviden&®nsidering thea priori LLRs, when a high-throughput QAM
by Figs. 3(a) and 3(b). detector is invoked. Moreover, the performance of the V-

The EXIT chart [5] of the reduced-complexity Squate BLAST MMSE system seen in Fig. 6(b) further confirms
QAM detectors invoked by the MIMO receivers is presentdiie performance advantage of our proposed QAM detection
in Fig. 4. Since Alamouti's G2 STBC does not impose ang/gorithms in the context of different channel-coded scessa
correlation, Fig. 4(a) shows that the Square 16QAM detectbfe maximum achievable rate indicated in Fig. 6 is calcdlate
has a near-horizontal EXIT curve. However, as the number #sed on the area property of the EXIT chart [3].
modulation levelsl. increases, Square-QAM constellations  The non-Square QAM schemes [22]-[24] are also widely
involve more bits in jointly encoding the symbol magnitudesised in many communication systems. As demonstrated by the
which results in an improved iteration gain, as evidenced BXIT charts and BER curves of channel-coded STBC using
Fig. 4(a). Moreover, Fig. 4(b) demonstrates that the V-BIAS32QAM in Figs. 7 and 8, Cross 32QAM and Star 32QAM
MMSE detector further improves the attainable iteratiomga outperform their Square 32QAM counterpart. However, the
while performance loss is imposed, when the QAM detectocsnventional Squared.QAM detection invoking Egs. (20)
do not take into account thee priori LLRS, as in the conven- exhibits a substantially lower detection complexity comgga
tional bit metric generation methods presented in [13]1[15 to non-Squard QAM detection relying on Eq. (19), as demon-
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—= Conventional Approx-Log-MAP = Convent?onal Approx-Log-MAP
—— Conventional Max-Log-MAP —5~ Conventional Max-Log-MAP
-+ Reduced-Complexity Approx-Log-MAP —=~ Reduced-Complexity Approx-Log-MARP
21~ i A =~ Reduced-Complexity Max-Log-MAP B
=~ Reduced-Complexity Max-Log-MAP plexity g

Squard QAM 7% CR=62/9%

| LPSK or Star/CrossQAM :
CR§=61.5%,/|1.|

H -
jug
-

Y %,
& cr=61.205D |
& 1

CR=60.0%- CR=62/5%

8%

CR=57.3%.-

p
.

Computational Complexity (per bit)
Computational Complexity (per bit)

& L L L !
16 32 64 128 256
L
(a) SquareLQAM. (b) LPSK or Star/Cros4.QAM.

Fig. 3. Complexity comparison between the conventionat $#SK/QAM detection algorithms and the reduced-complexiggection algorithms. The
complexity reduction achieved by the proposed detectignrahms is indicated on the figures.

1.0 1.0

G2 STBC using SquareQAM V-BLAST using Squaré.QAM
0.9 | Approx-Log-MAP 0.9 | MMSE Detection

N=2 Max-Log-MAP
0.8 Eb/NO:OdB 0.8 M:4,N:4

Ey/No=-6 dB

e e e e e e et B = s = =1 0.7
0.6

lg,

PUDNDNDERSSS s S

0.4
0.3
0O Square 16QAM
0.2 0.2 O Square 64QAM
O Square 16QAM <& Square 256QAM
0.1 O Square 64QAM 0.1 —— QAM Detector Witha priori Information
<& Square 256QAM ——— QAM Detector Withouta priori Information
0.0 0.0
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
Ia,, Ay g,
(a) G2 STBC (V = 2). (b) V-BLAST (M =4, N = 4).

Fig. 4. EXIT charts of the reduced-complexity detectionoalihpms when they are invoked to detect G2 STBC as well as tMSH aided V-BLAST.

strated by Fig. 9. Nonetheless, it can also be seen in FigpBy cannot be directly applied to ML V-BLAST MIMO detec-
that the complexity difference between the Cross/Star 3dQAtion invoking Eg. (3), since there is no inherent symmédtey

detection and the Square 32QAM detection is significanttweenthe different MIMO links’ output signal constellations,
reduced when the proposed reduced-complexity detection @ they are faded completelydependentlyFurthermore, the

gorithms are applied. non-linear Sphere Decoder (SD) conceived for V-BLAST in
[26] also cannot invoke our proposed algorithm, because the
V. DISCUSSIONS constellation’s symmetry is ignored, when we only consider

) ) ) the constellation points falling within the SD’s searchiuad
The proposed Algorithms 1 and 2 achieve their substantighich is explicitly shown in Figs. 2 and 3 of [26].

complexity reduction by exploiting the symmetry provided b
each single Gray-labelled constellation diagram. Thisoghbk Nonetheless, the reduced-complexity PSK/QAM detectors
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G2 STBC using 256QAM, N=2, Approx-Log-MAP

= TC coded G2 STBC ¢=4,l,,=1)
—-&— TC coded G2 STBC ¢=4,1,,=2) - — -
5 TC coded G2 STBC {k=41,,=3) —— QAM Detector Witha priori Information
A~ TG coded G2 STBC {—l:=1’20Ert=1) ——— QAM Detector Withouta priori Information
1lou
, | " IRCC-URC coded G2 STBC (kc-stac1:lou=50) O TC coded V-BLAST (+c=2,l,,=4)
10" 11 —e— IRCC-URC coded G2 STBC kc.s1ec=2,lou,=50) . O TCcoded V-BLAST (hc=4,l,=4)
& IRCC-URC coded V-BLAST (hre-mino=2:lou=50)
. V-BLAST using Square 64-QA
107~ N 10t - MMSE Detection
Max-Log-MAP
\ M=4,N=4
2 | 1 \
. 10 = 102 2
i i g
B 3 o 3
0 |3 - “ s \
> 10° - 3 \
5 Z \
10" - 2 - 4 g é?
& 107 [~ ) \
= (=) \
@D ) \\ N
LB 2 \ N
10 T L 10° | . | =
4.0 45 5.0 55 6.0 6.5 7.0 75 a® 0 1 2 3 4
E/Ny(dB) Ey/Ny(dB)
(@) G2 STBC (V = 2). (b) V-BLAST (M =4, N = 4).
Fig. 6. BER performance of the TC/IRCC-URC MIMO systems withbo detection.
TC coded G2 STBCH— Cross 32QAM
1.0 . plccdlE3 —o— Star 32QAM (L,=2,3=2.0)
G2 STBC using 32QAM Approx-Log-MAP | —— Square 32QAM
0.9 | Approx-Log-MAP ——
oY Ey/No=0dB Wt Co s
10—2 [
14
|
m
f 10-3 [
10* -
0.3
02 10-5 |
= Cross 32QAM 0 L 2 £ ,3\1 B 7
0.1 —&— Star 32QAM (1,=2,6=2.0) p/No(dB)
<~ Square 32QAM Fig. 8. BER performance of TC G2 STBC using different 32QAM
0'00_0 01 02 03 04 05 06 07 08 09 10 constellations. The number of inner iterations within ti@i¥ set tol o = 4,
N while the number of outer iterations between TC and MIMO i$ &e
v Iout =3.

Fig. 7. EXIT charts of G2 STBC using different 32QAM consiéithns.

s¥stem were demonstrated. Our simulation results confirmed
L . Y Hlat a substantial complexity reduction was achieved bgth b
communication systems. As demonstrated in Sec. Il, tharhnn%he reduced-complexity Approx-Log-MAP algorithm as well

MIMO receivers as well as orthogonal STBC detectors m ; . )
directly invoke our proposed PSK/QAM detection algorithmza}/S by the reduced-complexity Max-Log-MAP algorithm, while

Furthermore, linear receivers designed for beamforming [2no performance degradation was imposed.
or for CDMA Multiple-User Detection (MUD) [8] have a

similar form to the MMSE aided V-BLAST system introduced ) ) )
in Sec. II-A. Hence our reduced-complexity PSK/QAM detec- The authors would like to express their gratitude to Mr.

tion algorithms may also be employed by the aforementione#@0shi Yang, Dr. Rong Zhang, Dr. Rob Maunder, Mr. Kent
systems. TK Cheung, Mr. Xin Zuo and Mr. Chen Dong for their

constructive comments and suggestions.
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