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Abstract—In this paper, we propose to reduce the complexity of
both the Approx-Log-MAP algorithm as well as of the Max-Log-MAP
algorithm, which were designed for soft-decision-aided Sgce-Time Block
Code (STBC) detectors. First of all, we review the STBC desig which
enables regular L-PSK/QAM detectors to be invoked in order to detect

aided STBC detection, when searching for their optimum met-
rics. Therefore, the Max-Log-MAP algorithm may be operated
on a bit-by-bit basis, in a similar manner to the classic hard
decision detection.

STBCs on a symbol-by-symbol basis. Secondly, we propose tpevate 2) Furthermore, the corresponding reduced-complexity Agpro
the L-PSK/QAM aided STBC detection on a bit-by-bit basis, so thathe Log-MAP algorithm is also conceived by compensating for
complexity may be reduced from the order ofO(L) to O(BPS = log, L). the Max-Log-MAP algorithm using the widely-used Jacobian
Our simulation results demonstrate that a near-capacity pgormance - .
may be achieved by the proposed detectors at a substantialleduced algorithm relying on a lookup table.
detection complexity. For example, a factor six complexityreduction The remainder of this paper is organized as follows. The con-
was achieved by the proposed algorithms, when they were inked for  yentional soft-decision-aided STBC detection is sumnearin Sec-
detecting Alamout’s Square 16QAM aided G2 scheme. tion Il. In Section Ill, the reduced-complexity PSK/QAM aid
STBC detection algorithms are proposed. Our performansaltse
are provided in Section IV, while our conclusions are offeia
Section V.

Inspired by the scientific breakthrough of Turbo Codes (TCs) In this paper, we focus our attention on Alamouti's G2 STBC,
proposed in []_], a near-capacity performance has been wmy where M = 2) transmit antennas and a variable numbeNafeceive
numerous researchers in diverse system contexts [2]-[eveMer, antennas are employed, whil€) (= 2) modulated L-PSK/QAM
as the researchers have inched closer and closer to the ethafmbols are transmitted ovef’ (= 2) symbol periods. The extension
capacity, the complexity of the resultant communicatiorsteys Of our work to the other orthogonal STBCs of [13] is straigtfard.
was increased. The soft-decision aided MIMO detectioncslfy
contributes a large portion of the total complexity, owirm the
fact that the conventional MIMO detection is typically oped
on a matrix-by-matrix basis [4]. Among all the generalizedMD
schemes presented in [5], both the Spatial Modulation (SBJl)ap
well as the Space-Time Shift Keying (STSK) [7] may be detdcte a
symbol-by-symbol basis, because only a singi®SK/QAM symbol
is transmitted in a SM/STSK transmission matrix. It was psgEEl A Matrix-by-Matrix Based MIMO Detection
in [8] that the complexity of the soft SM/STSK detection mag b
further reduced by operating the detection on a bit-by-b&is

However, most MIMO schemes, including V-BLAST [9], Lin-
ear Dispersion Codes (LDC.S) [10] and n_on-orthogqnal Sface: mit antennas may be formulated for G2 STBC as [12]:

Block Codes (STBCs) [11] impose certain correlation betwdee

transmitted symbols, which hence have to be detected yoamitl/or S — LGM (sn) = 1 S . sy, . )
iteratively in order to approach the maximum attainabldquerance. VM VUM L (R (sn)

By contrast, the orthogonal STBC [12] does not impose anyeeor  For a MIMO system, the signal received by thereceive antennas
lation between the transmitted symbols, which enables égelar may be expressed as:

PSK/QAM demodulators to be invoked in order to carry out STBC

detection on a symbol-by-symbol basis. As a result, the ¢exitp of Yo =SuHn + Vi, )

STBC detection algorithms may be reduced from the ord€(@®)  \here the ' x N)-element matrice¥ ,, andV,, refer to the received

to the order ofO(L), where@ denotes the number of transmittedsigna| matrix and the Additive White Gaussian Noise (AWGN)

symbols per STBC block. Against this background, in thisepame matrix, which has a zero mean and a varianceNef respectively,

further propose to operate the PSK/QAM aided STBC detediion ypile the (M x N)-element matrixtL, models the Rayleigh fading

bit-by-bit basis, so that the complexity order may be furtteeluced channel.

to O(BPS= log, L). More explicitly, the novel contributions of this  The |og-MAP algorithm based on the received signal model of

paper are as follows: Eq. (2) may be expressed as [14]:

1) The conventional Max-Log-MAP algorithm has to compare all > exp (d;)

the combinations of the a posteriori symbol probabilities i B } 3)
order to make a soft bit decision. However, we observe that Zsiesbk:0 exp (di)

the Max-Log-MAP algorithm aims for finding the maximumyneres, _, and S,,_, denote the STBC codewords sets, when
probabilities, which is similar to the action of hard PSK/RA e specific bitby, is fixed to 1 and 0, respectively. Tteeposteriori
probability d; in Eq. (3) is given by:

I. INTRODUCTION

II. CONVENTIONAL STBC DETECTION

In this section, we briefly review the universal matrix-bydnix
based MIMO detection. Since STBC does not impose any ctioela
on the transmitted symbols, the detection may be operate@ on
symbol-by-symbol basis at a lower complexity.

The transmitter firstly encodes th&)log, L) bits to an L-
PSK/QAM symbols vector of, = [s;,, si}T. During the following
T symbol periods, the symbol-matrix transmitted from fhfetrans-

Ly(bx|Y) = In [

The financial support of the RC-UK under the auspices of thkatuK
Advanced Technology Centre (IU-ATC) and that of the EPSR@eurthe
China-UK science bridge as well as that of the EU’'s Concergjept is di =
gratefully acknowledged.

logy I
Y, - S;H,|?
—% + Z bjLa(bj), (4)
j=1
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where we havel = L%, which is the total number of STBC Similarly, the symbol-by-symbol based Approx-Log-MAP @ig

codewords. rithm may be obtained by replacing the maximization operatf
The Log-MAP algorithm of Eq. (3) may be simplified by the Max-max in Eqg. (11) by the Jacobian algorithm géic.
Log-MAP algorithm as [14]: The complexity of the detection algorithms using Eq. (10pasv
_ reduced from the order 0O(I = L%) to the order ofO(L),
Ly(belY) = Sigﬁf:l (di) = sié%if:o (ci). ) where theL-PSK/QAM detector only evaluates and compareséhe

posteriori symbol probabilities of{d; }_,, which correspond to the

Since only two maximuna posteriorisymbol probabilities are taken L-PSKIQAM symbols{s;},, for producing a single soft decision.

into account in Eq. (5), the Max-Log-MAP algorithm imposedight
performance degradation.
In order to compensate for this performance loss, the Appamg¢ I1l. REDUCED-COMPLEXITY STBC DETECTION

MAP algorithm is introduced as [15]: In this section, we now proceed further by proposing to dgera

Ly(bp|Y) = jacsiesb,czl (d:) — jacsiesb,c:o (di), (6) the L-PSK/QAM aided.STBC detection on a bit-by-bit basis, so that
the detection complexity may be further reduced from theeowf
V\{herejac denotes the Jacobign Iogarithm, yvhich c.o.mpensateslfor thRL) to O(BPS= log, L)
differences between the candidatposterioriprobabilities according
to a look-up table [15].
The complexity of the detection algorithms invoking thelgability ~A. Reduced-Complexity PSK Aided STBC Detection

calculation of Eq. (4) is a fulnction off = L?), where all thea The general concept of both the Max-Log-MAP algorithm asl wel

posteriori probal?ilities of{d;};=1, which correspond to the STBC 45 ¢f the Approx-Log-MAP algorithm is that these algorithhae
codewords{S;}i—,, have to be evaluated and compared by thg estimate all thea posteriori symbol probabilities of{d;}%, in

detection algorithms for producing a single soft bit output order to produce a single soft bit decision. Observe for thexM
Log-MAP algorithm of Eq. (11) that it aims for finding the mexiim
B. Symbol-by-Symbol Based STBC Detection symbol probabilities, which is similar to the optimum metsearch

According to the STBC structure of Eq. (1), the equivaleneieed conducted by the symbol-by-symbol based hard-decisicecttet as:

symbol may be defined as: 4, — arg min [Z, — Sl|2~ (12)
~ s €S

21— 51Ty 40, ) l

However, it is well-known that the hard-decisidrPSK/QAM de-

More explicitly, the decorrelating variablgs }$, are obtained by tector of Eq. (12) may be operated on a bit-by-bit basis. @enmng

[12]: QPSK as an example, the classic bit-by-bit based hardidaeisded
A _y! (H}L)H L2 (Yi)H — sl 4T © detection may be formulated as:
0, otherwise ’ 0, otherwise

where the equivalent fading factor is given t(y?n = %) (13)

, , , ~1Q . We note that we deliberately rotated all the constellatioing-PSK
while t?e equivalent noise factof? },_, hav_e? new varlgnge of (L > 4) in [3] anti-clockwise by a phase of , so that there are
SLLI:&!S 'té\g?_)thize qnxt]gg'ﬂg?;iggecgggn ir:s a:gf{g” =1 exactly L/4 constellation points in each quadrant. This feature will

Wi . : n in s [ESPECHVELY. be beneficial for reducing the soft PSK detectors’ compjexit

Based. on the new equivalent received signal model qf. Eqtife), Motivated by this, we aim for proposing a bit-by-bit basedxMa
a posteriori probability of Eq. (4) may be further modified to beLog-MAP algorithm,which operates in a similar manner to B).
operated on a symbol-by-symbol basis as: Therefore, we further extend tleeposterioriprobability of Eq. (10)

150 — g2 axlogy L as:
df = TN + Z bjLa(b;), ) I ) logy L
0 i—(g— o n - *~n
j=(q—1) xlogz L+1 gy = el + sl KrzRe[(Sl) Zn] S biLa(by)
where the normalized decorrelating variable(iﬁ = z,‘g/hn), while ) ) 0 =1
~ Zn s Re(z,)Re(s;) + Im(z,)Im(s
the normalized noise power iéNo = 2N0/HH7L||2). When calcu- = —% - % + Relzn)Re l)w (zn)im(s1) (14)
’ 0 0 0

lating {d{}{~, for a specific symbol indey, the rest of{d} }, -, logy L
remains unchanged, which _is ignored by the detectioq algos. + Z bjLa(by),
Therefore, the STBC detection may be completed by invokirey t j=1

regularL-PSK/QAM detector using the following symbol probability: . ) — N
oL where the new equivalent noise power ¢ = ﬁ). Furthermore,
og2

= 2 Zn)2 512\ - . .
d, = |z :Szl + Z b La(b;), (10) both (—%) and (—%) in Eq. (14) are invariant over the
No j=1 variable {s;}%,, and hence they are ignored by the detection
where the indey in Eq. (9) is discarded. More explicitly, the symbol-&90rithms. To sum up, Eq. (14) may be simplified as:
by-symbol based Max-Log-MAP algorithm may be expressed as: Re(s!) Im(s.) logy L
— St St . .
L) = max (@)- max (@), @ U=, R FIEEME) S D bilb). @9
S1ESpy =1 S1€8p, =0 j=1

wheres;, —1 ands;, —o denote theL-PSK/QAM symbols set, when Let us now consider the QPSK constellation of Fig. 1 as an
the specific bith;, is fixed to 1 and 0, respectively. example, where the posteriori symbol probabilities of Eq. (15)
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Fig. 1. Constellation diagram of QPSK.

may be expressed as:

di = \F/Qie(.z%)o + \I/rﬂ(z%)o = tre + tim + Copsk,

dy = — 556(.2%)0 + \I/I‘E(z%)o + La(b2) = —tre + tim + Capsk,
ds = 5;2%)0 - \I/I‘E(z%)o + La(b1) = tre — tim + Capsk,

dy = 5;’2%)0 - \'/“J(Z%)O + Lao(b1) + La(b2)

= —tre — tim + Copsk,
(16)

where we define the following variables for testing the rea the
imaginary parts ok,, as:

po_ Rez)  Lalba)

e \/§N 5
o M) La(by) (@7
Im = \/iﬁo D) 3

while the common constant in Eq. (16) is given I6¥psk
Lalbitlalb2) g q result, the maximum probabilitiax over these
four candidates{d;};_;, which is pursued by the Max-Log-MAP
algorithm of Eq. (11), may be obtained in a single step:
max d;

{1-4}

= |tre| + |tim| + Copsk.

Therefore, instead of evaluating Eq. (18) = 4) times in Eq. (16)

dmax =

(18)

and comparing theséL. = 4) candidates in order to find the

TABLE |
THE REDUCED-COMPLEXITY MAX-LOG-MAP ALGORITHM FOR
BPSK/8PSKAIDED STBCDETECTION.

BPSK | tre= R‘“*ZO") Lo Lo (b1) = —2tRe .
tra = S EIRe(z,) — £202), 1y = ZE >Re< n) = Zogal,
8PSK tmi = S'AE )Im( n) — 7L“;b1)., time = W Im( n) — 7‘1?1)7
_ [tRet| — tim1
Lp(br) = max{ [tre2| — tim2 + La(
o [trer | + tim1
m‘”‘{ [tre2| + tm2 + La(bs) [~
e —trel + [tim1]
Lp(b2) = m‘”‘{ —tre + [tma| + La(bs)
- trer + [tim1|
A trer + [tim2| + La(bs) [
L, (03) = [tre2| + [tim2] + La (03) — [trer| — [tim1]-

Eq. (13), with the absence of tlepriori probabilities, where only
either the real part or the imaginary part:6fis tested for producing a
single-bit decision. As a result, the complexity of prochacia single
soft bit is reduced from the order aD(L = 4) to O(log, L =
2), which suggests that the complexity should no longer irsgrea
exponentially with the BPS throughput.

We summarized our reduced-complexity Max-Log-MAP aldorit
conceived for BPSK aided as well as for 8PSK aided STBC detect
in Table I. For the corresponding Approx-Log-MAP algorithm
considering QPSK aided STBC detection as an example, the firs
soft bit output is given by:

Lp(b1) = jaCc (5431 — JaCc 1 2y di
= [jac(tre, —tre) — tim| — [jaC(tre, —tre) + tim] (21)
= _27‘;|m7

while the second soft bit output may be obtained in a similay.w
It can be seen in Eqg. (21) that the specific part of(4ag —tre)
that was deleted by the Approx-Log-MAP algorithm corresgsto
the particular part oftre|, which is deleted by the Max-Log-MAP
algorithm in Eq. (19). This implies that whatever is ignoteg the
Max-Log-MAP algorithm, its corresponding counterpart naso be
ignored by the Approx-Log-MAP algorithm. Therefore, thelueed-
complexity Approx-Log-MAP algorithm conceived fdi-PSK aided
STBC detection may be completed by correcting the Max-LogPM
algorithm shown in Table I, where all the maximization opiers
denoted asnax should be replaced by the Jacobian algorithm of
jac. Furthermore, all the absolute value calculations ihldd are
obtained according t@t| = max{¢, —t}), and hence they should be
replaced by the corresponding Jacobian algorithnjjas{¢, —t}).
Since theL-PSK (L > 4) schemes encode their information bits

maximum probabilitydmax, Eq. (18) only has to be evaluated oncepnto the phase, which means that both the real part and tgiriarg

without any comparison. According to this maximum distasearch
approach demonstrated in Eq. (18), the first soft bit produnethe
reduced-complexity Max-Log-MAP algorithm may be obtairsst

Ly(b1) = max d; — max d;
1e{3,4} le{1,2}
- (|tRe| - tlm) - (|tRe| + tlm) (19)
= —2tim.
Similarly, the second soft bit output may be obtained as:
Ly(b2) = max d; — max d;
1€{2,4} 1€{1,3}
— (—tRe+ |tlm|) - (tRe+ |tlm|) (20)
= —2tRe.

The soft decisions of Egs. (19) and (20) are obtained on hybiiit
basis, which is equivalent to the classic hard-decisioredien of

1The common constartfopsk is ignored by the Max-Log-MAP algorithm.

part of the L-PSK symbols are joinly encoded, they have to be
jointly detected. Therefore, in the following sections wantinue by
applying our design to Square-QAM schemes, which encode the
real part and the imaginary part of the transmitted symbepasately.

B. Reduced-Complexity QAM Aided STBC Detection

When QAM-aided STBC is employed, tleposterioriprobability
of Eq. (14) may be simplified to:

o logy L
d = ﬁ”w> &meﬂ+;mu>@a

Since{|s:|*}f; is no longer a constant, it cannot be omitted from
Eq. (22).

Taking Square 16QAM as an example, we arrange the four
constellation points, which share the same coordinate inatmn
but are associated with different signs to a group. Simitaithe
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case of QPSK encapsulated in Eq. (18), the maxinauposteriori
probabilities found in each group are given by:

déqgks’14’16} = |tred| + [tim1]| + [La(b2) + La(ba) + Crs0am],

4
diST 35 = Y| 4 [tima| + {La(bz) -—+ Cl6QAM:| ,
5Ng

4
d,%f’lo’m} = |tred| + |tim2| + {_W + Lq(bs) + OlGQAM] ,
o

8
died O = |tred + [tima| + {——~ + Cl6QAM:| ,
5No
(23)
where the decision variables test the real part and the imaagipart
of z, separately as:

3Re(zn) _ La(b3)

_ Re(zn) La(bS) —
lRe1= 72— — =5, lRe2= =7 R
b M Lay) o SmaS L) 24
Ml = A0.N, 2 0 MIm2 T AN, 2

while the common constant in Eqg. (23) is given BYsoam =

—-L 4 Lal)fLalbs) | Considering the magnitude differences,

5N
we moay organize the four maximum posteriori probabilities in
Eqg. (23) as:

iR 1 = [Jtreal + La(ba)] + [[tma| + La(b2)],
4
dioT 13158 — |:|tRe2| — 5—N} + [[tima] + La(b2)],
4

0
(25)
A = [ltret] + La (ba)] + [|t'm2| - —~] ;
5No

dr{nla,XS,Q,ll} = |:|tRez| — i~:| + |:|t|m2| - i~:| ,
5N0 5NO

where the common constaGtisoam in Eq. (23) is omitted. It can be
seen that all the foua posterioriprobabilities are constituted by two
parts. The maximum value of the first parts is the higher omadon
(ltred] + La(bs)] and [|tRez| - —]470] while the maximum value of
the last parts is given by the higher one [fimi| + La(b2)] and
ﬁ]. In summary, the maximura posteriori probability

[|tlm2| —
dmax OVer all the(L = 16) candidates{d;};5; is given by:

dmax = max d;
le{1-16}
|tre1| + La(b1) [tim1| + La(b2)
= max |t |_ 4 —+ max |t |_ 4 s
Re2| 5N Im2 FTNT

(26)
where the maximuma posteriori probability dmax in Eqg. (26) is

-~ Matrix-by-Matrix based Max-Log-MAP
—©— Symbol-by-Symbol based Max-Log-MAP
—— Reduced-Complexity Max-Log-MAP

o
T T T
L

N

.
b

G, STBC
using Square 16QAM

@
Ll

N

o
SY

?
b

Computational Complexity (per bit)

N

=
Q

Fig. 2. Complexity comparison between different STBC dieacalgorithms
when different number of receive antennas are equipped.

Similarly, the corresponding reduced-complexity Apptog-
MAP algorithm may be obtained by appropriately modifying th
Max-Log-MAP algorithm of Eq. (27), where thenax operation
should be replaced by jac operation, while the operatjéin should
be replaced by th¢jac{t, —t}).

IV. PERFORMANCERESULTS

We provide our simulation results in this section. We notat th
our proposed Approx-Log-MAP algorithm as well as Max-Log\®
algorithm in Section lll have the same detection capabgisythe
conventional STBC detection introduced in Section Il. Weseha
arranged both detectors to detect the same channel ougndiazd
with the samea priori LLRs, and found that they always produce
exactly the sama posterioriLLR values.

We quantify the complexity imposed by the mathematical mesas
of the total number of real-valued calculations requireddi@ducing
a single soft bit output. Our complexity comparison betwtencon-
ventional STBC detectors and the reduced-complexity ST8Eaior
is portrayed in Fig. 2, for different number of receive amas/N . It
can be seen in Fig. 2 that the symbol-by-symbol based STB&Cubet
introduced in Section 1I-B has a lower complexity, which gsoless
significantly as/V increases, compared to the matrix-by-matrix based
STBC detector introduced in Section II-A. Furthermore, bitrby-

obtained by comparing the magnitudes of the real part and thi based STBC detector proposed in Section Il imposes tadur

imaginary part separately, instead of evaluating Eq. (22)= 16)

reduced complexity, as evidenced by Fig. 2.

times for {d;};¢, and comparing all the candidates as a whole. The complexity of the G2 STBC detector is portrayed in Fig. 3,

Therefore, its complexity is reduced from the order@fL = 16)

to O(log, L = 4). In more detail, the reduced-complexity Max-Log-

MAP algorithm may make the decisions on a bit-by-bit basis as

—tim1 + La(b2) }  nax { tim1 + La(b2) }

4
—tim2 — tim2 — —=
Im2 Im2 5N,

Ly(b) = max{

5No

4
Lp(b2) = |tim1| + La(b2) — [tim2| + .

—tre1+ La(bs) trer+ La(ba)
Ly (b3) = max ¢ 4 —maxq 4 ,
—UlRe2 — 51'\70 Re2 — 51'\70

4
Ly (ba) = |tre1] + La(ba) — |tre2| + %7
(27)
which is also equivalent to the classic hard-decisionéi@guare
16QAM detection in [3] with the absence of tlaepriori LLRs.

for different L-PSK/QAM schemes. It can be seen that the Approx-
Log-MAP algorithm generally has a higher complexity thare th
Max-Log-MAP algorithm, except for BPSK and QPSK signalling
This is because neither the Jacobian algorithm nor the maaiion
operation is invoked by the algorithms conceived for the RRBed
STBC detector, which was demonstrated in Section IlI-A. Biglso
shows that the complexity imposed by generating a soft hjtudiby

the QPSK aided G2 STBC detector is lower than that of the BPSK
aided G2 STBC scheme. This is because both the BPSK and QPSK
aided G2 STBC detectors have a similar complexity, but th&IQP
scheme has twice the number of bits. Moreover, as expedted, t
complexity of our proposed detection algorithms is loweFig. 3 for
Square 16QAM than for 8PSK. This is because both the magrstud
of the real and of the imaginary parts of a Square 16QAM syrabel
detected separately, as demonstrated in Section IlI-BthExmore,
Fig. 3 demonstrates that our bhit-by-bit based detectorpqsed in
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-~ Symbol-by-Symbol based Approx-Log-MAP
—S— Symbol-by-Symbol based Max-Log-MAP
-+ Reduced-Complexity Approx-Log-MAP
—©~ Reduced-Complexity Max-Log-MAP

STBC Gl;bwith N=1
using BPSK/QPSK/8PSK/Square 16QA
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Fig. 3. Complexity comparison between different STBC dieacalgorithms
for different L-PSK/QAM schemes.

O TC-G2(Square16QAM)
O IRCC-URC-G2(Square 16QAM

1P B Reduced-Complexity Approx-Log-MAR
——- Reduced-Complexity Max-Log-MAP
oo
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e 128 2
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10° Q19 o |
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o |2 o
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10 < < <
165 | | |
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Ey/No(dB)

Fig. 4. BER performance of the TC coded, and IRCC-URC codashf®q
16QAM aided G2 STBC detection.

Section Il exhibit a lower complexity than the conventibegmbol-

by-symbol based STBC detector of Section Il. It can be seen ifg]

Fig. 3 that a factor three complexity reduction is achieved@PSK
aided G2 STBC detection, while a factor six complexity rdthcis
achieved for Square 16QAM aided G2 STBC detection.

It is noteworthy that even when these detectors are invokedk m

than once in the context of turbo detection, the sophigitainded
systems explored in [2]-[4] may become more realistic, asreefit
of their substantially reduced complexity.

tional STBC detector and emphasized that the orthogonal CSTB
structure facilitates symbol-by-symbol based detectiwhjch re-
duced the detection complexity from the order@L%) to O(L).

We then conceived a new Max-Log-MAP algorithm as well as a new
Approx-Log-MAP algorithm for PSK/QAM aided STBC detection
which operated on a bit-by-bit basis, so that the complemityer
may be further reduced to the order 6fBPS = log, L). Most
importantly, our proposed algorithms retain their origimaimpaired
detection capabilities.

Our simulation results demonstrated that the proposedcestu
complexity detection algorithms exhibit a substantiabguced com-
plexity. Furthermore, we applied the proposed soft detactilgo-
rithms to a variety of coded systems. Our simulation rescit®-
firmed that both the proposed Approx-Log-MAP algorithm ahd t
Max-Log-MAP algorithm are capable of achieving a near-cépa
performance at a reduced complexity in channel coding aiddzb
detection assisted communication systems.
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