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METHOD AND APPARATUS OF CANDIDATE
LIST AUGMENTATION FOR CHANNEL
CODING SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the [nvention

The invention relates to a candidate list augmentation
apparatus and method for channel coding system, and more
particularly, a candidate list augmentation apparatus which is
able to detect signal with dynamic compensation in the multi-
input multi-output (MIMO) channel coding systems.

2. Description of the Related Art

Multiple input multiple output (MIMO) technology draws
great attention due to its ability to improve transmission effi-
ciency. Among several MIMO detection schemes, maximum
likelihood (ML) detection is one of the most well known in
the art which is being commonly used to fully utilize the
diversity gain. With an additive white Gaussian channel noise
assumption, ML detection can be reduced to a closest-point-
search problem in a given lattice. Moreover, although MIMO
system performance is boosted by the diversity gain, channel
coding is often employed to provide extra coding gain such
that systems are allowed to perform better in case of lower
signal-to-noise-ratio (SNR). Since exhaustive search is infea-
sible for large number of antennas or high level signal modu-
lation, sphere decoding has been proposed to perform exhaus-
tive search after confining the search range by a radius. With
properly chosen radius, sphere decoding has been proved to
approach the performance of ML detection.

Please refer to FIG. 1 for a block diagram schematically
showing a conventional MIMO system 100 with channel
coding schemes. The conventional MIMO system 100
includes a channel encoder 102, a spatial mapping device
104, a transmit device 106, a receive device 108, a sphere
decoder 110, and a channel decoder 112. Assume that the
transmit device 106 includes N, transmit antennas and the
receive device 108 includes N, antennas. The channel
encoder 102 is utilized to channel code the original signal u
and generate the coded bits x=[x", x@, . . ., x*]". The
spatial mapping device 104 then modulates the coded bits x
through L time slots. Here, Each vector x'”=[x,"?, x,%, . . .,
Xnmcange ] with the time index t is mapped to the transmitted
vector3®P=[§,%5,% .. 5,21 by M(®), which maps 2M, bits
to a complex signal. For smlphcltyl the spatial mapping in the
spatial mapping device 104 refers to direct spatial multiplex-
ing, and M>-QAM-mapped signals are considered hence-
forth.

After mapping the signal, the transmit device 106 transmits
through the complex signal based on the transmitted vector
§* and the receive device 108 receives the real signal accord-
ing to the received vector . The re]atlon between the trans-
mitted vector § and the recelved vector ¥ can be expressed
by:

FO=FOO4 M

where the channel FI® is an N, xN, matrix of independent and
identically distributed (i.i.d.) complex Gaussian random vari-

ables; 1”15 an N,x11...d. complex Gaussian noise vector. The
complex model in the equation (1) can be further rewritten as:

RO, - RGO [ RA) @

LA,

R
3"

(; r'r

R wy || ey |

HO 4 g

where R{*} and L{*} refer to the real and the imaginary parts,
respectively, of the complex signal s®. Thus, the Nt-dimen-
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2

sional complex M2-QAM signals s are transformed into
2Nt-dimensional real M-PAM signals y©. For simpler nota-
tion, the time index t will be omitted hereafter.

Based on the equation (2), ML solution can be derived by
searching all over the 2N -dimensional constellation space
Q* for the minimizer:

3)

Swr, =arg max ||y —Hs'|I
S en2N:

where the cost function ||f|° refers to Euclidean norm. As
shown in the equation (3), the exhaustive search for the mini-
mizer §,,, becomes infeasible since the computation grows
exponentially with N, and L. Therefore, the sphere decoder
110 in the conventional MIMO system utilizes sphere decod-
ing algorithm as a means to solve the closest-lattice-point
searching problem.

The sphere decoder 110 first confines the searchrange by a
predefined radius r; and only the path metric of the s' in the
hypersphere |ly-Hs'|*=r* will be compared. That is, the equa-
tion (2) can be computed by:

Su = 3sp = arg lly - Hs' I @)

min
S0 |ly-Hy |22

Here, if the radius r is chosen properly such that at least one
path ' satisfies the radius constraint.

Next, the sphere decoder 110 will preprocess on y to trans-
form the equation (4) into a tree-search problem. By QR-
decomposition, for instance, the channel matrix is decom-
posed by H=QR where Q”Q=1,, an identity matrix of size
2N,, and R is a 2N, x2N, upper triangular matrix. By multi-
plying y with Q7| the sphere decoder 110 can transformed the
equation (4) into:

)

o . 2
Sur =arg min llg - Rs'|l
s en?Ne

where q=[q, 9o - - - » Gone] =Q7Y. Each s' in Q% is defined as
a “path” that traverses from the root to the leaf of the search
tree. Every path consists of 2N, nodes representing the 2N,
points of the 2N -layered tree. Moreover, the cost function of
each path, i.e. ]q-Rs'|>, will be referred to “path metric” and
can be calculated by:

2Nt

llg - &SI = Z(
=1

where s represents the i-th to 2Nt-th elements of s', that is,
$O=[s, S,ph + - v s S,ne]'- Moreover, the partial Euclidean
distance (PED) of s, T(s"), is defined by:

2Nt

Nt 2
Z R; JSJ] = Z e s“/"))

i=1

2Nt

Sh-goof

€))
(+1w)+es(1)

1)) —

Based on this conventional sphere decoding algorithm, the
minimizer §,,, can be found as long as each path has been
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searched. However, the traditional sphere decoding algorithm
remains a major challenge in acquiring accurate probabilistic
information. Limited by the complex computation of sphere
decoding, and inconstant decoding throughput could cause
nefficient VLSI implementation.

Different from the sphere decoding algorithm that outputs
only the ML path, the conventional MIMO system utilizes the
modified list sphere decoding algorithm to deliver a candidate
list L that consists of the most reliable paths. Please refer to
FIG. 2 for a block diagram schematically showing another
conventional MIMO system 200 with list sphere coding
schemes. The conventional MIMO system 200 includes a
channel encoder 202, a spatial mapping device 204, a transmit
device 206, a receive device 208, a list sphere decoder 210,
and a channel decoder 216. Since the elements of the same
name in the FIG. 1 and FIG. 2 have the same function and
operation, detailed description is omitted for the sake of brev-
ity. The main different between the MIMO systems 100 and
200 is that the MIMO systems 200 further includes the list
sphere decoder 210. The list sphere decoder 210 includes a
candidate list generation device 212 and a soft value genera-
tion device 214. The candidate list generation device 212 is
utilized to generate a candidate list L. Assume that 1L is the
list size. Based on the system model in the equation (2), the
most reliable IL| paths are equivalent to the paths correspond-
ing to the least ILI| path metrics. After generating the candi-
datelist L, the soft value generation device 214 then computes
the soft input signal from the list L for the subsequent channel
decoder 216. Different soft input signal can result in different
error correcting capability for the following channel decod-
ing. The operation of the candidate list generation device 212
and the soft value generation device 214 are further detailed
as follows.

Let M(®) denote the M-PAM mapping function such that
S M(Xy 15 Xz05 - - - » Xpazo)- For any path s'e L, the soft value
of'x, , is defined by its “a posteriori” probabilities:

Prix ;i =01y) (8)
L) =TT
Pr(xkr 0) Priylx,;=0) 9
=1 +lo
P, =D CPl, = D)

The first term in the equation (9), which is the “a priori”
information, is zero for the ML detection or can be computed
by the extrinsic information provided by the channel decoder
in an iterative detection decoding process. The second term in
the equation (9) can be computed by:

> Piyls) 10
Priyla,; =0 I
FPlag =D ° L POIs)
x’eﬂj,l
1 , an
2—2( min ||v Hs'||* - mln |ly - Hs' H)
en;, enjo
1 12

x5, min_|y-Hs|F - min_|ly-Hs|’
20° ( PNL S0 oML )

Where o° is the noise variance, and Q, , is the set of all path '
having x, =b for b=0, 1. That is, Q, , represents the set of all
s' having x, =0, and £2, , represents the set of all s' having
X;.;/~1. Usually, the candidate list generation device 212 will
generate a sufficiently large list to ensure a high probability in
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4

finding the true minimizer in the equation (11) with (12). With
preprocessing, the equation (12) will be replaced by:

13
L min lg-RYP - min llg- RS =
Piond (Slenj,l L s’eﬂj,oﬂL )

However, whenone of the sets £, ;and €2, ; can not find the
paths'in the list L (i.e. Q,,NL=0 or Q, ;NL=0), it is impos-
sible to find the minimizer in an empty set, and the minima is
often approximated by a predefined large constant. Being the
soft input signals to the subsequent channel decoder 216, the
additional interference resulted from the approximation inac-
curacy can degrade the error performance. Although the deg-
radation can be mitigated by increasing the list size to reduce
the probability of €, ;ML (or €2, , ML), being an empty set, the
computation complexity in generating the candidate list also
increases.

Therefore, to solve the above-mentioned problems, the
present invention proposes a novel candidate list augmenta-
tion apparatus for channel coding system and method thereof
along with dynamic compensation to improve the efficiency
and performance of the coded MIMQO systems.

SUMMARY OF THE INVENTION

It is therefore one of the many objectives of the claimed
invention to provide candidate list augmentation apparatus
and method thereof along with dynamic compensation to
improve the efficiency and performance of the coded MIMO
systems.

According to the claimed invention, a candidate list aug-
mentation device is disclosed. The candidate list augmenta-
tion device includes a candidate list generation device for
receiving an input signal within a coded MIMO system and
generating a candidate list according to said input signal; a
path augmentation device, coupled to said candidate list gen-
eration device, for augmenting paths in the candidate list
according to said candidate list and generate an augmented
list; and a soft value generation device, coupled to said can-
didate list generation device and said path augmentation
device, for comparing said input signal and said augmented
list and generating a soft value according to said input signal,
said candidate list and said augmented list, wherein said soft
value is utilized for error correcting in decoding said input
signal.

Also according to the claimed invention, a candidate list
augmentation method with low-complexity soft value gen-
eration for the coded MIMO systems is disclosed. The can-
didate list augmentation method includes (1) receiving an
input signal and generating a candidate list according to said
input signal; (2) generating an augmented list according to
said candidate list; and (3) comparing said input signal and
said augmented list and generating a soft value according to
said input signal, said candidate list and said augmented list,
wherein said soft value is utilized for error correcting in
decoding said input signal.

Below, the embodiments of the present invention are
described in detail in cooperation with the attached drawings
to make easily understood the objectives, technical contents,
characteristics and accomplishments of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram schematically showing a con-
ventional MIMO system with channel coding schemes;
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FIG. 2 is a block diagram schematically showing another
conventional MIMO system with list sphere coding schemes;

FIG. 3 is a block diagram schematically showing a MIMO
system with candidate list augmentation scheme according to
the present invention;

FIG. 4is diagram schematically showing an example of the
operation of the path augmentation device according to the
present invention; and

FIG. 5 is a diagram schematically showing a simulation
result according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides a candidate list augmenta-
tion device and method thereof for channel coding systems
with dynamic compensation to improve the efficiency and
performance of the channel coding system especially coded
MIMO systems

Please refer to FIG. 3 for a block diagram schematically
showing a MIMO system 300 with candidate list augmenta-
tion scheme according to the present invention. The MIMO
system 300 includes a channel encoder 302, a spatial mapping
device 304, a transmit device 300, a receive device 308, a list
sphere decoder 310, and a channel decoder 318. The list
sphere decoder 310 includes a candidate list generation
device 312, a soft value generation device 314, and a path
augmentation device 316. The candidate list generation
device 312 is mainly responsible for receiving an input signal
within the coded MIMO system and generating a candidate
list according to this input signal. As for the path augmenta-
tion device 316 which is coupled to the candidate list genera-
tion device 312, it is responsible for augmenting paths in the
candidate listaccording to the candidate list and then generate
an augmented list. The soft value generation device 314
which is coupled to the candidate list generation device 312
and the path augmentation device 316 provides comparison
for the input signal and the augmented list, and then generates
a soft value according to the input signal, the candidate list
and the augmented list, wherein said soft value is utilized for
error correcting in decoding the input signal. Since the ele-
ments of the same name in the FIG. 2 and FIG. 3 have the
same function and operation, detailed description is omitted
for the sake of brevity. In the present invention, the path
augmentation device 316 is applied to equivalently provide a
larger candidate list, and the probability of failing to find the
minimizer in the augmented list is reduced accordingly. That
is, the path augmentation device 316 can be treated as an
enhancement; no modifications are required for the candidate
list generation device 312 and the soft value generation device
314 based on the conventional schemes.

For the soft value L(x,,;) computation, the path augmenta-
tion device 316 will expand each path s'in L to M paths by
first duplicating s' M-1 times. Next, each the k-th element of
the M identical paths is replaced by a distinct w; from
Q={w/j=0,1, ...,M-1}, the M symbols of M-PAM constel-
lation. This duplicating-and-replacing procedure continues
until all the paths in L are examined. As a result, L is expended
1o L, and IL,I=MxILI. Although identical paths may be found
inL,, Q,,NL, or & ML, will never be empty sets since the
augmented list contains all constellation points at the k-th
layer. Besides, the paths in [ are believed to be more reliable,
and the augmented list is supposed to be reliable as well. It can
be inferred that:
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min |ly-Hs'|P~ min |ly- Hs|? (14
s’eﬂj’o s Qj,OﬂLK

And

. 2 . 2
min - HsP~ | min - Hs|
seq;) Se0; Nig

(15)

Moreover, the path metric of the j-th expanded path from s'
can be computed by

2N,

- Z RijSj|Riid
=

{16)
T(5) +(AiRi)* + Z[y,-

where A=s;~w forj=0,1,..., M-1.

For example, please refer to FIG. 4 for a diagram schemati-
cally showing an example of the operation of the path aug-
mentation device 316 according to the present invention.
Assume that the path augmentation device 316 is used for
computing L(X; ) and L(x;,) in a 16-QAM 4x4 MIMO
system. The equivalent 4-PAM 8-layered tree can be repre-
sented by an 8-stage trellis diagram. Each path s' in [ corre-
sponds to a path in the trellis. In this example, s'={+1,~1,-
1,41,+43,-1,-3,-1}, M=4, and Q={-3,-1,+1,43}. The path
augmentation device 316 can expand the path s' to the four
distinct path that contains all constellation points of s for
computing L(Xs o) and L(x; ,) by the duplicating-and-replac-
ing procedure. As shown in FIG. 4, the solid lines are for £, ,
and the dashed lines are for &, ;.

The above-mentioned procedure needs to be performed
2N, times for decoding s, and the equation (16) is the major
computation overhead. Note that A; have limited values and
ranges, and they can be realized by a simple look up table or
adecoder. Please note that, in this embodiment, the path s' can
be expanded to unlimited M paths. However, considering the
overhead from the path augmentation device 316, [, can also
be augmented partially. That is, the soft values can be gener-
ated by the ILIxM most reliable paths for 0<M<1. The value
M can provide a tradeoff between complexity and error per-
formance.

Moreover, the path augmentation device 316 in the present
invention can further perform the dynamic compensation by
introducing an additive correction term to improve the
approximation accuracy of the channel decoder 318 and to
improve the error performance. Here, let n, and n, denote the
sizes of £;,ML; and &, ML, respectively, and ny+n,=ILI.
Moreover, let

an

mo= min llg- RSP
sefjo

And

mi = min |lg—Rs|? (18)
‘en

e
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And the path augmentation device 316 can express the equa-
tion (10) in the conventional list sphere decoding algorithm as
follows:

19

> Pyls)

5/591,0
log— =
T POT)
x’eﬂjyl
10
’ -l g
Z Pr{g|s’) 1+ Z eiﬁ(ai*m(y)
o S0 _ (g —my) o =1
& > Pr(gl|s) 202 n -1
Sy 15

= I
1+ E gz?f(bl m)

i=1

where {mg,a,,a,....,8,0_, }={T(s}IVs'eQ, ,NL},and {m,,
by, by, ..., b, J={T()}HVs'eQ; \NL}. For sufficiently
large list size,

o

log—
Ogﬂl

Pr(x; =0)
T Prix; =1)

25

which is the intrinsic information required by an maximum “a
posteriori” (MAP) detector.

The second term in (19) and the intrinsic information can be
combined as

30

no-1 20) 35
1+ Z 3620
1+ng P Prix; =0)
Plog =log +log——1
1+ 1 N np-1 4 Pr(szl)
1+ Z et
= 40
where
45
1o

1y

1s modified to
50

1+ny
1+m

35
to avoid logarithm of zero or infinity. Ultimately, the soft
value generated by the soft value generation device 314 will
be:

60
-1 + 1y 20
Lz ) = F(ml —my +ﬁ’10g1 ry )
1+ng (22)
z(ml —my +ﬁlog1 +”1)

65

8

where f is a normalization factor, and n,=|LI-n,. From the
equation (21), the computation overhead resulted from the
dynamic compensation

1+I’L0
1+m

Plog

are one multiplication, two logarithms, and at most 1LI+1
additions for accumulating n,. Moreover, m, (or m,) will be
estimated by the maximum path metric in L if Q, ;NL, (or
;ML) is empty set. Please note that, in this embodiment,
the calculation of the soft value L(x, ) in the equation (21)
and (22) is the estimated value suitable for current model.
However, the calculation of the soft value L(x, ) is not limited
to the above definition. That is, in other embodiments, the soft
value [(x; ) can be assigned by different conditions depend-
ing on design requirements. For example, for simplicity, the
soft value generation device 314 can alternatively generate
the soft value L(x, ) by:

Lixyy=my=—m, (23)

Please refer to FIG. 5 for a diagram schematically showing
a simulation result according to the present invention. The
simulation is based on a 4x4 MIMO system wherein (648,
324)and (1944, 972) LDPC codes of IEEE802.11n is applied
as channel coding schemes. The candidate list generation is
realized by the K-best algorithm. To achieve the BER lower
than 107, FIG. 5 shows that the conventional LSDs should
have the list size K larger than 128. However, as shown in
FIG. 5, the proposed candidate list augmentation scheme
(A-LSD) in the present invention can achieve SNR improve-
ment from 0.3 dB to 1 dB, depending on K value, and the
improvement becomes more apparent when K value is
smaller. That is, the path augmentation algorism in the present
invention results in equivalently more available candidates,
and therefore 64-best A-LSD has the lowest error floor.

Based on the present invention, the path augmentation
algorithm in the present invention guarantees a low probabil-
ity of failing to find the minimizers. Actually, the computation
overhead from list expansion by the path augmentation
device 316 is usually smaller as compared to direct generation
of a larger candidate list in the conventional MIMO system.
Moreover, the path augmentation algorithm in the present
invention can be applied in different decoding algorithm, for
instance, sphere decoding, list decoding, M-algorithm, T-al-
gorithm, or K-best algorithm. Besides, an additive correction
term is introduced to dynamically compensate the approxi-
mation loss in the conventional list sphere decoding scheme.
Combining the two proposed schemes, the MIMO system
with candidate listaugmentation scheme in the present inven-
tion significantly reduce the calculation complex and per-
ceive improvement in error performance.

Those described above are only the preferred embodiments
to exemplify the present invention but not to limit the scope of
the present invention. Any equivalent modification or varia-
tion according to the shapes, structures, features and spirit
disclosed in the specification is to be also included within the
scope of the present invention.

What is claimed is:
1. A candidate list augmentation device for channel coding
systems, said device comprising:
a candidate list generation device for receiving an input
signal within a channel coding system and generating a
candidate list according to said input signal;
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a path augmentation device, coupled to said candidate list
generation device, for augmenting paths inthe candidate
list according to said candidate list and generate an aug-
mented list; and

a soft value generation device, coupled to said candidate
list generation device and said path augmentation
device, for comparing said input signal and said aug-
mented list and generating a soft value according to said
input signal, said candidate list and said augmented list,
wherein said soft value is utilized for error correcting in
decoding said input signal,

wherein said path augmentation device generates said aug-
mented list by expanding each said path in said candi-
date list to M paths by duplicating each said path M-1
times; and replacing said k-th bit information in said M
paths by a distinct «; from an original set Q={w; 1j=0,
L...,M-1}.

2. The candidate list augmentation device of claim 1,
wherein said candidate list comprises a plurality of paths, and
each said path comprises a plurality of bit information for
decoding said input signal.

3. The candidate list augmentation device of claim 1,
wherein said candidate list generation device can generate
said candidate list by the sphere decoding algorithm, the list
decoding algorithm, M-algorithm, T-algorithm, or K-best
algorithm.

4. The candidate list augmentation device of claim 1,

wherein said channel coding system includes coded MIMO
system.

5. The candidate list augmentation device of claim 1,
wherein said path augmentation device could separate said M
paths in said candidate listinto a first set Q, , and a second set
€, ; wherein said first set £, , denotes j- th blt information of
sald paths in said first set s in a first digit (zero), and Q, |
denotes j-th bit information of said paths in said second set is
in a second digit (one).

6. The candidate list augmentation device of claim 5,
wherein said path augmentation device can calculate a first
minimizer m0 for said first set €, ; by

mo= min |lg— R,
seQJD

and a second minimizer m1 for said second set Q, , by

my = min |lg— Rs'|?, wherein |lg - Rs'||
€! _/,l

refers to the path metric of said candidate list.

7. The candidate list augmentation device of claim 6,
wherein said soft value generation device generated said soft
value L(xk,j) by the following equation:

1+
—-my + Plog no)

-1
L) = 55 (m Trn;

wherein o is the noise variance, f is a normalization factor,
n0 and nl dencte the sizes of €, ; and €, , respectively, and
n0+nl are equal to the size of said candidate list.

10

15

20

25

30

35

40

45

50

55

60

65

10

8. The candidate list augmentation device of claim 6,
wherein said soft value generation device generated said soft
value L(xk,j) by the following equation:

+n0)

Lixy,j) = my —mg +ﬁ10g(1 T

wherein {} is a normalization factor, n0 and nl denote the sizes
of Q, ,and Q, | respectively, and n0+n1 are equal to the size of
said candidate list.

9. The candidate list augmentation device of claim 6,
wherein said soft value generation device generated said soft
value L(xk,j) by the following equation:

Lixg )= ~mg.

10. An candidate list augmentation method for channel
coding systems, said method comprising:

(1) receiving an input signal and generating a candidate list

according to said input signal;

(2) generating an augmented list according to said candi-

date list; and

(3) comparing said input signal and said augmented list and

generating a soft value according to said input signal,
said candidate list and said augmented list, wherein said
soft value is utilized for error correcting in decoding said
input signal;

wherein said step (2) further comprises:

expanding each said path in said candidate list to M
paths by duplicating each said path M-1 times; and

replacing said k-th bit information in said M paths by a
distinct w, from an original set Q={w,[j=0, 1, ,
M-1} in said candidate list.

11. The candidate list augmentation method of claim 10,
wherein said candidate list comprises a plurality of paths, and
each said path comprises a plurality of bit information for
decoding said input signal.

12. The candidate list augmentation method of claim 10,
wherein said step (1) further comprises: generating said can-
didate list by the sphere decoding algorithm, the list decoding
algorithm, M-algorithm, T-algorithm, or K-best algorithm.

13. The candidate list augmentation method of claim 10,
wherein said step (2) further comprises: separating said M
paths in said candidate list into a first set €2, , and a second set
Q;, , wherein said first set Q] denotes j-th bitinformation of
said paths in said first set is in a first digit (zero), and Q,
denotes j-th bit information of said paths in said second set is
in a second digit (one).

14. The candidate list augmentation method of claim 13,
wherein a first minimizer m0 can be calculated for said first
set €2, by

mo= min llg-RsII%,
5§ € ‘j,O

and a second minimizer m1 can be calculated for said second
set Q; ; by,

my= min [lg-Rs'|I%,
s eﬂj,l
wherein ||g-Rs|[*
list.

refers to the path metric of said candidate
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15. The candidate list augmentation method of claim 14,
wherein said soft value L(xk,j) can be generated by the fol-
lowing equation:

1+ng
)

-1
Lix, ;) = ﬁ(ml —my +ﬁ’10g1 T

wherein o is the noise variance, f is a normalization factor,
n0 and nl denote the sizes of ;; and €, , respectively, and
n0+nl are equal to the size of said candidate list.

16. The candidate list augmentation method of claim 14,
wherein said said soft value L(xk,j) can be generated by the
following equation:

10

12

1+n0)

L(x; ;) ~ my —mg +ﬁ10g(1 T

wherein [} is a normalization factor, n0 and nl denote the sizes
of 2, ,and €, | respectively, and n0+nl are equal to the size of
said candidate list.

17. The candidate list augmentation method of claim 14,
wherein said said soft value L(xk,j) can be generated by the
following equation:

L{xg jymm =mg.



