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Abstract

Memory utilization is a vital issue in the implementation of
the MAP algorithm. The MAP decoder operating in the log
domain requires either the forward or the backward path
metrics to be stored before finally calculating the log-
likelihood decisions. This process consumes large amount
of memory. In this paper, we present a reduced complexity
version of a technique which computes the reverse state
metrics in the forward direction and hence reduces the
required memory size. A low power VLSI architecture of a
Log-MAP decoder employing this technique is presented.
We provide results which demonstrate that the proposed
design reduces the memory size and hence reduces the
power consumption by 35%.

Introduction

The major breakthrough in the field of Error control coding
was the invention of Turbo Codes by Berrou et 2l in 1993
(1) which immediately generated considerable interest.
MAP algorithm which received little interest in the early
days, now gained prominence due to its reduced
complexity and minimization of the bit-error rate (BER).
Due to its supetiority with respect to coding gain over the
soft cutput Viterbi algorithm (SOVA) (2) which produces
qualitatively inferior soft outputs, MAP decoder is used in
the implementation of Turbo codes. Hence, the MAP
algorithm has become an increasingly important building
block for future communication systems.

The storage of forward or reverse state metrics for the
whole frame before the likelihood decisions could be
obtained, in a MAP decoder not using the sliding window
technigue requires large amount of memory. A MAP
algorithm which involves the forward computation of the
reverse state metrics (3) has been proposed in order to
reduce the memory size considerably. This reduced size
comes at the expense of increased computation required for
this calculation. In this paper, the authors present a more
reduced complexity version of the MAP algorithm using
the forward computation of reverse state metrics and
implement a MAP decoder using the same technique. The
VLSI implementation of both the conventional Log Map
decoder and the MAP decoder employing this reduced
complex version of the MAP algorithm are discussed.
Overall power reduction of up to 35% is obtained as
compared to the conventional MAP decoder. A power
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profile of the main contributing blocks in the core is also
provided.

Algorithms and Implementation

The MAP algorithm provides not only the estimated
sequence, but also the probabilities for each bit that has
been decoded correctly. Assuming binary codes are to be

used, the MAP algorithm gives, for each decoded bit & in

step k, the probability that this bit was +1 or -1, given the
received distorted symbol sequence
Yo =(¥ps ¥+ ¥ser ¥ ) - This is equivalent to finding the

likelihood ratio

A,kEP{uk =+l|y£} (1)
Plu, =~113;}
where ply, =ilyl}. i=+1,-1is the a posteriori probability

(APoP) of u, .
Computation of P{y, 1y, } is done by determining the

probability to reach a certain encoder state m after having
received k symbols yi™ = (v, ¥y, Yoo ¥y )

o, (m)=P{mly{™"} )

and the probability to get from encoder state m’ to the final
state in step N with symbols yY :

ﬁh—l(m') = P{y.;\il Im'} 3)

The probability of the transition m —>m  using the source
symbol ¢, , under knowledge of the received symbol y, , is
called ¥, : Yo (mm'u ) = Plm,m' u, |y, } (4)
The probabilities ¢ (m) and B () are computed
recursively over y, (m,m',u, ) which are a function of the
received symbols and the channel model as below:

a, (m') = Z Vilomm' )ak—l (m) )
B (m)= Elﬁk (ml)}’k (m’ml9“k ) (6)

Knowing these values for each transition m—)m‘, the
probability of having sent the symbol &, in step & is the
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sum of all paths using the symbol #, in step &. With ¢(2¢, )

being the set of all transitions with symbol #, ,we can write

Plu 1y = Yo my, (mm' ) By, () (7

(rmom')e@lug )
Thus, from the above equations we can conclude that to
evaluate the likelihood value of a decoded bit we require
many additions and multiplications. The decoding
complexity of the MAP algorithm has been reduced by
operating it in the log domain. This technique was first
used for the ISI channel (4}. Taking the negative logarithm
of g, (m). B ), ¥, (m,m',u,) and A, values from the MAP

algorithm we have:

A (m)y=-Inc, (m) (8)
B (m)=—Inf,,(m) - (9
D, (mm',u)=—Iny, (mm u,) (10
L,(u,)=—-In4, (11

Using the above equations, we rewrite (3) & (6) as follows:

A,(m')y=~In Ztexp(Ak_1 (m)+ D, (m.m',u,)) (12)
all '
B, (m)=—In Zexp(D,{(m,m',uk)+Bk (m") (13)

afl m

D, (m,m' u,)is calculated as follows (5):

from (10) we have D, (m,m',u,) =-1ny, (m,m',u,)

- 1 ! 5 14)
=-In exv[——()‘m —ym)z} Plu )jl (
[[427:02 26° ’ :

where y, , ¥, are the received signal and estimated signal

over a Gaussian channel respectively, P(y,)is the a-priori
probability of bit », and g* is the noise variance. And
finally the log likelihood ratio value is calculated as below:

Y explA,, (m)+ D (m,m' 1, ) +B, (m')]

(m—m)=uy =+1

Y explA, , (m)+D, (m,ntu, ) +B, (m)]

(st )=ptr, =1

Ly()=—In

All the summations in (12), (13) and (15) can be
represented in the form of a ‘E’ function which is defined
as follows:.a E b = -In(e™ + e'h). This can be rewritten: as
min(a,b)-In(1+e™),

The log-MAP decoder is divided into four major blocks.
These are the branch metric calculator (BMC), the forward
state metric calculator (FSMC), reverse state metric
calculator (RSMC) and the log-likelihood ratio calculator
(LLRC). A detailed description of the log-MAP decoder
could be found in (6). To increase the speed of the decoder
a parallel implementation is adopted in this paper, that is all
the SM’s are calculated simultaneously. The block diagram
of the architecture is shown in Fig. (1).
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Fig. 1: Block diagram of a MAP decoder.

Forward Suns
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The forward state metric unit uses the branch metrics
obtained directly from the BMU to calculate the forward
state metrics, and the backward state metric unit uses the
reversed branch metrics from the branch metric storage to
calculate the reverse state metrics.

An important part of the state metric calculator is the
implementation of adders and the ‘E’ operand. The FSMC
and RMSC are identical except for the direction of
recursien. The branch metrics are added to the state metrics
(as in Viterbi algorithm) and then the minimum is found
between the two obtained competing path metrics. The
difference between the two path metrics is stored in a look-
up table to obtain the value of the function: f(la-bl) =
1n(1+e'“'b')‘ Thus the add-compare-select and the E-
operations are carried out in ACSE (add-compare-select
and E-operation) block. For the forward state metrics the
state metric value for state 00 is initialized to zero and the
remaining stales to the maximum possible value (the
closest value to infinity). For the reverse state metrics, if
the final state is unknown all the initial state metrics are set
to zero, otherwise they are initialized in the same way as
the forward state metrics.

A rate ¥ encoder with code generator g(D) = (1, 1+D2]
in an AWGN channel is taken as an example. The trellis
structure for this code generator at time k is shown in Fig.
(2). From the conventional MAP algorithm the Reverse
State metrics are updated by the following equations:

B, (00) = ¥, (00).5,,, (00} + ¥, (A1).B,,(OD) (16)
B, (01 =7, (00).5,.,10) + ¥, AD.B;, (1D) an
B, (10) =7, (0D).5,,,(00) + 7, (10).B,.,, (01) (18)
B, (1) =7, (01.3,,,(10)+7,(10).5,,, (1) (19)

STATE CODEWORD |

01

10

11

Fig, 2; The trellis structure,

The above equations could be expressed in matrix form as
below:
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[ﬁk (00)] _ [}’k 00y 70 1)}[,3,,“(00)] (20)

B.10) 7.(01)  y,Q0) | B,., (0D
[ak(on}z[n(om n(m}[ﬁm(w)} o3}
BN | %01 7010)]) B, (D

Assuming [7’;. 00y ra 1)]to be Y, we consider the inverse
AV ALL)

of ¥ as y7if it exists, and obtain B + 1 from §; as follows
Pr+1(00)] _ 7 B:00)] o Be+(10) | _ y B(01)
B +1(01) B:(10) Besr(11) Bd1D)

Now, we have

e 1 x[n(oc» —nun} 22)
(00,10 -7, Oy, AD) [~70OD 710
let ! =C

{r, (00)y, A0) -y, (O)y, (A1 1))
Finally getting back to the equation form, we finally have

Bt (00) = Cx{y, (00) B, (00) -y, (1B, 10)}  (23)
Bia (0D = Cx{y, (10)8,(10) - 7, OD B, (00)} (24
B (10) = Cx{y, (00)8, (01} -y, A S, A} (25)
B A =Cx{y, A0 1D~y OB, OD}  (26)

From the above equations we have the reverse state
metric §, ., calculated from the most recent state metric B

New Implementation of the Log-MAP decoder

The calculation of reverse state metrics in a forward

direction as discussed in the previous section increases the
computational complexity. In this section the authors

introduce a reduced complexity version of the same
technique explained in the previous section. This reduction
in complexity is obtained by operating (23), (24), (25) ad
(26) in the logarithmic domain. Now applying the negative
log to (23) we have

~In,.,(00}=5,.,,(00

=-1{Cx (7, 008,00 - 7,1 DBL0)

=—Ijd - I{, (008,00 ~ ¥, (1 DA, (10}

_ -ln[(e'”" O0R, (00) _ ,~(8,01)+5, (19} )| _ I“JCI

@7

In the above equation the function -lnl(e™® - e D)l (the
absolute value ensures that the function is defined) is
evaluated in a similar way to the function -In(e® + &¥),
hence can be rewritten as = min (a,b) — In(1 - e"a'b').

Now we implement the values of In(1 - ™" in a small
look-up table, similar to that of a conventional Log-Map
decoder. One problem that arises in implementing this
look-up table is the value of the function In(1 - ¢™™)
which is invalid when a=b. The vatue of this function is
almost zero all the time except when a=b. Hence, the value
could be neglected. This approximation is taken only for

the calculation of reverse state metrics. The approximation
process which is the result of matrix inversion operation,
may lead to degradation in the performance of the decoder.
In order to ensure the computational stability of this matrix
inversion operation, the complete frame is divided into
blocks of Ny (22} bits, storing only the B (m) at the

beginning of each block during backward recursion, and
using (16), (17), (18) and (19) to compute the B, (m) Wwithin

each block during forward recursion. Thus, a smaller value
of N, (=2) has been suggested for medium to high SNR
(Signal to Noise Ratio) values as the MAP decoder
converges rapidly. But, for Turbo Codes (employing the
MAP decoders) where a low SNR is expected, a larger size
of N, is acceptable.
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Fig, 3: Variation of maximum relative error of LLR with block size Np.
Results extracted from (3).

The variation of maximum relative error of LLR with block
size Ny, is shown in Fig, (3). The relative error is defined as
follows:

. A2 (w;0) = A2 (u; 0) |
" E( A, (:0) 1)
where A% (x;0) is the k-th soft output obtained with the

conventional method, A" (4;0)is the output obtained

with the new method and block size N, and E(x) is the
mean value of x. It has been suggested in that the relative
error is negligible when Ny < 5K, where K (K=3 in our
implementation) is the constraint length. As a compromise
between the decoder performance at low SNR and the
reduction in memory size we have chosen N, to be eight
for our implementation.

Now the value of InC is calculated in a similar way using
the same function as described above. Note that the
calculation of InC is a new addition into the decoder
architecture. Thus, InC is given as

ln[ ! ]
[7,(00)7,10) — %, (0D)y, A D)]

© =—In[y, (00)y, 10) - 7, @Dy, (A 1)]

- _]n(e*lﬂk(DGHDg(lU)l — e*(DHUlHD}(“)) )

The above expression is similar to the function -Inlie™® - &™)l
discussed previously. This value of InC obtained, is
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subtracted from the value — jpj(p 5080 _ Bl 800 )|

in (27) to evaluate the corresponding reverse state metric,

.
Lt
Frovad s MM Fovacesoc
_’ Mewie Caleulmor ‘Menic Ssonge
‘Beanch Mewric Branch Meic LLR U
Calealue: Sornge
Revene St Reverse Sime Catectuion of
_> Mewic Mecic Siorage Reverse Stae.
Cakestnar Metics

Fig. 4: Functional Block diagram of the new Log-MAP decoder.

The forward calculation of the reverse state metrics is
carried out in a separate FRSMC (forward calculation of
the reverse state metrics) block. Thus, after conventionally
calculating the reverse state metrics in the RSMC and
storing only the Bj(m) (reverse state metrics), where j=1 or
1.Np, 0<i<Nyy and Ny = N/Np, we carry out the forward
calculation vsing these values. A block diagram of the new
decoder architecture is shown in Fig.(4) below.

Results

The designs of both the Conventional Log-MAP decoder
and our new low power Log-MAP decoder have been
implemented as a fully synthesizable Verilog models. We
have used the 0.18um standard cell library, and the
Synopsis tool for synthesis and characterization. Power
analysis is performed by feeding the switching activity
information obtained from the netlists into Synopsis
DesignPower tool. These results are shown in Fig. (5) and
(6). In our implementation there is 88% reduction in
memory size. This reduction leads to approximately 35%
saving in power when compared to the traditional Log-
MAP decoder. Power reduction of 17% is also achieved in
the RSMC bleck. From Fig.(6) we can deduce that the
branch metric storage consumes extra power when
compared to the conventional decoder as the branch
metrics are required for the forward calculation of reverse
state metrics apart from their role in obtaining the reverse
state metrics. For this reason, we have used a dual port
RAM instead of a single port RAM as in the normal
decoder architecture. The drastic reduction in reverse state
metric (RSM) storage is obtained at the expense of
introducing an additional block FRSMC which calculates
the RSMs in the forward direction.

Conclusions

We have proposed a VLSI architecture for low power
implementation of a Log-MAP' decoder through the
minimization of memory size for the storage of reverse
state metrics. This technique proceeds by computing the
reverse state metrics in a forward direction in a manner
stmilar to the processing of the forward state metrics. The

technique results in 88% reduction in memory utilization at
the expense of 13% increase in branch metric storage. This
provides a net power reduction of 35% when compared to
the conventional implementation of the 1.og-MAP decoder.
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Fig. 5: Power Savings in various blocks.
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Fig. 6: Block Power Comparisons.
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