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Abstract 

This paper presents a 166Mb/s, 64-state, radix-4, 16- 
level soft decison Kterbi decoder f o r  high speed WLAN 
applications. With the path meging and trace forward 
techniques, the memory read operations are reduced to 
save power cunsumption. A test chip is fabricated in 
0.35 pm IP4M CMOSpmcess, and can achieve the max- 
imum throughout rate ofl66MbitUs under 3.3K The mea- 
sured power consumption is beiow 55m W under 66Mb/s 
thmughput rate at 2.2 K 

1. Introduction 

The Viterbi algorithm is the optimal solution for the 
convolutional codes [1][2]. The nonlinear and recursive 
nature limits the maximum achievable throughput rate. 
The most common solution to develop a high through- 
put Viterbi decoder is fully parallel approach, where 
ACS units are assigned to each state with high radix 
structure[3]. However, as the constraint length rises, the 
hardware complexity increases exponentially, and so does 
the power consumption. The first problem arised is the 
large number of ACS operations. The 2K-' ACS opera- 
tions are required for each iteration, where K is the con- 
straint length. The second problem is that implementing a 
high speed traceback unit is more difficult than that based 
on the register exchange method [4]. The traceback al- 
gorithm for survivor memory management has been pro- 
posed in [SI and [6]. The k-pointer algorithm divides 
the memory into banks, and accesses them concurrently 
to achieve the demanded data bandwidth. Another ap- 
proach is one-pointer algorithm which requires higher 
memory access rate. Both of the methods will consume 
much power due to large number of memory access oper- 
ations. And,power consumption is a key factor in mobile 
or battery-powered systems. 

This paper proposes a modified traceback scheme that 
reduces the memory access based on the path merging 
property [2], which will be discussed with mathametical 
fomulation in section 2. Section 3 shows the proposed 
architecture including the performance evaluation of soft 
decision decoding, high speed radix-4 ACS structure, and 
the cache based survivor memory design. The chip imple- 
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mentation and test results are described in section 4, and 
the conclusion is given in section 5 .  

2. Traceback with Dynamic Truncation 
Depth 

The Viterbi decoder contains three main units [7]: a 
transition metric unit (TMU), an ACS unit (ACSU), and 
a survivor memory unit (SMU). The TMU calculates the 
transition metrics A from the input data. The ACSU re- 
cursively accumulates A as path metrics y, and makes de- 
cisions to select the most likely state transition sequence. 
Finally, the SMU traces the decisions to extract this se- 
quence. 

The traceback scheme has the path merging or unifica- 
tion property [2, 51. If all survivor sequences are traced 
back a sufficient number of stages, they all merge to the 
same state. And, the merging procedure is accelerated by 
choosing an appropriate initial state, e.g. to find the state 
with minumum path metric. 

The path merging property can be illustrated by a sim- 
ple example. Consider a rate 1/2 and constraint length 
3 convolutional code with generator matrix given by G = 
[ I  +@, 1 +D+@]. Weassume thatanall-zerosequence 
was transmitted over a binary symmetric channel(BSC), 
and the Viterbi decoder is set to be hard decision. The 
BSC has an error probability E and E < 1/2, as shown in 
figure 1. Thus, E is the probability that a transmitted 0 is 
received as a 1. 

Figure 1. BSC with error probability~ 

Figure 2 is the corresponding trellis and state diagram. 
If the transition metric is modeled as the Hamming dis- 
tance, the expect transition metric E{ A} of each state tran- 
sition is given io table I .  The E{h,,} = 2& io the fourth 
case occurs when SI + S2 is detected. It is impossible for 
a sequence that always being the transition from SI to S2, 
the expected h can be written as E{Aee} = p + 2( 1 - p ) ~  
where 1 > p > 0. During the traceback procedure, an arbi- 
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(a) Trellis dia- (b) State hansi- 
gram tion 

Figure 2. Trellis diagram and state transition 

Table 1. Expected tranaition metric for each transition 

Transition E { V  
so + so E(h,..J = 2~ 
SI +so 
so + s2 E{hc, }=2(1  - E )  

E&ij = 2(1 -E)  

{SI,SZ,S3}+ {Sl ,S2,S3}  E{h,} = {1,2&} 

trary initial state S j  # SO is chosen with a corresponding 
path metric y j ,  as shown in figure 3 .  The heavy line 

i k . .  

traceback y 

Figure 3.. Traceback procedure 

is the correct path that corresponds to a state sequence 
xo = (SO,SO,SO, ..., SO), and its path me& yo. .Because 
E < I f 2 ,  xo has the minimum distance from the received 
sequence and yo < y,. For each one traceback stage, the 
associated path metric will be the original path metric mi- 
nus the transition metric on the tracehack path. After k 
stages traceback tr and the.two pathes in figure 3 still do 
not merge with each other, the corresponding path metrics 
will become: 

whereE{LC} a n d E { L }  are the expectedtransition met- 
r i c ~  defined in table I .  The difference of these two metrics 
is 

E { L s } - E { L c }  =p( l - -2E) .  (3) 

From the previous assumption where E < 1 f 2 and p > 0 
and ( 3 ) ,  therelationE{he,,} > E{h,} can be derive!. As 
yj > yo, and from ( I )  and (Z), it always exists a k > k 

such that yf’ < y$’. However, the path metric of the cor- 
rect path must be the minimum one. Thus,the possible 
minimum value of #’ is #’. The minimum path metric 
can only come from state SO, and therefore the traced path 
from any state will merge into the correct path. The path 
metrics of these two paths merged at stage k can be written 
as 

y j - ( k -  I ) E { ~ = } - E { h ~ = } = y o - ~ E { h ~ ~ } .  (4) 

The effective stages that the two paths will merge is 

The path merging process will be accerelated when the 
value of y j  is chosen to be near yo, or the error probability 
E decreases. 

Table 2 shows the path convergence distribution in 
terms of the input bit error rate (BER). The simulation 

Table 2. Path merge distribution V.S. input 6ER 

1 stage 
2 daees ~~ 

3 stages )I 0.05% I 0.018% I 0.0039% 
2 4stages 1) 1.07% 1 0.402% 1 0.0861% 

is based on the IEEE 802.1 l a  WLAN platform, and the 
initial state to be traced back is chosen with the minimum 
path metric. Based on these information, the traced path 
will merge within 3 stages for over 96% conditions. Thus, 
a modified tracehack algorithm can be summarized as 
follows: 

e Initial condition 
x = @’, initialsiate 
MEM=survivor memory 
BUF-buffer that contains rheprovious trocedpatk 
r=o 

e Traceback operation 
do{ 

x = MEM(t ,x) ;  
p = B W ( 1 ) ;  
1=1+l; 

}while((? # Truncation depth) or (x # p)): 
o Finish 

3.  architecture Design 

The following subsections-will describle the key com- 
ponents of the proposed soft decision Kterbi decoder. 

3.1. Soft Decision Decoding 
Soft decision Wterbi decoder will improve the error 

correction capability. With different quantization level, 
table 3 shows the performance improvement in terms of 
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the signal to noise ratio (SNR) on the hard decision de- 
coding The simulation platform is IEEE 802.1 l a  system 
with AWGN channel model, and all of the quantization 
schemes are set to be uniform quantization and optimal 
step size 181. 

Table 3. Improvement of the sofl-decision Viterbi decoder 

)I  8-level 1 16-level I 32-level 
BPSK 11 1.7dB I 1.9dB I .2dB 

Despite the concern of hardware complexity, higher 
level soft-decision can further improve the error probabil- 
ity. But, as shown in table 3, the range of improvement 
will saturate as the increasing quantization level. The 16- 
level soft decision yields a good compromise between per- 
formance and complexity and hence is selected for the de- 
coder design. 

3.2. Radia-4 ACS Unit 
In order to achieve higher throughput rate, the radix-4 

trellis is exploited, and 4-way ACS units are required. The 
implementation issue is to make the 4-way ACS and the 
2-way ACS have comparable delays. 

The conventional 4-Way ACS reaches the add- 
compare-select operation sequentially, which limits the 
speed of ACS unit. The parallel architecture is proposed 
to enhance the ACS performance as shown in figure 4(a). 
The addition and comparsion operations work concur- 
rently to break the bottleneck due to sequential nature. 

(a) Proposed ACS unit @)Parallel comparator 

Figure 4. 4-way ACS unit 

The comparator is implemented by substraction, and 
the compare operation between any two path metric be- 
comes 

which is a multi-operand addition handled by carry save 
adder (CSA). And, with the consideration of performance, 
the comparator contains 6 compare cells that realize the 
simultaneous compare architecture. 

D = PM; + PM; - TMi, - TMih, (6) 

Figure 4(b) shows the comparator structure. The delay of 
this circuit is the 4 to 2 cany save adder, substractor, and a 
decoder that descides the result from 6 parallel substractor 
cells. 

3.3. Survivor Memory Unit 

ory architecture is proposed as shown in figure 5. 
With the path merging property, the buffer based mem- 

For 

Survior 
memory 

Figure 5. Survivor memory architecture with a state se- 
quencebuffer 

each traceback process, the state transition sequence can 
be saved in a small buffer. At the next traceback, while 
the tracing path is merging to the previous one, the data 
in buffer after the merged point must be the desired state 
sequence. Since the buffer contains required information, 
the memory read operation is stopped. Furthermore, be- 
fore traceback process, the initial state is chosen to have 
the minimum path metric to accelerate the path merging 
process. Therefore, in the proposed design, the trunction 
depth during traceback operation varies with the input er- 
ror probability. 

The survivor memory is a 6-bank structure based on 
the 3-pointer even algorithm[q. Combine with the buffer 
memory, the buffer efficiency will decrease to 66% as 
the buffer is empty during the first traceback. Thus, the 
path prediction or trace forward algorithm is proposed to 
increase the buffer efficiency. During writing new data 
(WR) stage [6], the path prediction at time r includes the 
following two steps: 

Step I :  Find the state 4' with the minimum path metric. 
Srep 2: fl(4-I) -i $) ispossible in trellis) 

Save $' in buffer. and conrinuepredicting ar rime @+I). 
else 
Srop future prediction. 

The accuracy of the prediction process is shown in figure 
6, and the memory read reduction is also shown in figure 
7. 

3.4. The Proposed Architecture 
Figure 8 is the structure of the proposed design. Each 

memory bank equips a state buffer which retains the state 
sequence that would probably be used. The trace for- 
ward(TF) unit predicts the possible state sequence to in- 

- . 
-. - 
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Figure 6. Prediction accuracy V.S. input BER 

Figure 7. Comparision of the memory read operations 

crease the buffer efficiency. To achieve high decoding 
rate, the proposed ilesign uses 64 ACS units that process 
the input data in parallel. 

~ ........... ~~. 

Figure 8. System structure of the  proposed Viterbi decoder 

4.’ Chip Implementation and Test Results 

The chip is implemented by the cell-based design flow, 
and fabricated in 0.35pm lP4M CMOS process. After 
synthesis, the gate level design contains about 156k gates. 
And, the post-layout simulation results with 3.3V sup- 
ply at 25% shows that the proposed Viterhi decoder chip 
can work under 83MHz clock rate, which will provides 
166MbiUs decoding rate. The chip summary and test re- 
sults are shown below: 

5.69 mmz 
4.24 mm2 

Embedded SRAM 24k-bit 

a. 2.2V-3.6V @ 33MHz 
b. 3.2V-3.6V @ 66MHz 

a. 83mWat 133 MbiVs, 3.3V 
b. 55mW at 66 MbiVs, 2.2V 

Power dissipation 

Figure 9. The microphoto of the Viterbi decoder chip 

5. Conclusion 

In this paper, we have proposed a high performance and 
low power Viterhi decoder for WLAN applications. With 
the aid of path mergingproperty and prediction algorithm, 
the memory access reducesmore than 70% on the average. 
And, the power consumption decreases due to the reduced 
memory access operations. The proposed design not only 
considers the error correction capacity, but also provides a 
high speed and low power solution. 
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