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Chapter 1

Introduction

1.1 Research Motivation

The fundamental block diagram of a typilcal digital communication system is shown in
Figure 1.1. Singnal transformation frbiﬁ the inféirmation source to the transmitter in-
cludes source encoding, channel ené'oding and Im(_)dulat.ijon. The receiver will reverse the
signal transformation by demodulai:ion, ghannéi ..dec'odifig and source decoding. When a
signal passes through the Channel,‘r'-ifr majf-ﬁéTﬂuéneed by various type of noise distur-
bances such as channel noise, interfeire'ﬁce”and f‘ading.; In order to eliminate the effects of
noise disturbances, the channel encoder transforms the source codeword into the channel
codeword by adding certain structural redundancy. These redundant bits can be used for
detecting and correcting the errors. Theoretically, the encoding procedure provides the
encoded signal with better distance properties than the un-coded one, and thus channel
coding can improve the performance of the overall system.

There are two structurally different types of channel codes, the block codes and the
convolutional codes. For the block code, the encoder transforms a message with £ sym-
bols into a codeword sequence with n symbols. The n — k redundant symbols called
parity-check depend only on the corresponding k message symbols and not on any other

message symbols. Therefore the block code is memoryless. For the convolutional code,
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Figure 1.1: Block diagram of a typical digital communication system

the encoder contains memory units. This causes the output symbols depend not only on
the current input message but also on the previous input messages. The (n,k,v) con-
volutional encoder can be implemented with n<output, k-input, and r-memory words as

shown in Figurel.2.

shift register

message

codeword

Figure 1.2: The (n, k, ) convolutional encoder

In 1976, Viterbi [1] introduced a decoding algorithm for convolutional code. And
Omura [2] showed that the Viterbi Algorithm was equivalent to a dynamic programming

solution to the problem of finding the shortest path through a weighted graph. For-
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ney [3] later recognized that it was in fact a maximum likelihood decoding algorithm.
Until now, Viterbi algorithm is still the optimum solution for convolutional code and has
been widely applied to decoding convolutional codes and signal detection in many digital
communication and magnetic storage applications.

Recently, high-speed Viterbi decoder becomes more important and critical because of
the ever increasing high-speed data transmission and the demanding error performance
in modern digital communication systems. The huge bandwidth (3.6GHz~10.1GHz) of
these ultra-wideband(UWB) communication systems enables short-range and very high-
speed data transmission. In the physical (PHY) layer proposal [4] based on multi-band
orthogonal frequency-division multiplexing (MB-OFDM) technology, a convolutional code
with the constraint length K = 7(= v + 1) has been specified to support a maximum
480Mb/s data rate after puncturing to the rate (R) of 3/4. Furthermore, PHY-layer
proposal employing the direct sequence UWB (DS-UWB) modulation [5] defines both
K = 6 and K = 4 convolutional CO(i’QS"fdf.the--SOOMb/S and the over 1Gb/s data rates

respectively. Accordingly, the Viterhi decodﬁfs:.'fq'l:",:c.orilt'folutional codes targeting to these
systems have arisen great research=inferest [6*8] :

Though the minimum distance of a cohvol-utmrral go&e increases linearly with the con-
straint length K (= v+ 1), the compi.itihg. complexity "érows exponentially while applying
the Viterbi decoding. Consequently, the Véry la}ge scale integration (VLSI) implementa-
tion of Viterbi decoder for high-speed wireless applications that adopt large convolutional
codes (K > 7) is still challenging as the power and cost constraints are considered. There-
fore, this thesis will propose a high-speed and area-efficient solution for Viterbi decoder

design.

1.2 Paper Survey

In early research of the Viterbi decoder, because of the bottleneck of the VLSI technol-
ogy the key point always focused on the complexity. As the rapid development of the
VLSI technology, the research interests changed to achieve the higher throughput rate.



The architectures using high-radix trellis in [7—10] achieve high speed through M steps
of lookahead where the throughput of a Viterbi decoder will be enhanced by a factor of
M. However, the ideal speedup is difficult to achieve due to the exponentially increas-
ing number of branches on the high-radix trellis, limiting M to be at most two in most
designs. The Viterbi decoders in [11-13] break down the critical path delay by means of
bit-level pipeline and accomplish high throughput with very high clock frequencies. Fur-
thermore, the dynamic circuit techniques are also exploited to accelerate the critical path.
The four states Viterbi decoder based on sliding block approach that performs decoding
concurrently in forward and backward directions is also reported in [14]. However, as the
constraint length increases, the complexity grows rapidly because of the highly parallel
architecture and large skew buffers. Fig. 1.3 summarizes the performance among various

high-speed Viterbi decoder designs.
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Figure 1.3: Performance of several published Viterbi decoders



1.3 Thesis Organization

The Viterbi decoder contains three main units: branch metric unit (BMU), add-compare-
select unit (ACSU), and survivor memory unit (SMU). The BMU calculates the branch
metrics from the input data. The ACSU recursively accumulates branch metrics (BM) as
path metrics (PM), and makes decisions to select the most likely state transition sequence.
Finally, the SMU traces the decisions to extract this sequence. It is the nonlinear and
recursive nature of ACSU that limits the maximum achievable throughput rate.
Considering the speed of a Viterbi decoder, this thesis will focus on the improvement
of most timing-critical processing unit ACSU. The speedup is accomplished by retiming
techniques to parallelize the serial add, compare, and select operations based on the two-
dimensional (2-D) structured ACSU. In chapter 2, the principle of convolutional code
and Viterbi algorithm is reviewed. Several typical architectures for Viterbi decoder will
also be discussed. chapter 3 presents a_1nore, aggressive trellis expansion that attains
to the M > 4 steps lookahead and the retlmmg techmques for 2-D ACSU. In addition,
chapter 4 reports the 1mplementat10n resulté Whlch target at the ultra-wideband system,

including system parameters selectlon, post—layout s1mu1at10ns of the 0.13-um and the

0.18-pm designs. Finally, the conch——js‘ion"aﬁd'fil‘t-{ire ré_,search plans is given in chapter 5.
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Chapter 2

Convolutional Code

2.1 Convolutional Code

To describe a convolutional code, at first it is necessary to characterize the encoding
process. Several methods can be used:for represehting the encoding process of the con-
volutional code. The time-domainidescription-andstrellis diagram description would be

described in the following subsection.

2.1.1 Time-Domain Descﬁption

A simple convolutional encoder is shown in Figure 2.1. The figure illustrates a (2,1,2)

convolutional encoder with 2 shift-registers, and 2 modulo-2 adders.

First code symbol
; oD

output sequence
F H C

fSecond code symbol
e

Figure 2.1: The (2, 1, 2) convolutional encoder

input sequence
m
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The input of this encoder is some binary sequence, m = (..., m_1, mg, my, My, ...). The
output is an interleaved sequence ¢ = (..., c(_lz, c(_Qi, c((]l), céz), cgl), cf), ...) of the two binary
sequence ¢V and ¢?. At each input bit time, the code symbol cgl) and cl@ are generated

by the encoding function

Cgl) = m;Bm;_1 B m_o (2.1)

C(-2) = m; Dm;_o (22)

(3

where @ denotes modulo-2 adder (or the XOR operation). Next, the input bit is shifted
into the leftmost stage and the bits in the register are shifted one position to the right.
Consequently, the output sequence ¢ depends not only the present input bit m;, but also
on the two previous input bits m;_; and m;_5. Evidently, the different interconnection of
the encoder influences the codeword sequence. For mathematical computing convenience,

these interconnections can be formulized as the generator sequence

W 1" g,
9" Lt o) (2.3)
y @@ @)

P ] i

)

where g,/ represents the upper and":gf). rreﬁrés'é:ri'fé thé_ibwer interconnections from left to

right. Then, the encoding process can Howihewtitten as

- ("'7m—17m0>m17m27 ) * (g(()l)aggl)agél)> (25>

! = (---;m—hmo,ml,mzw--)*(9(()2)79§2)79§2)> (2-6>

where * denotes the convolution operator.

For example, Figure 2.1 can be described by

gV = (111) (2.7)

¢® = (101) (2.8)

In general, the (n,k,v) convolutional encoder is specified by a set of n generator

12



sequences with length (v + 1)

( oM@ (1)

g(l) - (go 791 a"'ng )

@ — (@ @ @

g (967,91 90) (2.9)
g™ = (" 9", )

Then the output sequences is determined by convolving the input sequence and the gen-

erator sequences
i

C(l) fr— m ok g(l)
A = mxg®
(2.10)
\ A= kg™
The encoding process can be determined in a matrix form as
oG, (2.11)

' SN2
2.1.2 Trellis Diagram Deéseription’ - -

The convolutional encoder belongs"'—,t.p a.‘(_:,l'é:s;mvic_esh known as finite state machines.
Thus, a convolutional encoder can be- spe(nﬁed C(I)I.npl'e‘;éely by the state diagram. In Figure
2.1, the states of the encoder is defined as the pair (m;_1, m;_») of the shift-register, hence
there are four possible states, 00, 01, 10, 11. At each tick of the clock, the encoder accepts
e9)

an input m,;, and emits the two code symbols ¢;”” and cgz). Then the state transforms
from a pair (m;_1,m;_») to a new pair (m;, m;_1). The state diagram representation is
shown in Figure 2.2. The four circles mean the four states, 00, 01, 10, 11. A transition
from one state to another corresponding to an input bit of “0” is represented by a dotted
line. Similarly, a transition corresponding to “1” is represented by a solid line. And the
o @

label on the line represents the code symbols (¢; ", ¢;”’) from one state to another.
With the help of the state diagram, it is easy to determined the output sequence of
the encoder. For example, if the input sequence is (1011100...). The transition starts at

state 00 and walks through the state diagram corresponding to a solid line if the input bit

13



Figure 2.2: State diagram for the encoder of Figure 2.1

is 717, and a dotted line if that is 70”. The track of the transition is shown in Figure 2.3.
Following the track, the output sequence is (11,10,00,01,10,01,11,...). Consequently,

that is the same output sequence in the time-domain description.

Figure 2.3: The track of the transition

When the input sequence becomes large, the track will travel the same edge many
times. It is difficult to keep track of where we have been. Therefore, a representation
called a trellis diagram is obtained directly from the state diagram by including the
dimension of time. Once again the output sequence for the input sequence (1011100...) is
represented in Figure 2.4.

In general, there are 2" states and 2* kinds of codeword corresponding to the (n, k, v)

14
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Figure 2.4: The trellis diagram

convolutional code in the trellis diagram, where the [ denotes the length of input sequence.

2.2 Viterbi Algorithrgf:_;c;;':'ﬁ"" ARLLa,

'\. "' o :-
- .

The Viterbi algorithm developed in: 1967 [ Has been COﬂSldered the optimal solution for

decoding convolutional codes. The: convolumonal encodmg process can be represented by
trellis diagram where each node co£respoﬁ(is 'f'ola dlst:l,l‘;::t state at a given time, and each
branch is a transition between two states of! dlfFerent time instances. Among all possible
paths in trellis diagram, a optimum solution to decode a convolutional code is equivalent to
find the maximum likelihood path. Conclusively, the Viterbi decoding algorithm searches
for the maximum likelihood state transition sequence according to the observed data in

the noisy channel. Before launching the Viterbi algorithm, there are some basic should

be introduced.

m C

/\
X T m
—» Encoder ——» Modulator ——» Channel —>»| Decoder —»

Figure 2.5: The system block of the encoder and decoder
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The system block of the encoder and decoder is shown in Figure 2.5. The idea of
the encoder is to transform the message sequence “m” into the codeword sequence “c”
by adding certain structural redundancy. This redundancy is designed to overcome the
channel impairments. Inversely, a concept of a decoder is to find the maximum likelihood
sequence “m” according to the structural redundancy. Mathematically, to find the max-
imum likelihood sequence “m” is to maximize the probability P(m|r), where m denotes
the message sequence and r denotes the received sequence.

Using Bayes’ rule
P(m) - P(r|m)
P(r)

where P(r) is independent of m. Therefore, the decoder now is equivalent to maximize

P(m|r) = (2.12)

the probability P(r|m). The probability P(r|m) for the received sequence of length 7 can
be expressed as
P(rlm) = P(T1H7|m1HT)
=, -P(rlﬂT|ac1qT)
E HP'(rt i) (2.13)

Tnl

= i %M
V=Y E
b Ty 270 4

where x denotes the modulated seqﬁen'qe. For the computing convenience, the log-

likelihood function is used and given by
log P(r|m) = Z log P(r¢|x¢) (2.14)

For the AWGN channel, the log-likelihood function becomes

(th'_ztz)
log P(rlm) = Zlognma o2

T n—1 (215>
T i i
= —7 log(27r) —ntlogo — L
t=1 =0

This equation shows that to maximize log P(r|m) is equivalent to minimize Euclidean

distance .
7" i — X z
U (2.16)

t=1 i=0

16



According to these computing processes, Viterbi proposed a algorithm to compute the
minimum Euclidean distance as time goes on. There are two basic measure defined by the
Viterbi, which are branch metric BM and path metric PM. At each time t, the branch

metric and path metric is computing

|
—

s (T’t,z‘ - l’t,z’)2
7\;,:1,2

p 207 (2.17)
PM(Sg) = ming_1o[PM(Sy™") + BM(8,")]

BM(53,™)

I
=)

where S} denotes the state d at time instance ¢, and " represents the branch between ¢
and t+ 1. An equivalent radix-2 trellis diagram is shown in Figure 2.6. It is clear that the
path metric PM(S?%) is the minimum Euclidean distance for state S; at time ¢. So the
Viterbi algorithm can find the minimum path metric dynamically at each time instant.
Then the maximum likelihood sequence can be estimated in trellis diagram along the

minimum path metric.

Figure 2.6: The radix-2 PM updating

The steps of the Viterbi algorithm are summarized as following.

e Initial or normalize the memory devices.

e According to the received sequence r, calculate the branch metric BM (ﬁf/‘l) from

the previous state S, to the current state Sy.

e Compute the transition PM(S;~') + BM ("), which is merged into the state S.

17



e Update the path metric PM(S})
PM(Sh) = min[PM(S;™) + BM(3,7)]
y: ’

and store the survivor at the same time. The survivor here is the decision bit at

time t.
e Use the survivor to decode the message sequence m.

e Repeat this process.

2.3 Viterbi Decoder Architecture

The block diagram of the Viterbi algorithm is shown in Figure 2.7. There are four

fundamental blocks in the Viterbi decoder. They are summarized as following

L3

ACS —» SM

—

BM

Figure 2.7: fundamental bloéks of Viterbi decoder

e Branch Metric Unit (BM):
According to received sequence 7, compute the value BM (ﬂ;_l) for different branches

in trellis diagram.

e Add-Compare-Select Unit (ACS):
Calculate the value PM(S}) = min,_;o[PM(S,™") + BM(B,")] for each state.

Output the value of PM(S}) and generate the survivor sequence.

18



e Path Metric Unit (PM):
Store the accumulative path metric PM(S!) at each iteration. Detect the overflow

of the accumulative path metric and normalize it.

e Survivor Path Unit (SM):
Update the survivor from Add-Compare-Select unit. Then, using the register-
exchange (RE) [15] algorithm or trace-back (TB) algorithm [16] to decode the max-

imum likelihood sequence.

2.3.1 Branch Metric Unit

Each time a new data is received by the decoder, the branch metric unit computes the
value BM(3}"). Because the value of the branch metric is proportional to the logarithm
of probability log P(m|r). It is clear that the numbers of quantization levels dominate the
performance of Viterbi decoder. In the si-rhplést" 'design the 2 levels quantization is used.
However, the higher levels quantlzatlon ther more codlng gain can be obtained. If the
quantization levels less than 2 levels, it is cal'led the harid decision decoding. Otherwise,
it is called the soft-decision decodlng b ﬁ_ j 3

In the hard-decision decoding, When a sugnal is received, a binary decision is made
to determine whether the signal represents” a transmltted zero or one. Therefore, the

Hamming distance is used to simplify the calculation of branch metric. Using Hamming

distance, the value of branch metric is described as

n

M@ =) (@) (2.18)

i=1

where @ denotes the XOR operation.
The soft-decision decoding process can provide an increase in coding gain about 2
to 3 dB over hard-decision decoding on the AWGN channel. Here, the uniform metric
assignment method is introduced. If 8 levels quantization is used for a rate 1/2 code, then

the entire set of branch metric are represented in Table 2.1. In this table, each pair (dy, ds)

19



denotes the Euclidean distance between codeword symbols and received sequences, and

the coordinate represents the value of the branch metric.

Table 2.1: Uniform branch metric assignments

didy O 1 2 3 4 5 6 7
o |01 2 3 4 5 6 7
1 123 4 5 6 7 8
2 12 3 4 5 6 7 8 9
3 13 45 6 7 8 9 10
4 14 5 6 7 8 9 10 11
5 |5 6 7 8 9 10 11 12
6 |6 7 8 9 10 11 12 13
T 17T 8 9 10 11 12 13 14

In many applications, the table Can be asmgned as the non-uniform one. It may have
[

the better assignments through a trlal and error evaluat],on according to the situations of

the channel. =5 atal

2.3.2 Add-Compare-Select"U‘nit

Typically, PM calculation with the recursive add-compare-select (ACS) operation is the
most timing critical part that dominates the overall throughput. The path metric of state

SEt at time instance t + 1 can be recursively obtained by

PM(S{) = min[PM(S!) + BM(3L)

=1,

PM(S;) = min[PM(S)) + BM(8,,)] (2.19)
y=1,

M(S;,) = min [P M(S;,2) + BM(B; )]

Note that S% connects to S;*' through 5%, SI-' connects to S% through Fi!, and Si2,

attaches to S ! via gt y .. The recursion in (2.19) is an ACS operation shown in Fig. 2.8

20



that iteratively updates the path metrics in each time instance. It is the serial operations

within ACSU that causes the critical path bottleneck.

BM (/)

PM(S))

PM(S™)

PM(S,

BM(f3,)

Figure 2.8: The radix-2 ACS structure

Therefore, assume R = 1/n binary codes, the radix-2M approach is proposed to en-
hance the decoding speed by a factor of M [9]. With M-step lookahead architecture, the
trellis structure becomes radix-2" in Fig. 2.9(a), and the PM(S;™) at time instance

t + M can be expressed by

PM(S5H 3 ahin[ PRS0 B (5)), (2.20)

] HAS 3 F :

and C' = {1,2, ..., 2M} is the set of iﬁ_dexesﬁt}die&t_;_ipg S% eonnects to S5 through 3¢. The
equivalent radix-2 ACS unit in Figﬁre ,2-9(b> achieves M times speedup as compared to
the radix-2 ACSU in Figure 2.8. Nevertheless, the number of branches in Figure 2.9(a) will
be 2M=1 times of that in radix-2 trellis, leading to the exponentially increasing complexity
and limited M value (< 2). Hence, high-radix approach that accelerates Viterbi decoding
may also cause large critical path delay. As shown in Figure 2.9, the adders can be
proceeded simultaneously, but the speed of the comparator will be degraded as the number

of branches increases. Therefore, the comparator should be optimized to acquire the

corresponding enhancement contributed by high-radix trellis.

2.3.3 Survivor Path Unit

There are two well-known methods for the storage of the survivor sequences. One is the

register-exchange method, and another is the trace-back method. The two methods would

21
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Figure 2.9: The radix-2" PM updating and the corresponding ACS structure
be introduced in the following.

e Register-exchange Method
The register-exchange method stores'the decoded sequences in shift register array.
At each iteration, the decoded-ééquenées are' shifted according to the decision result

of the survivor. In order to eXplaln the operatlon of the register-exchange method,
the convolutional code with generat‘otm;mgmlal gl( ) =1+ D+ D? and ¢g5(D) =
1+ D? is used. And the hard- de(nswn decodmg shown in Figure 2.10 is adopted to

simplify the interpretation.

If the message sequence is represented as
(1,0,1,1,1,0,0)
From the introduction of the chapter 2, the codeword sequence would be
(11,10,00,01,10,01,11)

Figure 2.11 illustrates the procedure to find the minimum distance path. When the

codeword R = 11 is received, the branch metrics can be obtained from the Figure

22



Figure 2.10: Branch metric in hard-decision decoding

2.10. Thus the transition on the dotted line from state Syy to state Sy is
PMOO(S(%O)..-.-::" h PM(:$80> + BM(ﬁgo)
4= v\
and on the solid line from st(ia,_t'e So_li ’(_';__o";'s.fa.u_‘_c_eu_%o ,i_sl'II
PMo(Si= PM(SEY+ BM(5Y,)
Sy
=0
Then the path metric at state Sy is
PM(Sgy) = min[PMoo(S5) + P Moi (Sg)]
= min(2,0)
=0
Because the path metric on the dotted line is larger than that on the solid line,
the dotted line should be deleted. On this rule, the survivor at each state would
be obtained. The result is shown in Figure 2.12. At the first stage, each symbol

to state Spg or state Sy; would be decoded as “0”, and to state Sig or Si; is “17.

Therefore, the fixed value is shifted in the first stage.
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Figure 2.12: Register-exchange decoding at the first iteration

After the seventh iteration, the result is shown in Figure 2.14. It is clear that the

minimum path metric is appeaupea?:'at Srtlé-ite S@.:;JTherefore, the decoded sequence is
(1,0,1,1,1,0,0). F EEH\A e

=

The overall architecture of tf}.e'-.r‘eg‘ist_e’r;-é'}.(chan-ge‘ r_i;;lethod can be implemented as in
Figure 2.15. When the generf;tp}«_i}‘o‘.lyﬁar;rﬂél_s _t;)(éréome complicated, the computing
complexity grows up quickly. It e tha"c.iligh power consumption is needed.
Thus the register exchange is not suitable for the decoders with the complicated

generator polynomials.

Trace-back Method

The trace-back method stores the survivor sequence in the memory devices. In the
(2,1, v) convolutional code, there are always two transitions merged into one state.
If the upper transition arriving to this state is selected, the decision bit is set to
zero. Otherwise, the decision bit is set to one. As shown in Figure 2.16, the decision
bits 1,0,0,0 are set according to the lower transition to state Sy, and the upper

transitions to other states.

After the seventh iteration, all memory devices as shown in Figure 2.17 are filled.
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Figure 2.13: Register-exchange decoding at the second iteration

But, these decision bits define only the tran81t10ns rather than the decoded se-
quences. One more procedure ascaﬂed}trace* back must be performed. This opera-
tion starts at the state with tl}e mmu[q;'um;pa‘th metrlc In this example as shown
in Figure 2.18, it starts frome the sﬁatef 500, _and t'naces backward from the seventh
iteration to the first 1terat10n Th@mMeverse order decoded sequence is gen-

erated. e, ] s
A shift register base architecture is shown in Figure 2.19. The drawback in this
architecture is that the longer critical path is performed. So it is hard to achieve

the high data rate application.
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Figure 2.14: Register-exchange decoding at the seventh iteration
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Figure 2.15: Block diagram of the register-exchange method
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Figure 2.16: Trace-back decoding at the first iteratio

1 BBE- :

°'\"

sw y

:
ﬂ ﬂ II ﬂ
I I 1
Dl Dl
o] o] L]

Figure 2.17: Trace-back decoding at the seventh iteration
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Figure 2.19: Block diagram of the trace-back method
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Chapter 3

High-Speed ACS Unit Design

3.1 Introduction to Retiming Technique

The retiming approach tends to parallelize the ACSU computations. We first define
another pre-path metric (pre-PM), deribfed by T, ok

D(3: P (ST B (). (3.1)

According to the recursion in (2.19)7RM(SEisafunction of the information coming from

the two branches, 35" and 3.,'. Thereforesthe ¢@nputation in (3.1) can be extended to

(3 £ in [I'( i_yl)] +BM(3), v ;_yl connect to SZ, (3.2)

y=1.2
resulting in a recursion for I' that contains the compare-select (CS) function for I'(5] ')
and the addition with BM(/%). Figure 3.1 illustrates the operation in trellis when x = 1.
Note that the final addition has no impact on the compare function; therefore, the addition
and the comparison can be performed concurrently, leading to the parallel architecture in
Figure 3.2(b). Since the recursion has been changed from PM(S45) to T'(Bt) and T'(3%),
the number of adders and multiplexers is doubled in contrast to the original ACSU in
Figure 2.8.

The process is a retiming of PM registers and adders among different time instances,

and Fig. 3.2(a) demonstrates the retiming procedure with pre-PMs instead of PMs being
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mnlC(5,)]  +BM (4!)

Figure 3.1: The trellis diagram after retiming

stored in registers. The PM registers at time instance ¢t are moved to the branches
between t and ¢t —1 to keep the pre-PM metric I, making the number of registers twofold.
Furthermore, the adders are also relocated to be parallel with the compare operations.
The result after retiming is presented in Fig. 3.2(b) in which the number of registers,
adders, and multiplexers is double as manjasithe structure before retiming. Actually,

the architecture in Fig. 3.2(b) is identical torthedouble state approach presented in [17].

(a) Retiming of radix-2 ACSU (b) After retiming

Figure 3.2: The retiming procedure among different time instances

The performance of high-radix approaches is dominated by the large critical path due

to exponentially increasing branches. Therefore, the present method improves the speed
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through parallel processing in radix-2" ACS units. The other area-efficient solution based
on two-dimensional (2-D) radix-2" x 2™ trellis structure is also proposed in following

sections.

3.2 Retiming of radix-2"

The critical part of a radix-2 ACS unit is to search the minimum PM + BM value
among 2M candidates. One of the solutions to simplify the searching algorithm is the
decomposition of the candidates that need to be compared. The ACS operation in (2.20)

can be re-written as

M (S5™) = min[min [PM(S.,)+ BM(3, )], (3.3)

reXy, yEYm

where X,, ={1,2,...,2"}, Y, ={1,2,...,2™}, and M = m +n. The minimum function
is decomposed into two levels, and the 28 candidates are partitioned into 2" subsets. The
first level is 2™-way CS (CS-2™) operatlons that ﬁnds the minimum within each subset
containing 2™ candidates. Slmllarly, with a 2” Way CS (GS 2") function, the outputs from
the first level are compared consecutlvely to p@ugﬁ the ﬁnal result. Fig. 3.3 demonstrates
the architecture of a radix-2" ACS umt The crltlcai path in Fig. 3.3 will be the adder
plus two levels of comparator and multlplexer

In order to further improve the speed, the retiming method as mentioned above is

applied to the radix-2 ACS unit. The variable I'(3%) is defined as the result of the first

level comparison (see Fig.3.3), and

L(8,) = min [PM(S, ) + BM(3, )] (3.4)

YEY m

Therefore, the original ACS recursion in (3.3) can then be converted to

M(SE) = min[T(3)]. (55)
If we substitute T'(5% ) for PM(S!,) in (3.4), the recursion of T'(5.) can be deduced,
t o . .
P(3;) = min [min[D(3,, 5] + BM(3,,)], (3.6)
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Figure 3.3: Radix-2™ ACS unit with two levels of CS functions

t—M
where (3"

is the z-th incoming brapc_h’.bf Sty < ,
Fig. 3.4 illustrates the related ré,dix—ZM i‘firelﬁs-'dia.g"ram for (3.6). With two levels of

computations, the first CS-2" opera“mon performs mln[F( )] and the second ACS-2™
operation completes the remaining= Calculaflon_sj?f(S 6) Since BM(f3;,) is constant for
all z, the first CS-2" operation and the‘ additions-if -ACS—Qm can proceed simultaneously,
achieving less datapath delay. ”

Fig. 3.5(a) shows the retiming process (RT-1) of radix-2" ACS unit according to (3.6)
and Fig. 3.4. The registers keeping PM (S}, ,) for y € Yy, are moved to the branch 3, , . to

store (G M) for z € X,,; therefore, the number of registers becomes 2" times. Further-

T,Y,2 )
more, the adders are changed to the inputs of 2"-to-1 multiplexer, and their amount also
increases 2™ — 1 times. The number of multiplexers in the second level operation should
be 2M times because each state has 2M leaving branches. Fig. 3.5(b) shows the structure

of the retimed radix-2 ACS unit where the comparisons in the first level coincide with

the additions.
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Figure 3.4: Radix-2M trellis diagram
3.3 Introduction to Two-Dimensional ACS Unit

The exponentially increasing compleidty of high—'radﬁt Viterbi decoder is the major con-
cern during VLSI implementation. Moreovef, tﬁe'numbér of BMs generated by BMU also
increases exponentially. For a codé with K-> 7, farge fiumber of ACS units required to
achieve high-speed parallel processing Wili need ﬁloré» area for signal routing. Therefore,
a radix-2™ x 2" structure is introduced to achieve the throughput equivalent to radix-2
approach where M = m + n. As shown in Fig. 3.6, the radix-2™ x 2" ACS unit consists
of two levels of consecutive radix-2™ and radix-2" ACS units. In the second level, the

new PMs at time instance ¢ + m is obtained in advance and directly passed to compute

PM(S5™), leading to an equivalent radix-2" ACS operation. Thus,

PM(S5™M) = min[PM(SEH™) + BMy(B5™))

reXy
_ : : t t t+m
= min[min [PM(S; ) + BM(B;,)] + BMa(0"™) (3.7)

where BM; and BM; correspond to the BM value in the 1-st and the 2-nd level.
The radix-2" x 2" ACS unit in Fig. 3.7, referred to the two-dimensional (2-D) structure,
is similar to the radix-2" ACS unit, except that only smaller radix-2™ ACS (ACS-2™)
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units and radix-2" ACS (ACS-2") units are required. Since the exponentially increasing
hardware cost of a high-radix ACS, the complexity of a Viterbi decoder based on radix-
2™ % 2™ architecture is much smaller than that based on radix-2" architecture. However,
the critical path of the 2-D structure is through two levels of ACS unit, inducing one more

adder delay as compared with the radix-2" ACS unit in Fig. 3.3.

3.4 Retiming of 2-D ACS Unit

The 2-D ACS unit can be further improved to achieve higher speed with acceptable cost
through retiming approach. Moreover, the experimental results show that radix-2" x 2"
structure with retiming method is more area efficient than the radix-2™ architecture.
Two possible retiming schemes based on (3.7) will be presented in the following. The
first scheme comes from the observation that BM,(557™) is independent of the function
yrg{_n [PM(S,,) + BM(3,,)], and can be moved to the inputs of multiplexers in the first
level of Fig. 3.7. This retiming procedure RIT 2 as shown in Fig. 3.9(a) results in a ACS
unit in Fig. 3.9(b). Note that the «rifical path is almost the same as the radix-2" ACS
unit in Fig. 3.3. The overhead to a’stam thlsra,cgelemtlon is 2™ — 1 times more adders and
multiplexers in the first level. . 4
The other retiming scheme can be pro‘éeede('i'bsf setting T'(857™) to be
D(8;"™) = min [PM(S; ) + BMi(5,,)] + BM(8;™), (3-8)

YEY m

and (3.7) will become
M(S{) = min[P(35™)] (39)

rzEXy

Similarly, PM(S%,) can be extended to be a function of I'(5. ") where §. " is the

T,Y,2 T,Y,2

incoming branch of state S;, . The extension of (3.8) should be
L3, = min[min[P(8,,%)] + BMi(6;,)] + BM2(5;") (3.10)

YEY m 2€Xn,

Fig. 3.8 illustrates the corresponding operation on the radix-2™ x 2" trellis for (3.10)
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with = 1. The computation contains CS-2" operations, ACS-2" calculations, and a
final addition (Add). Note that the additions can also be retimed for less datapath delay.

The retiming procedure (RT-3) is demonstrated in Fig. 3.9(a) where both registers
and adders are moved. Fig. 3.9(c) shows the final result after retiming. Keeping the
results T'(S57™) on branches, the registers increase to 2" times as many as the original
one. Furthermore, the numbers of adders and multiplexers also become 2" times due to

the movement of additions.

3.5 Comparison

The optimization methods as mentioned above tend to break the critical path through
parallelizing the serial add, compare, and select operations. Fig. 3.10 compares datapath
delays of different ACS configurations. The delay times of CS-2™, CS-2", ACS-2™, and
ACS-2" functions are defined to be T@’.S_..Q.m ] T-C-:S"Lgrf, Tacs—om, and Tacg_on. We also
assume that Tog om and Trg_on are iéfger- Fﬁan'fhe .(-ielay time of additions. The major
enhancement is the elimination of-datapath delay contnbuted by additions. Note that
both ACS-2 with RT-1 and ACS 2m X Q”ﬁm-th—RTT 3 can achieve the lowest delay time
Tos_om+Tog_on because of the parallel addltlons and comparisons. Furthermore, Fig. 3.10
also shows that ACS-2" x 2" with RT-2 can acquire a comparable performance to the
ACS-2M structure.

Table 3.1 summarizes the complexity of the ACS architectures presented in this paper.
The cost of ACS-2™ x 2" is smaller than that of ACS-2M because 2 > 2™ + 27 and
the minimum adder requirement of ACS-2" x 2" can be achieved when m = [4] and
n =M — [2]. Considering ACS-2" with RT1 and ACS-2" x 2" with RT-3, the number
of adders in the former is larger than that in the latter while n > 1. Moreover, ACS-2
with RT-1 has 2" times as many 2™-way comparators as ACS-2™ x 2™ with RT-3. The
original ACS-2" structure has the delay time similar to ACS-2™ x 2" with RT-2, but
has (2" — 1) times more 2"-way comparators, which are considerably more complex than

adders. According the the summary in Table 3.1, the 2-D ACS-2™ x 2" structure can
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Table 3.1: Comparison of complexity among different ACS configurations

2M-way 2" -way 2™m to 1 2" to 1
registers adders
comparator | comparator | multiplexer | multiplexer
ACS-2M N 2M . N 2" - N N 2" N N
ACS-2M (RT-1) 2" . N 2n . 2M . N 2" . N N 2" . N 2M . N
ACS-2m . 2™ N (2m 42" - N N N N N
ACS-2™ x 2" (RT-2) N (2m +2My. N N N 2" . N N
ACS-2m x 2" (RT-3) || 2"-N | (2M +2M). N N N 2" . N 2m . N

I The number of states is N = 261,

2M=m+n.

accomplish more cost efficient solutions with retiming for the high-speed requirement.
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Figure 3.5: Retiming of the radix-2" ACS unit among different time instances
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Chapter 4

Simulation and Implementation

4.1 Introduction to Ultra-Wide Band System

Ultra-wideband (UWB) is an emerging Wir.eless_physical(PHY)—layer technologythat uses
a very large bandwidth [18,19]. By its “r‘ule—makiﬁg’ proposal in 2002, the Federal Com-
munications Commission (FCC) utileashed :3I.];GHZ tol'_l().GGHz RF band for increasing
high-speed data transmission. Thé .r:nulitfband'zdFDM ﬁ’HY—layer proposal indicates the
coded OFDM (COFDM)-based baéerbanc.l-'sgm'can brovide up to 480Mb/s with 2m
desired range for 528MHz UWB sy-stémsl [4]. To énhance overall system performance,
the 64-state convolutional codes and interleaving techniques are used in the forward error

correction (FEC) mechanism, whose block diagram is shown in Fig. 4.1.

Baseband
TX I\ Convolutional -\ OFDM |\ N\
DataI: Scrembler "/ Encoder Interleaver 1 MODEM L/ DAC ) RF
RX /—  Viterbi |t . OFDM - /—
Data De-scrembler N Decoder N— De-interleaver MODEM [\ DAC - RF

Figure 4.1: Block diagram of multi-band COFDM UWB systems.

In the MB-OFDM UWRB systems, the maximum 480Mb /s data rate with a bandwidth

of 528MHz is specified. The punctured convolutional code with either frequency or time
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domain spreading is used to change the data rate for different channel state information.
The encoding function uses the punctured convolutional encoder with the base rate (R)
1/3 and the generator polynomials gy = 133s, g1 = 165g, and go = 171g as shown in
Figure4.2. Higher coding rates are derived by puncturing. Puncturing is a procedure for
omitting some of the encoded bits in the transmitter and inserting a dummy zero metric
into the decoder on the receive side in place of the omitted bits. The puncturing patterns

are illustrated in Figure4.3.

() < <> D Output Data A
o — Jol Ll Joll Jo]l __[o] D
I Y 1
<> <> ( ANV Output Data B
D D < s

Figure 4.2: Convolutional encoder of multi-band COFDM UWB systems.

Puncture De-Puncture
Source Data L[ x| @[ 6| x| x| [} 2l s| v %] pecoded Data
A0 | A1 | A2 | A3 | A4 | A5 : AG| A1 | A2 A3 | A4 | A5
Encoded Data | 50| 67| 62| B3| 64| &5 B0 | 81| 52| B3| B4 B5| Bit Inserted Data
a | c1 (o4 c3 4 c1 (074 3| 4| C5

c5 a
Stolen Bit 1 t Inserted Dummy Bit

[wTw]alals]s] o] (Don't Cares)

Bit Stolen Data (Sent/Received Data)

Figure 4.3: Punctured coding with rate R = 3/4

4.2 Simulation Results

The Viterbi decoder was designed to target the MB-OFDM physical layer proposal for the
IEEE 802.15.3a standard. In order to determine appropriate design parameters such as

the bit widths of the path metric, branch metric, and the input symbol, the performance
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evaluation through simulations are necessary. The bit error rate (BER) curves of the
floating point and the fixed point decoders are presented in Figure4.4. Note that the

R =11/32 case is excluded because its performance is very close to the R = 1/3 one.

1DD N N N | — % —fleating, R=1/3
- - - - EE —*—floatlr‘lg, R:'|."2
""""""""""""" -4 — % —floating, R=5/8
TR U= S Do A | = + = floating, R=3/4
""""" i —6— fixed, R=1/3
""" RG] = fixed, R=1/2
10_2 . : . | —&— fixed, R=5/8
( £ " —B— fixed, R=3/4
r .-
w 10" )
@ ¥
107"
107 EEEEEE
_a_____ﬁﬁﬁﬁﬁlﬁﬁff.......:ZZZZZ....__.ZZZZZZ:Z......___:ZZZZZ____.___.___Z_.|.
10 i i i i i i i
0 1 2 3 4 5 5] T

Eb/No [dB]
Figure 4.4"The BER curves

Note that the truncation length of the survivor memory varies with the rate R in order
to reduce the power dissipation under limited performance loss. The input symbols are
quantized to eight levels with the step size A = 0.25. For both I and Q inputs, the range
of —1 ~ +1 is divided into 8 parts corresponding to 0 ~ 7.

4.3 Implementation Results

The circuit implementation of Viterbi decoders are completed based on the proposed
high-radix and 2-D ACS structures. The punctured convolutional code specified in [4]

is selected for implementation. Furthermore, the resolutions of path metric and branch
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Table 4.1: Parameters of the Viterbi decoder
State number 64

- 111153
Coding rate 5 39020 80 ]

PM width 9 bits
BM width 5 bits

Truncation length || 96 (max.)
ACS radix-16

structure m=n=2

metric as well as the traceback length of SMU are determined according to the system
of [4]. The parameters of the Viterbi decoder in our experiment are listed in Table 4.1.
Considering the high throughput requirement, the RE approach is applied to SMU
with quite different structures in radix-2 and radix-2" x 2" designs. The number of
branches between time instances ¢ and.-t"—F M ir-i"r'adi.X—QM trellis is 2™ - N; however, this
number reduces to (2™ +2") - N in {ra.udi){a?"";7 X"2” ‘c'i:ellis resulting in less multiplexers
in SMU. In this implementation W],th M =4 and m = n = 2, if we select the 4-to-1

multiplexer as the basic unit and assume fhe-l—6—%e—1 multlplexer consists of five units, the

5N'

(s =25 tlmes as many as that in the radix-22 x 22

multiplexers in the radix-2* SMU is
SMU.

Based on the proposed architectures, the Viterbi decoders have been implemented by
using 1.8V 0.18-um 1P6M CMOS technology and 1.2V 0.13-um 1P8M CMOS technology.
We estimate the data throughput with static timing analysis (STA) while considering
1.62V supply for the 0.18-pum design, 1.08V supply for the 0.13-pum design, the worst
speed corner, and the coupling noise due to crosstalk effect on signal wires. The results
with tight timing constraints are reported in Table 4.2 and Table 4.3. The gate count(N¢)
is calculated based on the extracted gate level netlist from the layout, and ANg indicates
the gate count increase during the physical implementation. Note that ANg can reflect

the signal routing complexity in the layout implementation. Larger ANy indicates more

capacitance caused by signal connections should be buffered. The density is an area
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Table 4.2: Implementation results with timing critical constraints

0.18-um 1P6M || Data rate (Mb/s) | Area (mm?) Ng ANg | Density
ACS-16 513 9.30 740.0k | 151.1k 0.79
ACS-16(RT-1) 623 15.21 1129.9k | 190.4k 0.74
ACS-4 x 4! 427 4.41 310.4k | 76.4k 0.77
ACS-4 x 4(RT-2) 553 5.29 398.6k | 36.6k 0.75
ACS-4 x 4(RT-3) 731 6.76 533.1k | 114.6k 0.79

! This chip was fabricated, and the results showed the 500Mb/s data rate is

achieved under 1.8V supply.

utilization measure for standard cells within the core region and also dominated by the

routing complexity:.

4.4 Discussion

In Table 4.2, both ACS-16 and ACS-4 x4 with 'R'.I‘—2 canr_:suﬂiciently satisfy the data rates
of the UWB system in [4]. Neverthél_ess,71._;hvé-7ACS'—47 x4 ' based decoder has only 57% area
of the ACS-16 based one. With RT-1, 'the‘ speed of %he ACS-16 decoder can be risen from
513Mb/s to 623Mb/s. Furthermore, the data throughput can be improved by 71% and
30% when RT-3 and RT-2 are applied to the ACS-4 x 4 architectures.

The results in Table 4.3 indicate much higher speed and density can be accomplished
due to the improvement of technology and two additional metal layers. Similar to the
results of 0.18-um designs, ACS-16 with RT-1 and ACS-4 x 4 with RT-3 are shown to
achieve the highest data rates which are over 1Gb/s; however, the ACS-4 x 4 based design
is much smaller than the ACS-16 based one. The less computational units and the simple
signal routing result in not only the smaller Ng and A Ng, but also the higher chip density.
Consequently, the implementation shows that ACS-4 x 4 based decoders are with much

small area.
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Table 4.3: Implementation results with timing critical constraints

0.13-um 1P8M || Data rate (Mb/s) | Area (mm?) | Ng ANg | Density
ACS-16 933 3.61 647.3k | 84.7k 0.92
ACS-16(RT-1) 1,038 5.36 945.7k | 212.3k 0.90
ACS-4 x 4 923 1.28 239.2k | 29.1k 0.96
ACS-4 x 4(RT-2) 986 1.85 349.9k | 45.6k 0.97
ACS-4 x 4(RT-3) 1,105 1.96 358.0k | 43.9k 0.94

Table 4.4: Implementation results of 500Mb/s data rate

Area (mm?) | Ng | ANg | Density | Power(mW)*
ACS-16 2.66 491.7k | 66.1k | 0.94 344
ACS-16(RT-1) 3.84 685.5k | 82.0k | 0.92 533
ACS-4 x 4 0.90 165.5k | 5.2k | 0.94 119
ACS-4 x 4(RT-2) 138 aiborr icdis.ak | 0.4 169
ACS-4 x 4(RT-3) 1.44 263.2k %99k | 0.94 195

2 1.2V supply and 500Mb /s dataj rate

Table 4.4 also lists the results when the timing eonstraint of 500Mb/s throughput is
applied to all designs. The reports of ACS-4 >< 4 based Viterbi decoders also present
much smaller area and ANg than the ACS-16 based decoders. In this table, the power
consumption evaluated with 1.2V power supply reveals the same trends as Ng.

In conclusion, these reports confirm the analysis in section 3.5 that ACS-4 x 4 based
architectures are more cost efficient for high-speed Viterbi decoders. Furthermore, the
retiming techniques can improve the throughput especially for the timing critical cases.
In the 0.13-pum technology, the ACS-4 x 4 based design can completely meet the UWB

system in [4], and over 1Gb/s data rates are available with the retiming process.

48



Chapter 5

Conclusion

The 2-D ACS structure and the retiming mechanism are presented in this paper. The
2-D architecture provides more area efficient solutions for the high-radix trellis decoding,
and the retiming techniques reduce the critipal path delay of ACS units to facilitate high-
speed applications. The Viterbi dec_od_éf.for th(-‘aV:UWB system [4] is also realized with
the proposed approaches. The exp'erimentéﬂé reé'lﬂts "rvleport a significant area reduction
for the designs with 2-D ACS unit;‘ -a:nd a cani(:iérable ii:llprovement in throughput when
the retiming process is employed. The O&S—?Mp deéign shows RT-3 can improve the
speed of ACS-4 x 4 by about 71%. - -additiop, bu"iit in the 0.13-pum technology, both
the ACS-16 decoder and the ACS-4 x 4 decoderlwith retiming can accomplish the 1Gb/s

data rate, but the later occupies only 37% area in contrast to the former.
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