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Abstract—Two eight-state 7-bit soft-output Viterbi decoders Noise
matched to an EPR4 channel and a rate-8/9 convolutional code are
implemented in a 0.18um CMOS technology. The throughput of
the decoders is increased through architectural transformation of u Octal(13) X . u, EPR4 | X y

T

the add-compare-select recursion, with a small area overhead. The —ppf Channel
survivor-path decoding logic of a conventional Viterbi decoder

register exchange is adapted to detect the two most likely paths.
The 4-mnm? chip has been verified to decode at 500 Mb/s with

Encoder

1.8-V supply. These decoders can be used as constituent decoders @)

for Turbo codes in high-performance applications requiring y i
information rates that are very close to the Shannon limit. i X 1

g »  EPR4 Y —— % | Octal(13) —»
Index Terms—tterative decoders, turbo codes, Viterbi decoder, Decoder —» 1 Decoder
VLSI.
u, X,
I. INTRODUCTION T <

URBO CODES consist of two or more convolutional
codes concatenated through an interleaver in a parallel or (b)

serial structure. These codes are decoded iteratively by passiigg1. Serial turbo. (a) Encoder. (b) Decoder with blocks separated by
a posteriori probabilities between the decoding modules, arigferieavers/ deinterleavers (z ).
are capable of operating near the Shannon limit of channel
capacity. There has been a recent interest in using iterative gight-state Octal(13) convolutional encoder, with an enhanced
coding techniques in advanced communication systems as vatial response class-4 (EPR4) channel. EPR4 equalization
as magnetic disk-drive read-write channels [1]. Contemporafatches well with the channel response at contemporary
magnetic recording systems are based on partial respof€ording densities. In addition to decoding incoming bits,
equalization with maximum likelihood detection (PRML) [2].the two decoders have to provide soft output information as a
Sustained growth in the areal densities beyond 10giiSkin Measure of the posteriori probability. This computation is
future systems will be accompanied by reduced signal-to-nofégduently performed using maximuenposteriori(MAP) de-
ratios (SNRs) at which data is detected, requiring a shffders that implement the Bahl-Cocke-Jelinek-Raviv (BCJR)
toward more sophisticated detection methods such as iterafg@orithm [4]. The complexity of MAP decoders can be traded
decoding. The application of iterative decoding [3] offers largl®r marginally degraded bit error rate (BER) performance by
SNR advantage over conventionally used PRML systems, tgplacing them with decoders applying the soft-output Viterbi
requires a significant increase in computational complexit§!gorithm (SOVA) [5]-[7].
Magnetic Storage channels differ from most other commu- In order to achieve throughputs that are in line with current
nications channels because they have very high throughfi@nds in magnetic recording systems, a fully unrolled and
requirements under low cost and low power constraints. plpellned architecture [6] is needed. This results in a linear

The magnetic recording channel can be used as an |nr@fr;np|eX|ty increase with the number of iterations, and there-
rate-1 encoder [1] for a serial Turbo code. Fig. 1 shows d@re limits the number of iterations in practical systems to
example system that comprises a serial concatenation of &tput three or four. The large area and power consumption of

unrolled iterative decoders are two of the major challenges for
their acceptance in storage systems.
Manuscript received December 1, 2002; revised March 15, 2003. This work An early VLS| implementation of a SOVA decoder [8]

was supported by Texas Instruments Incorporated under a UC Micro Progragighieved 40 Mb/s throughput in azim CMOS standard cell
E. Yeo and B. Nikolicare with the Department of Electrical Engineering an

Computer Sciences, University of California, Berkeley, CA 94720 USA (e-mai€chnology. In order to reduce the power and area of the imple-
yeo@eecs.berkeley.edu; bora@eecs.berkeley.edu). mentation, RAM macros were used. The path selections were
S. A. Augsburger was with the University of California, Berkeley, CA 9472$0ne with the register-exchange technique to reduce the overall
USA. She is now with Intel Corporation, Santa Clara, CA 95052 USA (e-mailz | imol . f1h d d
stephanie.a.augsburger@intel.com). atency. A low power implementation of the SOVA decoder [9]
W. R. Davis was with the University of California, Berkeley, CA 94720uses DRAM blocks for path selection. The DRAMs need to be
USA. He is now with the Department of Electrical and Computer Engirlocked at a muItipIe frequency of the decoding symbol rate.
neering, North Carolina State University, Raleigh, NC 27695 USA (e-mai 'h. | h he limiti f in the d di
rhett_davis@ncsu.edu). IS places the memory as the limiting factor in the decoding

Digital Object Identifier 10.1109/JSSC.2003.813250 throughput of the design.

0018-9200/03$17.00 © 2003 IEEE



YEO et al. SOFT-OUTPUT VITERBI DECODER 1235

=

output), which is the same information output by a traditional
Viterbi decoder. The 6-bit magnitude value represents the log-
likelihood of an error in decoding of the particular bit (soft
output).

The architecture that implements this decoder is shown in
Fig. 3. The branch metric generator, eight compare-select-add
(CSA) units, and thd.-step survivor memory unit (SMU) form
the building blocks of a conventional Viterbi decoder. The eight
parallel CSA blocks compute the pairs of cumulative path met-
rics and select the winning paths in the underlying trellis rep-

 Mstep traceback with PED  Viterbi algorithm with L-step traceback resentation of the convolutional code. Additionally, each CSA
Fig. 2. Two-stage traceback in a SOVA decoder to determine the two l\&ISO outputs the difference m_pgth metrics betwe_en the two com-
paths,a and 3. peting paths. The path decisions are stored into an array of
L-step flip-flop-based FIFO buffers. The delayed signals are

In contrast, this work increases the throughputs of two intised in theM -step path-equivalence detector (PED) to deter-
plemented soft-output Viterbi decoders by means of retimifgine the equivalence between each pair of competing decisions
followed by transformation of the add-compare-select (ACSPtained through g-step tracebackj € {1,2,..., M}.
recursion. These steps permit the computations of the add andhe path metric differences from the eight CSAs are stored
compare steps to be performed in parallel. The path selectiBrfIFO buffers of deptfL. Using the output decision from the
mechanisms make use of a modified register-exchange [8]3MU as a multiplexer select signal, the delayed metric differ-
avoid the throughput bottleneck in SRAM blocks. ence at the most likely state is sent to a reliability measure unit

The arithmetic requirements and system architecture of tgMU). The RMU also receives a list of equivalence test results
SOVA decoder will be discussed in Section Il. Both decodet8at are performed on the competing traceback decisions paths
share the same architecture. One decoder is matched to th originate from the most likely state. The selected equiva-
EPR4 channel with &1 & D)~! precoder while the other is lence results are evaluated in the RMU in order to output the
matched to an Octa|(13) feedforward convolutional code. minimum path metric difference rEerCting Competing traceback

Section Il presents the microarchitectural analysis of vario@&ths that result in complementary bit decisionand:.

ACS structures in power, area, and delay space. Section IV de-
scribes the use of deeply pipelined mechanisms for the trace- lll. ACS STRUCTURES

back, equivalence detection, and comparison of competing patfrhe throughput of hard- or soft-output Viterbi decoders is
metrics. Finally, Section V discusses the design flow, test prat by the particular target application requirements. Depending
cedures, and results of tests performed on the decoder chip.o the implementation platform or the complexity limitations,
the decoders can be built using concurrent computation of all
Il. SOVA DECODERARCHITECTURE state metrics or by resource sharing through multiplexing the

The SOVA decoder outputs the log-likelihood of a correctigomputational units [10]. High-throughput applications require
decoded bit. This value is given by the difference between tHte use of fully parallel decoder implementations.
path metrics of the two most likely (ML) paths that trace back The throughput of a SOVA decoder has traditionally been
to complementary bit decisions,andz. Fig. 2 shows that the limited by the difficulty of pipelining the single-step ACS recur-
ML path, «, is determined using the Viterbi algorithm with arsion. Fig. 4 shows the transition trellis of an example eight-state
L-step traceback. This is followed by ati-step traceback that hard or soft-decision Viterbi decoder. The critical-path of a tra-
resolves the next ML pati, based on maximal probability of ditional ACS computation extends through the sequential exe-
its deviation froma. cution of two parallel additions, a comparison and a selection.
Assuming that the absolute values of the path metrigs, Letsm;(n) represent the path metric for stateandbm;(n),
and M, dominate over those of other paths, the probability éhe branch metric of a corresponding transition from state

selectings overa (i.e., making the wrong decision) is given bystatej, with the time step denoted by. Then, an example of
exp (—Mjp) the ACS recursion corresponding to state 0 is shown in (3).
/

sSmo (n) + bmoo (n) } (3)

b

o ©
kM n

Perr -
~exp(—M,) + exp (—Mp)

smo(n+1)= min{

1 smy (n) 4+ bmag (n)
1+ exp(A) ‘ The comparison is implemented through subtraction, and the
The log-likelihood of a correct output by the SOVA decodeost significant bit (MSB) of the result selects the winning
is given by path. The ripple-carry implementations of both add and com-
Correct Decisio 1-P pare operations take advantage of the similarity in carry profiles.
log —————— )| =log = The amount of overhead in the critical path required for exe-
Wrong Decision T

cuting the subtraction only involves the computation of the MSB
=A=Mp—Ma. (2 of the difference. Fast adder structures such as the carry-se-

Each implemented SOVA decoder outputs 7-bit sign-magrect adder will require the subsequent subtraction to follow an

tude values. The sign bit carries the decoded bit decision (hatarupt carry profile, which yields minimal performance gains
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Fig. 3. System architecture of eight-state SOVA decoder.
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Fig. 4. Radix-2 trellis and ACS structure.

with large area penalties. The use of a redundant numberingd-inally, an architecture, obtained through retiming and trans-
system with MSB-first computations can provide performandermation of the ACS unit [13], [14] has a critical path con-
improvement [10], [11]. However, this is achieved at the exsisting only of a two-input adder and a multiplexer. Without loss
pense of large area due to the carry-save representation.  of generality, Fig. 6 shows a retimed ACS, which has been de-
Previous high-throughput implementations of the Viterdayed by a third of a cycle. The operations are reordered as de-
decoder [10]-[12] unrolled the ACS loop in order to perforrfined in (4). A comparison between the two sums is followed
two-step iterations of the trellis recursions within a single clody selection of the appropriate minimum value, and finally, ad-
period. These lookahead methods replace the original radixti#ion of the two corresponding branch metrics. The resulting
trellis (Fig. 4) with a radix-4 trellis (Fig. 5), at the cost of in-structure has been labeled as a CSA unit. This transformation
creased interconnect complexity. A radix-4 ACS computes foyields no performance gain: the subtraction no longer follows
sums in parallel followed by a four-way comparison. In ordghe addition and the carry profile is flattened by the multiplexer.
to minimize the critical-path delay, the comparison is realizéthe complete delays of the addition and subtraction appear in
using six parallel pair-wise subtractions of the four outpuhe critical path.
sums. In general, the critical-path delay increases. HoweverHowever, the CSA structure can be further transformed by
due to the doubled symbol rate, the effective throughput msoving the add operations before the select operation, as shown
improved if this increase in delay is less than twofold. in Fig. 7, resulting in the parallel execution of the compare
An alternative approach with a lower area overhead is the camd add operations. The critical path delay is reduced to the
current ACS [2]. Maintaining the use of a radix-2 trellis, the corcombined delays of the comparator and the multiplexer. Al-
current ACS performs the addition and comparison operatioti®ugh this modification incurs the cost of doubling the number
simultaneously. It requires the comparison to be realized wittodadders and multiplexers, it is less complex than the concur-
four-input adder. A sub-8-ns four-input adder was implementeent ACS.
in 0.6-um CMOS using two layers of three-to-two carry-save
adders, followed by a final carry-lookahead adder. The criticedno (n + 1) + bmgo (n + 1)
path through the four-input adder and a multiplexer determines _ in { smg (n) 4+ bmgg (n)

the throughput of the concurrent ACS. st (n) + bmag (n) } + bmoo (n+1). (4)
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Fig. 5. Radix-4 trellis and ACS structure.
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minimum-delay implementations.
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Fig. 7. Transformed compare-select-add (CSA) structure.

The power-throughput and area-throughput comparisons are
plotted in Figs. 8 and 9. The synthesis algorithm [16] trades a
higher area for delay reduction through sizing and logic trans-
formations. Each curve tracks the same behavior. As the de-
creasing critical-path constraint approaches a minimum value,
the area and power consumption of the synthesized structure in-
creases sharply due to the use of increased gate sizes. The kinks
in the curves correspond to points where logic transformations
are preferred over increased sizing.

Table | shows a comparison of the relative throughput,
power, and area of the test structures. The absolute numbers
are dependent on the setup of the experiment such as the
exact drive strengths of the inputs and capacitive output loads.

An exploration was performed to compare these ACS arctitowever, the relative numbers are applicable for a wide range
tectures using the radix-2 as the baseline. The various AGBoperating conditions. As expected, the radix-4 ACS, which
structures were synthesized using low-threshold cells with higlas been accounted for the doubled symbol rate, has the highest
supply at best case conditions. The test was conducted oth@ughput. It is faster than the next fastest structure by a
block of eight ACSs, with interconnect resembling the undemargin of 17%, but requires almost three times the area and
lying trellis structure. The decision outputs of the ACS strudwo times the power. The radix-4 ACS is consistently larger
tures were loaded with 200 fF to simulate the large capaend consumes more power than any of the other structures.
tive load of the register exchange and FIFO memories. ThisBoth the transformed CSA and concurrent ACS are able to
work provides an analysis of the area-throughput and powémnprove the throughput with significantly less area and power
throughput tradeoffs across a range of permissible critical-pat@nalty. The choice of ACS structure is dependent on the re-
delay constraints. It differs from a prior comparison between tlygiired critical-path delay, and can be inferred from Figs. 8 and 9.
different ACS structures [15], which was mainly targeted towarthe fanout-of-four (FO4) delay in this implementation tech-
nology is 50 ps. At this particular set of operating conditions,
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TABLE |
MAXIMUM THROUGHPUTEFFICIENCY OF VARIOUS ACS ARCHITECTURES
Relative Relative Relative  Relative Critical Path
Delay Symbol Area Power
Throughput
Radix-2 ACS 1.00 1.00 1.00 1.00 (2 x 2-input Adders) + (1x Multiplexer)
Radix-2 Concurrent ACS 0.82 1.22 1.46 1.63 (1 x 4-input Adder) + (1 x Multiplexer)
Radix-2 CSA 0.71 1.41 1.99 1.89 (1 x 2-input Adder) + (1 x Multiplexer)
Radix-4 ACS 1.25 1.60 5.86 3.94 (1 x 2-input Adder) + (1 x 4-way comparator) + (1 x Multiplexer)
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4 (ns) Fig. 9. Power comparisons of various ACS structures.

$ACS  mComourentACS  ACSA  @R4ACS | The SMU and PED have similar functions. Both essentially ex-

amine a list of competing paths by retracing a history of de-

Fig. 8. Area comparisons of various ACS structures. cisions and path metric differences. Previous implementations
of the SOVA used either the register-exchange method [8] or

the transformed CSA structure is suitable for applications witRemory-traceback method [15].
critical-path delays specified between 26 and 29 FO4 delays.
The concurrent ACS becomes the choice structure for delays Register-Exchange and Memory-Traceback Methods
between 29 and 35 FO4 delays,. For low-throughput rates WithA register exchange consists of a two-dimensional array of
critical-path delays above 35 FO4 delays, the ACS structure is

the best choice in terms of both area and power consumption.0 e-bit registers and muiltiplexers as shown in Fig. 10. The reg-

this high-throughput SOVA decoder implementation, the tran'éf—pers in successive stages are interconnected to resemble the

formed CSA was implemented because it provided the higheset"ls structure of the convolutional code. A global clock signal

X . . . . c%ntrols the registers. The frequency of the clock determines the
decoding throughput, without incurring the excessive area ap . . .
ower penalties of the radix-4 ACS structure hrough.put of the Y|t§rb| decoder. T.he path deusmn_from each
P ' of the eight ACSs is input to the register-exchange pipeline and
also selects the outputs of a corresponding row of multiplexers.
At each clock cycle, a multiplexer located at roand columrik
The two ML paths are determined by a two-stage tracebadk.c [1,2,...,8],k € [1,2,..., L]} outputs a decision bit cor-
An SMU is cascaded with a combination of a PED and an RMUWesponding to a traceback of lendthoriginating from state.

IV. SURVIVOR PATH DECODING
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Register  Multiplexer The memory-traceback method stores the intermediate
decision bits at static locations in memory. Since SRAM
A blocks typically operate by reading or writing multiple bits
Delayed per cycle, a vector of decisions output by the parallel ACSs
CSA, can be written into memory simultaneously. The traceback
Decsision ’f/ operation only needs to recall the decision bits that correspond
y N~ T > to nodes along a particular traceback path. This contrasts with
Delayed the register-exchange method, which constantly moves an array
CSA, of decision bits through a pipeline of flip-flops.
Decsision In principle, this gives the memory-traceback method
— inherent power benefits. As the number of states rises, the
Delayed register exchange is required to shift an increasing number of
CSA, bits through its pipeline. However, for decoders with a small
Decsision ‘ number of states, the use of standard SRAM modules offers
— little power or area advantage over register exchange because
Delayed of the qverhead of _peripheral circuitry_ and s_tandard word
CSA, addressing [12]. Register exchange achieves high throughputs
Decsision ‘ easily because its critical path only consists of a multiplexer and
a register. Standard SRAM macros in 0,/8technology have
Y much longer cycle times than the synthesized CSA recursion.
Dg'gxed Hence, the register exchange is the appropriate structure for
Decsision high-throughput implementations of a decoder with a small

number of states.

\/

B. Path Equivalence Detector and Reliability Measure Unit

With the emphasis on high-throughput implementation, this
section examines the use of register-exchange and the modifi-
cations necessary to implement the PED and RMU. The reg-
ister-exchange method used in the SMU provides a convenient

Delayed
CSA,
Decsision
Delayed
CSA,
Decsision
way to determine if competing traceback paths lead to equiv-
alent decision bits. The two inputs to each multiplexer reflect

Dg';xed the competing decisions, and a test for their equivalence can be
Decsision realized by the addition of axoR gate at each multiplexer loca-
tion (Fig. 11). The ensuing Boolean outpufs),; (n) indicate
the equivalence between the two competing decisions obtained
Fig. 10. Example eight-state register-exchange survivor memory unit use¢ffyough aj-step traceback from state
VA-SMU. . .
From ACS;, the difference between the two path metrics,
A;(n), arriving at timen, statei, is retained in FIFO buffers;
This bit is stored in a register and will be input to a multiplexey ¢ {12, .. . 8}. The output from the SMU selectS; (n) and
at columnk + 1 in the following clock cycle. EQ; ;(n), which correspond to the values along the ML path,
The memory-traceback method has commonly been usgglinputs to the RMU (Fig. 12).
in low-throughput low-power applications. It simply writes & The RMU consists of comparators and multiplexers in a
vector of path decisions from the ACS recursions into RAM iBipeline that selects the minimurh(n) along the ML path. It
each iteration of the Viterbi algorithm. After an initial startung initialized with the maximum binary representation of the

delay, the decisions are retraced by reading the stored decisi@%bimy measure, 111111. Based on th&) inputs, each
in the reverse direction. Previous solutions have generally Bipelined section outputs one of the following:

ployed some variation of thé-pointer traceback architecture
[15]. This technique uses— 1 parallel read pointers to access
as many independent banks of memory, while a write pointer
simultaneously stores the decisions from the ACS recursions
into a k*® memory bank. An alternative [8] is to use a single Compared with a Viterbi decoder implementation, the total
bank of multiported DRAM. size of the SMU and PED is approximately doubléd=£ M).

The memory-traceback method permits the design of vefjne RMU overhead include pipeline stages, each of which
compact RAM that provides significant area advantages. ¢onsists of a 2-input comparator with its Boolean output logi-
0.18+:m CMOS technology, the area of a typical SRAM cell igally AND’d with themj input, a multiplexer, and a 6-bit reg-
about 2.4:m?, in contrast with the 5@sm? area required for a ister. The overall latency through the SOVA decodek is M.
flip-flop used in the register-exchange method. The additional latency remains insignificant compared to the

\/

H
i
T

/M

\/

a

»
! ot

EQ = 0: Reliability measure from the previous step;
EQ = 1: Min{A,, Reliability measure from the previous
step}
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Fig. 11. State slice of register exchange used in the PED.

[T TR R LT

-
4 =
Fia A<,
Fig. 13. Die micrograph.
6 1
i 5 e
EQ/‘ Delay [ns]
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[x100MHz]

overall latency in the Turbo-SOVA system, which is dominated B

by the latency through the interleavers.

V. DESIGN FLOW AND TEST PROCEDURES Power bx 100mW]
The implementation of the SOVA decoders employed an au-

tomated design flow that performs direct mapping of signal pro- 0 .

cessing algorithms into integrated circuits [18]. This automated 1.2 1.4 1.6 1.8 2

flow was further enhanced for high-speed design through cus- vad (V)

tomization of the clock tree to achieve simulated clock skevirg- 14. Performance of EPR4 SOVA decoder.

that are less than 75 ps.

Both decoders have the same architecture, but are matched TABLE I
to different generator polynomials; the SOVA_EPR4 decoder is SUMMARY OF CHIP IMPLEMENTATION
matched to an EPR4 channel witlila® D)~! precoder while Decoder Type SOVA EPR4 SOVA_13
the SOVA_13 decoder is matched to an Octal(13) generator. Number of States 8 8
The equivalent generator polynomials &t¢(1 ¢ D))(1+D— Transistor Count 164K 174K

D? — D) and(1 @ D? @ D?), respectively.

h ired dl th of b SOVA d q Core Area Imm x 0.5mm Imm % 0.5mm
e required wordlength of eac decoder was as- Speed 5S00MMbYs S00Mbs
certained by comparing the performance difference between
Avg. Power @ 500MHz 395SmW 400mW

floating-point computation and several fixed-point types.
Seven-bit sign-magnitude signals were necessary to provide

Ilegfstgggr(;&éditBe:j;%rggatlon of required the SNR at a BERicnn((:reased parallel CSA activities and the continuous movement

The chip (Fig. 13) has been verified to decode data wiﬁuf data through rows of shift registers and FIFO buffers. The

1.8-V supply at 25C. Throughput rates above 500 Mb/s wer atter is especially significant as the simulated clock power was
. oY 0% of the measured power consumed by the overall decoder.
achieved and power dissipation was 400 mW. The speed charac-
terization was performed using a clock tree with a built-in delay
line. The speed and power performance of the EPR4 SOVA
decoder is plotted in Fig. 14. The power measurements wereThis design identifies the ACS recursion as the throughput
performed at the highest frequencies permitted by the suplgttieneck of the decoder design and compares four different
voltage. Table Il summarizes the characteristics of the decodetsuctures for implementation of the ACS recursion. The re-

The above-average power dissipation can be attributed to thdts indicate that the preferred ACS structure varies as the crit-

VI. CONCLUSION
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ical-path delay constraint is relaxed. These inferences are ap-7] G. Feygin and P. Gulak, “Architectural tradeoffs for survivor sequence
plicable to the implementations of both soft and hard-decision =~ memory management in Viterbi decodetEE Trans. Communvol.

41, pp. 425-429, Mar. 1993.

Viterbi decoders. It was found that architectural retiming andg; . 'r. Davis, N. Zhang, K. Camera, D. Markovic, T. Smilkstein, M. J.
transformation of the ACS structures with modification of the Ammer, E. Yeo, S. Augsburger, B. Nikolic, and R. W. Brodersen, “An
register exchange provided the highest throughput without ex- automated design flow for high-throughput low-power dedicated signal

processing systemsEEE J. Solid-State Circuitvol. 37, pp. 420-431,

cessive area and power penalties. Although the SOVA has less 4 2002

complexity than the MAP decoder, it still has higher power

consumption than the hard-output Viterbi decoder. In practical

high-performance iterative decoders, the power could be |0} W Engling Yeo (S'96) received the B.S. and M.S.

ered through custom circuit design and technology scaling.

In addition to magnetic recording applications, the SOVA d¢
coder can also be used in Turbo-coded forward error correcti
applications in high-throughput wireless, wireline, and optici
communication systems.
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