IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 33, NO. 1, JANUARY 1998 61

An Integrated 200-MHz 3.3-V BICMOS Class-IV
Partial-Response Analog Viterbi Decoder

Mohammad Hossein Shakibgtudent Member, IEEEavid A. Johns Senior Member, IEEEand
Kenneth W. Martin,Fellow, |IEEE

Abstract—Analog Viterbi decoders have recently been shown
to be viable alternatives to their digital counterparts. In fact, In —— 117
a commercial analog class-1V partial-response sequence detector
for magnetic read channels has already been reported. Analog
decoders offer the advantages of reduced power and size pri-
marily due to the elimination of the A/D. The analog Viterbi

decoder described here is less complex and more robust compared 1D =

to other reported realizations. The decoder is based on a new I

derivation of the difference-metric algorithm which is developed " Out
from an analog implementation perspective. This has resulted in
a decrease in hardware complexity thereby making an analog
approach more attractive for today's demanding high-speed, o
|0w_power, and small-size app“catlons’ such as magnet|c disk- F|g 1. Time-interleaved structure of a class-IV PRS system.

drive storage systems. The decoder was fabricated in a 0/8n

BiCMOS process. It consists of two time-interleaved dicodes . . .

and the interleaving circuitry. The decoder was tested at up to namely dicode and duobinary, create often-desirable spectral

100 MS/s. However, since each dicode was also tested at thigwulls at dc andf; /2, respectively. Combining these two factors
speed, the class-IV decoder should be capable of operating atresults in the class-IV system with the coding polynomial
tzoog]g/'tse/;t-e%';?g:niﬁfﬁ%mggéi gt%‘q': sﬁiepego‘r’]vsl;?nggtg%oris\‘;\tl’lﬁo‘:#el — D2, In addition to the usefulness of the spectral shaping
a 3.3-V power supply and occupies a core area of 0.5 mim atta_lned from th_|s S|gn_aI|ng sgheme, it is also attractive from
) o - an implementation point of view. A class-IV system can be
Index Terms—Analog integrated circuits, analog Viterbi de- it py time-interleaving two independent dicodes [4]. This
coder, magnetic recording, MLSD, partial-response signaling, decomposition is particularly useful at high speeds, as, in
PRML, PRS, Viterbi decoder. o . o N
addition to reducing the complexity, it also reduces the speed
of each dicode to half the symbol rate. Fig. 1 illustrates the
. INTRODUCTION time-interleaved decomposition concept.
ARTIAL-RESPONSE signaling (PRS) [1] is a signaling Beside data communication, PRS is receiving considerable
scheme first proposed for data communication [2]’ [3]1.ttenti0n in the magnetiC-StOfage area. It has been shown
A PRS system introduces a controlled amount of intersymbéiat the read signal of a saturated magnetic-recording sys-
interference (ISI) to the signal before the signal is transmittelm resembles a partial-response signal [5]. Although more
This controlled IS is then removed at the receiver. By relaxirgPmplicated partial-response schemes have been proposed,
the condition of zero ISI, certain beneficial effects can b class-IV scheme appears to provide a good compromise
attained through convenient spectral shaping. Two exampk&ween the density of the storage device and the complexity
of these effects are providing more similarity between tHef the detector.
spectrum of the transmitted signal and the frequency respons€RS is a multilevel signaling scheme and exhibits a loss in
of the channel, and realizing minimum-bandwidth transmissidie performance if conventional symbol-by-symbol detection
systems in practice. is used. However, this loss can be combatted if a more
The operation of a PRS system can be modeled by a finf@mplicated detection scheme is employed. It has been shown
impulse response (FIR) filter. The transfer function of théat maximum-likelihood sequence detection (MLSD) leads
filter, expressed in terms of a time-step delBy is known to the optimum performance because it fully exploits the
as the coding polynomial. Two commonly used factors of tHédundancy introduced by the level coding [6], [7]. MLSD
coding polynomials aré — D and1 + D. These two factors, is usually realized by the Viterbi algorithm (VA) [8], [9].
The basic idea behind Viterbi detection is to consider
Manuscript received May 29, 1996; revised February 12, 1997. the received sequence as a finite-state discrete-time Markov
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Fig. 2. A dicode system: (a) system model, (b) state diagram, and (c) trellis diagram.

that transition. The maximum-likelihood sequence is the omsebstantially increases the speed of the overall circuitry. Fur-
which results in the minimum accumulated error throughothermore, it is less complex and more robust with respect
the trellis. This approach is algorithmic in the sense that @t circuit imperfections than other reported analog integrated
each time step, and for each one of the states of the trelfigcoders. It was fabricated in a Q.81 BiICMOS process and
the state metric, defined to be the accumulated error sigregnhsumes 30 mW of power from a 3.3-V single power supply.
is calculated using the previous state metrics and the braridte decoder should be capable of operating at up to 200 MS/s,
metrics at that time step. In addition to the state metrics, th#ICe each individual dicode was tested at 100 MS/s. Direct
paths along which these optimum metrics have been obtairi€gts of the class-IV decoder were limited to 100 MS/s due to
are also saved. A block of digital memory can be used ! test equipment limitations. Each dicode decoder consists
save the required information. Following the literature, wef @ fully differential analog processing core and a digital path
shall refer to this memory as path memory and its conterfB€MOry- The interlt_aaving and de—interle_aving circuits are also
as survivor sequences. m_cl_uded on the chip. The areas occupled.by the analog and
Although the VA has been traditionally implemented iffigital parts are only 0.06 and 0.1 mimper dicode. The total
the digital domain, high-speed, small size, and low-pow&P'e area of the chip is 0.5 nfm
constraints have motivated researchers to look for analog
realizations. Analog Viterbi decoders have demonstrated many  Il. VITERBI DETECTION OF CLASS-IV SIGNALS:
advantages over digital realizations [10]-[13], and today’s THE DIFFERENCEMETRIC ALGORITHM

state-of-the-art partial-response read channel often employg binary PRS system with aivth order coding polynomial

an analog detector in its processor core. In an analog ifs 2N states. Consequently, a class-IV system results in
plementation, savings are mainly due to the elimination @f four-state trellis diagram. However, by interleaving two
the A/D, which usually turns out to be a large and poweindependent dicodes, two identical two-state trellis diagrams
hungry block at high speeds. This paper describes an integratgél be used to represent the operation of the system. In this
analog Viterbi decoder for class-IV partial-response signalsaper, we mainly focus on a dicode sequence detector. The
The decoder is based on a new derivation of the differendg@al class-1V decoder is constructed by time-interleaving two
metric Viterbi algorithm, to be described in this paper. Herguch decoders.

each dicode decoder has an input-interleaved structure (irFig. 2 illustrates a simplified dicode communication system,
addition to time-interleaving two dicodes to realize the clasthe encoder state diagram, and one step of the trellis diagram
IV decoder) which eliminates analog feedback and therebiged by the sequence detector. Without loss of generality, it
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is assumed that the combination of the band-limiting transmit %///////////////////
filter, the channel, and the noise-reduction receive filter (not %(j):y(k), u=0/
shown in the figure) acts as a Nyquist filter such that the ISl is % yGi)+1

exclusively determined by the FIR filter in the transmittémn.

. . . (k) D=y, u=
calculating the branch metrics, the mean-square error criterion Y I ¥@=yQ), u=1

is used. This minimizes the Euclidean distance throughout the 7000007, y@®
detected sequence and results in the optimum performance in / y(@)=y(k), u=%
the case of additive white Gaussian noise [7]. The VA applied ///////////////////%
to the two-state trellis yields the following update equations: (@)
mo(k) = min {mo(k — 1) + ar?(k), Y,
mi(k — 1) + a(y(k) + 1)*} %ﬁﬁﬂk), u=0 /Z
my(k) = min {m (k — 1) + ar*(k), - y@®
mi(k = 1) +ay(k) 1% @) Y I YO=G), u=0
y(i)-1
Here, y(k) represents the received signal;(j) denotes the _vo- 7 /
: o : Z y(§)=y(K), u=1 /g
state-metric (accumulated error) of statat time stepj, and %//////////////////%

« is an arbitrary positive scaling factér.
From (1) it can be seen that adding equal amounts to all of (b)

the four involved terms does not affect the algorithm outcomedy- 3. A graphical sketch of the input-interleaved algorithm:«(a3 1 and

By defining the difference-metric signal as ®)w =0

Am = mo = m, (2) loop. The outcome is equivalent to dynamically setting the

cancelling the common terms, and subtracting(k — 1) threshold levels [16], but with a different implementation
from the above expressions one concludes that the updi@ehnique. Our implementation here is based on the approach
mechanism can equivalently take place by updating only tk&ken in [11], however, with a major improvement in the speed
difference signal given by (2) instead of the individual statef operation. This improvement is achieved by employing a
metrics. Furthermore, from the four combinations of two miRéw derivation of the difference-metric algorithm intended
functions, only three are possible. As a result, the abof{@ an analog realization. This algorithm, referred to as the
VA reduces to (3), shown at the bottom of the page. Thdnput-interleaved algorithifi is described in the following
graphs shown in (3) indicate how the path memory shou®gction.

be updated. As an example, &m(k — 1) <y(k) — 0.5,

the survivor sequence of state “0” simply extends by a “0,” [ll. THE INPUT-INTERLEAVED ALGORITHM
whereas the survivor sequence of state “1” consists of thep cjoser look at the recursion given by (3) reveals that
previous sequence of state “0" extended by a “1. Am(k — 1) is equal to a dc-shifted version of a previously

The above simplified algorithm was first proposed in [4], igampled input signal. Specifically, if this sample is denoted
named the difference-metric algorithm, and has been furtrba); y(5), then
examined for magnetic-recording applications in a digital
realization [14]. The first reported integrated analog implemen- Am(k—1) =y(j) £0.5 4)
tation [15] did not fully exploit the algorithm, as the difference hich bined with (3). leads to th ibl dat i
signal was obtained by subtracting the state metrics, hence fofch. combined wi (3), leads to the possible update equa
eliminating the need for calculating the individual metrics. Ilogi’ d(glzi’nisnhgoq\:vgsa:titgf :f?;;?r;]v;i;}hsazeg kza(?r?é of the two
was shown in [11] that the exact difference-metric algorithm . .
is in fact well-suited for an analog realization and leads tovﬁﬁaluez of one and Zero (correspondmg to ;heAtlvvo altetrna;tk:wtes),
very efficient and fast structure. In this structure, the threshc1ae above expressions can be combined. AlSo, hote hat as

levels of the detector were adaptively updated in a feedba@k 2 asy(j) and v are known, there is no need to calculate
plvely up at%e difference signal. Iterations can equivalently proceed as

INote that in many cases, such as saturated magnetic recording, the cogihewn in (6) at the bottom of the next page.
operation is in fact done by the channel. Nevertheless, the above model is StmExpression (6) simply states that Whene\,g;(tk) is in

applicable. . :
2For a negative scaling factor, the min functions should be replaced w#f)r?tween the threshold levels, no Update 'S_ reqwred and the
max functions. previous values of(j) andw should be retained. However,
y(k) — 0.5, Am  (kE—1) <y(k)-05 =
Am(k) =< Am(k=1), yk)—-05<Am (k—1) <y(k)+0.5 (3)

y(k)+0.5, yk)+05<Am (k-1) —
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when y(k) falls outside this region, the previously-samplegolarity of the resulting signals. This is equivalent to slicing
input signal should be updated to the current input and the the input signal with the threshold levels specified by (6). The
offset should be set either to zero or one depending/(@) comparator outputs are used to generate the required switching
being more than the upper or less than the lower threshalignal S (to switch the dc offset between the two branches)
level, respectively. This is graphically sketched in Fig. 3&and the toggling signall’ (to toggle the input S/H's if an
Fig. 4 shows a typical dicode signal and the trajectories of thipdate iny(j) is needed) as well as to update the contents of
thresholds. The threshold levels adapt themselves based ontitleepath memory.
history of the signal such that the noisy signal is successfullyThe update mechanism illustrated in Fig. 3 determines the
sliced. rule for generating signals and’7". The input S/H’s should
toggle whenever an update ;) is required (i.e., when the
input signal exceeds the region between two threshold levels).
IV. THE INPUT-INTERLEAVED ARCHITECTURE In Fig. 5(a), it can be verified that if the input signal lies in

The input-interleaved algorithm can be implemented by tHgetween these levels none of the comparator outputs will be
block diagram shown in Fig. 5. Note that a master analdigh and ify(k) exceeds this region then one (and only one) of
circuit [Fig. 5(a)] processes the input signal, whereas a slai@® comparators will result in a high output. Consequently, a
digital path memory [Fig. 5(b)] stores the decisions made t9ggling should occur if either one of the outputs is high. This
the processor. The front-end of the processor contains tigoaccomplished by employing a T flip-flop toggled by either
S/H’s. While the input signal is being sampled and stored igne of the comparators. If the dc offset is already added to the
one S/H, the previous input sample is held by the other S/Hpper branch, it should be switched to the lower branch only
The connections between these S/H’s resemble an interleaifed(k) is above the upper threshold, that is, if the output of
structure, giving rise to the nameinput-interleaved for the upper comparator is high. (Note that the lower comparator
the algorithm and the architecture that realizes Ihptit- output is low.) The offset should only be switched back to the
interleaved is chosen to differentiate the concept from whatpper branch ify(k) falls below the lower threshold level. In
“interleaving traditionally implies, that is interleaving in time this case, the lower comparator will have a high output and the
by periodically alternating two such dicode decoders. Hergpper comparator will have a low output. As a result, an SR
within each dicode, the digital feedback pulses determine tfig-flop, set by the upper comparator and reset by the lower
input port to which the signal should be directed. These pulsesmparator, can be utilized to switch the dc signal back and
are not necessarily present in every clock cycle, neverthelefsgth between two branches. Wheiik) lies in the middle
they redirect the input from one port to the other each tindecision region, none of the comparator outputs are high, and
a pulse is generated. the SR flip-flop does not change its state.

In the above architecture, the current input and the previ-Note that in Fig. 5(a), in combining the sampled-input
ously sampled input signals are combined in two branchesgnals, a sign change results whenever a toggling occurs.
A dc offset is also added to only one branch. This branch Téis sign change is compensated by utilizing polarity switches
determined from the results of the previous iteration. Specifhich are controlled by the T flip-flop.
ically, adding the offset to the upper branch corresponds toThe outputs of the comparators in Fig. 5(a) are also used
v = 1 in (6) and Fig. 3, whereas adding it to the loweto update the path memory. The register-exchange method is
branch corresponds ta = 0. Two comparators check thea common technique for storage of the survivor sequences

y(k) =05, y()+1<y (k) i
Am(k) = § 4(j) +0.5, y<y B<yG+1 —— , Am(k-1)=y() +0.5
y(k) +0.5, y (k) <y(j) .
y(k) — 0.5, y(i) <y (k) i
Am(k) = qy(i) =05, y(j)-1<y (k)<y() T Am(k-1) =y() =05 (5)
y(k) + 0.5, y (bH<yl)-1 _—
y(j) = y(k),u =0, y(j) +u<y (k) =
v() =yl u=u, yG)+u—1<y (kK)<yQ)+u . (6)

y(j) = y(k),u =1, y (B)<y(j) +u—1 .
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Fig. 6. Performance degradation of the dicode decoder due to quantizifig. 7. Effect of employing the local trace-back method on the noise
performance of the dicode Viterbi decoder at SNR12 dB.

the input signal.

in Viterbi decoders with low number of states [17]. In thishift registers are then interconnected according to the trellis
method, one shift register with a length equal to the lengthagram such that the optimum paths along the trellis are
of the path memory is used for each state. The differedirectly mapped into digital sequences stored in these registers.
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Applying this method to the dicode decoder results in twend of iterations. Absence of analog signals in the feedback
interconnected serial/parallel in/out shift registers as shownpath eliminates the need for delays in the analog signals
Fig. 5(b). The serial/parallel loadings are set by the comparatord significantly increases the overall speed. Loop delays
outputs. are necessary to prevent a destructive feedback while the
The advantages of the input-interleaved structure presentpahntities are updated and were implemented by using mas-
here to the structures used in other analog realizations dan'slave S/H’s in [10]. Although these S/H’s were eliminated
be summarized in its higher speed of operation, increasedhe adaptive-threshold decoder proposed in [11], still further
robustness against circuit imperfections, and simplicity in itmprovement in speed is achieved by avoiding the need for an
fully differential implementation. In contrast to [10], in whichintermediate S/H. Reducing the required sampling operations
analog signals were involved in the feedback paths, in tie the minimum of one greatly increases the speed, as they
present structure only digital signals are fed back at tlpday the major role in this regard [18]. Also, by removing
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analog signals from the feedback path in the present structure,

Polarity

an improvement in the robustness to analog imperfections is
expected, since the decoder no longer faces accumulation of
analog errors in the loop.

V. PRACTICAL IMPERFECTIONS
In a Viterbi decoder, some nonideal effects are structure in

1+g1 +®

L

Switch

Polarity
Switch

Polarity

dependent and are present even in digital realizations. Among

these, truncating the length of the path memory, quantizimg. 10. Gain deviation factors used to quantify mismatches.

the input signal, and simplifying the trace-back mechanism
are usually the most important considerations. To reduce the
decoding delay and the amount of memory, detecting is usually
started before every transmitted symbol is received. This
corresponds to using a truncated path memory and results
in a degradation in the noise performance of the decoder.
In general, the length of the memory is truncated such that
the excess bit-error rate (BER) is negligible compared to the
decoder BER [19].

In a digital realization, the limited number of bits used in
the binary representation of the signals is another source of

l+gy
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imperfection. The effect of this quantization is often consid- . 2% \
ered as an independent additive white noise [20]. Depending .| , sq \‘
on the relative power of this noise to the channel noise, o 10% Y

the minimum required number of bits is determined. The
simulated BER degradation of the dicode decoder with an
input signal limited to+1 (peak values of the noiseless
encoded signal) and quantized ¢obits is plotted in Fig. 6.
The results are also shown for the case where the signal is
not quantized and the quantization noise is taken into account
as an additional independent component in the overall noise.
The model becomes more accurategascreases. From this
figure, it can be concluded that a minimum number of 6 b is
required at a moderate-to-relatively-high SNR. The required
number of bits can be translated to the accuracy needed in the
analog realization. A 6-b accuracy is considered moderate and
relatively simple analog circuits, hence fast, can be used.
Another source of nonideality, which is not specific to
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analog realizations, is related to the trace-back mechanism. + 2% |

In many cases, to simplify the processing, one state of the sl x 5% Y
Viterbi decoder is arbitrarily chosen and its corresponding o 10%
optimum sequence is traced back to obtain the decoded data. o — . PR S Y )

Compared to the global trace-back method, in which the

optimum sequence of the state with the minimum accumulated
error is traced back, this local trace-back technique results
in a degradation in the BER, since the selected sequerg{g‘{a_i

11.

may not yet have been merged with the actual optimum S@orst case).

guence. Apparently, this degradation can be arbitrarily reduced
by increasing the depth of the path memory. This fact isf
demonstrated in Fig. 7, which shows that the BER of tHe

(b)

6 8 10
Signal-to-Noise Ratio (dB)

Effects of gain mismatches on the performance of the in-
nterleaved decoder: (a) one gain factor and (b) all of the gain factors

the proposed structure to analog imperfections, the input-

dicode decoder with a local trace-back method approachesig"leaved structure was simulated in the presence of these
In what follows, major sources of errors are

minimum value as the length of the path memory in increasefiPairments.

In the cases where this increase in the decoding de|aycgwsidered and performance degradation is evaluated. In our

not a critical issue, the local trace-back method might Kvaluations, the amounts of impairments may have been

preferable, since increasing the length of the path memd¥yaggerated. This is to illustrate the robustness of the decoder.

is straightforward. An offset introduced by one of the comparators in Fig. 5(a)
Analog realizations usually suffer from dc offsets, misean be translated to a shift in the threshold level realized by

matches, and charge injections. To examine the sensitivihat comparator. Fig. 8 illustrates the concept when offsets
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Fig. 12. Analog signal processor of the input-interleaved decoder. Note that each holding capacitor of the S/H’s is replaced with two parédied capaci
to emphasize the fully differential structure of the circuit. This is also the case in the layout.
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Fig. 13. The differential dual switch.

equal toV,,, andV,; are considered for the upper and lower
comparators, respectively. As can be seen from this figure, 98 14. circuit realization of the V.

offsets do not affect the performance if the input signal does

not lie in the regions between the original threshold levels ) .

and the shifted levels. Otherwise, an error equal to eithgr the figure for comparison. From these plots, the achievable
or V,,; will occur in updating the threshold levels. Althougtfoding gain of the decoder in the presence of comparator
the effect can be modeled as a noise added to the inlgﬁﬁets can be obtained. This is further illustrated in Flg 9(b)
signal, the fact that this additional noise is neither Gaussif#f @ BER of 10°°. Low sensitivity to comparator offsets
nor uncorrelated makes simulations more appealing. The BERows that for reasonable signal amplitudes (on the order of a
performance is plotted in Fig. 9(a). The Viterbi bound and tHeaction of a volt) simple and fast comparators without offset
performance of a fixed-threshold detector are also includeddancelation techniques can be employed.
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Outt Out”

Fig. 15. The latched-comparator circuit.

IS clock signals to the stored voltages. Fortunately, equal errors
. introduced by these S/H’s will be cancelled out in the com-
biners. As a result, only signal-dependent terms of the injected
Serial In voltages may degrade the performance. However, if the input
.»&%@%QﬁB}@H ou Signal fluctuation is small, this degradation can be neglected
Parallel In altogether. This is the case in our implemented decoder, where
the peak-to-peak value of the input is only a fraction of a volt
[ ]

compared to the full-swing control signals. Charge injection
P P [ and clock-feedthrough are further rejected by employing a

Fig. 16. Multiplexed-input D flip-flop used to construct the path memory.fU”y differential circuit in our realization.

vl
w

From Fig. 5(a) it can be seen that offsets produced at the
outputs of the combiners are equivalent to offsets in their
corresponding comparators. Consequently, the previous resultBig. 12 shows a circuit-level block diagram of the im-
can be directly applied. plemented input-interleaved analog processor [Fig. 5(a)]. All

Gain mismatches result if the relative weights at the inpusignals are differential to combat destructive effects such
of the combiners deviate from their nominal values. Howevess common-mode noise and S/H errors. The input S/H’s,
two sets of weights, corresponding to two combiners, caonsisting of a differential dual switch connected to holding
be scaled independently without affecting the performanamapacitors, store the present and the previous input signals.
The effects of gain mismatches can be quantified by gaiiese signals are converted to currents and combined with
deviation factors shown in Fig. 10. Due to the symmetry iappropriate polarities by passing the currents through resistors
its input stage, the input-interleaved structure has identicah cascode transistors. A dc voltage, obtained from an off-chip
sensitivities to all of the gain deviation factors. Fig. 11 depictifferential reference, is also converted to current, adequately
the sensitivity to a single factor. It also shows the overall effestitched, and added to one of the parallel branches.
of gain mismatches when all of these deviations are presentThe resulting differential voltages are applied to two latched
From the different combinations, the worst case is illustratedomparators which decide on the polarity of these signals.

Since the reference voltage is switched to only one of tl@mparison results are used to update the path memory and
two branches in Fig. 5(a) at any time, any deviation from i@lso to generate the toggliffj and the switchingS signals.
value can directly be mapped to an equivalent offset in tAéese signals are fed back to possibly update the previously
corresponding comparator. As a result, a certain change in #ampled input signal by toggling the input interleaved S/H's
reference voltage has a similar impact on the performanceaasl the dc offset signal by switching it from one branch to
an equal amount of offset in one comparator has. the other.

The above sensitivity is also applicable to the cases whered, to ®; are different phases of a clock signal. These phases
the input signal undergoes an unwanted attenuation or aame obtained from a master clock by a simple circuit which is
plification. This is because the decoder is only sensitive ttiscussed later in this section.
the relative amplitudes of the input signal and the referenceBased on the above circuit block diagram, and by utilizing
voltage. In fact, the reference voltage should be scaled basedegister-exchange path memory, a Viterbi decoder was
on the amplitude of the input signal, which is often set by asesigned. The chip contains two input-interleaved dicode
automatic gain control (AGC) stage in practice. decoders which were internally time interleaved to decode a

In general, the S/H’'s used in the analog decoder contributiass-1V partial-response signal. In what follows, the different
to the errors by partly injecting their channel charges armliilding blocks are explained in more detail.

VI. CIRCUIT IMPLEMENTATION
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Fig. 17. Path-memory implementation based on the register-exchange method and by utilizing the multiplexed-input D flip-flops shown in Fig. 16.
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Fig. 18. Circuit realization of the T flip-flop and required gates used to generate the toggling signals.
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Fig. 19. Generating different clock phases from a single-phase clock: (a) circuit schematic and (b) timing diagram.

A differential dual switch, shown in Fig. 13, was used irAlso, the switch was employed to perforanD functions, as
a variety of locations. This switch consists of four NMOwill be described below.
transistors and has one differential input and two differential Depicted in Fig. 14 is a degenerated bipolar junction transis-
outputs. Two complementary digital signals determine whidbr (BJT) differential pair used to realize the voltage-to-current
output the input signal should be directed to. This switch wasnverter (V/I). In addition to increasing the linearity, resistive
used to implement the input S/H’s, to switch the offset signdegeneration reduces gain mismatches, since voltage gains
back and forth between two branches, and to serve as a polasity dominantly set by resistor ratios. Mismatches between
switch for the reference voltage, all in a differential mannehiasing current sources also contribute to the offsets. By
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o . i . . i ] signal L. Both of the regenerative stages will be reset during
the next amplifying phase. Two cross-coupled differential pairs
- 1 in the preamplifier provide the capability of reversing the

polarity of the signal. This capability allows us to compensate
for the sign changes, mentioned in Section IV, by biasing one
; of the differential pairs at a time.

=
3
-

T

s . As shown in Fig. 5(b), the path memory is composed of
§‘°4f 1 two interconnected strings of D flip-flops. Serial and parallel
g R load capabilities are provided by using a 2-to-1 multiplexer
Z10%}

S,

v at the input of each latch. Fig. 16 depicts the circuit. In this

— Viterbi Bound \ ) ; - ; .
10t Threshold Device x Y circuit, a dynamic latch is converted to a static latch by means
AY . .. e
0 Measurement, SOMb/s per Dicode o \ of small feedback inverters. Large driving capability for these
-7 . . . .
YF X Measurement, 100Mb/s per Dicode N inverters should be avoided, since it prevents the new data
\ o e . . .
o . . . . \ . from overwriting the old data. This was achieved by employing
4 s 8 cgral—to-Noico Ratis (SNFY, 4B 16 8 small transistors in the feedback inverter.

The path memory consists of 2 12 multiplexed-input D
flip-flops, utilized in the structure illustrated in Fig. 5(b).
Fig. 17 depicts the result. In this figuredo, Ao, Bo,

) ) By, A1, Ay, By, and B, are outputs of the latched comparators
employing BJT current sources and careful layout design, theg&,wn in Fig. 12. Based on the decision regions sliced by

mismatches are kept low. Source follower input stages provifiesse comparators, either a serial/parallel, a serial/serial,
the required high input impedances as well as the necessgfya parallel/serial loading occurs in the contents of the
level shifts. As a result of these level shifts, the on resistancgSner/ower (corresponding to state “0/1”) shift registers.
of the input switches are minimized by reducing the inpW.om pboth of the outputs of each comparator, which are

common-mode to near ground. _initially pulled down to ground by transistof®; and M, in
Analysis shows that, in general, CMOS latches exhibit MOf8y. 15, one and only one will be set during the latch phase.

offsets compared to bipolar latches [21]. Offset can be greaftje positive transitions are used to perform the loadings,
reduced by utilizing a low-offset high-gain preamplifier beforg,nich become complete at phage,. Either one of two
the latch. In a CMOS realization, large size transistors a”d/&ﬁtputs of the last flip-flops in two chains can be treated as
offset cancelation techniques can help to overcome the offS@le decoded data in our local trace-back method.
however, the speed of operation will be reduced. On the otherrpe T flip-flop, shown in Fig. 12, generates the toggling
hand, a bipolar latch has a lower offset and permits a smallggnal to control the input S/H’s. This flip-flop is constructed
gain in the preamplifier, resulting in a correspondingly fast@fom the D latch (Fig. 16) by feeding its inverted output back
response. However, bipolar comparators do not have raf-the inputs. Two loading controls implement the requiped
to-rail output swings, required in many applications. All ofunction at the input. The final toggling signals are derived
the above advantages can be attained in a BICMOS procefigthe use ofanD gates. A fastanD gate is implemented by
The basic idea is to obtain a low input-referred offset voliadding two transistors to the switch shown in Fig. 13. Fig. 18
age by amplifying the signal with a high-gain, wide-bandjlustrates the complete toggling circuit.
and low-offset bipolar preamplifier prior to applying it to The different clock phases were obtained by the clock
a CMOS latch [22]. The availability of bipolar transistorgyenerator circuit shown in Fig. 19(a). This circuit accepts a
can be further appreciated if a bipolar latch is interposeghgle-phase clock at its input and generates the appropriate
between the preamplifier and the CMOS output latch [21phasesp, to @5 addressed in the previous figures. In the clock
This relaxes the constraints on the preamplifier and particulaggnerator circuit, the required delays are obtained through
helps in high-speed and low-power designs. In fact, it haise use of inverter gates. Fig. 19(b) depicts a sample timing
been concluded that to minimize the power-delay produgfiagram.
the amplification required in a comparator is best obtainedTime interleaving at the input is accomplished by applying
by means of regeneration [23]. the class-1V signal to both of the dicode decoders and using
In the design presented here, as shown in Fig. 15, tbemplementary phases for the second dicode. In our case, the
differential signal is first amplified by activating one of thecomplementary phases were simply obtained by a second clock
differential pairs of @; and Q2 or ()3 and (4. Further generator similar to Fig. 19(a) with the input inverter replaced
amplification is done by incorporating; and()s in a positive with an on-chip RC low-pass circuit. The RC time-constant
feedback configuration. Regeneration initiates at the beginniwas chosen to accommodate for the delay of the eliminated
of the latch phasd.. Slightly after this positive feedback isinverter. Since the delay of this inverter was only 0.15 ns,
started and a large-enough signal is developed, a CMOS latab on-chip RC circuit was expected to compensate for the
is activated to produce a rail-to-rail swing output signal. Thidelay to a first-order approximation, with no major concern
also makes the occurrence of metastability extremely unlikehggarding mismatches and process variation.
particularly within the accuracy of the Viterbi decoder [20]. De-interleaving is done by two 2-to-1 multiplexers. Each
The CMOS latch is controlled by a delayed version of the latahultiplexer combines two corresponding outputs of the path

Fig. 22. Measured BER performance of the decoder.
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Fig. 23. A typical uncoded signal at 100 Mb/s (upper trace) and its decoded output (lower trace).

TABLE | measured by counting the number of errors in a fixed period
A SUMMARY OF THE CHIP SPECIFICATIONS AND TEST RESULTS of time. The results are accurate, since due to the high-speed
Chip Analog Viterbi Decoder pperation of the circuit thousands of errors could be counted
Coding Scheme Class.IV Partial Response in only few minutes, even at the lowest BER. The power of
- the generated noise could be accurately controlled in steps of
Process 08 pm BICMOS 0.1 dB and the amplitude of the partial-response signal could
Data Rate 200 MS/s be precisely adjusted. These capabilities allowed a fine control
Power Consumption 30 mW @ 200 MS/s on the input SNR.
Power Supply 313V The re§ults fqllow the Viterbi bound, with some expectgd
Sie 05 degradation at high SNR. Recall that not all of this degradation
- . — . is specific to the present analog realization. Also, it is believed
Coding Gain at BER=10 1.7dB @ 200 MS/s, 2.4 dB @ 100 MS/s that a part of the degradation at high speeds is due to the input

test signal which could not be generated as reliably as it could
be generated at low speeds. Fig. 22 shows that at an effective

memories into a single bit stream. A shared address liféte of 200 Mb/s and ata BER of 10, a coding gain of 1.7 dB
externally available, controls the multiplexers. For class-I{ achievable out of its 2.7 dB upper bound. This increases to
operation, this line should be clocked by the master clock.4 dB at 100 Mb/s.

By connecting the address line to either low or high, each In the presentimplementation, the path memory is truncated
individual dicode outputs its own decoded signal. This capt® a length of 12 b. The excess BER due to truncating the

bility was extensively used during the tests. Fig. 20 depiceth memory is not negligible compared to the decoder BER
the de-interleaving circuit. at the high end of the SNR range of measurement. Tracing

back a local-optimum sequence extends this SNR range toward
lower values. Thus, any direct measurement would have been
Fig. 21 shows the layout of the chip, fabricated in a BiCaffected by the excess BER. To highlight the extremely low
MOS process. It contains two dicode decoders operating ilBER performance of the decoder, a different measurement
a time-interleaved fashion. Each dicode consists of an analeghnique was applied at high SNR’s. The local trace back
processor core, a digital path memory, and a control signghs performed on both states of the dicode decoder. From
generator. The small size of the processor demonstrates ¢ resulting local optimum sequences, 2 b were detected. The
efficiency of the proposed analog realization. The class-l¥etected bits were compared against the corresponding original
decoder was tested at up to 100 MS/s with the encoded sigpaland an error was flagged only when both of the detected
contaminated by additive white Gaussian noise. Howevejits were not correct. Having two opposite detected bits is an
since each individual dicode was also tested at this speed, {i@cation that two survivor sequences have not yet merged.
class-1V decoder should be capable of operating at 200 MSffese sequences could have merged if a deeper path memory
Direct experiments at this speed were not possible due {gq peen used. Note that even if these sequences had merged,
the test equipment limitations which limited the rate of theg| an error could have occurred with a probability equal to
partial-response signal to a maximum of 100 MS/s. The BERg BgR of the decoder. Ignoring these errors results in setting
performance of the class-IV decoder was very similar to tthBER target that is, in general, below the BER of the Viterbi
of each individual dicode, as .expected. Fig. 22 depicts ﬂa%coder. Any measurement now should be compared to this
measurement results at two different speeds. The BER Yiitious target. However, simulations indicate that in the SNR

3The Northern Telecom BATMOS process, available through Canadiémd BER r_anges of in_te_reSt'_ and for the memo_ry Ie_ngth of 12 b,
Microelectronic Corporation. this target is hardly distinguishable from the Viterbi bound and

VII. EXPERIMENTAL RESULTS
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the above technigue can be used for low-BER measurements,

Fig. 23 shows a typical pseudorandom binary signal (un-
coded) and the decoded output at 100 Mb/s for one dicode. Thg
decoded output shows a delay slightly more than the expected
13 b (12 b due to the length of the path memory plus 1 kfg
processing time). This extra delay is because of the latency
introduced by the propagation time and was not observed [#ll
low speeds.

Table | summarizes the specifications of the chip as well &g]
some of the experimental results.

[12]

VIIl. CONCLUSIONS

[13]

Analog Viterbi decoders result in significant savings in
power and size, while operating at higher speeds, comparedtd
their conventional digital counterparts. This paper described a
successful attempt toward realizing a class-1V partial-response]
Viterbi decoder in the analog domain. It was demonstrated that
such a decoder can be efficiently realized using a few simpig;
building blocks. This goal was achieved by examining the
difference-metric algorithm from an analog implementatioPr”
point-of-view. The outcome was the new input-interleaveds]
algorithm. It was demonstrated that the complexity of th
decoder is comparable to that of a 2-b A/D. This illustrates
a substantial decrease compared to that of the typical 6-b
prestage A/D required in digital realizations. Furthermore, tHe!
decoder was shown to be faster and more robust than otpay
reported analog decoders. The fast operation of the decoder
was illustrated in practice, whereas extensive simulations wese
appealed to confirm the robustness of the structure to various
analog imperfections which vary from one implementation tf}g]
the other.

The decoder was fabricated in a Q8¢ BICMOS process,
tested, and achieved a speed of 100 MS/s per dicode, cor-
responding to 200 MS/s for the class-IV operation. Direct
experiments on the class-IV decoder were limited to 100 MS/s
due to the test equipment limitations. The power consumption
of the chip was only 30 mW from a 3.3-V single power supply.
The core area is 0.5 mimfrom which only 25% is dedicated to
the analog circuitry. These features make the analog detector
an extremely attractive alternative in commercial products for
demanding high-speed, low-power, and small-size applications
such as magnetic disk-drive storage systems.

9]
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