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A 550-MSample/s 8-Tap FIR Digital Filter for
Magnetic Recording Read Channels

Robert Bogdan Staszewski, Khurram Muhammad, and Poras Balsara

Abstract—An area-efficient low-power and low-latency with the advances in technology as they are easily scalable. For
550-MSample/s FIR filter for magnetic recording read channel these reasons, use of CTF or analog FIR filters for modern mag-

applications is presented. A parallel direct type Il architecture netic recording read channels is gradually diminishing.

operates on real-time deinterleaved (even and odd) input data An efficient timi . d ch i itical
samples and employs a fast low-area multiplier based on selection N€Eticient timing recoveny'in a read cnannet s crtca

of radix-8 premultiplied coefficients in conjunction with one-hot ~ for fast phase and frequency acquisition as well as acceptable
encoded bus leading to a very compact layout and reduced power bit error rate (BER) performance during subsequent data
dissipation. The chip has been fabricated using a 0.1m L-effec-  tracking. The FIR filter is an integral part of the PRML channel
tive CMOS technology and is currently being used in commercial ming feedback loops since the fully equalized data samples
applications. at its output are used to extract timing information [2]. This
Index Terms—Digital filter, FIR Filter, high performance, low s stjll the case even with systems in which the samples are
power, read channel. directly equalized t@xtended PR class I{EPR4) targets. In
that case, the FIR output samples must be further processed
|. INTRODUCTION in amaximum likelihood sequence detedmiincrease timing

. . . bust . Therefore, it is i tive that th filt
TORAGE capacity of media doubles every elghteero ustness erefore, it is imperative that these filters are

) . . . ﬁlnplemented with as little latency as possible in order to
onths while consistently demanding faster data retnev&lly
6

. . ) X . “ensure sufficient bandwidth and stability margin of the timing
rates. The critical electronic part in the high-speed data retrleY ps. In our opinion, theranspose direct form larchitecture
process is theead channeWhich culminates the technological as in [9]) is best su,ited to build high-speed and low-latency
advancement in communication theory, as well as high—spelgfi2

- ) filters. Other feedback loops, such as gain recovery and
analog and digital VLSI design. In order to meet the challen f1s adaptation of FIR coefficiepnts, on the ogt]her hand, dg not

of fast data transfer rgte, new arghltectural and circuit des'ggually present such strict latency requirements and shall not
approaches are continually required as the cost and pov%%remphasized in this work

dissipation of these chips is becoming a major concern. In this paper, we present a 550-MSample/s FIR filter which

l_klf’l_rﬁsegt;is)'(/lrl_ead chzi\_nnsls erln q_dlau tr'f_ll Lespontsel mr?X'mumfcombines various architectural and circuit design techniques in
tkelihood( ) equalization [1] in which spectral s aping Oy der to reduce the area, power dissipation, and latency of the

read-back signal is typically performed by a combination of Hler. The presented architecture uses a novel parallel structure

analog:onlzt:réuof.lljf-tlrge f_lrlthe((liz':'RF)fTI?IIowed Ey {;flnltle—lmptjlzg which increases the operational speed by a factor of two while
responsdFIR) filter [2]. The iter can be implemented in keeping the overall increase in area to less than this factor. Fast

one of two ways: either in a sampled analog fashion [4] or in & .. L .
- ; radix-8 multiplication is employed using a select and add of pre-
pure digital fashion [9}-{12]. In the former case, the CTF an ultiplied coefficients while using one-hot encoding in buses

FIR are separated by a sample-and-hold circuit, whereas m% Freducing the power dissipation. Internal stage results are

!?tlter %%Sft’ TZB’? b_Irc;]cksmarii sep;arated fbﬁlmg%':tofﬁ'%'i stored in latches rather than flip-flops for lower time overhead,
t(? (;cr)for?n 2n( antiazl.iasir? fiﬁerir?u ip;o(s)re d:r toelimit the g escarea, and power dissipation. This also allows taking advantage
b 9 9 PECH¢ irregular critical path delays in different stages by borrowing

tral contents of the signal and noise beyond the Nyquist frﬁfne from less-critical stages. Together, these techniques result

quency. However, the CTF filters are inherently difficult to tuncznS a filter which requires less area and power dissipation than a

or adapt to the wide vana_blhty of magneuc media, read hga Bnventional multiplier-based implementation.
front-end analog electronics and environmental factors. It is the
FIR filter, nowadays, that plays the major role in achieving fine

signal equalization to the desired PRML target [8]-[11]. Analog Il. PARALLEL RADIX-8 FIR ARCHITECTURE
circuits also do not scale down very well, while in contrast, di
ital FIR filters with feature-ricHeast mean squar@.MS) coef-

ficient adaptation algorithms are continually becoming cheaperkety = {y(k): k¥ = 0, 1, ---} represent the output data
stream of anV-tap FIR filter. Let7” represent the sampled-
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Fig. 1. Parallel FIR filter operation.
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Fig. 2. Parallel transpose-type 8-tap FIR filter structure.

wherec,, andu(k) represent theth tap coefficient and the input

We observe that the even and odd data streams can be viewed

data sample at time instahf’, respectively. A straightforward as data streams obtained by 1 : 2 deinterleaving operation while
implementation of (1) performs this filtering operation at ful(6) performs the output data stream reinterleaving operation.
data rate ofl /7. Consequently, the input and the outpuyy The reinterleaving can be implemented with a 2: 1 multiplexer.

data streams also run at the ratel g7

Equations (4) and (5) represent two separate FIR filters, each

The basic idea behind the parallel architecture is to implemeogerating at /27" data rate but with inverted phases, i.e., when

the operation of (1) at half the data rate, il¢27. Let us define
even and odd data samples derived frowmt timek as

_ [ u(k) for k even

ue(k) = { Z(k —1) fork odd (2)
_ [ u(k) for k£ odd

uo(k) = { u(k—1) forkeven ®)

one structure finishes its computational cycle, the other is in
the middle of the next computational cycle. Each filter struc-
ture picks up the alternating time samplesl@2T rate inputs
u.(k) andu, (k). The deinterleaved output data streaypsind

y,, are defined similarly as the deinterleaved input data. The re-
sulting parallel structure is shown in Fig. 1. This structure could
also be arrived at by means.of!/2 retiming using the standard
interleaving techniques described in [3].

Hence, as soon as the even data sample arrives, it is available

to the even path. Similarly the odd data sample is also instanBy Parallel Transpose-Type Architecture

available to the odd path. This can be accomplished by deinterFig_ 2 shows the basic idea of parallel transpose-tyjredt
leaving thel /T’ rate data samples to two streams using a 1 1¢ne ) architecture. This structure is derived for real-time data

demultiplexer. The two data streamag %) andw, (k) operate at
1/2T rate and are staggered in phaseZhyas shown in Fig. 1.
Then we can rewrite (1) as

ye(k) = Z Cnue(k - 7’L) + Z cnuo(k — 7’L)
n=0,2,---, N n=1,3,.-, N
4
yo(k) = Z entto(k —n) + Z entte(k —n)
n=0,2, -, N n=1,3,-, N
®)
~_ [ wye(k) forkeven
y(k) = {yo(k) for k odd. 6

wherew, (k) is an even deinterleave and appears at the upper
input at even time slot but is stable during the following odd
time slotk 4+ 1. The datau,(k) is an odd deinterleave and
arrives at the lower input at odd time slobut is stable during

the following even time slot+1. The deinterleaving operation

is done without any latency loss axitectly at the preceding
ADC block using two arrays of registers: one clocked by the
rising edge of the2Z” clock to produce the even ADC data
and the other by falling edge of ti#&” clock to produce the
odd ADC data. (Other deinterleaving method suggested when
the ADC data is only available in a single stream format is to
use two arrays of level-sensitive latches.) All storage elements
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are latched by either positive or negative edge of a single ADC

|

1 u
clock, whose period i27". Even though both edges are used, —0 Qf— 2
this architecture is insensitive to the clock duty cycle variation Lo | c
since all timing paths exist only between the same clock edge CLK | n
type. It should be emphasized that performing the ADC to ke path A
FIR data handover at/27 rate significantly relaxes interface ath B
timing requirements at higher frequencies of operation. These b Q —+ D al—»
two blocks are designed using different circuit techniques, are X 1 ~— X8,
separated on silicon in order to minimize noise coupling into ox]® g ©
the analog comparators by the digital gates, and usually employ latch latch
different clock distribution networks. Consequently, their delay W—/ \ ~
matching is quite poor, thus making it quite a challenging task tap n+1 tap n

at the highl/T rate.
In our application, the FIR filter output is not reinterleaved

back into the single stream until much later. It may be ad- CLK

vantageous to implement other parts of the read channel in

parallel fashion, also operating at th¢27" rate. This allows Ye X‘ T X
high-speed design of peripheral circuitry due to parallel pro- X, >( ;ransparentéq X
cessing. However, the speed advantage may be obtained at the o ! 3
cost of extra area. - ‘ T_H

tx:lk-é} t

The FIR operational speed is doubled simadtiply-and-add
operation is now performed at half the data rate. An important
advantage of this structure is that it allows computation sharing
amongst the respective even and odd multiply operations in t'ple
two parallel paths. By using a numbering system that is highe?'
than radix-2, some operations, such as coefficient premultiplica-
tion, can be made common to both parallel paths. Further spe@diousz,,; bits and is contained within the limits 6f (min)
gains are achievable due to amortizationctifick-to<) delay and¢g(max). It should be mentioned that the latches could be
of the storage elements over two cycles. This effectively imeplaced with registers. However, this makes a poor choice be-
creases the useful time to do computation within a period. Catause one cannot take advantage of the advance propagation
sequently, this time can either be used to reduce area by ugifighe calculated LSB bits to the next stage and, consequently,
smaller and slower cells, or to increase the maximum operatitiigs results in lowering of g (max) to ¢t (imin). However, it is
frequency. acceptable for the patB to have less computational time than

The proposed architecture naturally allows the applicatigrath A, because the interstage computation part is obviously
of latches in the internal clocking stages as a faster, smallfaster, so that the above concern might not be an issue. Since
and lower-power alternative to using flip-flops. Fig. 3 show&p 0 is the last stage, there is no need for the advance prop-
a timing relationship within a single stage where the storaggation of bits. In such a case one should use registers as the
elements are latches. There are two important timing patlegocking elements.
path A from the inputu., and pathB from the previous-stage The proposed architecture takes advantage of the normal ir-
outputz,41. The third timing path from the coefficient inputregularity of critical path delays between neighboring stages by
¢, is Not an issue if the coefficients are semistatic, i.e., coeffiorrowing timing slacks from the less time-critical taps, i.e., taps
cient changes are needed only when mechanically moving tthat are earlier in the accumulation cycle, with tap 7 having the
different recording zone between read operations. Alternatdlyast complexity. As a result, the operational throughput could
a clocking stage could be placed inside the multiplier (it wilbe more than doubled with less than twice hardware cost and
be shown later that in combination with the Booth encoding afrea. This is because the register overhedmtck-to) delay
the data this could be easily done at the pass gates that foramd setup time) for the desired application was found to be 33%
multiplexer) such that it falls well below the critical path. Allof the clock period. However, by using the proposed structure,
these paths terminate at the data input of the storage elentbig overhead reduces to 16.5% of the half-rate clock and allows
at the current stage. In the timing diagram{.i.—¢ is the speed-up by a factor slightly greater than two. This is in sharp
clock-to€) delay of the previous-stage storage element,is contrast to pipelining which is normally used to achieve higher
the setup time of the current-stage storage elemanis the speed. Pipelining also adds latency, area, and power overhead
delay of the combinatorial path from the data input, ants is  since extra latching or reclocking stages for every pipelining
the delay of the combinatorial pafh from the previous stage. order are required. These stages also add complexity to the clock
During the time when the clock is high, the previous-stageee. In addition, the circuit is still clocked at the same high fre-
latch is transparent, thus allowing the LSB bitstgf,;, which quency as the data rate which increases the dynamic power dis-
get calculated earlier than the MSB bits, to pass to the fdipation. Our scheme alleviates these problems without the need
lowing stage early in the computational cycle. Consequentbf input buffering as even and odd data samples are applied at
the combinatorial delayg from the previous stage differs forthe respective inputs exactly at the time when they are available.

3. Timing of a single tap.
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Fig. 4. Parallel 8-tap FIR filter with radix-8 encoding of input data.

Itis also reported in [10] that the parallel approach is preferalidy sharing of resources. Fig. 4 shows the basic concept where
to pipelining from the power dissipation standpoint. both parallel paths operate on alternating input samples and the
The proposed architecture features only one extra full-rateefficient premultiplication is shared. The physical format of
(1/T) clock cycle latency, due the parallelizing of operationshe encoded data for each of the parallel paths consists of two

as compared with an ideal zero-propagational-delay FIR filtebuses. The first bus is a collection of nine wires and is a func-
) ) tion of the higher-order 4 bits of the original input data. The
C. Radix-8 Booth Architecture second bus is one wire smaller, 8-bit wide, and is a function
In the proposed architecture, the incoming high-speed 6-bitthe lower-order 3 bits of the original input data. One bit is
data is encoded into radix-8 numbering system. Advantagesizared between the two encoded numbers and leads to a redun-
taken of the “natural” 6-bit resolution of the data samples idant arithmetic system. The bits within each bus are encoded in
read channel applications such that a simple addition operatmme-hot manner, meaning that at all times an exactly one bit is
of the resulting two partial products is thus equivalent to thesserted. This reduces the power dissipation as well as area since
full multiplication of data and coefficient. In combination withboth buses run straight to all taps of the FIR filter resulting in
the FIR transpose structure, the basigltiply-and-accumulate a compact layout (see Fig. 7). It further contributes to the per-
operation is thus replaced by add-and-accumulateperation, formance increase by allowing use of a simple pass-gate multi-

as follows: plexer structure with low propagation delay (Fig. 6).
Each FIR coefficient is premultiplied for the following cases:
@n(k) = cnu(k) + znt1 (k) () _40,-30,-20,-C,0C,C, 20, 3C, anddC, whereC is the
= [23cn ({—4u(5) + 2u™® +u® 4 u(Q)} (k)) coefficient value. Th@C (zero) and power-of-two premultipli-

2) 1 © cations are trivial. Similarly-2C and—4C cases are a simple
ten ({ —duT 4 20 } (k))} +ant1(k)  leftshift operation of the prenegated” coefficient. As aresult,
(8) only the negation{C’) and multiplication-by-three3(’) non-

= 1230, (k) + an (k)] + 2pp1 (k) 9) _trivial ope_ratio_ns are _required. The mulfciplier c_oncept diagram
is shown in Fig. 5. Since the FIR coefficients in read-channel
where equalization do not usually change at high rate, pre-computation
Tn nth tap output does not require the high-speed operation of coefficients pre-
ul?) ith bit of « multiplication. Hence, the critical path of the multiplier does not
ap, lower partial product include the delay of the pre-multiplication. The multiplexer cell
by, upper partial product. in Fig. 6 has a compact layout and has a low average switched

The main advantage of radix-8 encoding of data is that the dpacitance. The high-speed encoded data lines are connected
coefficient premultiplication is performed off the critical pathto the gate of nMOS transistors which present a much lower ca-
The radix-8encoding of datas in contrast with the previously pacitance than the nMOS transistor source inputs and their con-
published work in which either radix-4 Booéimcoding of coef- nected drains. This significantly reduces power while allowing
ficientsis utilized [6]—[9], [11] or no reduction of partial prod- the cell to operate at high speed. The combination of one-hot op-
ucts is performed [10]. Encoding data allows reduction of areaation of each bus with the above pass-gate based multiplexer
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TABLE |
1 WIMSPSTAP/INBITS/COEFFBITS FIGURE OF MERIT [9].
Paper Gate W/ Msps/Tap Pprss | fsampte | Taps, InBits, | Area | #inter- | direct
(pm) | /InBits/Coeff-Bits | (mW) | (Msps) Coeff-Bits | (mm?) | leaves | type
This 0.18 0.23 36 550 8,6,6 0.3 2 11
Thon {9] 0.8 6.16 426 240 8,6,6 29 1 i
Wong [10) 1.2 4.86 50 50 8,6,6 364 4 1
Kif{i1] 0.8 4.86 140 100 8,6,6 5.85 1 I
Moloney [12] || 0.7 6.25 165 200 5,6,4.4 1.1 2 I
Selection by the radix-8 encoded data Radix-8 encoded data
AX 3K 22X X OX  +X +2X 43X +4X
+3C
— o —TT1
5 a o L
S +C © 2 et
£ S
o Partial g 2 m
o Product 2 =3
: —_ 3 . Ti b
@ T oL | 2
g c 2C B L . 5
3 3 M \__”;7 g
o 3 — o
E +2C m
-3C & +3C I--l
e M
y ' y 4 v

Multiplexer Switch
To: next cell

Fig. 5. Radix-8 multiplier based on selection of premultiplied coefficients. Fig. 6. Multiplexer cell.

significantly reduces the average switched capacitance and re- IV. COMPARISONRESULTS

sults in a fast and low-power multiplier. Table | compares this filter by earlier reported work in a
In case faster pre-computation of FIR coefficient is desirethrmat adapted from [12]. The entries in the third column indi-
the coefficients pre-multiplication operation could be easilgate a metric for efficiency in power reduction, first proposed by
re-timed through pipelining. The resulting coefficient updati®]. In the table Coeff-Bitsrepresent the bits in the coefficients,
latency of one or two clock cycles is negligible as comparddBits represent the bits in the input datBp;ss is the dissi-
with the slow rate of the LMS adaptation and does not appgzated power and,..pe is the sampling frequency equal to
in the critical path once the filter has adapted. Since tHgZ'. There are many factors which contribute to the reduction
coefficients are semi-static, during normal operation this extiathe metric shown in the third column. Most of the reduction

latency can simply be ignored. results from the process advancement. This can be seen by
comparing the areas which indirectly reflect the reduction in
IIl. STANDARD CELL DESIGN the average switched capacitances. It is rather a difficult task to

) " _ accurately compare the area and power improvements of this

_This FIRfilter is an integral part of a larger read channel dggeep, submicron design versus the published implementations
vice and we decided to follow, as with all other digital blocks, gased on conventional CMOS process technologies if based
commercial CMOS standard cell [14] digital flow methodologyy |y on the feature size metric. Firstly, the interconnect para-
The design was modeled using a VHDL description code fgftics are now becoming predominant. Secondly, because of its
system simulations (described in [13]), was synthesized fromgmmercial nature, the stated operational speed is guaranteed
register transfer levelRTL description subset of VHDL and thenynder the worst-case process/temperature/voltage conditions.
aUtO'pIaced and auto-routed with timing-dl’iven Constraints, tq’h|rd|y, the 0perati0na| Speed comes from marketing require-
gether with other high-speed digital back-end blocks, such @gnts, and this often leads to disproportional increase in the
an LMS coefficients adaptation block, phase and gain detectaifea and dissipative power just to achieve the sufficient but
etc. Afew standard cells were created specifically for this desigmall improvements in performance.
and made part of the tactical cell library: the 9-way multiplexer We also note that the implementation in this paper does not use
cell of Fig. 6 and its variants, and the low-power latch. The irearry-save arithmetic as in [9]. This reduces the number of regis-
tended floor-plan forced on the auto-place tool, with some helgrs by a factor of 2 as compared to [9]. In addition, the latency is
of cell grouping regions, is shown in Fig. 7. alsoreduced by avoiding the merging of carry-save outputs.
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Fig. 7. Floorplan of the 8-tap FIR filter.

speedup factor of slightly larger than two is achieved at the cost

(1]

[2
(3]
[4]
(5]

b
|
|

Gradients FIR Filter | LMS ‘Adaptation

Fig. 8. Chip micrograph of the FIR filter area. [6]

The micrograph of the FIR, LMS and Gradients area of the 71
larger Read Channel IC chip is show in Fig. 8. The measured
results are reported in Table I. The read channel chip is manul8!
factured in a 0.7:m pitch four-layer metal, 0.18m L-effec- 9]
tive, 40 A gate oxide thickness, digital CMOS process utilizing
a standard cell library [14]. The nominal voltage supply is 1.810]
V. It is being used in commercial hard-disk drives.

(11]
V. CONCLUSIONS

A novel design of a high-speed digital FIR filter for read [12]
channel applications that combines a direct type Il parallel FIR
structure with radix-8 encoding of input data has been prefi3]
sented. This architecture achieves merely one full-rate clock
cycle latency over an ideal FIR filter. Advantage is taken of; 4
possible circuit sharing between the parallel paths such that the

of less than doubling of area. The architecture naturally lends
itself to the use of latches in a manner that does not compro-
mise testability.
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