A Mixed-Signal Decision-Feedback EqualizerThat Uses ParallelismRavinder S. Kajley, James E. C. Brown and Paul J. HurstSolid-State Circuits Research LaboratoryDepartment of Electrical and Computer EngineeringUniversity of California, Davis, CA, 95616ABSTRACTA mixed-signal decision-feedback equalizer (DFE)that uses parallelism is described. The parallelism in thelook-ahead DFE achieves an increase in the data rate overthat of a conventional DFE. The DFE occupies 23 mm2in a 2-mm CMOS process, operates at 55 Mb/s anddissipates 450 mW.INTRODUCTIONDecision-feedback equalization is a samplingdetector that can be used when intersymbol interference(ISI) is present, such as in a disk-drive read channel[1,2,3] or other communication channels [4]. Thedecision-feedback equalizer (DFE) is used in combinationwith a linear forward equalizer to remove all ISI. Fig. 1shows the block diagram of a complete hard-disk readchannel that uses a DFE. The read channel containsmany components in addition to the DFE: timingrecovery, forward equalizer, automatic gain control(AGC), and preamp.This paper describes a mixed-signal implementationof a look-ahead DFE for a disk-drive read channel. ThisDFE is an extension of a previous mixed-signal DFEdesign [5]. The key difference here is the use ofparallelism in the look-ahead structure, which achieves anincrease of the data rate of the DFE. The data rate of thenew DFE is 55 Mb/s, while the DFE in [5] operates at 35Mb/s. Both DFEs are fabricated in the same technologyand use many of the same circuits.DFE BACKGROUNDThe forward equalizer in Fig. 1 is responsible forremoval of precursor ISI. The DFE removes theremaining postcursor ISI by using a linear combination________________This work was supported in part by a UC MICRO grant,co-sponsored by Allied Telesyn, Analog Devices, Hewlett-Packard, IBM, Level One Communications, NationalSemiconductor, Quantum, Seagate and Silicon Systems.

Decision Feedback

Preamp AGC

Clock

Digital Output

Equalizer Timing Recovery

Equalizer

Forward Head

Fig. 1: Disk-drive read channel block diagramof past decisions to cancel the interference [1,4]. Thepostcursor ISI, ISI+, at time nT can be expressed as aweighted summation of past bits, plus an offset: ISI + (n) = h offset

+ h(k)ŷ(n − k) k=1

M

∑ (1)ωηερε {η(κ)} ισ τηε ρεσπονσε οϕ τηε δισκ χηαννελ πλυσϕορωαρδ εθυαλιζερ σαμπλεδ ατ βιτ τιμεσ κΤ, {

^( ) y n k−

} ισπαστ βιναρψ δατα, ανδ ηοϕϕσετ ισ τηε δ.χ. οϕϕσετ. Μ ισ τηενυμβερ οϕ βιτσ τηατ χοντριβυτε σιγνιϕιχαντ ποστχυρσορ ΙΣΙ.Φιγ. 2 σηοωσ αν αδαπτιϖε 5−ταπ ΔΦΕ, ωηιχη χανχανχελ τηε ποστχυρσορ ΙΣΙ. Φουρ ταπσ χανχελ ποστχυρσορΙΣΙ, ανδ ονε ταπ χανχελσ τηε δ.χ. οϕϕσετ. Βασεδ ονσιμυλατιονσ υσινγ α Λορεντζιαν χηαννελ μοδελ [1] ωιτηΠΩ50 = 2Τ ανδ αππροπριατε ϕορωαρδ εθυαλιζατιον, α 5−ταπΔΦΕ ισ συϕϕιχιεντ το αχηιεϖε ΜΣΕ < ∠25 δΒ ϕορ α νοισε−ϕρεε χηαννελ, ωηερε ΜΣΕ = Ε(ε2(ν)) ισ τηε μεαν−σθυαρεδερρορ ανδ ε(ν) =

^( ) ~( ) y n y n−

ισ τηε ερρορ αχροσσ τηε σλιχερ.Τηε χοεϕϕιχιεντσ δκ ιν Φιγ. 2 χαν βε δετερμινεδ βψαδαπτινγ τηε ΔΦΕ υσινγ αν αλγοριτημ ωηιχη μινιμιζεστηε ΜΣΕ. Ονχε τηε ΔΦΕ ηασ αδαπτεδ, τηε ΔΦΕχοεϕϕιχιεντσ αρε δκ = ∠η(κ) ϕορ 1 ≤ κ ≤ Μ ανδ δ0= −ηοϕϕσετ.Ηερε δκ ισ τηε χοεϕϕιχιεντ ατ ταπ κ, δ0 ισ τηε δ.χ. οϕϕσετχανχελλατιον χοεϕϕιχιεντ, ανδ Μ ισ τηε νυμβερ οϕ ταπσ.Ωιτη τηεσε χοεϕϕιχιεντσ, τηε ΙΣΙ+ ισ χανχελεδ βψ τηε ΔΦΕ.Τηε ΔΦΕ χοεϕϕιχιεντσ χαν βε αδαπτεδ υσινγ τηε σιγν−ΛΜΣ αλγοριτημ [4,6]:

dk(n +1) = dk(n) + βsign(e(n))ŷ(n − k) for 1 ≤ k ≤ Mand

d0(n +1) = d0(n)+βsign(e(n)) ,(2) where b << 1 is the gain of the update integrator and n istime. The sign-LMS update equation for each coefficientcan be implemented by a L-bit up/down counter if b =2—L because sign(e(n))

^( ) y n k−

is either +1 or —1. Thesign-LMS update for coefficient d1 is shown in Fig. 2. y(n-3)^y(n-4)^ y(n-2)^ y(n-1)^d1-1Z -1Z -1Z -1Zy(n)~ y(n)^d1 Integrator sign(e(n))d3d4d d2"1" Flash ADC- +0Input ΣΣΣ. βe(n)Fig. 2: DFE with sign-LMS update shown for coefficient d1.Z —1 is a delay of a bit period T.A MIXED-SIGNAL DFE ARCHITECTUREFig. 3 shows a block diagram of a mixed-signal DFE,which is practically identical to the design in [5]. (Theonly difference is that the ADC outputs a 2-level sign(e)here rather than the 3-level quantized error signal q(e) in[5].) The look-ahead DFE that is described in the nexttwo sections is a modification of this mixed-signal DFEand uses many of these circuit blocks. The input is ananalog current coming from a preceding analog forwardequalizer [7-11]. A current-to-voltage (I2V) converterfeeds a small flash ADC which outputs the binarydecision

^( )y n

and sign(e(n)) using only 3 comparators.Digital logic and 10-bit counters are used in thecoefficient update. The digital output of the counters feedresistor-string 6-bit digital-to-analog converters (DACs)that drive current-output multipliers [12]. The multipliersperform the multiplication of the past binary decision

^( ) y n k−

by the analog coefficient value dk. The currentoutputs are all summed at the I2V input simply byconnecting them together.LOOK-AHEAD DFE CONCEPTThe critical, speed-limiting feedback loop in Fig. 3 isthrough the I2V converter, flash ADC and d1 multiplier.This feedback loop must have a total delay less than onebit period, T. Although shown as a separate delayelement, most of the Z —1 delay in this critical loop is inthe flash ADC. To reduce T and thereby increase the datarate of the DFE, parallelism can be used. ^ y(n-2)^ y(n-1)^d0 d1d2d3d4 -1Z -1Z -1Z -1Z

and logic

Counter

6-bit DAC

Σ y(n-3) Sign Error = sign(e(n))

"1" FLASHADC I2V Digital Blocks

^ Decision = y(n) y(n-4) ^ . Input (current)

FB (current)

Fig. 3: Mixed-signal DFE showing analog and digital circuitblocks. The digital blocks are enclosed by the dashed line.Parallelism is used in the look-ahead (LA) DFE tochange the critical, speed-limiting feedback loop to beingthrough the d2 multiplier rather than the d1 multiplier[13]. The LA DFE can be explained conceptually usingFig. 4. There are two parallel processing paths in the LADFE. Each path is a copy of the DFE of Fig. 2 with thefollowing changes. The upper path always assumes

^( ) y n− = + 1 1

and uses that value in its convolutioncalculation. The lower path always assumes and uses

^( ) y n− = −1 1

. Both paths use the same dk coefficientsand the same (correct) values of

^( ) y n− 2

,

y n− 3

and

y n− 4

in the convolution calculation. The two parallelpaths produce inputs to the upper and lower ADCs thatoutput two tentative decisions

^ ( ) y n+1

and

y n− 1

, where = [

^( )y n

, if

^( ) y n− = + 1 1

] and = [ , if

y n− = −1 1

]. d0 d1d3 d2d4 d1d2d3d4d0 -1y (n-2)^y (n-2)^+1 ^y(n-3)with delayFlash ADCwith delayFlash ADC -1sign (e(n-2))+1sign (e(n-2))I2V ErrorI2V DecisionCorrect"-1""+1"Input -1Z -1Z Mux "-1" path"+1" pathy(n-4)^ ^y(n-3) ^y(n-2)"1""1" Mux Correct

Fig. 4: LA DFE block diagram. LMS update hardwareis not shown.Selection between tentative decisions

^ ( ) y n+1

and

y n− 1

could be made using

^( ) y n− 1

, if these values were available at time n. However, at time n, the tentativedecisions and

^( ) y n− 1

are essentially ’stuck’ inside theADC and are not available. Therefore, the selection isdelayed and is made between the delayed tentativedecisions

^ ( ) y n+ −1 2

and

y n− −1 2

, with the selectiondetermined by the value of

^( ) y n− 3

. At start-up, atraining sequence of known data is used for rapid andreliable convergence [4]. This sequence of known datainitializes the selection process, giving known values forthe select signal

^( ) y n− 3

during training. At the end ofthe training data, the selection process can continue tooperate using the correct delayed decision that is outputby the LA DFE. The two paths also output tentativesign(e) signals, one of which is selected by the pastdecision

^( ) y n− 3

. The selected sign(e(n—2)) signal isused to update the coefficients, using a delayed version ofthe sign-LMS coefficient update algorithm [14]:

dk(n +1) = dk(n)+βsign(e(n − 2))ŷ(n − k − 2)

for 1≤ ≤k M

and

d0(n +1) = d0(n)+βsign(e(n − 2)) .(3)In the LA DFE, the critical, speed-limiting feedbackloop is through the d2 multiplier and now must have atotal delay less than 2T. More than half of this loop delay(>T) is in the flash ADC and the rest (<T) is in the mux,d2 multiplier, and I2V.LOOK-AHEAD DFE DESIGNThe two paths in the LA DFE in Fig. 4 use thearchitecture shown in Fig. 3. All analog circuits are fullydifferential to minimize the coupling of digital noise intothe analog signal paths. An I2V converter followed by aflash ADC is used in each of the upper and lower paths.The ADC uses pipelined comparators to allow decisionsto be made at a 1/T rate, with a delay less than 2T throughthe ADC. The comparators are as described in [15],except that a different input sampling network is used[16]. The critical feedback loop through the d2 multiplierallows a total delay of 2T through the I2V, flash ADC,mux and multiplier. The I2V and multipliers are the sameas those used in [5], and the DACs and ADCs use thesame structures as in [5] but have undergone minormodifications.The LMS update circuitry and DACs (not shown inFig. 4) and decision delay line are shared by the twopaths. The update circuitry can be shared because onlythe selected past decisions and error signal are used toupdate the coefficients. This sharing saves both powerand IC area. To further reduce area, one up/down counteris shared for updating the five dk coefficients. The logicdesign is such that two clock cycles are required to updatea coefficient. Therefore, each coefficient is updated every10th clock cycle, and its value is stored in a register afterupdating. This scheme slows convergence but does allowcoefficient adaption. Since the main goal of this work isto demonstrate that parallelism in the analog signal pathscan increase the data rate without a significantdegradation of performance, speed of convergence wasnot a major concern. The LA DFE could easily bemodified to have a dedicated counter for each coefficient.The two parallel paths in the LA DFE must beidentical in order to achieve the same performance as theconventional DFE in Fig. 2. In an IC implementation, theanalog circuits in these paths will be mismatched to someextent. The effect of d.c. offset mismatch between thetwo paths and convolution-path gain mismatch weresimulated [17]. The results of these simulations are thatthe LA DFE can tolerate convolution-path gain mismatchof 10% and large offsets with negligible degradation. Inthe LA DFE, coefficient d0 cancels the average input-referred offset in the two paths, and d1 cancels mismatchin the offset of the two paths in addition to ISI caused by

^( ) y n− 1

[17]. To achieve good matching between theupper and lower paths, circuits that have similar functions(the I2Vs, flash ADCs and convolution multipliers) areplaced close together with identical orientations.MEASURED PERFORMANCEThe LA DFE was tested by generating a realisticDFE input signal that contains only postcursor ISI usingsoftware, sending that signal through an arbitrarywaveform generator, and adding bandlimited noise to thesignal before it enters the LA DFE. The test signal isgenerated using a Lorentzian channel model withPW50=2T and a 5-tap FIR forward equalizer.A plot of measured bit-error rate (BER) versussignal-to-noise ratio (SNR) is shown in Fig. 5 for a datarate of 55 Mb/s. This data was gathered usingcoefficients that were found by adapting, but adaptionwas turned off when measuring BER. The samplingphase is adjusted by hand. For comparison, simulatedBER performance of the DFE in Fig. 2 is also plotted.This early data shows that the LA DFE is functional andoperates faster than the DFE in [5]. That DFE usedsimilar circuitry, the same CMOS technology, and thearchitecture in Fig. 3. It had a maximum operating speedof 35 Mb/s. The parallelism is allowing faster operation.The IC layout is shown in Fig. 6. The IC wasfabricated in a 2-mm CMOS process. The total activearea of the LA DFE is 23 mm2. The measuredperformance is summarized in Table 1.

CONCLUSIONA mixed-signal look-ahead DFE was presented thatincreases the data rate by using parallelism. The areaincrease due to parallelism is much less than a factor oftwo because all blocks do not have to be duplicated.ACKNOWLEDGMENTThe authors are grateful to the Mass Storage Group atNational Semiconductor for performing microsurgery tocorrect wiring errors on the chip.REFERENCES[1]J. W. Bergmans, �Density Improvements in DigitalMagnetic Recording by Decision Feedback Equalization,�IEEE Trans. on Magnetics, pp. 157-162, May 1986.[2]J. M. Cioffi, W. L. Abbott, H. K. Thapar, C. M. Melas, K.D. Fisher, �Adaptive Equalization in Magnetic-DiskStorage Channels,� IEEE Comm. Magazine, pp. 14-29,Feb. 1990.[3]W. L. Abbott, J. M. Cioffi and H. K. Thapar, �ChannelEqualization Methods for Magnetic Storage,� ICC,Boston, MA, June 1989.[4]M. L. Honig and D. G. Messerschmitt, Adaptive Filters,Kluwer Academic Publishers, Boston, 1984.[5]J.E. Brown, P. Hurst and L. Der, "A 35 Mb/s Mixed-Signal DFE for Disk-Drive Applications," CICC, SantaClara, pp. 26.6.1-26.6.4, 1995.[6]B. Widrow and S. D. Stearns, Adaptive Signal Processing,Prentice-Hall, New Jersey, 1985.[7]J. Sonntag, et. al., "A High-Speed Low-Power PRMLRead Channel Device", IEEE Trans. on Magnetics, pp.1186-1195, March 1995.[8]B. Rothenberg, S. Lewis and P. Hurst, "A 20 MS/sSwitched-Capacitor FIR Filter in 2 mm CMOS,"ISSCC.,San Francisco, pp. 210-211 and 369, Feb. 1995.[9]R. Gomez, M. Rofougaran and A. A. Abidi, "A Discrete-Time Analog Signal Processor for Disk Read Channels,"ISSCC, pp. 212-213, Feb. 1993.[10]R. Yamasaki, T. Pan, M. Palmer, and D. Browning, "A 72Mb/s PRML Disk-Drive Channel Using an AnalogSampled-Data Signal Processor,"ISSCC, pp. 278-279,1994.[11]S. B. Lyle, G. Worstell, and R. R. Spencer, �An analogdiscrete-time transversal filter in 2m CMOS,� AsilomarConf. on Signals, Systems and Comp., pp. 970-974, 1992.[12]K. M. Ware, H-S. Lee and C. G. Sodini, �A 200-MHzCMOS phase-locked loop with dual phase detectors,�IEEE J. Solid-State Circuits, pp. 1560-1568, Dec. 1989.[13]K.K Parhi, �Pipelining in algorithms with quantizerloops,� IEEE Trans. on CAS, pp. 745-754, July 1991.[14]G. Long, F. Ling and J. G. Proakis, "The LMS Algorithmwith Delayed Coefficient Adaption," IEEE Trans. onASSP, vol. 37, pp. 1397-1405, Sept. 1989.[15]J. T. Wu and B. A. Wooley, "A 100-MHz PipelinedCMOS Comparator," IEEE J. Solid-State Circuits, pp.1379-1385, Dec. 1988.[16]L. Der, S. Lewis and P. Hurst, "A Switched-CapacitorDifferencing Circuit with Common-Mode Rejection forFully Differential Comparators"Midwest Symp. on CAS.,pp. 911-914, Aug. 1993[17]R. Kajley, P. Hurst, and J.E. Brown, "A Mixed-SignalDFE Using a Look-Ahead Architecture,"Asilomar Conf.on Signals, Systems and Comp., pp. 1413-1417, 1994. -2-4-6-8-10-12 8 9 10 11 12 13 14 15 16 17

log10(Bit Error Rate)

SNR at LADFE Input

’measured.dat’ ’simulated.dat’Fig. 5: Measured BER vs. SNR at 55 Mb/s, andsimulated BER of a DFE.Fig. 6: Layout plot of the LA DFE IC.ParameterValueProcess2 mm CMOSActive Area

23 mm2Power Supply5 VPower Dissipation450 mW @ 55 Mb/sData Rate55 Mb/sNumber of taps4 for ISI, 1 for d.c. offsetTable 1: LA DFE Performance Summary