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Abstract— Decision feedback equalizers (DFEs) play a critical
role in high-speed communications through band-limited
channels. We implemented a 3-tap DFE receiver for 5-Gb/s data
bandwidth. To realize a multi-tap DFE operation, a digital-
control scheme is proposed that does not use analog circuits for
biasing, such as DACs. In addition to the conventional loop
unrolling, several techniques including combined feedback are
used to reduce the latency of the feedback path. Fabricated in a
0.13-pm CMOS process, the prototype of the proposed DFE core
has an area of 0.009 mm* and consumes 8.4 mW from a 1.2-V
supply, achieving a BER of less than 10™"! over a pair of 28-inch
Nelco 4000-6 board traces.

1. INTRODUCTION

As the clock speeds of silicon processing cores continue to
increase, data-rates of modern chip-to-chip communication
systems become higher than the allowed channel bandwidth.
Transceivers of the systems, in such cases, become vulnerable
to distortions arising from the undesirable characteristics of
the given channels, such as loss, crosstalk, and reflection.
These kind of distortions are called inter-symbol interference
(ISI) because a symbol is shaped by its adjacent symbols. ISI
has been one of the most speed-limiting factors in high-speed
transceivers [1-9].

Many equalization techniques, such as continuous-time
equalization [2][3][8], feed-forward equalization [1][5], and
decision feedback equalization [1][4-7], have been proposed
to overcome the bandwidth limitation. Among them, decision
feedback equalization (DFE), thanks to its mnonlinear
characteristics and noise immunity, is known as the most
powerful way to eliminate ISI.

High-speed decision feedback equalizers should resolve
two issues: feedback path delay and power consumption. First,
the maximum speed of a DFE is constrained by the loop delay
of its feedback path. Loop unrolling has been used in previous
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Fig. 1. Block diagram of the proposed DCDFE receiver

works to mitigate the problem [1][4][6-7]. Second, because
a DFE usually involves many summers, latches, and muxes
combined with DACs to build an equalization
function, it occupies a large area and exhibits high power
consumption [1]. As a solution to these problems, we propose
a digitally controlled DFE (DCDFE) that uses digitally
controlled samplers (DCS) on top of a loop unrolling. Overall
architecture and data paths of the DCDFE are optimized to
enhance the speed of the DFE while lowering power
consumption. DCS eliminates DACs and current mode logic
circuits, saving power and area resources. In addition, DCS
effectively saves area and timing resources with a combined
feedback. We implemented a 5-Gb/s DCDFE using a 130-nm
CMOS process. It is demonstrated that the proposed DCDFE



receiver exhibits low power consumption and occupies a small
area.

II. DESIGN CONSIDERATIONS

Fig. 1 shows the block diagram of the proposed receiver,
which contains a DCDFE core, an on-die termination (ODT)
to control termination impedance, a loop-back path and clock
buffers for testing. A clock recovery operation can be realized
by placing additional samplers and CDR units.

Generally, there are two ways of implementing a high-
speed DFE. The first approach is using an analog current
summer with multiple inputs [1]. Fig. 2(a) shows such an
example. One input pair of the summer is connected to the
input, and other pairs to the output of the cascaded delay
elements. ISI in the received data is effectively eliminated by
pulling currents through the coupled input pairs. The
magnitude of each current source is set by each DAC. Since it
has a simple structure, design complexity is reduced and
multi-tap implementation is possible with small overheads
because the number of filter taps can be increased easily by
adding another differential pair to the output. The main
drawback of this current summing approach is its high power
consumption. For the proper function of the analog summer, it
dissipates currents continuously during the entire period of
operation. Moreover, RC loading at the output nodes heavily
restricts the attainable data-rate of a DFE. In [4], a current-
integrating scheme is proposed to overcome the speed barrier.
However, designing a high-speed integrator is difficult
because the integrated value is susceptible to various factors
such as PVT variations, data-rate, and device mismatches.

Another favored method for high-speed DFE
implementation is using samplers with a variable threshold,
whose conceptual diagram is illustrated in Fig. 2(b) [6-7]. In
[6], a strong-arm latch with an offset calibration function
forms a threshold-adjustable sampler, by intentionally adding
an offset to the received signal. The interference can be
removed, if the amount of the given offset matches with that
of ISI. DACs are usually used to generate the offset voltage.
The offset-adding function only requires slicers in the frontend,
not current summers, which can be realized with a small
power budget. However, it still requires analog biasing circuits
and DACs dissipating static currents. Furthermore, multi-tap
implementation is possible only by partially adopting the
former approach, using current summers for filter taps except
for the first tap. This is because the decision thresholds of the
samplers cannot be changed instantly, limiting the coverage of
the DFE with offset-added samplers only to the first tap.

We realized a high-speed DFE simply by adding switches
to the output of samplers. Fig. 2(c) depicts the circuit diagram
of the sampler. We call it a digitally controlled sampler (DCS).
Its main difference from traditional offset adjusting DFEs is
that decision thresholds (V1) of DCSs are changed by turning
on/off switches, not by moving analog voltage/current levels.
This approach removes DACs, and it is possible to implement
a multi-tap DFE easily with simpler circuits because the
switching function can be carried out faster than analog
operations, as illustrated in Fig. 3. It may increase the
capacitance of the output nodes of samplers, but the increment
can be minimized by sharing a switch between taps. If the
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Fig. 2. Examples of DFE implementation and the proposed DCDFE
(a) by using current summers
(b) by using samplers with adjustable offset
(¢) DCDFE

offset code vs. threshold (OFC-Vry) curve shows a linear
relationship and the sum of tap weights are smaller than the
adjustable range of thresholds, taps can share a switch. The
proposed DFE has a 3-tap filter as its feedback filter, which,
we determined, is good enough for the channel we consider.
We decided to share one switch array between the second tap
and the third tap (T2 and T3) because the measured OFC-Vy
curve exhibits almost linear behavior as shown in Fig. 4, and
usually the second and third tap coefficients are much smaller
than the first tap coefficient.

Time
Tymbors COCOCOCOCOEDEOEOCEOCOECD
Clock _ [ L1 L - L - 1L I L T 1L
TH1

T1 or -T1 (loop unrolling)

TRk T2T3 X 1213 X T2+T3 X -T2+T3 X:

%, Threshold code of sampler can be changed
dynamically

TH2

Fig. 3. Timing diagram of the implemented multi-tap DFE

250
200 | P
150 | *

100 |
4
PS4

Threshold (mV)

50

0?’

0 ¢

0 2 4 6 8 10 12 14 1e

Offset code [3:0]

Fig. 4. Measured OFC-Vy curve of DCS



[II. IMPLEMENTATION

As mentioned before, the major concern in designing a
high-speed DFE is its speed limitation posed by the feedback
path. Not only is the loop unrolling, introduced in [6], applied
to the first tap (T1) feedback stage of this work, but also the
second and the third tap feedback path delays are dealt with.
We should take care of these paths because they form another
critical path in the loop-unrolling DFE. That is, to reduce the
input capacitances of the switches in samplers, each switch
transistor is split into three series parts and the middle part is
always turned on (Fig. 2(c)) as a cascode. To further reduce
the second/third feedback path delay, feedback parameters are
calculated in advance (Fig. 5). We call it combined feedback.
Combined feedback can effectively minimize the feedback
delay by reducing the number of logic depths in the critical
path.

Many DFEs use tap adaptation algorithms to track the
response of a given channel [1][6]. However, auxiliary
samplers for the adaptation and on-chip adaptation logic
consume extra power. We implemented the DCDFE with two
versions, one uses external codes as its tap weights (T1~T3),
and the other adapts its tap weights during the period of
operation with a sign-sign-LMS (SS-LMS) algorithm. The
former consumes lower power by about half, whereas the
adaptive version can automatically set its tap codes under
channel variations using SS-LMS algorithm.

IV. MEASUREMENT RESULTS

The prototype DFE was implemented in a 0.13-um CMOS
process. Fig. 6 shows a die photo of the DFE receiver, which
contains a DFE core, a clock receiver, terminations and a
loop-back driver. Termination resistances of 10 ports are
calibrated by adjusting the setting codes of ODT. The DCDFE
core occupies 0.009 mm? (=90 um x 100 pm).

The measurement setup is shown in Fig. 7. A PRBS7
signal was generated in a bit-error-ratio tester (BERT) without
applying any boosting algorithm at Tx side, and transmitted
through a backplane channel. A 5-Gb/s eye diagram and its
single-bit response measured at the end of a given channel are
shown in Fig. 8. BER was measured in the same instrument
and bathtub curves are drawn, as depicted in Fig. 9. A
differential pair of 28-inch Nelco 4000-6 traces is selected as
the channel, which is embedded in the BERT as an auxiliary
module. As illustrated inFig. 9, the proposed DFE
successfully recovered the received data from the

contaminated stream, widening the opening of the bathtub
curve. As it can be shown in Fig. 9, the measured BER was
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less than 10" at the center of the eye after the equalization
process. Eye diagrams captured at the output of the loop-back
driver are shown in Fig. 10.

The DCDFE core operates at 5-Gb/s from a 1.2-V supply.
However the data-rate can be increased up to 6-Gb/s from a
1.4-V supply. It dissipates 8.4 mW at 5-Gb/s data-rate and 12
mW at 6-Gb/s. In the case of the adaptive DFE, the amount of
power consumption is increased to 20.4 mW at 5-Gb/s data-
rate. The increased power budget is consumed by an
additional DCS for sampling the level error, a synthesized on-
chip tap adaptation block with a clock divider and tap retimers.
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V. CONCLUSION

In this paper, a digitally controlled 3-tap DFE is
demonstrated, which offers an adequate capability to remove
IST induced by lossy channels. The digitally controlled DFE
realizes a multi-tap equalization without using analog circuits,
thereby reduces chip area and power consumption. The circuit
is optimized to speed up the equalization process of the
proposed DFE, reducing the feedback latency. Also, a two-tap
combining feedback scheme, combined feedback, is applied to
further increase the speed of the proposed DFE. The
performance of the fabricated design is summarized in Table I
with comparison with previously published works. The figure
of merit in Table I is defined as follows: FOM = (Data-rate X
Num. of taps) / (DFE core area X Power consumption)

TABLE 1. PERFORMANCE COMPARISON OF DFES IN
90 ~ 130 NM CMOS PROCESSES
[4] (5] This work
Technology
(CMOS) 90 nm 90 nm 130 nm
DFE core area | 0.019 mm**' | 0.063 mm*** 0.009 mm’*
Supply 1.0V 14V 12V
voltage
Data-rate 7-Gb/s 16-Gb/s ~5-Gb/s **
- Currer.lt Currept DCDFE
Architecture Integrating Summing (no DACs)
DFE FFE+DFE
Num. of taps 2 4 3
Power %2 8.4-mW @ 5-Gb/s
consumption 9-3-mW 69-mW 12-mW @ 6-Gb/s
FOM 79.23 14.72 198.41
*1: Includes biasing and DACs
*2: Includes DMX and BIST
*3: ~ 6-Gb/s @ 1.4-V supply
ACKNOWLEDGMENT

Authors would like to extend special thanks to S. W. Hong,
B. T. Jang, J. S. Yoon, S. H. Ahn, B. H. Lee of TLI Inc.,
Seongnam, Korea for technical support.

REFERENCES

[1]1 J. F. Bulzacchelli, M. Meghelli, S. V. Rylov, et al., “A 10-Gb/s 5-Tap
DFE/4-Tap FFE Transceiver in 90-nm CMOS Technology,” IEEE 1J.
Solid-State Circuits, vol. 41, no.12, pp. 2885-2900, Dec. 2006.

[2] J. S. Choi, M. S. Hwang, D. K. Jeong, "A 0.18-um CMOS 3.5-Gb/s
Continuous-time Adaptive Cable Equalizer Using Enhanced Low-
frequency Gain Control Method," IEEE J. Solid-State Circuits, vol.39,
no.3, pp. 419-425, March 2004.

[31 M. C. Chou, Q. T. Chen, P. Chen, "A 250Mb/s-to-3Gb/s 5x
Oversampling Receiver with an All-digital Adapting Equalizer," A-
SSCC 2009, pp.181-184, 16-18, Nov. 2009.

[4] M. Park, J. Bulzacchelli, M. Beakes, et al., "A 7Gb/s 9.3mW 2-Tap
Current-Integrating DFE Receiver," ISSCC Dig. Tech. Papers., pp.230-
231, Feb. 2007.

[5] H. Sugita, K. Sunaga, K. Yamaguchi, et al., “A 16Gb/s 1*-Tap FFE and
3-Tap DFE in 90nm CMOS,” ISSCC Dig. Tech. Papers, pp.162-163,
Feb. 2010.

[6] V. Stojanovic, A. Ho, B. W. Garlepp, et al., "Autonomous Dual-mode
(PAM2/4) Serial Link Transceiver with Adaptive Equalization and
Data Recovery," IEEE J. Solid-State Circuits, vol.40, no.4, pp. 1012-
1026, April 2005.

[71 K. Fukuda, H. Yamashita, F. Yuki, et al., "An 8Gb/s Transceiver with
3x-Oversampling 2-Threshold Eye-Tracking CDR Circuit for -36.8dB-
loss Backplane," ISSCC Dig. Tech. Papers, pp. 98-99, Feb. 2008.

[8] J. Lee, “A 20-Gb/s adaptive equalizer in 0.13-um CMOS technology,”
IEEE J. Solid-State Circuits, vol.41, no.9, pp.2058-2066, Sep. 2006.

[91 J. H. Lee, S. Kim and D. K. Jeong, “A Combined Clock and Data
Recovery Circuit with Adaptive Cancellation of Data-Dependent

Jitter,” J. Semiconductor Technology and Science, vol.8, no.3, Sep.
2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.01)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




