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Abstract—A PAM4 quarter-rate receiver employs a single-
stage CTLE and a DFE with 1 FIR and 1 IIR-taps to efficiently 
compensate for channel loss. In addition to the per-slice main 
3 data samplers, an error sampler is utilized for background 
threshold control and an edge-based sampler performs both 
PLL-based CDR phase detection and generates information 
for background DFE tap adaptation. Fabricated in GP 65nm 
CMOS, the 56Gb/s receiver achieves 4.63mW/Gb/s and 
compensates for up to 20.8dB loss when operated with a 2-tap 
FFE transmitter.    

I. INTRODUCTION 
High-speed I/O standards are emerging that employ 

PAM4 modulation for moderate channel losses near 20dB. 
While ADC-based receivers are well suited for PAM4 
signaling [1], they generally consume high power. This 
motivates a power-efficient mixed-signal receiver front-
end solution for these applications. However, several 
challenges are faced in a mixed-signal PAM4 receiver 
design. The receiver is required to make multi-level 
decisions and implement equalizers that can cancel long-
tail multi-level ISI. This can lead to DFEs that have large 
tap counts when implemented with FIR feedback filters [2]. 
An alternative is to utilize DFEs which combine FIR and 
IIR feedback filters [3], [4]. However, robust operation 
requires setting of the sampler thresholds and DFE taps in 
an adaptive manner. This should be done with minimal 
hardware overhead and offer compatibility with clock 
recovery architectures that support PAM4 modulation. 

This work presents a mixed-signal PAM-4 quarter-rate 
receiver that employs a single-stage CTLE and a 1 FIR and 
1 IIR-tap DFE to efficiently cancel long-tail ISI. A bang-
bang phase detector (BBPD) PLL-based CDR allows for 
clock recovery with only one per-slice edge sampler and 
utilizes static phase interpolators for eight-phase data and 
edge clock generation. Utilizing the edge samplers, the 
DFE adaptation scheme of [3] is extended for PAM4 
operation with independent per-slice tap values for 
mismatch robustness. Background sampler threshold 
adaptation is also achieved with only an additional single 
per-slice sampler that periodically scans the top and bottom 
PAM4 eyes. 
 

II. RECEIVER ARCHITECTURE 
Fig. 1 shows the PAM4 receiver architecture. The CTLE 

output is connected to the quarter-rate DFE with slices that 
consists of 5 samplers. Three data samplers implement a 2-
bit flash ADC for PAM4 symbol detection, 1 error sampler 
periodically scans the top and bottom eyes for threshold 
tuning, and 1 edge sampler provides information for CDR 
phase locking and DFE tap adaptation. The CTLE’s 
primary role is to cancel the pre-cursor ISI in combination 
with a 2-tap TX FFE, while the DFE’s FIR-tap targets the 
first post-cursor and IIR-tap compensates for the long-tail 
post-cursor terms. The outputs of the 4 receiver slices are 
first deserialized to 1/8 symbol rate, with the data and edge 
samples driving the CDR’s PAM4 BBPD. At this point the 
data samples are also probed out for external BER testing. 
All the data, error, and edge samples are then further 
deserialized to 1/32 symbol rate for processing by the DFE 
tap and threshold adaptation logic. 

A detailed block diagram of the equalizer data-path is 
shown in Fig. 2. The single-stage CTLE’s tunable 
degeneration resistor and capacitor provides 6dB of 
peaking and gain control. After the CTLE, the DFE IIR-tap 
summation is done in a per-slice CML summer that 
precedes the 5 samplers. The DFE FIR-tap summation is 
done within the CML samplers in a thermometer code 
manner to minimize the direct feedback delay and meet the 
1-UI stringent timing [4], as shown in Fig. 3(a). 
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Fig. 1.  PAM4 receiver with threshold and DFE tap adaptation.  



Independent DFE FIR-tap weights are used to set the tail 
currents on a per-slice basis to compensate for mismatch 
between the receiver slices. Sampler threshold and offset 
control is also implemented using an additional differential 
pair controlled through the DAC-generated Voff/Vth 
voltage. The single IIR MUX of Fig. 3(b) combines the 
thermometer quarter-rate data from all the slices and 
serializes it to full-rate using a current-mode architecture. 
A tunable RC load filter implements the IIR filter, with the 
time constant controlled through tunable R and C values 
and the amplitude controlled by the tunable tail current. 

Fig. 4 shows the PLL-based CDR block diagram. The 
BBPD receives the 1/8-rate data and edge samples and 
filters out all but the symmetric transitions to avoid 
asymmetric PAM4 transition-induced jitter. In order to 
reduce loop latency, the BBPD works with 8 parallel 
Early/Late signals controlling an 8-segment charge pump. 
This parallel charge pump drives the loop filter to produce 
the control voltage for a 14GHz LC oscillator. In addition 
to the primary resonator tank, oscillator phase noise is 
reduced with tanks also in the source of both cross-coupled 
transistor pairs. Quarter-rate clocks are generated by a CML 
divide-by-two and then converted to CMOS level. Static 
CMOS phase interpolators efficiently generate the 8 clock 
phases for the quarter-rate data and edge samplers. Per-
phase skew calibration is achieved with tunable delay 
buffers preceding the samplers. 

III. DFE TAP AND THRESHOLD ADAPTATION 
The edge-based DFE tap background adaptation logic 

tables are shown in Fig. 5, which is modified from [3] to 
allow for PAM4 operation and independent per-slice DFE 
FIR-tap control. Similar to the BBPD logic, the DFE tap 
adaptation works with symmetric PAM4 data transitions in 

order to improve convergence. When a symmetric 
transition is detected, the correlation between the edge 
sample and the sign of the previous symbols determines the 
residual ISI polarity from the corresponding symbol. As the 
DFE FIR-tap cancels the first post-cursor, if the D-1 symbol 
polarity matches the edge sample ISI polarity, this implies 
that the tap value is too small and the FIR-tap counter is 
incremented and vice-versa. As PAM4 receivers require 
improved sensitivity, independent per-slice adaptation is 
implemented for the DFE FIR-taps to compensate for 
mismatch in the 4 receiver slices. The DFE IIR-tap 
amplitude is set in a similar manner utilizing the D-2 
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polarity, as this IIR tap compensates for long-tail ISI after 
the first post cursor. IIR-tap time constant is set with the 
correlation from either D-3 or D-4 and the edge sample. The 
use of one common DFE IIR-tap mux allows for the 
adaptation of only a single set of IIR values. 

Background sampler threshold adaptation is achieved 
with an additional error sampler to periodically estimate the 
top/bottom eye height and place the thresholds in the 
middle. An initial foreground calibration step is performed 
where all 20 samplers are set to zero offset/threshold by 
shorting the input to the common mode and adjusting the 
per-sampler Voff/Vth DAC codes. On a per-slice basis, the 
top sampler’s threshold is then incremented up by 1LSB to 
come to the initial condition shown in Fig. 6. The initial 
coarse adaptation steps are based on uniform symbol 
statistics, with both the top sampler and error thresholds 
increased until a 25% one detection probability is achieved 
by the error sampler. Also, in parallel the bottom sampler is 
stepped at the same rate in an open-loop manner to improve 
convergence speed. State 1 shows that this implies the error 
sampler is residing at the bottom of the top eye and the top 
sampler is sampling only 1 threshold LSB inside the eye. 
Next, the polarity of the error sampler threshold is inverted 
and then fine-tuned to converge to the top of the bottom 
eye, with the bottom sampler adjusted by the fine steps 
(State 2). In order to not have to rely on uniform statistics, 
the process then transitions to monitoring the relative 
values of the error samplers and the bottom/top samplers to 
track the eye edges in States 3 and 4. Next, the data 
samplers’ thresholds are fixed and the error sampler 
threshold is increased until discrepancy is detected between 

error and the top outputs, implying the error sampler has 
reached the top edge of the top eye (State 5). This is 
repeated to find the bottom of the bottom eye (State 6). Now 
the top and bottom eye heights are found and the bottom/top 
thresholds are placed in the middle when the process goes 
back to State 3 and 4 for monitoring of the top of the bottom 
eye and bottom of the top eye, respectively. The algorithm 
then periodically rotates between States 3-6. 

IV. EXPERIMENTAL RESULTS 
Fig. 7(a) shows the chip micrograph of the PAM4 

receiver, which was fabricated in a GP 65nm CMOS 
process. The receiver occupies a total area of 0.51mm2. 

Receiver BER measurements were performed using a 
channel which has 20.8 dB of loss at 14GHz (Fig. 7(b)). A 
PAM4 pattern generator with 1-main and 1-pre-cursor FFE 
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Fig. 5.  PAM4 DFE FIR and IIR-tap adaptation logic tables. 
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taps generates PRBS15 data. Fig. 8 (a) shows the 
transmitter PAM4 pre-channel eye diagram without any 
equalization with 600 mVppd swing. Co-optimizing the 2-
tap pre-cursor FFE with the receiver equalization results in 
a completely closed eye at the channel output (Fig. 8(b)). 

An on-chip DAC monitors DFE tap coefficients and the 
sampler thresholds convergence. Fig. 9 shows that the DFE 
taps converge within 2μs and the initial threshold procedure 
completes within 16μs. A bypass clock input with phase 
shift capability is used to measure the combined MSB/LSB 
BER timing bathtub curves of Fig. 10(a), which shows 
0.19UI of timing margin at BER=10-12. The voltage bathtub 
curves of Fig. 10(b) are measured with the CDR locked and 
by changing the threshold code for the top, middle, and 
bottom samplers from their ideal position. Table I 
summarizes the receiver performance and compares it with 
other PAM4 receivers operating near 56Gb/s. The receiver 
achieves a power efficiency of 4.63mW/Gb/s, which is 
superior to the ADC-based design of [1] and the mixed-
signal front-end of [5] which utilizes a 2-stage CTLE and 
an additional TX FFE tap. Employing the DFE IIR-tap 

allows for a reduction in the total tap count relative to [2], 
while also extending the maximum supported channel loss. 

V. CONCLUSION 
This paper presented a PAM4 quarter-rate receiver which 

employs a single-stage CTLE and a DFE with 1 FIR and 1 
IIR-taps and utilizes a PLL-based CDR. Edge samplers are 
utilized for both CDR phase detection and DFE tap 
adaptation with independent per-slice values for the 
required PAM4 sensitivity. Sampler threshold adaptation is 
also achieved with a single per-slice error sampler that 
periodically scans the top and bottom PAM4 eyes.  
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TABLE I: PERFORMANCE SUMMARY 

References [1] [2] [5] This Work 

Technology CMOS 16nm 
FinFET 

CMOS 16nm 
FinFET 40nm CMOS 65nm CMOS 

Data-Rate 56Gb/s 40-56Gb/s 56Gb/s 56Gb/s 

Data Format PAM4 PAM4 PAM4 PAM4 

Equalization 
CTLE 

ADC based DFE & 
FFE 

CTLE 
10-tap DFE 

CTLE 
3-tap DFE 

CTLE 
1-tap FIR & 

 1-tap IIR DFE

Maximum 
CTLE Peaking

2-stage 
14dB 

2-stage 
N/A 

2-stage 
9 dB 

1-Stage 
6 dB 

Channel-Loss 31dB1 10dB2 24dB1 20.8dB2 

Area 2.8mm2 

(2 TX/RX) 0.364mm2 1.26mm2 0.51mm2 

Supply 0.9V/1.2V/1.8V 
(digital/analog/aux)

0.9V/1.2V/1.8V 
(digital/analog/aux) 1V 1.2V 

Power 
Consumption 

370mW 
(RX excl. DSP) 230mW 382mW 259mW 

Power 
Efficiency 6.6mW/Gb/s 4.1mW/Gb/s 6.82mW/Gb/s 4.63mW/Gb/s

1 Including 3-tap TX FFE equalization 
2 Including 2-tap TX FFE equalization 

7.1ps100mV 7.1ps100mV

(a) (b)
Fig. 8.  (a) 56Gb/s eye-diagram before channel without equalization and 
(b) after channel with 2-tap pre-cursor FFE. 

FIR[1:4]

IIR 
time constant

IIR 
Amplitude

TH3[1:4]

THER[1]

St
at

e 
1

St
at

e 
2

St
at

e 
3

St
at

e 
4

St
at

e 
5

St
at

e 
6

St
at

e 
3

St
at

e 
4

St
at

e 
5

St
at

e 
6

TH2[1:4]

TH1[1:4]

St
at

e 
3

St
at

e 
4

(a) (b)
Fig. 9.  (a) Measured DFE tap adaptation. (b) Measured sampler threshold 
adaptation. Note, edge sampler values are omitted and only error sampler 
#1 is shown for clarity. 

(a) (b)
Fig. 10.  Measured 56Gb/s (a) timing and (b) voltage bathtub curves. 



<<
  /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 false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /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 <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


