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Abstract—This paper presents a design for an on-chip high-speed 
clocked-comparator for high frequency signal digitization. The 
comparator consists of two stages, amplification and regenerative, 
comprising a total of 10 MOS transistors.  The design is 
implemented in 65nm CMOS technology.  Also, the paper presents 
a new cost effective technique for measuring the maximum speed 
of the clocked comparator. The measurement and simulation 
results show that the proposed design has an average of 31% 
higher speed and ~17% less active area than the conventional 
design. 

I. INTRODUCTION 

Comparators are important elements in modern mixed signal 
systems.  Speed and resolution are two important features which 
are required for high speed applications such as on-chip high 
frequency signal testing, data links, sense amplifiers and analog-
to-digital converters.  On-chip testing of high frequency pseudo 
random binary sequences (PRBS) requires a high speed 
comparator at the electrical interface stage [1], [2].  

A clocked comparator usually consists of two stages. The 
first stage is to interface the input signals. The second 
(regenerative) stage consists of two cross coupled inverters, 
where each input is connected to the output of the other.  In low 
power target designs, the regenerative stage starts its operation 
from supply level [3], [4], or ground level [5], [6].  In a CMOS-
based latch, the regenerative stage and its following stages 
consume the lowest possible static power since the power-
ground path is switched off either by a NMOS or PMOS 
transistor.  

The comparator speed is not the highest priority however, 
because the latch evaluates to its stable state starting from the 
opposite state.  If comparator speed is a priority, the regenerative 
stage could be designed to start its operation from midway 
between power supply and ground, for example, as it is 
implemented in [7].  However, the static power consumption is 
relatively high.  In [5], Schinkle presented a double-tail latch-
type voltage sense amplifier.  The circuit is developed to work in 
the scaled technology by stacking a lower number of transistors 
compared with the conventional sense amplifier [8]. A modified 

version of the design in [5] is developed in [9] to calibrate the 
voltage offset due to process variations.  

Comparator design largely depends on the target application. 
In this paper, we present a design for an on-chip high-speed 
clocked comparator for high-frequency low-swing signal test 
applications.  The comparator is attractive for the applications 
where speed is of the highest priority and the common mode 
range is limited, for examples, testing of on-chip high frequency 
signals, high-speed data link and ADCs of moderate number of 
bits.  In addition, a cost-effective technique is presented for 
measuring the highest possible clock frequency that can be 
applied to the comparator while keeping correct operation. 

The rest of the paper is organized as follows. The speed 
limitations of the conventional design and areas for 
improvements are investigated in Section II.  An overview of the 
proposed design is given in Section III.  The simulation results 
and comparisons are given in Section IV.  The prototype chip 
and test results are covered in Section V. 

II. DELAY TIME IN CONVENTIONAL COMPARATORS 

The schematic diagram of the comparator presented in [5] is 
shown in Fig. 1. This comparator is selected for comparison 
with our design because of its speed and suitability for low 
supply voltage applications.  In the rest of the paper it will be 
referred to as reference comparator. The transient behavior of 
this type of comparators is shown in Fig. 2 assuming that VP is 
higher than VN. While the clock is low, the output nodes (OUT+ 
and OUT-) are discharged to ground. When the clock switches 
to high, the currents flowing in M3 and M4 charge the output 
nodes at different rates depending on the values of input voltages 
VN, VP. When one of the output voltages reaches the threshold 
voltage Vthn of the NMOS, a feedback operations starts and the 
two outputs eventually evaluate to VDD and ground.  

The delay time can be calculated as the time difference 
between 50% levels of clock and output shown in Fig. 2(a). 
According to the analysis given in [10], the delay time tdelay can 
be divided into two parts namely t0 and tlatch, where to and tlatch 
can be given by Equations (1) and (2) respectively. 
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where CL is the load capacitance at an output node and IEq is the 
resultant current of M3 minus the current of M10 and VCharge is 
equal to Vthn in this case. 

��
�

�
��
�

� 	
�

O

OUT

eff

L
latch V

V
gm
Ct 2ln                                            (2) 

where 	VOUT and VO are as indicated in Fig. 2.  

In general VO can be written as VinGVO 	� where G is the 
gain of the interface stage (M5-M11) between the inputs signals 
and inputs of the cross-coupled inverters and 	Vin is the 
difference between the input signals (VP, VN).  

The total delay can be expressed as: 

�
�
�

�
�
�

	
	


�
VinG

V
gm
C

I
VC

t OUT

eff

L

Eq

eChL
delay 2lnarg                    (3) 

III. THE PROPOSED COMPARATOR 

Equation (3) indicates that the gain of the interface stage and 
VCharge can be used as control parameters to shorten the delay of 
the comparator.  For our main target application, which is on-
chip sampling of high-frequency PRBS, the speed is the first 
concern.  Both VCharge and G are utilized to design a high speed 
comparator. 

The proposed comparator is composed of two stages as 
shown in Fig. 3. The first stage is the amplification stage, which 
is consists of the transistors M1–M4 and M9. The second stage 
is the regenerative stage that is comprised of the transistors M5–
M8 and M10.  The circuit works in two phases, namely the 
amplification phase and the regenerative (evaluation) phase.  As 
shown with red color in Fig. 2, when the clock (CLK) is low 
(amplification phase), the tail transistor M9 is turned on and the 
transistors M1-M4 work together as a difference amplifier with 
resistive load utilizing the on resistance of M3 and M4. During 
this phase the difference between VP and VN is amplified and the 
differential outputs are applied to the inputs of the regenerative 

stage.  At the same time, the second tail transistor M10 is off, 
which prohibits the operation of the regenerative stage.  

When the clock turns to its high state, M9 turns off disabling 
the operation of the amplification stage.  On the other hand M10 
is turned on enabling the operation of the regenerative stage.  
The regenerative stage starts its operation with its inputs being 
fed by an amplified version of the differential inputs VN and VP.  
In addition, the amplification stage is designed to produce its 
output close to VDD-|Vthp| which can effectively reduce the 
charging time t0 given by Equation (1).  

Furthermore, since that the gain of the gain stage is larger 
than one, this tends to reduce tlatch.  Fig. 2(b) and 2(a) show the 
timing diagram of the proposed circuit and the reference 
comparator of [5] respectively.  This figure clearly indicates the 
reduction of the delay time in the proposed circuit over the Ref 
comparator. Since that the proposed circuit uses an amplification 
stage, it consumes static power during the amplification period 
and hence the energy consumption in the proposed circuit 
becomes higher than the reference comparator design.  However, 
since the proposed circuit is to work at high frequency, the 
energy consumption of the proposed circuit becomes 
comparable to the reference comparator, as will be shown in the 
subsequent sections.  

IV. SIMULATION RESULTS AND COMPARISON  
Since the comparator offset can be reduced by using known 

techniques [5], the main focus of this paper is the comparator 
speed. Simulation comparing the delay versus the difference 
input voltage of the comparator in [5] with the one in [12] at 
65nm technology and 1.2V supply has been done. The results 
have shown that the comparator in [5] outperforms the one in 
[12]. Hence the comparator in [5] and the proposed one will be 
compared. These two designs were implemented in 65nm 
technology. The circuit netlists are extracted from the layout and 
simulated with a HSPICE simulator. Fig. 4 shows simulation 
results of the delay versus input voltages difference (	Vin) at two 
different bias voltages for the proposed and reference designs. 
The results show that the proposed circuit has ~35% less delay 
time than the reference design.  On the other hand, it shows 
~10% delay dependence on the common mode level within the 
range of interest. The simulation results are consistent with the  

Figure 1. A conventional comparator [5]. Figure 2. Transient behavior of (a) conventional
design [5] (b) proposed design. 

Figure 3. Proposed comparator design. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

theoretical explanation given in Section II. Note that 
performance of the proposed circuit is limited by the delay time 
in the evaluation phase. 

While the PV variation can be translated into a referred input 
offset, the supply transitions contribute the input referred noise.  
Regarding these issues, a Monte Carlo simulation for 1000 
samples of each circuit is done at different load capacitors. The 
threshold voltage variations given by the technology were 
assumed.  The yield is calculated versus 	Vin as shown in Fig. 5, 
where the yield represents the number of correct decisions per 
1000 devices at each 	Vin.  Fig. 5 reveals the robustness of the 
proposed structure over the reference design. 

In the proposed circuit design, the power consumption is 
dominated by the power consumed in the amplification phase. 
This makes the proposed circuit less attractive for the low power 
applications at low frequencies. At the highest possible 
frequencies that can be practically applied on the two circuits, 
the power consumption is estimated from simulations. The 
proposed circuit consumes 461�W at 7.2GHz, while the 
reference circuit consumes 310�W at 5.5GHz, which reveals 
that the power consumptions of the two circuits are comparable.  

V. TEST CHIP AND MEASUREMENT RESULTS 

One conventional method for characterizing a clocked 
comparator applies a step function, which has a height 	Vin with 
respect to the common voltage VCM. The step response is 
captured by shifting the�strobe position�t, which is applied into 
the CLK input of the comparator [11].  The analog step response 
corresponds to the decision error probability.  Thus, a digital 
failure counter or BER analysis can be performed on the output 
from the comparator. Since conventional methods require both a 
step function and sampling strobe of very fine time resolution (= 
edge placement accuracy), it is difficult to apply this method to 
characterization of an on-chip clocked comparator integrated on 
a CMOS chip.  Instead, we propose a different method, which 
uses a constant 	Vin and a free-running oscillation as a CLK.  
By increasing the frequency of the clock, the decision error 
probability can be directly estimated from its output.  

Furthermore, a CLK can be easily provided by on-chip ring 
oscillators. 

In order to identify the erroneous behavior of the comparator, 
an M-divided comparator output and the M-divided CLK were 
off-chip monitored as shown in Fig. 6. 

The characterizing procedure of a comparator is as follows: 

1- Select a constant 	Vin by adjusting VP and VN. 
2- Select a frequency of CLK by using the coarse and fine 

control knobs (CC and FC in Fig. 6). 
3- Monitor the M-divided comparator output to detect 

erroneous response of the comparator. 
4- Repeat the steps from 1 to 3 for different 	Vin. 

Note that for step 3, the comparator is considered to work 
correctly as long as its output frequency is identical to the ring 
oscillator frequency. � If the comparator’ output starts to 
fluctuate, the comparator is considered as being failed. 
Measuring the BER of the comparator output is an alternative 
way for this purpose. 

The two circuits have been implemented using a 65-nm 
CMOS process with 1.2-V supply. Fig. 7 illustrates the die photo. �
The layouts are partially superimposed on the die photo to 
indicate the locations of the circuits inside the chip.  Since the 
layout of the circuits was done using lower-level metal layers, 
higher-level dummy metal layers hide the circuits underneath. 
Consequently, the fabricated circuits do not appear in the die 
photo. The active areas of both circuits are measured form the 
layout. The active area of the proposed circuit is ~17% less than 
its counterpart of the reference circuit. 

An M of 256 was adopted to divide the comparator and CLK 
outputs.  Fig. 8(a) and Fig. 8(b) show the M-divided comparator 
outputs from our proposed circuit and the 65-nm version of the 
reference [5], respectively.  Note that one CLK generator is 
activated at a time to get rid of potential noise coupling between 
the two circuit blocks.  Fig. 8(c) and Fig. 8(d) show the spectrum 
of the M-divided comparator outputs from our circuit and the 
reference circuit at 	Vin = 200 mV, respectively.  

Figure 4. Simulated comparator delays versus input voltages difference. 
               Red curves show the delay of the reference circuit [5].  
               Blue curves show the delay of the proposed circuit. 

Figure5. Simulated comparator yield versus input voltages difference. 
               Red symbols show the yields of the reference circuit [5].  
                Blue symbols show the yields of the proposed circuit. 
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The maximum operating frequency of our circuit was 7.2 GHz, 
while the reference�circuit was able to operate at approximately 
5.5�GHz. The measurement results at the maximum operating 
frequency of the four chips of the proposed and the reference 
circuits are shown in Fig. 9.� The results clearly show that the 
proposed circuit can effectively operates at� a higher clock 
frequency than the reference circuit at the same input difference�
	Vin. Interestingly, the ratio of the measured maximum 
operating frequency of the proposed circuit to that of the 
reference circuit is very close to the ratio of the simulated delay 
at the corresponding 	Vin.  

VI. CONCLUSION 

This paper offers two contributions. �First, a design for an 
on-chip high-speed clocked-comparator for digitizing high-
frequency low-swing signals was presented. The proposed 
circuit and a conventional reference comparator as presented in 
[5] were implemented in 65nm technology on the same chip. �
The measurement results show that the proposed circuit can 
operate at an average of 31% higher speed than the reference 
circuit with comparable power consumption at high frequencies. �
Secondly, a new cost-effective technique was introduced for 
measuring the highest clock frequency that can be applied to on-
chip clocked-comparators.� This technique relaxes the need for 
highly sophisticated test equipments that is usually needed for 
high frequency signal measurements.�
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Figure 6. On-chip setup for validating the 
comparator design: M = 256.  

Figure 7. Two circuit layouts on the 65 nm
CMOS die photo. The proposed
circuit was implemented on the 
left. The reference circuit [5] was
implemented on the right. 

Figure 8. Measured waveforms using a SoC Tester
(Advantest T2000). Applied clock and comparator 
outputs from the reference circuit [5] (a), and from 
the proposed circuit (b).  Peak spectrum is observed 
at 5.5 GHz for the reference circuit [5] (c), and at 
7.2 GHz for the proposed circuit (d). 

Figure 9. Measured maximum operating frequencies (fop) versus input 
voltage differences: 4 chips. 
Red symbols show the max fop of the reference circuit [5].  
Blue symbols show the max fop of the proposed circuit. 



<<
  /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


