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Abstract—A  process-insensitive  current-controlled delay
generator is presented with a large tunable range of the time
delay. By adopting process variation compensation techniques in
the generation of time delay, the delay generator is able to
provide process-insensitive clock pulses. The circuit has been
fabricated in 90nm CMOS technology, consumes 310uW from a
1.1V supply. Using, in a typical case, 20pA of reference current,
it can generate a delay of 2.36 ns. The delay variation observed
in 14 measured chips has shown a standard deviation of 1.24%.

I. INTRODUCTION

Sampled-data systems incorporating data conversion and
switched-capacitor filters are indispensable in state-of-art IC
design, being crucial in telecommunication, consumer electronics
and medical imaging applications [1], [2]. In such discrete-time
systems, the clock generator is one of the extreme importances
and the accuracy of the clock signal is determinant in the overall
design, since the overall resolution is often related with it.
However, the variation of the clock pulse width exists inevitably
and is normally associated with process or temperature variations
in the delay paths. Usually, large design margins should be
adopted in the transistor implementation to overcome such
process variations but this would imply extra power consumption
with the subsequent degradation of system performance.

Therefore, process-insensitive delay generators are highly
demanded and effective solutions have been proposed either oft-
chip [3] or on-chip [4]. This paper presents an advanced current-
controlled delay generator using process-insensitive components
like current mirror and MOS-capacitors [5], avoiding the
complexity of a delay-locked loop (DLL). By applying the
threshold voltage compensation method, the proposed delay
generator reduces the deviation induced by the internal inverter
buffer, thus becoming more robust to process variations than
existing designs [5], [6].

II.  DELAY GENERATOR IMPLEMENTATION

Traditionally, the delay generator is implemented by the
inverter-chain, also designated as g, /C circuit [7] that
accumulates the time delay of the inverters and provides the time
delay for the system. Although its architecture is quite simple, it
suffers from a significant process variation sensitivity that can
imply a significant +£15% variation in time delay.
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Figure 1: Traditional current-controlled delay generator.
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An alternative solution, the current-controlled delay generator
[5] [6] was previously proposed to achieve higher process-
insensitivity with the utilization of less process-sensitive circuit
elements. Figure 1 shows the simplified schematic of the delay
cell which contains basically a current source, a capacitor,
switches, output buffers and I/O clock phases. The top-plate of
the capacitor is firstly charged to the supply and @, will be high.
Then, it is linearly discharged by a constant current I, which is
controlled by the current source, and the generated delay t4 can be
calculated as C,AV /I, where AV equals the supply voltage. The
current is provided by the current source and its accuracy is
mainly related with the precision of the current mirror and the
reference current. This is usually accurate and the current mirror
is relatively easy to design with good matching. Therefore, the
current will not be significantly affected by process variations.
Besides, a MOS-capacitor usually ensures also smaller sensitivity
to process variations, when compared with other type of
implementations of the capacitors [5]. Normally, the MOS-
capacitance varies around +5% with process. Since both the
current and capacitor are insensitive to process-variation, the
generated ty will be also process-insensitive.

However, the result of the circuit from Figure 1 still shows
that it varies with process, mainly because of threshold voltage
variation of the inverter connected to the capacitor. When V¢
decreases, the inverter will be triggered to generate t; once the V¢
crosses its threshold voltage that depends on the robustness of the
N/PMOS transistors and is highly process-sensitive. A possible
solution of the problem will be introduced next.
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Figure 2: The circuit implementation of the proposed advanced current-controlled delay generator

III.  CURRENT-CONTROLLED DELAY GENERATOR WITH
THRESHOLD VOLTAGE COMPENSATION

The proposed process-insensitive current-controlled delay
generator is exhibited in Figure 2 and it includes an upper and
lower part. The upper part is similar to [S] and was previously
described. It receives the input clock ®;, and then provides the
output clock @, to the lower part of the delay generator with a
delay of ty at the falling edge of the clock. Comparing to the
upper part, the lower part also has two operation phases but the
load capacitor C, (value equal to C;) is now reset to ground
(instead of the supply in the upper circuit) and will be charged
with a constant current I,. When @, is high, C, will be
discharged by a NMOS switch M9 and reset to ground; when
@, is low, the switch S, will be on and C, is charged by a
constant current from a p-type current mirror and the delay of ty,
is generated. Observing the entire delay generator from Figure 2,
the input clock ®;, obtains two delays ty and tg, in the upper and
lower parts, respectively. Due to the opposite property of the two
half delay generators, t;; and ty, are able to compensate the
process variation between each other and then the total time delay
could be more stable, in other words, process-insensitive.

The process variation compensation theory can be illustrated
by the different graphics of Figure 3 that contains the typical
waveforms from the upper (Figure 3(a)) and lower (Figure 3(b))
parts. The waveforms in ‘fs’ and ‘sf’ process corners, which
produce the most significant drifts in inverter’s threshold, are
shown to be comparable with the typical corner (‘tt’ corner), from
the analysis of the process variation effect. As shown also in
Figure 3, the C,/C,’s top-plate voltage V(,/V, starts
decreasing/increasing linearly once the input clock falls/rises,
until it reaches the threshold voltage Vr of the following inverter.
Meanwhile, the V/V, will be triggered. Since the Vr of the
inverter varies in different process corners, the V,/V,, would
trigger at different time and therefore the produced output clock

would have a different time delay. Before analyzing the variation
in the time-domain, it would be important to determine the slope
of V., and V, when C,/C, is discharging/charging. Then, since

A
dt (1)
it implies that,
dv, i
slope=—C =—
P T C
dav, I 5
= slope| = G :_71” 2
p ‘V('l dt Cl
slo e‘ = dVCZ —]—”
p Ve2 df C2

As C=C, it will lead to,

slope = —slope| ol = slope|Vc 5

3)
Thus, in the tt corner, the total delay will be given by
td,tt = tdl,tt +td2,tt
_ VT,tt - VDD n VT,tt -0
Slope‘l/cl Slope‘VCZ
— VT,tt - VDD n VT,tt -0 (4)
—slope slope
— Voo
slope
= const.
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Figure 4: Tested oscillator containing two series-connected proposed delay
generators

In addition, the threshold voltage Vr of the inverter is also
related to the supply and it can be expressed as a function of Vpp.

However, (4) is still valid since Vr can be cancelled from the
calculation.

The results of time delays in the ‘fs’ and ‘s’ corners are
similar to the typical shown above and the total delay in each
corner will be the same. Therefore, the problem existing in [5] [6],
process variation induced by the inverter connected to Ve, is
alleviated by the proposed compensation method.

IV. MEASUREMENT RESULTS

The proposed delay generator provides a very narrow delay in
the time domain that is quite difficult to be measured. Therefore,
the delay generator must be connected with few inverters in order
to build an oscillator where the delay’s deviation in the time
domain can be converted to the variation of the oscillation
frequency. In other words, the oscillator will provide a clock
output whose frequency will be changed by applying different
bias currents I, into the delay generator. From equation (2) to (4),
the frequency of the oscillator f,,. can be expressed as

o Slope 1,
VDD VDDCI

fz‘)sc o td (5 )

It is obvious that f, is proportional to the bias current I, since
both Vpp and C, are constants.

Moreover, in order to avoid measuring an extreme high
frequency on the printed circuit board (PCB), two delay
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Figure 5: Micrograph of proposed current-controlled delay generator.

generators are connected in series in the oscillator as shown in
Figure 4. The proposed current-controlled delay generator is
implemented in 90nm CMOS technology and the micrograph of

the tested chip is shown in Figure 5, with an active area of
7650pm’.

Figure 6 shows the measured characteristic curves of the 14
fabricated samples of the proposed current-controlled delay
generator and Figure 7 illustrates the measured curve of the 12"
sample whose result is close to the average of all 14 samples’. As
shown in Figure 6 and 7, the oscillator’s output frequency is
almost directly proportional to the input bias current. When the
bias current is large enough, the oscillator’s frequency begins to
be saturated since the overall time delay will be dominated by the
delay in the intrinsic logic gates. On the other hand, if the bias
current is quite small, the measurement becomes complicated
because the accurate small current is hard to provide which also
degrades the measurement accuracy of the input current.
Therefore, the proposed current-controlled delay generator would
be able to provide a precise clock from 40MHz to 400MHz (the
double of the frequency because two delay generators are
connected in series in the tested oscillator). Figure 8 shows the
histogram of the oscillator’s frequency at the maximum control
bias current with a standard deviation of only 1.24%.
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Figure 6: Measured characteristic curves of 14 fabricated samples.
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Figure 7: Measured characteristic curve of No. 12 sample.
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Figure 8: Statistics of measured oscillator frequency of 14 samples at [;=40pA.

The performance comparison of the proposed delay generator
with several prior designs is shown in Table I, where other results
were obtained from transistor-level simulations with the BSIM4
model. The delay cells were tested by building the oscillator as
shown in Figure 4. Therefore, the variation of the oscillator’s
frequency will represent the process variation of the tested delay
generator. With an average frequency of 212MHz, which
corresponds to a delay of 2.36ns in each proposed delay
generator, the process variation of different delay cell designs are
found and summarized in Table I. The variation of the proposed
delay generator is the minimum among the 4 designs and the
process corner simulation results are also shown in the Table I.
Finally, the performance summary of the proposed delay
generator is presented in Table II.

V. CONCLUSIONS

In this paper, a current-controlled delay generator which can
be widely used in sampled-data systems has been introduced. It
has been implemented in 90-nm CMOS operating at 1.1V. With
the proposed threshold voltage compensation method, the
presented delay generator becomes robust to process variations.
Total 14 chip samples were measured and the standard deviation
is 1.24% when the control bias current is 20pA.

TABLE I: BENCHMARK OF THE VARIATION WITH OTHER DESIGNS (THE
AVERAGE fosc = 212MHz)

" Process Corner
° Simulation **
This work 1.24% -5.9%/+5.0%
gm/C circuit 3.18% -13.4%/+14.9%
[6] 2.12% -7.0%/+6.9%
[7] 2.26% -10.7%/4+9.0%

*: The standard deviation of this work is obtained from measured results
while the others are from MC simulations with BSIM4 model.

**: The process corner simulation results are at transistor-level with
BSIM4 model.

TABLE II: PERFORMANCE SUMMARY OF THE PROPOSED CURRENT-
CONTROLLED DELAY GENERATOR

Technology 90nm CMOS
Power supply 1.1V
I, (Oscillator) 40 pA
I}, (Delay Gen.) 20 pA
Std. of variation 1.24%
Power of Oscillator 679uW
Power of Delay
Generator 310pW
Active Area 85um x 90pm
ACKNOWLEDGMENT

This work was financially supported by Research Grants of

University of Macau and Macao Science & Technology
Development Fund (FDCT).

(1]

(3]
(4]

(3]

REFERENCES

G. Mitteregger, C. Ebner, S. Mechnig, T. Blon, C. Holuigue, E.
Romani, “A 20-mW 640-MHz CMOS Continuous-Time XA ADC with
20-MHz Signal Bandwidth, 80-dB Dynamic Range and 12-bit ENOB”,
IEEE J. Solid-State Circuits, vol. 41, no. 12, pp. 2641-2649, Nov.
2006.

B. Xia, A. V. Garcia, E. S. Sinencio, “A 10-bit 44-MS 20-mW
configurable time-interleaved pipeline ADC for a dual-mode 802.11b
Bluetooth receiver”, IEEE J. Solid-State Circuits, vol. 41, no. 3, pp.
530-539, Nov. 2006.

L. Raffaelli and R. Goldwasser, “Temperature compensation for
microwave GaAs FET amplifiers,” Microw. J., pp. 315-321, May 1986.

G. Lizama, T. Andrade, and R. Benton, “1-6 GHz GaAs MMIC linear
attenuator with integral drivers,” in [EEE 1987 Microwave and
Millimeter-Wave Monolithic Circuits Symp., pp. 105-107, LasVegas,
USA, June 8-9, 1987.

He-Gong Wei, U-Fat Chio, Yan Zhu, Sai-Weng Sin, Seng-Pan U and
R.P. Martins, “A Process- and Temperature- insensitive Current-
Controlled Delay Generator for Sampled-Data Systems,” in Proc. of
2008 IEEE Asia Pacific Conference on Circuits and Systems
(APCCAS), pp. 1192 — 1195, Macao, China, May 2008.

R. C. Taft and M. R. Tursi, “A 100-MS 8-b CMOS subranging ADC
with sustained parametric performance from 3.8 V down to 2.2 V”,
IEEE J. Solid-State Circuits, vol. 36, no. 3, pp. 331-338, Mar. 2001.

B. S. Song and M. F. Tompsett, “A 10-b 15-MHz CMOS Recycling
Two-step A/D Converter”, IEEE J. Solid-State Circuits, vol. 25, no. 6,
pp. 1328-1338, Dec. 1990.




<<
  /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


