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The inability to predict accurately the degree to which such per-
formance-degradation factors as jitter induced by power supply
noise are likely to occur is an increasingly serious issue [1].  This
inability tends to slow the rate of advance in high-speed digital
LSI performance.  This suggests that it may be useful to replace
traditional digital LSI feedforward design-flow for high-speed
LSIs by a feedback design-flow based on previously obtained
experimental data. As a first step, an on-chip jitter-spectrum
analyzer (JSA) is developed which locates and analyzes trouble-
spots in off- and on-chip power-and-clock-distribution-networks
during actual field operation. An on-chip frequency-domain
measurement is demonstrated for the first time.  Data thus
obtained is used to support a feedback design-flow approach
which contributes significantly in advancing the performance of
high-speed digital LSIs.

As shown in Fig. 19.5.1, the degree of jitter is determined by the
degree to which power supply noise affects the circuits for clock
generation and distribution.  Power supply noise itself is deter-
mined by the power supply current (Ip) and the impedance (Zp) of
the hierarchical power supply networks (PSN) contained in the
LSI, its package, and its PCB.  In-field measurements of the jitter
are essential because Ip fluctuates greatly with changes in LSI
operations, and Zp depends not only on on-chip PSN parameters
but also on off-chip PSN parameters.  Since each of the factors
that determine jitter has its own unique frequency band, on the
basis of jitter spectrum data obtained with the JSA, critical spots
in both the power supply networks and the clock circuits are clear-
ly identified in the frequency domain.  This information is crucial
to the work of reducing both power supply noise and clock jitter.
By way of contrast, because on-chip conventional time-domain
measurement circuits used to obtain power supply noise ampli-
tudes [2] and jitter histograms [3] are unable to determine specif-
ic trouble-spot locations, they do not offer the same prospect of
reducing either power supply noise or clock jitter.

Figure 19.5.2 is a block diagram of the JSA.  One or more jitter
measurement macros are first embedded in an LSI to be tested.
These macros perform real-time successive in-field measure-
ments of timing jitter, i.e. the discrepancy between the rising
edge of a on-chip reference clock and the rising edge of a meas-
ured clock. This avoids the difficulty in off-chip probing of on-
chip high-speed clock signals.  Timing jitter is measured rather
than the conventionally measured period jitter [3] in order to be
able to obtain a wide range of spectra, from kHz to GHz.  Jitter
in on-chip reference clocks is not fatal because the timing-jitter
to be measured is not an absolute value but a relative value
based on the on-chip reference clock.  Time-domain data is fed
into a PC via a logic analyzer; the PC converts this data into fre-
quency-domain data and then reports any trouble-spots.

Figure 19.5.3 shows two circuits for jitter measurement macros.
The digital type in Fig. 19.5.3a is suitable for the measurement
of high-speed clocks.  Flip-flops are used to compare the respec-
tive phases of n reference signals and those of measured clocks,
and the results are encoded by a priority encoder.  The n refer-
ence signals have ∆T timing differences with each other and are
generated from the phase interpolation of the delay in the delay
lines.  Careful design of the phase interpolator and the delay

lines is required because jitter generated by them is added to the
jitter of measured clocks.  Furthermore, measured results are
successively fed into a logic analyzer in order to obtain jitter
spectra.  This requires high-bandwidth outputs, thus increasing
costs, a critical issue for in-field measurements.  This problem is
avoided, however, by using a decimation filter to reduce output
bandwidths.

Figure 19.5.3b shows an analog-type. Unlike the digital-type, it
has the advantage of directly measuring the jitter between two
inputs, but its speed is limited by the sampling speed of its A/D
converter.  A sample-and-hold low-pass-filter may be added, obvi-
ating the need for a high sampling speed.  Whether the rising
edge of the measured clock is faster or slower than that of the
reference clock, timing differences between them are successful-
ly converted to analog voltages (Vx) by a phase-frequency-detec-
tor and a reset-charge-pump.  The timing diagram is displayed
in Fig. 19.5.4. By way of contrast, when the rising edge of a
measured clock is ahead of a reference clock by ∆T, the ON-peri-
od of NMOS (N1) of the reset-charge-pump is longer than that of
PMOS (P1) by ∆T, and Vx changes from Vdd/2 to Vdd/2 – Icp∆T/C,
where Icp is the current of the current source and C is the capac-
itance.  At T1, which occurs just before the falling edge of the ref-
erence clock, Vx is sampled by the A/D converter.  Then, at the
falling edge of the reference clock, switch (SW) turns on, and Vx

is reset to Vdd/2.  When the rising edge of the measured clock is
slower than that of the reference clock by ∆T, Vx changes from
Vdd/2 to Vdd/2 + Icp∆T/C.  In actual measurements, the relationship
between ∆T and Vx is calibrated to remove any effects of PVT
variations or circuit non-linearity.  The obtained Vx values are
digitized by the A/D converter.  

A micrograph of an analog-type jitter measurement macro, fab-
ricated in a 1.8V 0.18µm CMOS process, is shown in Fig. 19.5.5.
To evaluate the front-end performance of the macro, the test chip
does not contain a low-pass-filter or an A/D converter.  The area
of the macro is 137µm by 95µm.  Vx is measured by high-frequen-
cy probes via an open-drain buffer.  

Figure 19.5.6 shows a measurement-based calibration function
between Vx and ∆T.  Jitter is measured over a range of ± 200ps,
and the sensitivity is 3.2mV/ps.   Figure 19.5.7 shows a jitter spec-
trum and lists peak-to-peak (p-p) jitter.  Results are obtained from
JSA measurements of jitter in a 1ns-inverter-chain operating at a
1GHz clock.  To modulate the jitter, power supply noise is applied
to the chain by an on-chip noise generator.  When the power sup-
ply noise is off and off-chip decoupling capacitors are removed, p-
p jitter was 78.7ps.  High peaks in the spectrum indicate trouble-
spots in the power supply networks and appear to result from res-
onance.  To confirm this, power supply noise at a peak frequency
of 120MHz and non-peak frequency of 150MHz are experimental-
ly applied.  With 120MHz noise, p-p jitter was 281.1ps, while it
was 99.7ps for 150MHz noise.  These results clearly support the
assumption that resonance generates the large power supply
noise which results in high peaks.  To eliminate this resonance,
off-chip decoupling capacitors are added.  As a result, p-p jitter
decreased to 23.3ps, 35.7ps, and 26.1ps at quiet supply, 120MHz
noise, and 150MHz noise, respectively, and indicates a successful
power-supply-design.

References:
[1] T. Rahal-Arabi et al., “Design and Validation of the Pentium III and
Pentium 4 Processors Power Delivery,” Dig. Symp. VLSI Circuits, pp.
220–223, June 2002.
[2] A. Muhtaroglu et al., “On-Die Droop Detector for Analog Sensing of
Power Supply Noise,” Dig. Symp. VLSI Circuits, pp. 193–196, June 2003.
[3] R. Kuppuswamy et al., “On-Die Clock Jitter Detector for High Speed
Microprocessors,” Dig. Symp. VLSI Circuits, pp. 187–191, June 2001.



•  2004 IEEE International Solid-State Circuits Conference 0-7803-8267-6/04   ©2004 IEEE

ISSCC 2004 / February 18, 2004 / Salon 7 / 10:45 AM

Figure 19.5.1: Principle of jitter generation in frequency-domain. Figure 19.5.2: Jitter-spectrum analyzer and its implementation.

Figure 19.5.3: Digital- and analog-type jitter measurement macros.

Figure 19.5.5: Chip microphotograph. Figure 19.5.6: Measured Vx vs. ∆T, used for calibration.
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Figure 19.5.4: Timing diagram for analog-type jitter measurement macro.



Figure 19.5.7: Jitter spectrum and peak-to-peak jitter measured by JSA.
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Figure 19.5.1: Principle of jitter generation in frequency-domain.
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Figure 19.5.2: Jitter-spectrum analyzer and its implementation.
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Figure 19.5.3: Digital- and analog-type jitter measurement macros.
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Figure 19.5.4: Timing diagram for analog-type jitter measurement macro.
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Figure 19.5.5: Chip microphotograph.
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Figure 19.5.6: Measured Vx vs. ∆T, used for calibration.
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Figure 19.5.7: Jitter spectrum and peak-to-peak jitter measured by JSA.

@ *@@' +@@' ,@@' =@@' 4@@'
*@.+

*@.*

*

*@

*@+

�

$���	
��
	!�	�����%&�

$
��
�	

�
��
�
�


	��.��.�	�������	
�

1��/�����	��������
��������
���"��

1��/�"�

<��	�

*+@.'%&�����	
��� �/	�
	��������
	!�	����

*4@.'%&�����	
���� �/	�
	��������
	!�	����

?C2?���
�8��	
���	��
���

+C*2*���

332?���

+,2,���

,42?���

+>2*���


��	
�������

*+@.'%&

*4@.'%&

*.(%&�����������	

�	���
	��-��$�9

<��	�A��0��"�


	Paper 19.5 Manuscript
	Figure Summary
	Figure Summary (Cont'd)
	Figure 19.5.1
	Figure 19.5.2
	Figure 19.5.3
	Figure 19.5.4
	Figure 19.5.5
	Figure 19.5.6
	Figure 19.5.7


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


