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In order to improve the energy efficiency of logic circuits, reductions in capaci-
tance (C) and power supply voltage (Vpp) are required, as energy consumption
is proportional to CVpp?. Near-threshold (V;) operation achieves an energy min-
imum [1]. Resonant clocking [2-5] can reduce the effective capacitance of the
clock distribution network [3]. In this work, a new resonant clocking scheme
enabling power reduction at any clock frequency is proposed and applied to a
0.37V 980kHz near-V, logic circuit in 40nm CMOS.

Figs. 24.9.1(a), (b), and (c) show conventional non-resonant clocking with a
buffered H-tree, conventional resonant clocking with an unbuffered H-tree [4-5],
and the proposed intermittent resonant clocking (IRC) with an unbuffered H-
tree, respectively. The conventional resonant clocking in Fig. 24.9.1(b) has three
problems: 1) The clock frequency (fg k) range is narrow, typically +20% [3-5].
At fo ¢ lower than the resonant frequency (frgs), power higher than that of non-
resonant clocking and functional errors due to ringing are observed [2], which
prohibit dynamic frequency scaling (DFS) and low-speed testing. 2) fo ¢ values
in previous papers [2-5] range from 100MHz to 5GHz and less-than-1MHz oper-
ation is difficult to achieve, because a large inductance for the resonance is
required, which prevents the application of resonant clocking to near-V, logic cir-
cuits. 3) A sinusoidal clock waveform increases the clock skew due to the low
slew rate. To solve these problems, the IRC in Fig. 24.9.1(c) is proposed. In con-
ventional resonant clocking, the clock period (Tg k) is equal to the resonant peri-
od (Tggs)- In contrast, in IRC, Tg g is larger than Tres. Therefore, IRC has three
advantages: 1) The selection of fg g is flexible, and power reduction is achieved
at any clock frequency. Thus, IRC can be applied to near-V, logic circuits, and
DFS and low-speed testing are possible. 2) The required inductance for the res-
onance is reduced to (Tges/Tg x)? Of conventional resonant clocking. 3) A small
clock skew owing to a high slew rate is obtained. The slew rate is increased to
Tewk/Tres Of conventional resonant clocking.

Details of IRC are shown in Fig. 24.9.2. Fig. 24.9.2(a) shows a schematic of the
circuit of an IRC buffer that drives the clock node (CKB). Cg  denotes the capac-
itance of CKB. A voltage doubler [6] is added to overdrive the gate of nMOS
(M1). Figs. 24.9.2 (b) and (c) show timing waveforms for the IRC circuit. To
illustrate the operating principles of IRC, Fig. 24.9.2(b) shows timing waveforms
with a step input applied. Fig. 24.9.2(c) shows actual IRC operation with a pulse
input. When Pulse is high, IRC is in a resonant mode. In contrast, when Pulse is
low, IRC is in a non-resonant mode. In IRC, both the resonant mode and the
non-resonant mode are mixed within a clock period and T is larger than Tggs,
thereby enabling the flexible selection of fg x. The pulse width (Tpy) of Pulse
shown Fig. 24.9.2(c) is an important parameter for IRC to minimize the clocking
power. In Fig. 24.9.2(b), after the step input, CKB shows ringing at around 0V.
To minimize the clocking power, the highest voltage in the ringing shown as
“Point A” in Fig. 24.9.2(b) indicates the best timing for Tpyy, because the power
required to pull up CKB to Vpp is minimized at Point A. The timing of Point A cor-
responds to Tges, as shown in Fig. 24.9.2(b). In contrast, the lowest voltage in
the ringing at T, indicates the worst timing at which the clocking power is max-
imized. Similarly, T, indicates the second worst timing.

To minimize the clocking power, the large ringing observed in Fig. 24.9.2(b) is
required. Such ringing is determined by the resistance of the LC resonator,
which is dominated by the ON resistance of M1 in Fig. 24.9.2(a). In the 0.37V
near-V, logic circuit, however, the ON resistance at Vpp = 0.37V is very high. To
decrease the ON resistance with small area and power overhead, the gate of M1
is boosted by the voltage doubler. Fig. 24.9.3(a) shows a simulated comparison
of the gate widths and powers of M1 with and without gate boosting at the same
ON resistance. At the same ON resistance, the proposed gate boosting with the
voltage doubler reduces the gate width of M1 and the power dissipation to drive
M1 by 97% and 91%, respectively.

The proposed IRC is applied to a 0.37V near-V, adder array. Fig. 24.9.3(b) shows
a block diagram of a test chip. 32 arrays of 32b adders are implemented with
input/output latches. The critical path of each adder is 110 FO4 inverter delays.
In IRC, static CMOS latches, instead of flip-flops, are used, since CKB is not a
signal with a 50% duty cycle but a pulse signal, as shown in Fig. 24.9.2(c). In
this paper, Vpp = 0.37V is used, because the measured minimum energy of the
adder array is achieved at Vpp = 0.37V.

In the test chip, conventional non-resonant clocking with an unbuffered clock
tree is also implemented for comparison, since clocking with an unbuffered tree
is more energy-efficient than that with a buffered tree in near/sub-V; circuits [7].
Figures 24.9.4 (a) and (b) show conventional non-resonant clocking and the pro-
posed IRC, respectively. For a fair power comparison, the unbuffered clock tree
is the same and the gate widths of the clock drivers are designed to have the
same slew rate. Compared with conventional non-resonant clocking, the total
gate width of the proposed IRC is reduced by 84%. Fig. 24.9.4 also shows the
measured waveforms of CKB at Vpp = 0.37V and fg x = 980kHz. The measured
waveform in Fig. 24.9.4(b) validates the qualitative waveform in Fig. 24.9.2(c).
The measured slew rates in Figs. 24.9.4(a) and (b) are similar. In IRC, the meas-
ured fpeg is 19MHz with an off-chip inductor of 7uH, which corresponds to Cg ¢
of 10pF. In this implementation, Tg «/Tres = 19. Therefore, the required induc-
tance of IRC for the resonance is reduced to 1/19* = 1/361x that of convention-
al resonant clocking, and the slew rate is increased to 19x that of conventional
resonant clocking.

To validate the discussion on the optimum Tpyy, in Figs. 24.9.2 (b) and (c), Fig.
24.9.5 shows the measured Tpy dependence of the clock power of IRC. The
clock power of the conventional non-resonant clocking (Fig. 24.9.4(a)) is also
shown for comparison. As expected, the minimum clock power is achieved at
Tpw = Tres With the power reduction of -36%.

To demonstrate power reduction at any clock frequency in the proposed IRC,
Fig. 24.9.6 shows the measured f¢ « dependence of the clock powers of conven-
tional non-resonant clocking and the proposed IRC. In IRC, the clock power is
proportional to fgx, which is different from that observed in conventional reso-
nant clocking [2-5]. Compared with that of conventional non-resonant clocking,
the clock power of IRC is reduced at all fg x values, which is the most important
advantage of the proposed IRC. At fg « = 980kHz, the clock power is reduced by
36% and the total power including the adder array is reduced by 10%. When the
clock is stopped, the clock leakage power is reduced by 81%, owing to the 84%
gate width reduction in Fig. 24.9.4.

Fig. 24.9.7(a) shows a die micrograph of the test chip in 40nm CMOS. The area
overhead due to the voltage doubler is 0.6%. Fig. 24.9.7(b) shows a comparison
with prior work.

Acknowledgements:
This work was carried out as a part of the Extremely Low Power (ELP) project
supported by METI and NEDO.

References:

[1] H. Kaul, et al., “A 320mV 56pW 411GOPS/Watt Ultra-Low Voltage Motion
Estimation Accelerator in 65nm CMOS,” ISSCC Dig. Tech. Papers, pp. 316-317,
2008.

[2] S. Chan, et al., “A Resonant Global Clock Distribution for the Cell Broadband-
Engine Processor,” ISSCC Dig. Tech. Papers, pp. 512-513, 2008.

[3] V. Sathe, et al., “Resonant Clock Design for a Power-Efficient High-Volume
x86-64 Microprocessor,” ISSCC Dig. Tech. Papers, pp. 68-69, 2012.

[4] V. Sathe, et al., “A 0.8-1.2GHz Single-Phase Resonant-Clocked FIR Filter with
Level-Sensitive Latches,” IEEE Custom Integrated Circuits Conf., pp. 583-586,
2007.

[5] A. Ishii, et al., “A Resonant-Clock 200MHz ARM926EJ-S™ Microcontroller,”
European Solid-State Circuits Conf., pp. 356-359, 2009.

[6] N. Verma, et al, “A 65nm 8T Sub-V; SRAM Employing Sense-Amplifier
Redundancy,” ISSCC Dig. Tech. Papers, pp. 328-329, 2007.

[7] M. Seok, et al., “Clock Network Design for Ultra-Low Power Applications,”
ACMV/IEEE International Symp. Low-Power Electronics Design, pp. 271-276,
2010.

436

e 2013 IEEE International Solid-State Circuits Conference

978-1-4673-4516-3/13/$31.00 ©2013 |EEE



ISSCC 2013 / February 20, 2013 / 5:00 PM

feuk: Clock frequency
H-tree Tewk + Clock period

Tres : Resonant period
A T
¢—CLK 5 B

Un-buffered H-tree

iy
iy

| (c) Proposed Intermittent Resonant Clocking (IRC)

| (a) Conv. non-resonant clocking |

| (b) Conv. resonant clocking [4-5] |

Vool2

T Tres = fouk is fixed.
y (SRS

N\ \S

Small slew > Large skew

Time

4
Un-buffered H-tree Latch
IRC buffer
JLIL ¢1Fi9-21a)) : |
f > CKB

Tok>>Tres 2 fowk is free.

Tres
s

Large slew > Small skeew‘
Time
Figure 24.9.1: (a) Conventional non-resonant clocking; (b) conventional
resonant clocking [4-5]; (c) proposed intermittent resonant clocking (IRC).

.
7

Simulated at V,,=0.37V
Gate width of M1

Power dissipation to

(at same ON resistance) drive M1
(Conventional)
(Fig.24.9.2(a) 7% \21%

(_Eroposed) J J

M1 0.03 0.09

‘ (b) Step input (for reference) |

0.4v]
Pulse o0.2v|
0
o.AV;\w in resonant mode
0.2vf N
=0.37V G -
Pulse = Py V !.TZ , Time
J, 0 T1 TRES
CKB

l(c) Pulse input (actual operation) ‘ T

M1 ClK
;; Cek o
Voltage Pulse 0.2V —T,,W=TR_ES
doubler oy

T

/"

Time

0.2v| )/
T 2Vop N A Point A /[
CKB
[L]] N Y FLVAR 1V
0 I

\'{ Voo Non-resonant ?Vnn

mode mode
(Pulse=High) é (\ IlCCLK (Pulse=Low) % Cowx

N J

Intermittent resonance

Figure 24.9.2: (a) IRC buffer; (b) timing waveforms of IRC with a step input;
(c) timing waveforms of IRC operation with a pulse input.

(a) IRC buffer Resonant

| (a) Conv. non-resonant clocking [7] |

Total gate width B i Clock period

P
>0

Adder array

|_
HH

Vgp = 0.37V
foLk=980kHz

2500575
10K points

i3 10.04 %

Tz 2o § Aug 2012)
49 )

[ [
1asmy 15:23:

J-[ 2Vpp
T F—C irig2e0.2)
\

Voltage doubler

(a)

\X32

IRC buffer

32-bit full adder

Pulse

N

Latch
33

Off-chip

Adder array (32 cores)
(b)

Figure 24.9.3: (a) Simulated comparison of gate widths and powers of M1;
(b) block diagram of test chip including adder array and IRC.

1.5 T T T T T T T
Measured
Proposed IRC
I'4
1 -36%
s 1o} * +16% +5% .
- Conventional i
g non-resonant .
e clocking il
< )
Q
S o05FfF 4
o
TRES
\2/500_ 0.37V (Minimum power)
DD = Y-
fo k= 980kHz T /
0 cLK 1 L ¢ I1 L 1 lsz 1
0 20 40 60 80 100 120 140 160

Pulse width (Tpy) (ns)

Figure 24.9.5: Measured dependence of clock power on pulse width of Pulse

signal (Tpy).

o] \

Un-buffered
clock tree

(b) Proposed IRC /
Wtal gate width | Adder array i

CKB
Pulse
———
TWH |__| I Clock period
(off-chip) @ ooV Tz o

Figure 24.9.4: Two clocking circuits in test chip for comparison.
(a) Conventional non-resonant clocking [7]; (b) proposed IRC.

P Tow =Tres
| Vpp = 0.37V
foLk= 980kHz

© 7 Ty
Tasmy |15:22:35

1.2 T T T T
Measured
Vpp =0.37V \{:\(\Q
1.0} Voo =0 \o°
25°C &
— g -36%
; O
32 0.8
g
8. 0.6
RN
o
] (@)
S 04} E
o .00
Leakage of
0.2 -81% 4
0 L L L 1
0 0.2 0.4 0.6 0.8 1.0

Clock frequency (MHz)

Figure 24.9.6: Measured fg x dependence of clock powers of conventional
non-resonant clocking and proposed IRC.

DIGEST OF TECHNICAL PAPERS e 437




ISSCC 2013 PAPER CONTINUATIONS

IRC buffer (150um2) Adder array (32 cores,
ty—----.‘- v )

Voltage doubler
(30x70pm) =
O
Conv. non-resonant
clock buffer (700

t
pwm?)
HEe

(a)
1ISSCCO8 [2] ISSCC12 [3] cicco7[4] | EsscIRco9 [5]| This work
Supply voltage 1.2v 1.2v 1.03-1.21V 1.2v 0.37V
Clock frequency | 46 5gHz | <4.256H2 800MHz ~ | 400 ~ 200MHz | DC ~ 880kHz
(Fow) 1.2GHz
Resonant frequency 3.2GHz 3.3GHz 1.03GHz 125MHz 19MHz
Freedom of fo, Poor Fair . Poor Poor Good
(P« f) (P & fY (P#S) (P £ 1) (P f)
Clock slew rate Fair Fair Low Low High
Local clock buffer Yes Yes No No No
Inductor On-chip On-chip On-chip Off-chip Off-chip
Latch/FF FF FF Latch FF Latch
Power reduction 25% 24% 76% 85% 36 ~81%
(*) Inductors can be disconnected when the clock frequency is low (<2.9GHz). In this case, conventional clocking is used,
and hence the clock power is i to the clock

(b)

Figure 24.9.7: Die micrograph and compairison with previous works.

e 2013 IEEE International Solid-State Circuits Conference

978-1-4673-4516-3/13/$31.00 ©2013 |EEE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K 0
  >>
  /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 <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


