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Abstract: In this letter, a capacitively charge-sharing transmitter

(CCS) is proposed as a novel design to replace the traditional

differential capacitive pre-emphasis transmitter (CPE), for the

purpose of reducing the dynamic power consumption by half. The

CCS functions as a transmitter for mesh NoC links to achieve high-
speed and low-power transmission. CCS generates a pair of differ-
ential low-swing signals at a time through charge-sharing. Its

capacitively driven mode enables high-speed transmission and

provides pre-emphasis to extend the bandwidth. Simulation shows

that CCS can achieve 9Gb/s data rate over 2mm twisted differential

interconnects with only 56.4 fJ/b power consumption. With a

clockless hysteresis receiver, the transceiver for NoC links enables a

data rate of 7Gb/s with at least 70% eye-opening while consumes

only 90.8 fJ/b.
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1 Introduction

With the increasing number of cores on chips, network-on-chip (NoC)

technology becomes increasingly popular today by providing a new
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interconnection solution with flexible expansibility to replace complex

system-on-chip (SoC). However, the power consumption could be still high

in NoCs which has long interconnects with heavy loads [1, 2]. Low-swing
technology can effectively reduce the power consumption and improve the

signal transmission. Based on this technology, various low-swing transmit-
ters were proposed. In the designs, low swings can be realized by

introducing a multi-VDD circuit [1, 3]. Another capacitive pre-emphasis

transmitter (CPE) has been widely used because it greatly extends the

bandwidth to increase achievable data rate [4, 5, 6]. In a recent paper [7], a

transmitter based on charge-sharing (CS) emerged as a new approach to

generate low swings. While it is difficult for CS to drive long interconnects,

due to the large loads offer a large time constant which decreased the

switching speed and limited the data rate.

　 A novel capacitively charge-sharing transmitter (CCS) is proposed to

further reduce the power consumption while maintaining a high data rate

in mesh NoC links. The high-speed transmission is achieved through

capacitively driven mode. Meanwhile, the bandwidth is further extended

due to the pre-emphasis provided by series capacitances. The dynamic

power consumption of the proposed CCS is only the half of that of

differential CPE.

2 Capacitively charge-sharing transmitter (CCS)

Fig. 1 (a) depicts the architecture of the proposed NoC links. It is

composed of transmitters (TXs), long interconnects, and receivers (RXs).

The proposed CCS functions as the transmitter to generate differential low-
swing signals while the twisted differential interconnects is used to restrain

the noise and crosstalk. AC-coupled resistive feedback inverters (RFIs) [6]

offer VDD/2 bias at the receiving end, and a hysteresis receiver restores the

biased signals to full-swing.

2.1 Working principle and low-power feature
The circuit diagram of the proposed CCS is shown in Fig. 1 (b). The

charges distribution on the nodes A and B in a clock period are as follows.

　 (i) when Vin=0, both P1 and N1 are on, thus the potentials on the nodes

A and B are VDD and 0, respectively. As a result, the charges stored on the

nodes A and B are

QA ið Þ ¼ C1==CWð ÞVDD ; QB ið Þ ¼ 0: (1)

　 (ii) when Vin=VDD, P1 and N1 are off, while P2 and N2 are on, which

enables charges sharing between the two nodes A and B. Therefore, the

charges on the two nodes are decreased and increased to

QA iið Þ¼ C1==CWð Þ2
C1==CWþC2==CW

VDD ; QB iið Þ¼ C1==CWð Þ C2==CWð Þ
C1==CWþC2==CW

VDD; (2)

respectively. Therefore, the potential on the nodes A and B becomes

VA ¼ VB ¼ C1==CW

C1==CW þ C2==CW
VDD: (3)

　 (iii) when Vin=0, repeat process (i).
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　 In the process above, swings on the nodes A and B can be calculated by

Vswing Að Þ ¼ 1� C1==CW

C1==CW þ C2==CW

� �
VDD (4)

Vswing Bð Þ ¼ C1==CW

C1==CW þ C2==CW
VDD: (5)

　 The driven capacitances C1 and C2 are in series with the load

capacitance CW, hence, the swings on the wires can be calculated by

Vswing wire1ð Þ ¼ Vswing Að Þ
C1

C1==CW

� �
¼ C1C2

2C1C2 þ C1Cw þ C2Cw

� �
VDD (6)

Vswing wire2ð Þ ¼ Vswing Bð Þ
C2

C2==CW

� �
¼ C1C2

2C1C2 þ C1Cw þ C2Cw

� �
VDD: (7)

　 Eqs. (6) and (7) show that, even if C1 is not equal to C2, the swings on

Wire1 and Wire2 are still the same, which means that CCS can eliminate

Fig. 1. (a) The links in a mesh NoC. (b) The proposed

CCS. (c) The equivalent model of CCS with single

π-model interconnects.
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the mismatch between C1 and C2.

　 In this letter, it is assumed that C1=C2=CT, and the final swings on the

wires can be expressed as

Vswing ¼ CT

2 CT þ CWð Þ VDD: (8)

　 The dynamic power consumption of 1 ! 0 transition can be calculated

by

E1!0 ¼
Z1

0

iVDD tð ÞVDDdt ¼ CT==CWð ÞVDD

ZVDD

VDD=2

dvA

¼ CT==CWð ÞVDD
2

2
, CWVDDVswing:

(9)

　 While the 0 ! 1 transition draws almost no energy from the power

supply, which makes E0!1 almost zero. The dynamic power consumption of

traditional differential low-swing circuits reaches to 2 � CWVDDVswing in a

clock period. In other words, the dynamic power consumption of CCS can

be reduced to half of that of the traditional differential ones on the premise

of the same swing according to Eq. (9).

2.2 Delay reduction and bandwidth extension
Fig. 1 (c) shows the equivalent model of the CCS described in Fig. 1 (b).

The single π model is employed to estimate the delay of interconnects. The

potentials on the nodes A and B are expressed as vA tð Þ and vB tð Þ,
respectively, and i tð Þ refers to the current flowing through P2 and N2. The

time constant of charge-sharing in process (ii) can be calculated as follows:
　 When S2 is off, the initial state of this circuit can be expressed as

vA 0�ð Þ ¼ VDD ; vB 0�ð Þ ¼ 0 ; i 0�ð Þ ¼ 0: (10)

　 When S2 is on, charge-sharing occurs which leads to

i 0þð Þ ¼ VDD

RP2==RN2
; i 1ð Þ ¼ 0 (11)

vA 0þð Þ ¼ VDD ; vB 0þð Þ ¼ 0 ; vA 1ð Þ ¼ vB 1ð Þ ¼ C1VDD

C1 þ C2
(12)

vA tð Þ � vB tð Þ ¼ RP2==RN2ð Þ � i tð Þ: (13)

　 The current i tð Þ can be written as

i tð Þ ¼ �C1
dvA tð Þ
dt

¼ C2
dvB tð Þ
dt

: (14)

　 Based on Eqs. (11), (13), (14), i tð Þ is derived as

i tð Þ ¼ VDD

RP2==RN2
e
�t
�

RP2==RN2ð Þ
�

C1C2
C1þC2

�
: (15)

　 Finally, vA tð Þ and vB tð Þ are obtained according to Eqs. (12), (14), (15),

as follows:
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vA tð Þ ¼ C1VDD

C1 þ C2
1þ C2

C1
e
�t
�

RP2==RN2ð Þ
�

C1C2
C1þC2

�� �
(16)

vB tð Þ ¼ C1VDD

C1 þ C2
1� e

�t
�

RP2==RN2ð Þ
�

C1C2
C1þC2

�� �
: (17)

　 According to Eqs. (16) and (17), the time constant of charge-sharing

can be written as RP2==RN2ð Þ C1C2

C1 þ C2

� �
, hence, the total time con-

stant [4, 6] in process (i) and (ii) becomes

� ið Þ � RP1 N1ð ÞC1 2ð Þ þ 1

4
RWCW (18)

� iið Þ � RP2 N2ð Þ
C1C2

C1 þ C2

� �
þ 1

4
RWCW: (19)

　 Derived time constants of different transmitters in raising and falling

cases are shown in Table I. It is observed that the coefficient of item RWCW

is the main factor that affects the time constant due to the large load

resistances and capacitances. This coefficient is 1/2 in Full-swing, Multi-
VDD and CS, while 1/4 in CPE and CCS. It is thus concluded that the delay

is significantly reduced with the capacitively driven mode.

　 Signal transaction causes an overshoot on coupled capacitances at

Wire-in which provides pre-emphasis, and the introduced driven capaci-
tance CT moves the pole of transfer function from 2=RwCW to 4=RwCW .

Hence, the bandwidth is extended substantially.

2.3 Comparison of transmitters
The simulated results of different transmitters are shown in Table II. The

characteristics of Full-swing, Multi-VDD, and CPE can be obtained from [1].

In this letter, the parameters of CCS and CS based on 1.2V 130 nm CMOS

process are acquired from Cadence spectre. Interconnects are placed in

metal 4 with both a width and a spacing of 0.4μm. Under this condition,

the total distributed resistance and capacitance of a 2mm wire is 270Ω and

450 fF, respectively. As can be seen from Table II, the power consumption

of CCS and CPE is 56.4 fJ/b and 105 fJ/b, respectively. Therefore,

Table I . Time constants of different transmitters.
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achieving the same data rate of 9Gb/s, CCS can reduce the power

consumption of the transmitter almost by half compared to CPE. Table II

also shows that, the delay of CCS is only 63 ps at the typical process corner,

and increases to 77 ps at the slow process corner, which is quite similar to

that of CPE.

3 Simulation of overall transceiver

An overall transceiver shown in Fig. 2 (a) is obtained by connecting CCS

with a clockless hysteresis receiver. Low-swing signals are restored to full-
swing due to the contention between NMOS transistors and cross-coupled
PMOS transistors in the receiver, and the DC voltage of the wires is biased

Table II. Characteristics of different transmitters.

Fig. 2. (a) Schematic of overall transceiver. (b) Simulated

transient waveforms at 7Gb/s. (c) Eye-diagram at

Wire-out. (d) Eye-diagram at RX-out+.
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to VDD/2 with AC-coupled RFIs. CT and CC are realized by NMOS

capacitances, and the areas they consume are 3.0×3.0 and 1.6×1.6μm2 to

have capacitances of 110 and 30 fF, respectively. The PMOS pull-ups as

resistances at Wire-out offer a high gate-source voltage to make the NMOS

capacitances exhibit largest. Simulated transient waveforms at 7Gb/s are

shown in Fig. 2 (b), signals are pre-emphasized at Wire-in and converted to

RZ pulses at RX-in. The simulated eye-diagram is of high quality at Wire-
out and still keeps 73% opening at RX-out+, as shown in Figs. 2 (c) and

(d). This whole transceiver consumes only 635.6mW (i.e., 90.8 fJ/b).

4 Conclusion

In this letter, a high-speed and low-power CCS is proposed as a low-swing
transmitter for mesh NoC links. The CCS enables high data rate through

capacitively driven mode and decreased its dynamic power consumption by

50% through charge-sharing compared to CPE. Thus, CPE can be replaced

by CCS to further reduce the power consumption. Low-swing signals are

restored to full-swing with a clockless hysteresis receiver. Simulations of the

transceiver for 2mm interconnects are realized in Cadence spectre.

Simulated results demonstrate that CCS achieves 9Gb/s data rate with

at least 50% eye-opening and consumes only 56.4 fJ/b. The whole

transceiver enables a data rate of 7Gb/s with 73% eye-opening, and the

total power consumption is only 90.8 fJ/b.

Acknowledgements

This work was supported by the National Science Foundation of China

(No.61172030, 61334003).

IEICE Electronics Express, Vol.11, No.7, 1–7

7

© IEICE 2014
DOI: 10.1587/elex.11.20140038
Received January 15, 2014
Accepted February 21, 2014
Publicized March 06, 2014
Copyedited April 10, 2014



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 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 /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 /Bicubic
  /MonoImageResolution 1200
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /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 [2500 2500]
  /PageSize [612.000 792.000]
>> setpagedevice


