ABSTRACT

KIM, HOON SEOK AdvancedMulti Mode Interconnect. (Under the direction mbfessor
Paul D.Franzon)

Maintaining signal integrityat the dense parallel linksxd maximizing pin utilization
are the major challenges of interconnect design asitb@tadensity and computing speed
continwally increase Crosstalk, the noisefrom the adjacent line, andnter-symbol
interference (ISI), the gain reduction athigh frequency are the major sources causing
signal integrity problems. Mti-conductor trasmission line(MTL) theory providesan
encoding and decoding scheme fonaelling crosstalk at the mulink channel, ands used
to implementmulti-mode interconnect (MMl}hat maintains the maximurhnk-perpin
efficiency. By using MMI, multiple linkscan be placed closéngethey which save board
area andowers the cost. HoweverMMI induces switching noisebecause ofncoding
constrains codingand reduces the flexibility ofi/O circuits becauset requireschannel
dependentoding at both sided thetransceiver designn addition its code sensitity does
not allow conventional preemphasis for reducintpl andits decoder implementation with
current summing consumes huge poweil herefore this thesisintroducesthree circuit
techniqus for mitigating the disadvantages of MMI, andlso introduces aheory for
improving the flexibility of MMI. The first circuit realizesfractional multilevel pre-
emphasisthat reduces the ISI of MMI without breaking its coding scheiifee second
circuit isadigital encoder that reduces the switching noise of MMI drivEngthird circuit
is a low-powerdecoding circuithat reduces the receiver power of MNDifferential source
followers are used for decoding mulgvel signals The poposed decoder allows vate

subtracton instead ofcurrent sumration AdvancedMMI that demonstrates th&oposed



techniques has been implemented in IBM CMOS processes. In addition, a new MMI theory
is mathematicallyderived for eliminating the decodingequirementso that MMI no longer
powerfully limits the design ofeceiversidecircuits. Thistheory isthenfurthersimplified so

the theory can beeadily implemented as circuitBinally, a completdransceiver based on

theproposed theory ignplemented irthe IBM 0.13¢m CMOS process.
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Chapter 1

Introduction

The development of compugewas a revolutioary eventin our society. The
computerhas continuouslyimproved its computingspeedsince it wa developed. Now,
computerssolve extremely complex problemssavhg humars the effort and store huge
amouns of data without filling an entire building with paper boxes. The decrease
manufacturing costof silicon chis introducedthe era of personal compuserand now
people cannot imagine living withoahe

In recenttimes peoplepreferfaster andmore functionalcomputers, so the chip-
chip data transferring speed requiremieasalready reacheterabitsper second13] while
the chip sizehascontinuallydecreased. Als@ low-power circuit design isrequireddue to
the high demands of portabldeetronic devices usingoatteriesfor thar power supply.
Therefore, the modern I/O circuit design has to satisfy the requiremewisebandwidth
up to high frequencywhile using a smalnumber of pinsand consuming small power
Because of these requirements, 1/O circuit de$ige becme very complex andequires

muchthoroughconsideration.



1.1 Interconnect

Interconnect isan I/O circuit design for transmitting and receiving datser wired
lines. For example, it can be used for cabRCB tracesnd metal layerinsidea chip. It is
also known as the transceiverdesign which means transmitter and receivéesign Its
applications are everywhereetween circuitsin any systemdue to the fact thatdata
communication is necessary for all systems. Hence, if the system speed increases, the amount
of data transferredetweersystems also increases.

There are two ways to increase the data oéateystems. On&vay is to increase the
transferring bitspeed over the line, and another is to make more parallel ksever,
high-frequencylinks have several factors causing bit errors, and plaeallelization is also
limited by the reduction of chip sizéimited areaandpin count Therefoe, wider bandwidth
and more parallelization are the simultaneous requents ofininterconnect scheme.

One of the mostmportant factorsto considerin the high-frequencyand parallel
interconnect design sgnal integrity.Low signal qualitycarries aigher risk forerrois even
though some errorsan be corrected bsfrror detecting and correctiadgorithirs.

There are two major factors thategrade signal quality. One isiter-symbol
interference (ISI)which is noise cming from the subsequent bits arsingle wire. It is due
to the frequacy-dependent lossf the imperfectconductor Another is crosstalkwhich is
noisecoming from adjacent links. These tuwssuessignificantly degrade the signal quality
by narrowing theunit interval (Ul) and reducon the swing of the signalin multi-giga or

fasterinterconnectin addition,crosstalkis related withthe distance among links, artdyets



severe at dense link2]. If the Ul orswing ofasignal gestoo narrow or smalllueto noise

the receivecannot reconstruct the transmitted sigralsectlyandit causes errar



1.2 Challenges in High -frequency Interconnect

The bandwidth requirement for the interconnect desigacontinually increased
Figure 1.1 shows therising incremens of bandwidth requirementfor off-chip data
communicatiorby year[3]. This requirement cannot be solveenwith cuttingedge serial
interconnectschems. The blue line indicates the wkaevable bandwidth with current
differential modeinterconnect design technolof3]. Hence,a wide bandwidthinterconnect

designin multi-giga rangewith more parallelizationis inevitable for future interconnect

desigrs.
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Figure 1.1: Off-chip bandwidth requirement graph.




The major challenges of future interconndesignsare reducingcrosstalkand ISI
noisein order to achievéigher speedand more parallel signaling whilemaintaining the
power and pinrperlink efficiencies.By eliminating crosstalknoise and ISI, data jitter and
signal swinguncertainty can be reducekh addition the broad usages of portable devices
stronglyrequirelow-power desigs for the entire elecical systemincluding interconnect

The multi-mode interconnectMMI) design concept is selected in this thesis to
completelycancel crosstalk dtigh frequenes on multi-link channeld1]. The MMI design
IS chip-to-chip and multi-link interconnectimplementationbased on themulti-conductor
lines MTL) theory[4]. Encoding and decoding is tlseiggestedsolution for the crosstalk
cancellationlt theoreticallyguaranteg perfect crosstalk canceitat at uniform transmission
lines and maximum linkperpin (link / pin) efficiency. However,the coding sensitivityfor
cancelling crosstalkimits the design flexibity. The equalizer design for reducing ISI
becomesspecially complicated

Therefore, iree advancedesign conceptare presentetbr enhancinghe previous
MMI. The first design concept & fractional preemphasis and digital encoderThese two
designs reduce the ISI and switching npisespectively by equipping them on the
transmitterside of MMI. The second design concept ima-power design concept for MMI.
The previous MMI desigwastes a lot gbower especially othereceiverside so the source
follower decoding receivefRx) is proposedfor reducing power onhe Rx-side. The thd
design concept ianadvanced MMI design based arodified crosstalk cancellation theory

called transmitter (Tx) encoding MMI This design concept eliminates the decoding



requirement of the precious MMI so it increaitlee design flexibility of theRx-side circuit
for employingequalization circuits andmplifiers.

As data rates increase up to mgjigabis-persecond data jitter becomes the critical
noise sourceResearch shows thatosstalk noise is the dominant data jitter source at dense
links, and crosstalk reduction is necessary to improve signal integkigp, the crosstalk
cancellation and maximum linkpin efficiency of MMI allows savingboard area anthe
required number opins, and thus the costs assodlavdth them. Furthermore, ISland
switching noise mitigatiortechnique are introduced fosuppressingdata jitter at high
frequencysignaling The power efficiency of interconnembnsidering the limited battery life

of portable devices isonsidereds well



Chapter 2

Sgnal Integrity an d Pin Utilization
of Off-Chip Interconnect

The main goal of chipo-chip interconnect is successful digital daansmitting and
receiving through wirel channet. The signal integrity is the signal quality estimation of
receivedsignals The variousnoise and mismatched timeynchronizatiorin circuits disturb
the desiredsignals andreduce the signal quality. Signal integrisycommonlyestimated by

data jitterand voltage swing of theyediagramor bit error rat§d BER) measurement

Switching Noise
Data Jitter :
Data Jitter

W)
o Channel
o O

. (0]0]
) o
g- Clock ISI =
= - Crosstalk -

Tx Side | pinutilization |Rx Side

Figure 2.1: Basic interconnect diagram



Basic interconnect design is composedTaf channeland Rx. It is shown as a
diagram inFigure 2.1. The Tx generates gnals and drives the channel, awdrious
modulaton techniques can be applied the Txside.In the case of MMImodulation the
encoding is necessarso it cancauseadditionalswitchingnoisewhile conducting encoding.
If the channel isa multi-link and mismatchediming synchronizatns areinduced among
links on the Txside,significantdata jittercan be presenteahile the signals go through the
channel The conventional channel c@mposed otopper lines that are partially or entirely
surrounded by dielectric materials. i¥hchamel is lossy andhas frequencygependent
response since the conductor is #ded. ISI is due to this frequeneyependent response
which acts likealow-pass filter Crosstalk noisevill be added if the channel ssdense multi
link, and the data rate multi-gigaor higherbits-persecond (bps)The final stage ithe Rx
which detects the signals and restores the transmitted signals by demodulating or isolating
signals fromvariousnoises The ideal interconnect having high signal integgtiarantees
the perfect match betweeémtial digital data and restored digital data.

Typically, the transceiver is designed to have low B&Ride and tall eyaliagram
or small data jitter othe given channel. Therefore, the analysis of chacimalacteristisis
animportant portion ofinterconnect desigrOtherwise, the interconnect cantet designed
efficienty to overcome thalisadvantage of a given channelThis chapter describethe
channelcharacteistics of a multi-link, associated techniques alWd L theoly to compensate

for it.



2.1 The Model for Multi -Transmission Lines

PCB traces used for the mudfiga bpsand chip-to-chip interconnect are treated as
transmission ling because the parasiticomponents of wi® cannot be ignok The
transmission lines conventionally considered #se lumpedRLGC modelshown inFigure
2.2(a), so it haslow gain at high frequemes because of itd and C componentg5]. The
well-known telegraplerds equation explais the propagatingelations between the signals

each end ofhetransmissionine, anddefines thecharacteristitmpedance® , by the ratio of

the voltage and curretitrough the line

N L] o
(a) R G

[
|
O

O

Figure 2.2: (a) Lumped model for the transmission line (b) Lumped modd for double lines.



R, L, G, and C are the resistance per unit length, inductance per unit length,
conductance of thdielectric per unit length and capacitance per unit length, respectively.
The umped RLGC transmission model can bduplicated identically for multiple
transmission linesHowever, f multiple transmission lineare placed closeljo each other
the lumped moels have to inclué not only the frequencydependent gain but alsthe
crosstalkrelationsbetweenneighboring lires for accurate channel response analy$ise
crosstalk relation is conventionally explained as muindlictanceand mutual capacitance
for the given distancebetween transmission linedue to its frequencydependent
characteristic comg from the magneticand electric fields between lings]. The model for
two-coupled transmission lines is shown kigure 2.2(b). Lm and Cm indicate mutual

inductance and capacitance, respectively.

10



2.2 Inter -Symbol Interference and Equalization

Frequencydependent gain of the transmission line is mostly due to the skin effect and

dielectric losg[7]. The «kin effect is aphenomenomwherehigh-frequencycurrents tend to

flow only through the surface of the conductor. Therebipciteass the effective impedance

at a high frequencyand theseltinductance impedance of the condudasrwell It tends to

increaseproportionaly to the square root ofhe frequency.Dielectric loss is due to the

energy loss through the dielectnateria) and it increasgeproportionally to the frequency.

This frequencydependent gain is also shown omwlti-line channels The overall

frequency responsdrom 1 kHzto 20 GHz offive-centimetetlong four embeddedtriplines

areplotted inFigure2.3. It shows the ratio of delivered energyeo¥ransmitted enerdyr all

four lines It indicates that e amount of delivered energy proportionally decreases by

frequency in dB scaleand the loss graghareidentical for all four lines becauskey are all

in thesame shape.
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Figure 2.3 : Frequency responsefor four embedded striplines.
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2.2.1 |1 nter -Symbol Interference

Due to the lownchannelgain ata high frequencythehigh speed signal is disturbed by
the previous signalsThis noise is calledSI. This phenomenon is also observed from the
transientchannel response Figure 2.4. Embedded striplineslustrated inFigure 2.3 were

used for the simulation.

Channel (ISI)

Figure 2.4: Transient response of bannel showingISI.

The sharp signal edgespreadut whilethe signalpropagates through the conductor
line. The signal edgecontainthe highest frequency compongrnso theirslopes decrease

noticeablydue to the low gain ahigh frequency.
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2.2.2 Traditional Equalization Methods

The equalizer isa specialized circuit scheme to reduce the TRk equalizeflatters
the frequency response afchannel for increasing the achievable data rate. The conceptual
graph in frequency domain ghownin Figure 2.5. The conventionalequalizer reduces the

low frequency gain and adthe high-frequencygainto flatten the frequency responi$3.

mA m/‘\ mA
®  Channel o Equalizer o Equalized Gain
> > >
&3 =
| ﬁ
frequency frequency frequency

Figure 2.5: Flattening frequency response o& channel bythe equalizer.

The Equalizr can ke implemented either orthe Txside or Rx-side. It is also
implemented on the both sidesfor further signal integrity improvement [10]. The
equalization on the Tsside is typically a finite impulse response (FIR) filter using
equalization tap coefficients. Taps reshape tratigigy signals to attenuate lefequency
portiors andto emphasishigh-frequencyportions according tothe determinedcoeficients
This methodpre-distortsthe transmitting signal so ISI and pdistorted components can be
canceled outhrough the channelDue to thisjt is referredto as preemphasis circuits and

feed forward equalization (FFE)
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The coefficients are detmined based on the estimated ISlaodhannel.Increasing
the number of tagpcan eliminatemorelSI but increasgthe power and redus@oltage swing.
Figure 2.6 showsthe diagram fora threetap preemphasis circuitData delaybetween
adjacenttaps is one unit interval (Ul). The first tap is a main driver wigehera¢s the
voltage or current levadlong withthe digital valus of data. The other two taps reshape the
signal driven by the first tap so it compensates with 1Siugh the channgl1][12].

The conventionalpre-emphasis isincomplicatedo design everat a high frequency
since it iseasyto control the delaysf the digital signalslts major advantage isahit does
not amplify or feednoisebackto the signal. However, it redusthe lowfrequency gain, so

this methodnay notsuitable for equalizingncoded signals.

Tap1 Tap 2 Tap 3

Z—l Z—l Z—l -

—_—
Data

Figure 2.6: Three-tap pre-emphasis cirait diagram.
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In amannersimilarto FFE on the Tsside the Rx-sideequalizer can be implemented

as aFIR filter in either analog or digital wayF{gure 2.7). The analog Rx FIR filteris

required to designan analog signal delayetls whichare difficult to achievetap precision

[14]. On the other handheé digital Rx FIR filter is required to use thenalog to digital

converter (ADC)for digitizing the input. The resolution chn ADC determines the

peformance otheequalizer High-resolution ADG make ap coefficientgprecise. However,

an ADC with high-resolution andspeed consumes a lot of powér. addition it hasthe

potential riskof amplifying andfeedingbackother noises.

AR

Digital FIR

-3 Data Out

1 ® ® ®

71

71

S ®

> 000 —

71 ||

Figure 2.7: Receiver sideFIR filter .
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An Rx-side equalizer commonly implemented as a continuous time activeidilter
shown in Figure 2.8 [15][16]. This filter has passive components to produce high-
frequencygain. The major constrairaf on-chip passive components the adaptability
according to the limited spacé@chievable compensation gains are strongly limitedhzy
space. This hnique is usually used at the first stageagkceiver which isgenerallya

common source amplifier witlhequencydependent source degeneration.

Out—é %Out+
L -

=

Figure 2.8: Rx Continuous time equalizer
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A decision feedbaclequalizer(DFE) is another Rsequalization techniqufl7][18].
It is a nonlinear equalizer illustrated iRigure 2.9. The DFE digitizes input signalsand
amplifiesonly signak so it is broadly used in higépeed interconnect. diecideshe amount
of ISI to remove fronreferencingthe past decisior-lowever, if the slicer makes a wrong
decision, it can keep cascading detection errors.itibddlly, a clock and data recovery

(CDR) circuit is requiregbrior tothe DFE functions.

w
DataIn Data Out
~+ —> _','_ >

\\__/!
Clock
C, C1q CO
Z1! 7l k—— oo0eo 7-1
Feedback Filter

Figure 2.9: Decisionfeedbackequalizer.
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Thetraditional equalizerseviewed so far consider onlgl. However crosstalk noise
becomes severavhen the data rate and thearallelization increase. Thereforenew
techniques are needdich are compatible with crosstatlaneling technique In the next
section crosstalk and # method for canceling will be introduced prio to exploring the

new equalizing scheme
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2.3 Crosstalk and MTL theory

Crosstalk is the noiseriginating from the intercommunication betwesgighboring
signals at highfrequencieswvhen the signatg lines are placed in close proximity to each
other. Electric and magnetic fieldare generated while the signalopagateshroughout
transmission ling and these fields affe@djacentconductor lines. These relations between
coupled transmission lineare typically illustratedas mutual capacitae and inductase

since these relations drequencydependenf4].
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2.3.1 Inductance and Capacitance Model for Multi Lines

The lumped model for single and double transmission Wersshown inFigure2.2.
In a mannersimilar to them, the lumpednodel for more linescan be expanded by
considering thenutualcapacitances and inductances amalhgf the other linesFigure2.10

shows thdumpedRLGCmodel forfour lines.

©@

Tld Wd L

Lm12 — —
Py Cm12 Cl1

; Lmi4

Lm23 I~

m cm23[ cm13 Cm24
@_P/YYL@ Lm24
Cm34|

Lm34 _—
q Cmil4 C33

©

Q

@

L44

®)

©

Figure 2.10: Four conductor transmission lines model

All Lm and Cm componentsindicate the mutual nductance and capacitance
components of muHliransmission linesrespectively These mutual factorsan be moedied
asa matrix form by combininghem withthe selinductancesind self-capacitancg of the

lumpedRLGCtransmission line modals shown below
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2.3.2 Multi Conductor Lines Theory

The t el seuattop tHeéire the relation between the neard voltage and
current ofthe transmission line, and the fand voltageand current ofthe transmission line
by solvingthe wave equation. This can be expanded to sAmaltismission lined.etR, L, G,
andC bedefined as x n matrices containing mutual inductances and capacitances between

n coupledlines.

Q, .- Qe aam
50101 oo Eaguh) n €ao &)
i ACh od ¢
o0& o ) €n c®

For solving this differential equation, (2.1) and (2.2) need to be differentiated with

respect tdine distancex.

Qi 22 nliai &
o 0®G "od S
L 8
o ° "G d tad S

And then, subsutes—§ ¢fd of (2.3) with (2.2) and—r @ of (2.4) with (2.1)

respectively:

= q oo E iadd A EE 0 o €N
o b Efghde AR EEgis En
Q

Q o QL “ .o n
Esom A%Fsum sEnA—eom nee
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In the steadistate state;- can be substitutedith] [29]:

e EA 1T nAegBnw €nn
Es(d'o 17 AEab 17 ¢ EnAdp nee

Let'Hbedefined as @ x n square matrix offy "Q'E andf as an x n square matrix

of¢ "QI'A then the MTL equations are defined[29],

Q , HE &
aﬂw n nw

Q .. HE

& w &

0o "
wherer] and€ areann x 1 columnvectos for the voltages and curreniespectivelyof n

conductor lines. If the transmission lines are lossless or have igntwab)ehese second

orderdifferentialequations can be rewten as substitutin® andG with constant zero

Q

——1 G E A

o now I (Y ®
Q . NE &

o Ew & C®»
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Thereare two important notices in these equations. Urie&nd’E /are diagonal,
all the signak at the farend transmission lines are relaténl each otherby mutual
inductance and capacitansebetweentransmission linesAlthough the mutual inductance
and capacitance values aleterminedeach signaat the end othe channel bundlelepends
on not only one input but also all the other neighboring inputs.

Therefore,the complicated relations betwe#ime inputs and outputs of mulink
channes can beexplained asnodes, which is the harmony betweaeput combinatiors and
channel characteristis MTL theory illustrates tls complex multiine signaling as the
combinationof fundamental modes of each lif4][19]. Multi-mode interconnect is the
modal signaling schemat useshese fundamental modes for isolating each line filoen
adjacent lines.

In essencethe characteristic oin-line channel signaling can be damed withn
fundamental modes. The relations between inputs and s@itomplicated because these
fundamental modes are combingctording toa certainrule by the input combinations and
the claracteristics of the channel bundle.Thus, MTL theory sugests the modal
decomposition method for canceling crosstakich transforms then x n’'Eand’Amatrices
to a diagonal matrix oh eigenvectors. Itmeans that each transmission line propagates the
signal as a fundamental mode withoamy of the effects of mutual inductance and
capacitancérom the adjacent signals.

For eliminatingcrosstalkrelatedterms ofE "Ar A 'Brom the equations (2.5) and (2.6)
the nmodal decompositiomethodis used, whichmultiplies aconverting mats, eitherf] or

N to the natural voltage or currenéspectively
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Then, natural voltagg & and natural curreret @ are transformedsfj nnR o,
andg N € . If the MTL theory is correcfundamental mode signaling can &ehieved

by adaptingan inversemodal combinationhroughout the entire signal sequence through the

channel

Eﬁ i 1 ERAR

o e AR &

N8 | AR &

If i andin are invertible, the lefhand side oéquations can be simplified as

Eﬁ'{ 1T 1 ERR

o & 1N AR

25



Wherer}; andg arereferred toas modal voltage and modal current whHerand
"A’Bbecome diagonal by andfl , respectivelywith LDU decompositiorformula
N f; andf & are the physically transmetti natural voltags for the voltage mode circuit
andtransmittedcurrens for the current mode circuit respectively in circui®he relation of
N andi is defined ag) =A

The diagonal matrices, 1 'E'H and 1 'A'R are noted as and , and
the eigenvector, is the propagation constant of transmission lines

When this MTL theory is implemented a<ircuit called MMI, the encoder performs
ontheTx-side and the decoder performs onthe Rx-side.Figure2.11 shows the

block diagram of MMI.

) )
EIlCOdiIlg 1 X Multi-Level 1 multi-level
(T) bits Driver signals H
Y >, .
e
[ J
j1-bit .
input h Iln kS
__ .
|dentical 4 . — %
Restored | Decoding 1 multi-level
11 bits (T— | ) signals
\_

Figure 2.11: Block diagram of MMI .
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2.3.3 True Matching Termination

If the transmission lines are considered as lossless or thess krenegligible the
characteristic impedanséor n lines arecalculated byhe ratio of he selfinductance anthe
self-capacitance of each line. Thiegvethe same ratias thetraveling voltage and current on

each conductor line.

e
O=| C: |

However, this termination is natieal for multi-coupledtransmissiorlines since it
has mutual inductansend capacitansebetween each lindhe crossoupled voltage and
current relations make the singteggnatto-ground terminationflawed Therefore, the true
matching termination for muktoupledtransmission lines is definegs ann x n matrix

according to the MTL theorj20].

This matrix form can be represented as-epdelor T-modelresistor treePimodel

and TFmodelresistor tregfor two lines are drawm Figure2.12.
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T-model

Pi-model

R1

R1

Transmission Lines

Transmission Lines

R2 R3
R3 will be ignored, R2
if signals are same R3 will be ignored,
at the both ends if signals are different at the both ends

Figure 2.12 True matching termination for MMI .

The physical resistance valuies the pi-modelare calculatedby the equatiorbelow

[20]:
2 H T
2 . P c®o
H
By using the true matching termination, most ofla&tion can betheoretically
suppressed
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2.4 Pin Utilization of MMI

Although crostalk and ISI can be mitigated dngh-speednterconnecby the MTL
theay and equalization techniqutiere is still another constraint for interconnect design. It
is thelack of the number of input amuutput (I/0O) pinsFigure2.13(a) shows the increasing
ratio oftheinternal clock speexbf central processing usi{CPUs) and the number of cores
Figure 2.13(b) showseffective data computingrequency which isa multiplication of on
chip frequency and the number of total cdfs The increasén the number of cores boosts
the computing speed dramatically and produbesdemand fora hugeamount ofoff-chip
datatransfer. For eample, Plagtation 3 has multi-core systemwith a 3.2 GHz internal
clock frequency and it requires25.6 Gigabyte-persecond ofichip datatransfer fromthe
CPUto memory[30]. Thisamount willincreasdinearly by the numberof CPU multiplied
by the internal clockfrequencyif the multi-core controlling algorithnrcan maximizethe

performancef multi-coresystem

(a) (b)

16 160
===(n-chip frequency (GHz) Effective frequency (GHz)

14 140
===Number of total cores

120
100
80
60
40
20

07 08 09 10 11 12 13 14 15 16 17 18 07 08 09 10 11 12 13 14 15 16 17 18
Year Year

Figure 2.13: (a) Incr easing ratio of CPU internal clock speed and number of cosand (b) On-chip

frequency xnumber of total cores.
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However, the number of total packages increass only by 7.5% each yeaeven

though the pin size is being redudedncreas the number opins(Figure2.14) [3].

Number of Total Package Pins

-

Thousands

07 08 09 10 11 12 13 14 15 16 17 18

Year

Figure 2.14: Number of total package pins

Hence,link / pin efficiency shouldbe considered fothe futureof interconnect
Several crosstatkancelingor noisereducing multilink interconnecthavingimproved|link /
pin efficiencyhave beemntroduced so faMost designs wer@aot able to cancel the crosstalk
completely but only to reduceor partially canceit while theyimprovedlink / pin efficiency.

Haekang Jungshowed the data jitter reductioschemeby adjusting the delay of
transmitting data, whichitigates thanajor propagation delajifferences betweeeachline
of thechannel bundIg1].

Kwangll Oh suggestd an alternaé datatransmittingschemebetween the closest
lines for minimizing the risk of crosstalk so thbne signalmakes the transitioon a link
the crosstak-induced signal can mostly affect the middle of the bit peftw neighboring

channes$ [22].
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Kyungho Lee proposka crosstalk reductiorscheme by adjusting the capacitance
value of the middle transmission line among three lines. Intentional curves are added to the
middle tracefor adjusting the related capacitances witle middle trace so crosstakbtelated
E “Ar 'A’Df channel bundleanbe close t@diagonalmatrix [23].

Youngsik Hurpresentdthe neatrend crosstallicancelling methodor four-level pulse
amplitude modulation (PM) signals. It detects the neand crosstalfrom the neighboring
line and equalizes this noisgth an equalizer othe Tx-side[24].

Sotirios Zogopoulous design did not contribute tocancelling crosstalk but
exhibiteda threelevel differential coding scheme for reding ISI and switching noisand
increasingthe pin utilization of differential signaling fromn 0.5 link / pin to an 0.75 link/
pin. It usedthree levels instead divo levels for differential signalingand kept the same
avaage voltage of four lines ghe interconnect couldavearobust DC bias leveHowever,
there was no specified schetoeeduce or cancel the crossté?b].

A crosstalkamplitudecanceling method using code division multiple access (CDMA)
was suggestd by TzuChien Hsuehas well[26]. It could reachup t00.75 link/ pin for a
four-pin channel by multiplyingprthogonalcodes to the data, but this meth@djuired the
extra bandwidthfor coding The baud rate hadto be twice the frequencyof the data rate
because of the required frequerioymixing codes to theignak. In addition, if eachihe has
significant propagatiowlelay differencewith others,the orthogonalcoding methodwill be
flawed sincethe CDMA coding technige is only for signal mergingndnot for eliminating
the propagation deladifferences between linesTable 2-1 shows asummary of these

interconnects imelationship to theilink / pin and noise cancelling efficiencies.
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Table 2-1: Performance comparison of variousnterconnects.

Interconnect . . Link/pin .
Crosstalk / Noise Reduction /p Constraints
Type (except ground)
Tx data delay Partial crosstalk reduction 1 Crosstalk
H. Jung [21] (Propagation delay arrangement) Amplitude
Alternative data drive - -, Squeeze
K. Oh [22] Avoiding critical crosstalk 1 Eye diagram
Channel adjustment Partial crosstalk reduction 1 Channel
K. Lee [23] (Manipulates channel shape) Flexibility
Equalizer for crosstalk Partial crosstalk elimination 1 Far-end
Y. Hur [24] Near-end crosstalk elimination Crosstalk
Multi-Level Differential . . . No crosstalk
. Zogopoulous [25] Switching noise reduction 0.75 Cancellation
CDMA Coding Crosstalk cancellation for amplitude 0.75 Sacrificing
T. Hsueh [26] (Orthogonal coding) ’ Bandwidth
MMI [1] Complete crosstalk cancellation 1 En/decoding
(Encoding and decoding) Transceiver

This table illustrates tat the MMI is only interconnect scheme promisoamplete

crosstalk cancellation with the best pitilization.
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Chapter 3

Pre-emphas is Technique for the MMI

Although theMTL theory is a promisingtheory for crosstalk cancellatioat high
frequenees ISI reduction is not considereat all Nevertheless,hie previous MMIdid not
include anycircuit schemedo redue the ISI. It is had to adapt coventional equalizing
techniquedecause ofhte codingconstraintandextremelynoisy signalsat the Rx-side.

The MMI needs to haveulti-level signalingoecausef the encoding, and each level
must be protected for efficient crosstalk calateln becauséViMI reliessolely on encoding
and decodingaccuracy for crosstalk cancellation. Howevethe conventional Txside
equalizerbreaks theencodingcodes, andhe Rx equalizeramplifies or feeds back the
crosstalk noiseThe types of conventioh&qualizes are summarizedand the considerable
characteristisof each type of equalizereillustrated as well imable3-1.

The Rx FIR equalizerisks amplifyingthe input signals without filtering all other
noises exceptor ISI. It can be a critical risk for MMI since it can amplify the crosstalk
before the decodingccurs.In addition the signals on the Rside arequite noisy and mult
level, so the risk increases.

DFE is also hard tequp to MMI because forequiremerdg of symbotto-symbol
detection circuits for mukphase signald-or adapting DFE to MMI, muHlphaseslicersare

required becauséhe signal ateach end of the multi-transmission line has different

33



propagation delayith other lines andDFE consumes ot of power in the case of using
high speed ADCIn addition DFE has tobe equippedafter decoding since it is hard to
estimate the mulievel signals at the end of linbsfore the decoding occurs

A Tx FIR filter carriesrisk as well because it cagskvel distortions of signals for
compensatingSI. However,the leveldistortion can be negligible by the proposed-pre
emphasis scheme called fractional and level selectivemphasisThe rew preemphasis
design basically protects the sajrievels ofMMI for preservingcrosstalkiree conditions
while increasing the high-frequency gain and reducing the switchinfrequency of

transmitting signals for better signal quality.

Table 3-1: The characteristics of equalizing techniques.

Equalizer

Advantage Disadvantage Limitation for MMI
Type

. Red L i
Easy to implement educe Low fgain

Tx FIR ) L Require back-channel
No noise amplification . .
for adaptive tuning

Reduction of Low fgain
(Break coding)

. . . Amplif i
Avoid low f gain reduction Py r@se .
Rx FIR Can tune w/o backchannel Tap precision Amplifying crosstalk

Analog delay/ADC

1storder compensation

Rx continuous Low power Amplify noise Amplifying crosstalk
Flexibility
DFE No noise amplification Feedback sensitivity Multi-phase slicer
Can tune w/o backchannel Slicer Impossible before decoding
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3.1 Channel Model and Coding C oefficients

A proposed preemphasis circuit is adaptable fdour conductodines, having
identical mutual distancéom the center othe channelbundleto each conductor. The
dimensions ofthe transmission line model used for tkenulationsandR, L, G and C
matricesfor transmission linesxtractedby the Hspice feld solverare shown irFigure 3.1.
A thirty-centimetelong RLGC model wasused for the simulatiorthe enbedded wiplines
with light crosstalk weraised sohe multi-level protetion could be observed clearly #te

Rx-sidewithout adapting decoding

Reglegﬁgce GND 1 1.4mil
. . . 5mil
__ 5mil e 5mil e Smil_ !
W?rlg(nglz) 1 2 7 Lami
5mil 16.4mil
ignal X .
W?rlg(ngu) 3 4 Y 1.4mil
U = 4.25, tanti = 0.016 -
Reference GND v
oA VPR ppdh 1A
e VWA oA pd pdd
PR DA DA v A
P pdpd vdA  oBA
08 @ o & A 0P A
A & B P8 @ 0P A & A
& A oD A P8 @ pBYA
0P A & A o 08 @

Figure 3.1: Cross-sectional dimensionsand S-parameter responseof channel bundle
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The encoding and decoding matricag,andfy , for this chanel bundlewere
calculatedbased on the MTL theory which wagroducedin the previous chapteMatrices
can be multiplied or divided with any constants, since it dbedgfectthe decomposition of

the’E “r "A Enatrix.

PP P P
> P P P P
f PP P P >
P P P P
P P P P
> PP P P
1 P P P P &
P P P P

The erminationimpedance matrixt was calclated from equation (2.7) as well.

50 q, singleline-to-ground terminatios (& 52.87 q) were used for this simulation
since the diagonal impedance termsredominantand nordiagonal impedance factongere
insignificant. Matlab wa used for finding encoding and decodicgefficiens, and
terminationvalues from theextractedL and C matrices.The Matlab scriptis attached in

Appendix A.
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3.2 Pre-emphasis Circuit Architecture

The mgor circuits forthe proposed Txsideof MMI arethe digital encoder, fractional
multi-level preemphasiscircuit, and driver. The digital encoder-oeders the encang
matrix sothatthe switching frequencgan beminimized. If the initial input combinations
result in the same level after encoding, the outputthefigital encoder maintain its bit
statusin order to preventhe unnecessary switching of dnige The pre-emphasiscircuit
fractionally generates inversenergy aginst ISI for suppressing ISl andr@ecing the
encodingecoefficientssimultaneouslyThe diver handleghe channebundlesothateach line
can have five different levels. The uttiplication of the encoding matrix and binary signal
vectormakes five diferent leveldor each lineof a given channel bundlé=igure 3.2 shows
the blockdiagramof the entire Txside designAll circuits weredesigned in IBM 0.3 pm

process.

4-bit :|'>
NRZ
Binary ::>

Input ::>
::> 5-level Driver & 1L
Pre-emphasis Drivers
4
/
1IN
Digital 4 i Pre-emphasis
Encoder 2 Weighting & Timing Controller
[
4

Figure 3.2: Block diagram for Tx -side
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The digital encodeencoas 4-bit binary inputs to 4 pairsf 4-bit binary outputsAll
outputs are duplicateahceso tere are two identical output séts the digital encoder. One
set becomes the inputs of the qeraphass weighing and timng controller. The outputs of
the preemphasisweighting and timingcontroller make it low-to-high pulses and-Bit
high-to-low pulses per link depending on its input switching direction. These pulsersate
the preemphasigiriversfor enhancing the switching speedtbé main driversothatit can
overcome thdSl. The other set is connectedtte gates ofthe NFET-driver. The nputset
for the main driveris delayed as muclas the propagation dekyf the preemphasis
controllersothatthe driverand preemphasigirivers can be synchronizedll of the circuit

desigrs arepresented iM\ppendix B
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3.2.1 Main Driver

Singleended saturatioGhlFET current mode drivers werased for driving the
channebundleon theTx-side. Thefive requiredcurrent leelsweregenerated by turning on
or off four pulling-down subdrivers. Figure 3.3 shows the schematof the driver for one

link. The same drivers are used for all other links.

VDD
S T
AC AL AL AC N
/ e ///
/ - - ///
///////
Encoded inputs 5levels

Figure 3.3: Tx design for generating 5 levels
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3.2.2 Digital Encoder

The previousencoding scheme of MMI was jusiuting frominitial non-return zero
(NRZ) binary data and inverted data tosubdrivers that were weighted by encoding
coefficients [1]. This method followed the matrix calculationsteps exactly as will be

demonstragdin Figure3.4.

Encoding Codes Data

—2+4+14+1+4+2][D1]
+2+1-2+3||D2
+1-3+1+3||D3

Circvit \| —1 —1 —1 +111D4 | Math

N

5 02 o3 D4 _ xD1) xD2) xD3) xD4)
W=215 = W=1n< =W=115 w=2ns 1st row e v o
Cine O R
- xD1) xD2) xD3) xD4)
D1 D2 D3 D4 2nd row v v v
— e 1 e e —ape—
W=2r W=1n @ @ L0 41 o 43
‘ - xD1) xD2) xD3) xD4)
— 3rd row ¢y v v
w2l Ly=1n<= <1r&3 @&4 -+1 -3 +1 +3
< - xD1)xD2) xD3) xD4)
4th row 11/ 11/ 11/ 3/
51 53 53 - -1 -1 -1 +
W=2<" L=< <1r&3 <zrem

Figure 3.4: Encoding demonstration
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Therefore,there is always one switching sukdriver per link whenever one input
changeseven thoub multiple inputchanges resulh the same driving strength on a link.

the case ofFigure 3.4, the signal orthe 4" line maintains the same level whére input

vector changes from__ to , but three suldrivers connected tthe 4" line will be

o390
4© 3 3

switchedby this input change

The proposedidital encoder prevents the unessarysub-driver switches. Al sub-
drivers will not switch ifthe input combinationsxduce the same level after encodiige
detailed logic ofthe digital encoderndits truth tablefor T of equation (3.1jareshown in
Figure3.5. The same digital encoder circuit is used for all four linkswever,input orders

are different for all links

et Level

Level 4 High | High | High | High
] ) b -
in2 H Flip
™M Fl
=[] =

L Z Level 3 Low | High | High | High

Level 2 Low | Low | High | High
ol ) > -
in3 H Flip
™~ Fl
= J
L i Level 1 Low | Low | Low | High

m U D; Fiip
[‘}\_ ’ > {Fiop Level 0 Low | Low | Low | Low
LA -. outd

in1 ’- Flip Output
~ D [ >—|Flop utpu Outd | Out3 | Ou2 | Outl

L

L

Figure 3.5: Encoder logic and the truth tables foreachlevel.
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3.2.3 Fractional Multi -Level Pre -Emphasis

Preemphasiscircuit is divided into two partscontrolles and preemphasis drivex
The controller part detects input chasagé each suldriver and generates adequate pulses to
control the preemphasis driverdo reshap transmitting synals against ISI The pre
emphasis driverare composed 06 PFETs and 16 NFETs. Theseone PFET and one
NFET for eachcurrent modesubdriver. NFEFpreemphasisenhances pullinglown
currens when thecurrent modesub-drivers areturningon, and PFETpreemphasis disturbs
thecurrent flons from channel to drivefThe controller and premphasis drivers for one link

areshown inFigure3.6(a, b).

previous current
R L T

I GND

clk~>clk_de|ay
TL

VDD

PU1l | PU2 | PU3 | PU4

previous clk_delay # q q #

clkb_delay

40 40 40 -

L Pulldown pulse PD1| PD2| PD3| PD4
PD / 1
GND
T Pullup pulse: When bit changes 1 to 0
# Pulldown pulse: When bit changes 0 to 1
(a) e (b)

Figure 3.6: (a) Pre-emphasis controller (b)Pre-emphasisdrivers.
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The airrent bit isa nordelayed bit fronthe digital encoder aniihe previous bit isa
onecycle delayed bit by a flyflop. The controller detects the level charsge all of digital
encocer outpus by comparing previous tgtand current b& Thenumbers of bit differences
per link between previous and current bits deterrtheenveght of preemphasidor each line,
and switching direction decides whetlmrnot toenhane pulling-down ordisturb current
flow throughthe channel. Thedelay betweerclk and clkb_delay and clkb and clk_delay
determineghe time duration of the fractional peenphasisThese delays limit the width of
pulsesignals whicharethe outputs of the controlleFhe celay is controlled by the number of
inverters, an@0 pswasthe most appropriate time duration for this design.

The preemphasis controller generates 2 different puldd®e p logic of the
controller generates thmull-up pulsato turn onthe PFETtype of preemphasis sulrivers,
and thebottom logic generates thaull-down pulss to turn onthe NFET type of pre
emphasisubdrivers. The NFET type ofpreemphasis subdrivers will be enabledvhen the
driver inpus changdrom low to high, andhe PFET type of preemphasis suldrivers will
be enabledvhen the driver inpstchangdrom high to low. Ths pull-up and pulldown pulse
generation schemdepending on input switching directiatiows for the achievement ttfe

fractional multilevel preeemphasis
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3.3 Simulation Results

The performances of the proposed digital encoder and thengphasis desigwere
analyzed by the re#ts obtained fronHspicesimulation.Powerconsumptiorof this design

was 33.45nWon 40cmchannel at 3.5 Gbps.

3.3.1 Switching Noise of Multi -Mode Interconnect

Unnecessary switching can cause extra data jitter sin¢ert@durations betweethe
turning on and ofperiod are not the same. Therefdres peakto-peak data jitter of MMI is
larger than the peato-peak dataifter of the singleended mode on the Rside when the
driver inputs have full swing voltageA thirty centimeterfour-stripline channelvas used for
the results The dimensions ofhe channel are the sanes in Figure 3.1, but a mutual
distanceof two inches betweetonductorsninimizesthe crosstalk effect.

Figure3.7 preserd the data jitter measurements on theskbe for singleended mode
and MMI mode The eration frequency was @Hz. The peakto-peakjitter for multi-level
signalsof MMI was 134ps which wa much larger thathe 33 ps of singleended mode.
The data jitter of MMI was still larger thanthat of singleended mode even after ideal
decoding This indicatesthat MMI is more hazardousorncerning switching noise than
singleended mode. Furthermorthe imperfection of @coding will add extra jitter tohe

signals.
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Figure 3.7: Data jitter comparison between singleended mode and MMldueto switching
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3.3.2 Switching Noise Reduction of Digital Encoder

for Multi -Mode Interconnector

Peakto-peak data jitterwas analyzed forshowing the switching noise reduction
efficiency ofadigital encoderFigure 3.8 showsthe reduceddata jitter of multilevel signals
at the farend transmission linewhenthe digital encodewas used.Time notes represent
peakto-peak data jitter of muHievel signals. The data jitter waeduced from I5 psto 157
pson a 40 cm channelat 2 Gbps. The amount of reduction is reatldy from the use of
proposed encodaince the jitter includes all kinds of noidesm the channel. However, it is

clearthat theproposed encoder contributeshe reduction oflata jitter ooMMI mode

2GHz 40cm

Digital
Encoder

T T T T 1 r T T T T 1
0.0 100p 200p 300p 400p 500p 00 100p 200p 300p 400p 500p
t(s) t(s)

Figure 3.8: Reduced data jitter at the far-end transmission line by usinga digital encoder at 2 Gsymbol/s.
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The data jitterreductions weralsomeasuredn variouslength channelsat different
frequencies The graph in Figure 3.9 show the measurement results pkakto-peak data

jitter onthe channelength from 2cmto 80cmat different frequenes

Data Jitter at 1 Gbps DataJitter at 2 Gbps

ps ps
500 500
400 400
300 300
200 200
100 100

0 0

20cm 40 cm 60 cm 80cm 20cm 40cm 60cm 80cm
M Digital encoder used  ® Digital encoder not used M Digital encoder used  H Digital encoder not used
Data Jitter at 2.5 Gbps Data Jitter at 4 Gbps

ps ps
500 500
400 400
300 300
200 200
100 100

0 0

20cm 40cm 60 cm 80cm 20cm 40cm 60 cm 80cm
M Digital encoder used M Digital encoder not used M Digital encoder used M Digital encoder not used

Figure 3.9: Data jitter analysis for digital encoder.
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3.3.3 Signal Integrity Improvement with Pre -emphasis

The performance od preemphasis circuit is typically estimated by eyediagram.
The multtlevel eyediagramswere plottedfor three caseat the farend transmission line at
3.5 Gbps before multiplying the decoding matriy without preeemphasis2) with suitable
preemphasisand 3) with overweighted pre-emphasis Peakto-peak data jitterswere
compared foall threecasa instead of comparing eyeidth and heighbecausét is difficult
to define themwith a multi-level eye diagramFigure 3.10 shows the resul for all three
cases. It illustratethat appropriate fractional premphasis reducedbe data jitter but over

weighted preemphasis causeghe ambiguitiebetweerlevels.

Eye Diagram Data Jitter

0.0 50p 100p 150p  200p 250p 0.0 50p 100p 150p  200p  250p
t(s) t(s)

Figure 3.10: Multi -level eye diagramsand data jitter analysis at the receiver side
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Multi-level eye diagrasinclude crosstalk noiseso it is hard to concludethe pre
emphasis efficiencyHence, the multlevel signalsaremultiplied by the decoding matrix for
restoring the initial NRZ binary dataithout crosstalk.The eye diagram®r restored binary
signals are shown iRigure3.11. It illustratespeakto-peak jitter and RMS jitter differense

for three different case®\pproximately 50% RMS jitter reductiowas achieved by pre

emphasis.
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Figure 3.11: Eye diagram and jtter analysis of ideally restoredsignals onRx-side.
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The overall eyediagram and data jitteresults for each case isgraphically

summarized irFigure3.12.
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Figure 3.12 Graphical summary of pre-emphasis performance.
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The numericabata jitter results of restored signals tme Rx-side are summarized in
Table3-2. The frequency range wdrom 1 GHz t8.5 GHz and the channel lengthsMaom
20 cmto 40cm It illustrates the efficiency of premphasidor reducing the ISI inermsof

data jitter.

Table 3-2: Signal integrity improvement of proposed preemphasis

Data jitter without Data jitter with
Pre/de-emphasis Pre/de-emphasis
Frequency | Channellength | Peak-to-peak RMS Peak-to-peak RMS

20cm 37.55 ps 9.67 ps 37.33 ps 8.67 ps
1 GbpS 30cm 39.62 ps 9.46 ps 37.22 ps 7.97 ps
40 cm 68.68 ps 9.74 ps 38.63 ps 7.91 ps
20cm 39.06 ps 9.85 ps 25.80 ps 5.83 ps
2 Gbps 30cm 44.64 ps 9.93 ps 26.23 ps 5.24 ps
40 cm 51.13 ps 10.30 ps 29.89 ps 5.78 ps
20cm 40.32 ps 9.98 ps 16.67 ps 3.69 ps
3 Gbps 30cm 45.43 ps 9.98 ps 15.14 ps 3.16 ps
40 cm 53.75 ps 10.63 ps 16.18 ps 3.06 ps
20cm 39.03 ps 10.02 ps 31.40 ps 4.44 ps
3.5 Gbps 30 cm 43.52 ps 10.13 ps 29.14 ps 4.06 ps
40 cm 50.50 ps 10.68 ps 32.03 ps 3.99 ps
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3.4 Chip Fabrication and Measurements

3.4.1 Prototype Implementation

The entire circuit had been designed and simulated in 0.38n However, the
proposed design wdabricated inthe IBM 0.18 um processThe layout and test board are
shown inFigure 3.13. In the layout, source voltagen@ ground forthe preemphasis part
were separatedrom the main voltage source and ground to enable and disable the pre
emphasidunction. Four 10 inches 50 q embeddedstriplines, each with a line width of 5

mils, wasmanufactured on a FR4 board. The space between lines was scaled as 5 mils.

¥
-
X

1 X

- o
vl EU

i
i e

Figure 3.13: Pre-emphasis design layouand test board.
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3.4.2 Measurements

As shown inFigure 3.14(a), the reflection noiseand power supply noiseducel the
signal integrity significantly Figure 3.14(a) shows 1 GHz fevel signals orthe Rx-side
Data jitters of multilevel signalson the Rx-sidefor two casesreshownin Figure3.14(b, ¢);
Case ) shows peako-peak jitter when the premphasisvas disabled, and case) (shows
the peakto-peak jitter when the premphasis wa enabled. Even though the jitteras
reducedby about 40 ps by enablingthe preemphasis circuitthe other noises caused
approximately410 ps of data jitterat 1 Gbps Supply voltage was 1.§. Overall power
consumption wad.06.2mW, andthe preemphasigportion consuned 27.9mWat 1 Gbps

operation

e E% Mew Setuo (ier Soksins e [acowed T N )
B[R] 7= [W 1| | ] Acabiose [srcre =] TiglPatem sy =] [Pc] |_|_|
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Figure 3.14: (a) Five-level eye diagram at the Riside (b) peakto-peak data jitter without pre-emphasis (c)

peak-to-peak data jitter with pre-emphasis
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3.4.3 Chip Failure Analysis and Summary

This chapter introduced the new Tx desigh MMI for reducing ISI withpre
emphasis and presentesl efficiency with Hspice simulation. However, it was hardstmow
the signal integrity improvement from the chip measuremanthe chip fabrication, there
weresignificantnoises which werenot expected. The major noise sources were conclioled
bereflection, clock distribution and routing error, and the power and ground noise.

The mainreasonfor reflection was offchip termination.Off-chip termination has
much more reflection than eship termnation[27]. However, o-chip termination resister
werenot equipped in this chifrhis causedhuge waves of mulievel signalsand extra data
jitter as showrnn Figure3.14.

An inaccurateclock distibution and routing caused the most of data jitter and slowed
down theoperatng frequencyas showrin Figure3.14. The pre-emphasis circuit usealtotal
of 16 clocks and 16 invers#docksto generatdractional pulses for conthing pre-emphasis
drivers, andt used32 flip-flops for makng precise oneycle delays of albigital encoder
outputsto synchronizehe inputs of preemphasis inputwith the inputs othemaindriver.

Therefore the clock routes for eachig-flop and eachpre-emphasis circuitould not
be controled precisely enough fodlemonstratinghe best performancdn addition, thechip
was fabricatedwith a different procesghan theinitial circuit design process. The entire
circuit was designewvith a 0.13 em process, but the layout was conductégth a 0.18 em
process. Insufficient time allowanéer the switching processaused pooclock distribution

and routingconsiderationgn thelayout work.
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Finally, thefabricated chiglid not includeenough decaquling capacitors betweehe
power supplyandgroundrails for suppressing thegwer supply noise. Akub-drivers in this
chip werecomposed of onIWNFETS so the pull-down strengthand duty cycle of turning on
and offtime for the driver varied significantly if there werelarge power supplyand ground
noises. This also causkthelargewaves of multilevel signalsas shownn Figure3.14.

Better measurement results are expected by replacirghipfftermination to orthip
termindion, adding sufficient capacitors betwettre power supply rail to ground raiand

consideringheclock routineand signal routine discreetly
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Chapter 4

Low-Power Advanced MMI

The ppularity of portable electrical deviedas increasedoticeablysince thelap-
top computerhasbeen developed. Themergenceof the smart phone boostegopularity
dramatically. Howeverportable andmulti-functional devices such as smart phoead
tablet PG consume much more power than mduanctional devices such as MRByers
and voice recalers, and they have more interconnects insafetheir systens as well
However,the batterysize must be reduced since it lisnited by the size othe portable
device.lIf the portable devicenust becomdéarger than a backack it will loseits merit asa
portable device and thus,a low-power interconnect design is preferalfta portable
electrical devices

Unfortunately, the previous MMI desigfi] consumd too much power for decoding
since the design didot consider the power efficiency. In this chaptew-power MMI is
presented, and more crosstalinducing channel is used for presenting the efficiency of

crosstak-cancdling and I1SIreductionon MMI mode
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4.1 Channel Model and Coding Coefficients

Two channed wereused forthe simulations. The first channel wa comprisedof
embeddedfour-conductor striplinesThe fcond channelvas comprised ofdoubleside
coplanar waveguidewithout conductor plange onthetop and bottomThe modified channsl
had identical mutual distances from the centertla# channelbundleto each conductoas
well. The dimensions atfhe transmission line modelused for thesimulationsandtheir S-
parameter responsare shown irFigure4.1. Coding coefficients wee the samas(3.1) and
(3.2).In a mannesimilar to Chapter 3, single linréo-ground terminatioewereused. 420
and 68 q were used forthe embedded stripliree and doubleside coplanar channels

respectively

C 1 e o

Lkl T e A

” Conductor width: 8 mils
0 0 J L

-20

-40—

-60 |

B e e e e I I s e e -80

freq, GHz freq, GHz

Figure 4.1: Cross-sectional dimensions and $arameter response of channel bundke
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4.2 Advanced Pre-emphasis for MMI

In Chapter3, the fractional and muitevel preemphasis scheme was proposed for
reducing IS of MMIwithout breaking encodaig coefficients. However, timg/nchronization
between preemphasis anthe main driversuffereddue toclock jitter. The entire design was
too sensitivein response ta@lock synchronization Each preemphasisblock required two
negative flip-flops for detecting the difference betweonecycle delayed bit ané current
bit. It alsorequired 2 clocks and 2 inverted clodks generatindgractionalpulsesto contrd a
preemphasisubdriver.

In addition, unnecessary usage of flipps wasted extra peer to operate fliglops
and source clock signalgrigure 4.2 represents the entireircuit map br the previously
designed premphasis. Fosynchronizingpre-emphasis inputs and main driver inputs easily

and saving power, new pemphasis design is presented in this chapter.

58



TL input

. 30cm TL
8Drlver ’

H I
5 Level Driver
o Pre-em |eu ) Pull Up pre-emphasis
100 %) Coming bits Enabler -
— ' , Neg/FF| ok Neg/FF cal "7 veo y,
! 2 — o u own, Enable Pull-up
e . 1 Previous Transition 4
—xe n i} n bits detector @
Digital Encod CLK Pos/FF CLK J_l_{
|glfa ncoder i Ere-;m T:;” j Enable Puu-down
LA, o) J nabler ﬁ:JA "
acke 12 " u Neg/FF Pul Pull down pre-emphasis
@——— . jown
4 ™ Transition 4

Lnixs

detector

Pre-em '1‘:’” ftre-emphasis

Enabler - 7 Delay constraint 1
d':“W”n Clk to Q delay of flip-flop and
- Clk to pull up or down pulse delay

Transition 4 N
P'i‘:“gus detector of pre-emphasis enabler has to be
almost same

Pre-em '1“” Pre-emphasis
Enabler
4 Delay constraint 2
Pull
flovn Delay from coming bit to PU or PD

Previous Transition 4 has be smaller than half clk period
bits detector

X n

CLK
Digital Encoder CLK Pos/FF

(X1 Xn)
Lt
s In3 LA, . Neg/FF| i
@——
L

. 4 u

7T

x

¢ n n
Digital Encodet

(1. %)

aGHz  In4 LA

NS

n n
CLK CLK

= i GND

Generating code for modal conversion ﬁ
Output patterns o 7clk~l>clk_delay

Level 0 Level1 Level 2 Level 3 Level 4
L L L

Pullup pulse

[Frevious,

IITIr
IIIT

L L L
L L H
L H H

Pulldown pulse

Pullup pulse: When bit changes 1 to 0

AH Pulldown pulse: When bit changes 0 to 1

—15 VDD
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4.2.1 Circuit Architecture

The function of new premphasis is the sanas theprevious design. Howevethere
is no clock input. The controllegenerates pullingip and pullingdown pulses for pre
emphasisdrivers only with the outputs of digital encodsr It compares delayed data and
currentdata for detecting the switek A delay betweelata andDelayedDatais generated
by threestage buffes which have avariabke voltage source at theiddle stage for
controlling the delaylf the data switchs the controller generagégulses for operating pre
emphasis drivers im manner similarto a previous designFigure 4.3 shows its block
diagramand circuis. This designis solely operated bydata inputs. Hence, fliiops and

clock urcesarenot needed anymorg&he entirecircuit wasdesigred withan IBM 0.13 um

process.
Pre-emphasis — :
Controller x4 Multl-LeveI_
| [ Pre-emphasis
L‘L | Driver T
VDD
*DO%PUin PUli Puzi Pusi Pu4i
T 4L 4L 4L -
Data | Dg;fd Data
- 1L 40 L A
M PDin PD1 PD2 PD3 PD4
|
e —
Data Delayed
Data |

Figure 4.3: Pre-emphasis block diagram and circuit.
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4.2.2 Simulation Results

All results were obtainedt 4 Gbpsby Hspice simulationThe performance of pre
emphasisvas similarto thepreviously designed premphasisThe rew design allowed for a
faster operation frequency than the previous design since the elimination of the clock inputs
makestime synchronizatiorbetweerthe main driver andhe pre-emphasis driver handizor
illustrating the significance of thecrosstalk,data jitter results fosingleendedmode are

plotted inFigure4.4.
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Figure 4.4: Jitter for normal single-endedmode
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It illustratesthat the crosstalk and ISI noise increase the data jitter significantly
both channels. Data jgt and eye height for 0.8 Ul wemeeasured afteapplyingthe MMI
scheme for crosstalk cancellatioResults are shown ifigure 4.5. In addition, thepre-

emphasis equipped MMI casepiesentedn Figure4.6. Eye-diagrams weréleally decoded.
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Figure 4.5: Signal Integrity of MMI without pre-emphasis
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Thesesignal integrity comparison ressiliflustratethatmost ofthe crosstalk noise can
be eliminated by an MMI scheme,and additional data jitter and voltage leperturbation

can besuppressedly using proposethe preemphasis scheme. Tekammaries of data jitter

and eye diagram results are presentethinie4-1.

Table 4-1: Numerical data of signal integrity comparison.

Jitter Analysis Peak-to-peak RMS
(Stripline) Jitter Jitter
Single-ended - o
Mode 91.95ps 16.44 ps
‘ MM . 18.23 ps 3.13 ps
w/o pre-emphasis
. MMI . 9.54 ps 1.71 ps
with pre-emphasis
Jitter Analysis Peak-to-peak RMS
(Coplanar) Jitter Jitter
Single-ended p )
NMode 187.92 ps 46.23 ps
~ MMI N 13.44 ps 2.69 ps
w/o pre-emphasis
. MMI N 8.53 ps 1.79 ps
with pre-emphasis
Eye-diagram Stripline Double-side
V swing for 0.8UI Sl Coplanar
) MMI N SImV 116 mV
w/o pre-emphasis
. MMI . 82 mV 152mV
with pre-emphasis
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4.3 Low-power Decoding Receiver

The majordisadvantagef previous MMI waghe power hungry Rx desigfi]. The
large power consumption the transmitteris inevitable since the driver hasnmintainthe
voltage level thoughout the longtransmission linen order to restoréhe signal to the binary
data with low BER orthe Rx-side However the eceiverd o e shavé tooperatelarge
devices. Hence, advanced MMI desige more focused on Rx power reduction than minor

TX power saving.
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4.3.1 Circuit Architecture

The majorpower reductiorof the Rx was obtained bylte useof a differential source
follower with crosscoupled NFET$28]. A differential source followecontrok all received
signals as anity voltage gain with fixed tail currentand crossoupled NFETSs increase the
switching speeslof differential signalsThe characteristgof unity voltage gais preventthe
overemphasisof receivedsignals so it preserves the decoding code. In addititthre new
decoding Rxconsumes muclesspowerthan currensunming decodes used in pasMMI

implementationshown inFigure4.7 [1].
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R31 R41

1 1 1] +1f]

Figure 4.7: Current summing decoder.

The rew decodingeceiver is composed of thretages The functional diagram for
each stage idrawnin Figure4.8. It illustrates a case for adding all voltage 4 lines which
is the bottom row ofthe decoding matrix The circuits for dferential source follower

decoderand differential to singlended convertearepresented ifrigure4.9.

66



Differential
Source

Follower w/
Diff-Single
Converter

Differential
Source
Follower w/

Dift- Singl_e \ Differential
Converter Source TL1+TL2+TL3+TLA

-TL1-TL2

Follower w/ —>
Differential Dt Slngl.e
/ Converter

Source
FOHOWGI‘ W/' TL3+TLA
Diff-Single

Converter

Differential
Source

Follower w/
Diff-Single
Converter

Figure 4.8: Three-stage decodingoncept

Figure 4.9: Differential source follower-decoder anddifferential to single-end converter.
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All four decodingmethodscan be conducted ia similar way Figure4.10 illustrates
all of the decoding procedure3he first stage generates two singleded+TL# and -TL#
signals for eachine. i TL# are thenvertedsignals of+ TL# These signals we generated by
subtracting the signsifor end of transiission TL#) and bias voltage with the unity gain.
CrosscoupledNFETs add current when thealifferential data areswitching Theyincreasd
the high-frequencygain without a risk ofoveramplifying the signal since the gain is limited
to one by the diffeential source followerdecoder A PFET is connected between two
differential outputdor reducing the difference difias leveldor two outputs.Out+ and Out
feed twodifferential signals to singlended signal convertevgith the swapped position of
inputs so their outputs can be reversed. The secorge ssacomposed of the same tyqfe
source followers for subtractingvo input signals with ainity voltage gainConventional
differential amplifiers were used at the third stageddding sufficient gai to the output

voltage signals since the preus two stages were the low gain circuits

L Frransmitepata

Decoding Code Received Data
—++-] [TO] [-TIl+TI2+TI3- T4 A o M T e
Qo |[FF- | |TR|_|+ T+ TI2- TI3- TIA LT IUY “\.‘J Iy vt
D +—+—|"|TI3| |+ 70— T2+ TI3— TI4 ‘
> ++++ 7o) [+ TI1+ T2+ TI3+ TI4
- -TL1 & -TL3
DC Bias 1,2 L2 & “TLd
+TL1 & -TL1 +TL1 & -TL2
+TL2 & -TL2 +TL3 & -TL4
T3 & 713 +TLL & +TL2
+TL4 & -TL4 +TL4 & +TL3
+TL4 & -TL3
-TL1 & +TL2

Figure 4.10: Decoding procedure.
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4 .3.2 Simulation Results.

Transient signal at each stage apeesented irFigure4.11. The use of this topology
reducedthe Rx power from 18mWperlink (past MMI) [1] to 3 mWperlink. Total power

consumption was 47.62aW.
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s
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%

Figure 4.11: Signals ateach stage of decoder
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The overall transceiver desigrerformancenvas comm@redwith respect tadata jitter
in Figure4.12. The power wa compared witlthe power ofthe previous desigfl] from the
postlayout simulation The low-power decodingRx reduced the power from 72Wto 12
mW, but it added approximately $&data jitter while ittonducted decoding work

Total power consumption was 102Wat 2.5 GHz Powerover data ratefficiency

was about 1@nW/ Gbps orafour-conductor channellhe overall design layout is shown in

Figure4.13. The entire circuit design is attached in Appendix C.
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4.4 Chapter Conclusion

The low-powerMMI design wa developedy modifying preemphasis and changing

the Rx decoding concept. The reduction switching noise wa maintained by keeping

digital encoder, and ISI reduction wasaintained byan advancedpre-emphasis circuit.

Advanced preemphasisfocused oneliminaing all flip-flops and clock sources for

convenent time control and power reductiolhe dfferential source followedecoder

avoided current modef decoding for saving powesn the Rx-side. A new Rx scheme

combinedthe unity gain charactestic of a source follower angwitching speeg&nhancing

cross-coupled NFETSor precise and fast decodingigure4.14 shows the entirdransceiver

diagramwith transient simulation results.
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Crosstalk cancelling encoding
Max. 25% data jitter reduction

Clk

-emphasis

3 stage receiver decode
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——> 02
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‘ ! M(—D o4
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>—xe—
! T3
X3
x| ] J T4
1 d
0
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ol ]
Wf T
T
: T4
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Reduce ISI J
NRZ binary signal input => Better signal quality
=> Power 1mprovement

NRZ binary signal output

Figure 4.14: Advanced MMI design overview
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Chapter 5

Transm itter-Encoding MMI Theory

The MMI based on the MTL theorshould have circuitfor encoding and decoding
on the Tx-side andthe Rx-sidg respectively. These constraints limietHexibility of the
MMI when it is used invarious circuit systems. Iraddition, the signals willbe distorted
while the Rxconducts decoding operat®as shown irChapter.

This chapterintroduces a new concept canceling the crosstalk naigbout decoding
at the end of the transmission line. Basically, instead of rergdtie decoding, the proposed
concept makes encoding more complicated. However, the inputs to the encoclirtgace
simple binary signalsind the encoding coefficients are controlled solely by the widths of
transistorsHence, his conept facilitates pecise controkeven forthe compicated matrices
since the input signalfor decoding are extremely noisy signals that include all types of
channel noise. In addition, there are few constraints in choosing thikzatjoa scheme on
the Rxside since sigra at the end of the transmissibines are the typical type of binary

andsynchronizedignals.
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5.1 Transmitter Encoding M ulti -Mode Interconnect Theory

Tx encoding MMI is theoretically derived inonceptualand mathematicalvays.
Conceptual derivatiois areadily understoodepresentation for Tx encoding MMt shows
how Tx encoding MMIcan be modifiedrom MTL theory. Mathematical derivation shows
the full mathematical proof of Tx encoding MMI which starts from the telegrépher

equation.
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5.1.1 Conceptual Representation

In Chapter2, The MTL theory suggestedhe solution for crosstalk cancellatidoy

addingencoding and decoding. Theslutionwasrepresented as

Eﬁi’ 1 1N ERR

N E'R andfi AR are diagonal matriceand and  representhe square
of propagatiorconstant of multiconductor lineslf the mult-conductor ines are considered
as lossless lineshé propagatiortonstang are composed obnly phase constantndtheir
unit is phase per metdphase constant®r all lines arenot alwas identicaland thusthey
makedifferent propagation delay for each linile the signalgpropagatehrough the multi
conductor linesHence, the reconstructed voltagew or current€ @ can be representecs
terms witha propagation delay matrior voltage mode @, and modal voltagsj; , or a

propagation delay matrix for current modean , and modacturrent & , respectively

N ® wfy A ERBAG

B i 0 ABE

wherex is the distance from the near ends of the channel.
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If f; or& is modified as w f/ 1y or aaw 1§ & , respetively, and the
same encoding and decodibgMl modulation is applied to modified input signals, the

restoredvoltagebecame

Ao & fh o o A & A ER o A #

Eo A 0B e o R K R AR o A &

Therefore, ifff ori is additionally multiplied on the Rx-side for voltage mode or
current mode, respectivelihe restoredvoltage or current is identicab the initial modal

voltage orcurrent respectively

Ao & AR & A &® o A/ K 0N EA o 7 W

e & A & Rem @ A & An AH @ A §&

However, multiplyingl  andrf corsecutively with received signals is the saase
multiplying the unity matrix withreceivedsignals so he decoding is not required angre.
Thusifi @ R/ f orf @ H & can be generated for voltage mode or current
mode, respectivelyon the Tx-sidg Tx encoding MMI can be implemented @ and

w can berepresented asverse delgs of w and aw, respectively, for cancelling

out the propagation delay differen@aong links
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5.1.2 Mathematical Represent ation

In a similar manner toMTL theory, mathematical representation ®k encoding
MMI theory also starts withmulti-transmission lineequations.The new theory is derived
from the time domain telegrapl@erequationin this subchapterin the time domainthe

telegrapheds equation define§ @ and€ @ as

If there is a channdhavingn conductor linessH and"H aren x n matrices In
addition, the backraveling wave termg&an be neglectetly equipping therue matching

termination[20] and thusthe equations are simplified as

In a similar mannerto the typical solution of MTL theory, thequations can be

trandormed as the modal voltage and current terms.

A o "H AR

NE @w "H QE

wheren nn ande NE .
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These equations can Ibewritten for modal voltage and currewectorsy] @ and

The typicalMMI finds eithery andf , orfj andfj which makesy "H 1§ or
N "H R a diagonal matrixrespectively and applies these matrices to each side of the
transceiverfi "H 1§ andfi "H £ arethe n x n diagonal matrices which are related
with propagation castantsr. The propagation constants are the sum of attenuation constants
and phase constants, and only phase constants exist for losslesgligibleloss lines.
Therefore the diagonal) "H A can be representets the prpagationdelayvector
of signals among lines for the fixéength channel since the unit thfe phase constant is
phase per meter. Let thopagatiordelay vector of signals at the distancéor n lines be
denoted as w. Then, the voltage and currergctors on the output of the decoder can be
represented as the multiplication tbe propagation delay vector artde input vectorfor a
given multtline.

In the case of four lines, as an examgl#)e typical voltage mode MMI encodes and

decodes for amrbitraryrjae, the voltaganode equations can be written as

fe o bfe f§ H A e
Ko 6 ee” T A T T n(’@ ag“
1l 1l I i N N
A w 6 210 Tt mT A® T 16 2en n H n n (51)

K o 6 el T Tt T A Bl
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Now, letiee be @ H 1 whererj andfj are thesamemodal voltag

vector and decoding matrasthe typical MMlones. Ten the equation forjee is

L ® Tt Tt T o 4 4 4 4 .6
" o Ao Tt m 4 4 4 4 6
1 11 2 . 52
1 LT T Ao T a0 4 4 4 .6 (-2)
u o 1 n Ao Uw 4 4 4 U
And thus the reconstructed signal vectgige w is simplyfqi 1 on the typical
encoding § ) and decodingf{ ) MMI schemesincerjee @ ®w w [ [ and

@ @ isaunity matrix

fee @ H A ® ® N n @1 A "H QA

It means he initial binaryfj signals can bédentically restored bymultiplying fj

with a2 @ . Consequently, two decodirgalculationsare required for restoring the modal

voltagesr] . In essencehowever, multiplyngy andfj consecutively is the samas

multiplying aunity matrixif j f isreversble.
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Hence, iff @ N 1R signals can be generated withsignatprocessing
technique on the transmitter sideisttheory allowdor the existence oh receiver that does

not require a decodefhe entiretransceiverdesign, including the channel response, can be

mathematically represented as

AR a=h AR xCH xR A

[RX] x [TL] x [Tx part]

{Restored}

wherel is the length ofa channel bundle and 1§ | . Hence,the proposedscheme
requires three transmitter stages for restoring the original signals withadimgonthe

Rx-side.
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5.2 Block Level Implementation

The new theory is modified so thiatcan be effectively applied to circuitShe Tx
part requires one phase adjustment block and two matrix multiplication blocks for
implemenation. i a R 1N & is calculatedso the equations can be manipulated
easily. The following example illustrates the case for a-lbbumput.fj € is a fourrow
column vector. a is an inverse phase differencector which cancslout & and
therefore, it isthe physically inversepropagation timedifferencesof the signal(} -1 ) on

multi-line channeWwhen the channel length is fixed

[Four multiport] = a i fE

$OEPAS 4 4 4 y mnn 4 4 4 4 6
$OEOHADL 4 4 4 mTY) T 4 4 4 4 -6
$OEOAM 4 4 4 mmy m 4 4 4 4 .6
$OEODAMM 4 4 4 mnmny @y 4 4 4 (b

At the final stage, it is necessary for each driver of the four ports to drive the signal

acording to following equations:
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o ()
1
] 1
] 1
4 4 6 4 4 6 4 4 6 4 4 6 5
] 1
] 1
14 ) 4 6 4 4 6 4 ) 4 6 4 4 6 n
] 1
] 1
4 4 6 4 4 6 4 4 6 4 4 6 N

u ¥
4 4 4 4 14 6 14 6 14 6 14 6
4 4 4 4 44 6 14 6 14 6 14 6 °
44 4 4 44 6 14 6 14 6 14 6 U

When this matrix is implemented as a circuit, apglydelay after adapting is

difficult because delay circuitseed to delaynulti-level signals. Therefore, alland4

terms are swapped for makingpre circuitfriendly equations

$ OEPAO
$0OEOHAO
$0E®AO
$0OEODAO

] 1
] 1
| ¥
14 4 1 6 4 4 1 6 4 4 1 6 4 4 1 6 ::
] 1
] 1
14 4 1 6 4 4 1 6 4 4 1 6 4 4 16 n
1] 1l
] 1
14 4 1 6 4 4 1 6 4 4 1 6 4 4 1 6 i
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A block diagram of a Tx encoding MMI based on the reordered equation is shown in

Figure5.1. The multilevel driverhandleschanneland encodes simultaneously.

(V(D),) — ( . \
o(l . Multi-level
- Q) Delay Chain Driver 1 ”
=3 611\ 62 63 N64 ~—
Z < | 4 bit > - T\
|27 Multi-level
Y Driver 2

[

 EEEE—
Multi-level
Driver 3
16 bits: —
51(V1-v4) —_——
=1 52(V1-va) Multi-level
o) "V, [63(V1-V4) e
_

54(V1-v4) — e
TriyTvy ‘\TV(I)O'(D Ty v,

oUul| UOISSILUSUEI] SI1010NpuU0d {7

Figure 5.1: Block diagram for Tx part of Tx encoding MMI.

Theinputs are foubit binary bits (V1V4). The delay chain will generate four seft
inputs with four different delaysi{-Us) to compensatfor the different phase delays, &, of
four transmission lines\ total of 16 bits become the inputé each multilevel driverfor the
four transmission lines. Each driver is equipped with 16 sub drivers, the weightings of which
require matching tq |  for a given channel. Because tin@nsistorcurrentscaledineary
according to thevidth, the weightings will be controlled by the width of the transistahle

5-1 shows the weightindistribution and assigned inputs for the 16 sub drivers.
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Table 5-1: Weightings and 16 assigned inputs for each driver.

Driver # Driver 1 Driver 2 Driver 3 Driver 4
Assigned Input Weighting | Weighting | Weighting | Weighting
vl Tl | ToaThy | TagThy | TagThy
51 V2 T | TaThy | TaTly | TaTly,
V3 T | ToaThs | TaTlhys | Tl
V4 Tl | TaThy | TaThy | TaTly
V1 T | ToaThy | TeaThy | TaThy
52 V2 Tl | ToThy | Tl | Tl
V3 Tl | ToaThos | TaaThys | TaoTys
V4 ToT 0 | ToaThs | TaaThs | TaoTly
V1 TisThn | TosThay | TaaTlyy | TusTy
53 V2 TisT s | TosThsp | TaaTlsp | TusTs,
\E TisT s | TosTas | TasTlas | TusTss
V4 TisT s | TosTas | TasTlag | TasTls,
V1 ToaT | ToaT by | TaaT g | TaT
54 V2 ToaT | ToaT s | TaaTl | TaaT s
V3 TiaT s | ToaTls | TaqTlss | TauTlys
V4 TiaT by | ToaT s | TaaThy | TauTu
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5.3 Channel Model

A channel ismodified so it can have critical crosstalk nois@ atulti-giga frequency
range. The S-parameterresponsewas extracted by Sonnet, andE ¢ odek were also

extracted by Sonnet for the schematic simulation.
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5.3.1 Channel Response

The cross sections tiie channebundleand its port assignments are showifrigure
5.2 (a). All conductors are coppeamnd each conductor htge same mutual distance from the
center ofthe channel bundlé¢similar to the doublesided coplanar wave guidgsThe grounds
are placed oeachside of the channel. Frequency responses, simulated by Sonnet, are shown
in Figure5.2 (b). The thickblack line representbie transmittingsignalenergy from port 1 to
port 5. The blue lines indicate noise energies originating fatinother portsto port 5,
showing the $arameter for a-inch-long channel. Thehannel loss and crosstdliecome

worse on the longer channélsix-inch-long channelvas used for the simulation.

Dielectric constant: 4.9 a: 5 mils
Dielectric loss tangent: 0.025 b: 1.4 mils

DB[S52] -10
DBIS53]
DB[S54] M M
DBIS55] a -20 a
DBIS56] i i R 3
DB[s57] ﬁ -30 |f ! : ) -30 ﬁ
DBIS58] i i | i
Right Axis t 40| -40 t
u u
DBIS51] — 4 B d
. 50 50 .
(aB) 60 -60 (4p)
-70 -70
-80 -80
0 2 4 6 g 10 12 14 16 18 20
Frequency (GHz)

Figure 5.2: (a) Cross sections and port assignments of the chanrmindle; (b) frequency responses
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5.3.2 Lumped Model of Channel and Termination

Inductance and capacitance matric&andAwerealso extracted by Sonnét., |
and the impedance matnxasobtained from these paramet§2f]. The Eand’Amatrices at

2 GHz are as follows:

TH QPP WP P MBoO G
P WaDH ¢ @0 PH Y 1T
P Y MBI 0 CH @ P& WO
T80 0 QB U P& wa®P ¢ w

W) 0GP P QOB YO TE P @
A g PXPOUBQCTEIP QOB YO
B YoTE P QUB WG PK P P
&P @ OP YO PK P @ UB WG

Several decomposing sets ©f andf matrices make 'E Por ‘A’Ediagonal,
however, onlyreversiblefj  andfl  are available for the proposed theory. The following
matrices show an adequate pair of matrite%and’A’'Ere the same; thereforig, and

i are eéknoted a$) andij , becausg [ andf N [4].

1433 2BER
1333 2888
3333 2888
1333 2888
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R 4 R is an eigervector for this channel bundle, laged to the phase

constarg for each channelvhen the loss is ignored]. The propagation delay differees

among the ports exist because of the differences in phase cefstasch port. In addition,

the true matching impedance matiix, is calculated from 1 "A [20].

m T8 PpPwWPT T

n T T8 QQpT

L1 L1 mT T®TEW

Y& LC@® 0o @ TG BOY
H C(®WAULCBY @ T T

OR ICBIW@A®ve @ w

CBYo @ TCP WY@ v

The p-model resistor termination tree is calculated fidn{20]. Figure 5.3 shows
the resistor valueg|( and its structureThis model is used for voltage mode simulation with

anideal source, which is illustrated the next section.

5 A6
RO RO

R3

—I R2 R2 II—s

R3

RO i R1 : RO

RO=162 R1=311 R2=227 R3=877

Figure 5.3: Pi-model resistor termination tree.

88



5.4 Voltage Mode Simulation with Ideal Source

All simulationresultswere obtainedby Hspice with IBM 0.13um. To compare the
performancewith other approache®ye diagramand data jitter analyses wesemulated
using anideal voltage source. Signal integritiésr the typical singleended, previous MMI,

and the proposed MMhodesare compared.
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5.4.1 Conventional Single -ended Interconnect Case

A channelused for this simulatiosuffers fromexcessive crosstalk and reflection if
the typical singleended interconnect is usdeéigure5.4(a) shows the eydiagram and jitter
analysis at port 5. Singlene-to-ground50 q termination esistors wee used forall port
ends, and data rate a4 Gbps. Peako-peak data jitter wa 217.61ps crosstalk and
reflection led to almost complete eye closuté the transmission line bundles instead
terminated with thgi-model shown irFigure5.3, the jitter is slightly reduced. Wle modal
behavior can be seen in thaulti-level signal generation, no signal is recoverabligure

5.4(b) shows the eye diagram.

3
3
2

217.61 ps

Figure 5.4: Single-ended case eye diagram and jitter (a) with 5 termination and (b) with pi-model

termination at the far end transmission line.
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