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ABSTRACT

A HIGH -SPEED AND LOW POWER ELECTRICAL LINK TRANSCEIVER

Xiangdong Jia

On-chip wires will present increasing latency and energy problems as VLSI technologies
continue to scale. Interconnects have anliRlted bandwidth approximately proportional to the
area of the metal cross section and inversely proportional to the squared [€ngblercane
RC-limited channed, anenergyefficient onchip transceiver is presented that contains a hybrid
transmitter a currerisense receiver, and sédfsting blocks. The main goal of this research is
having a relatively lowpower transceiver, which can hmed as anon-chip communication
system.

By addinga pre-emphasis circuit in the transmittgme-curor inter-symbol interference
can be canceled.A hybrid transmitterwhich combins voltagemode preemphasiswith a
currentmode main drivelis used This structure can sayae-emphasis current, and leads to
reduced power dissipation especiallin the static situationA currentsense amplifier is
implemented witha crosscouplal stage an@nactive inductor equalizer at the recejvierorder
to boost the data rate whiteaintaining good energy efficiencn offset cancelation circuit is
incorporated to make a robust comparator for the receecording to simulation results, the
transceiver has low power consumption with 1.2 V, 13 CMOS technology. The
performance shows that it operates at 8 Gb/s over a @amah9 dB loss differential channel.
The overall dynamigower consumption is 2.05 mW, without the PRBS generator/checker.

Therefore, this transceiver has high data rate awgobwer consumption.
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Chapter 1 Introduction

1.1 Motivation

Although technology scaling has consistently enhanced transistor performance in
terms of gate switching delay, it produces a reverse influenoe-ohip channelatency.
The importance ofraenergyefficient on-chip communicatiorsystem becomes more and
more clear Such asystem consists of thremain parts: transmitter, channgland
receiver On-chip channels will present increasing latency and energy proble@E@s
processtechnologies continue to scale. Interconnects have atinR@€d bandwidth
approximately proportional to the area of the metal cross section and inversely
proportional to the squared length. has become a critical limitation for -amip

transceiver

To compensate the channel loggre are two kinds of equalizatisolutions we
can rely pon transmitter preemphasis and receiver equalizatiddoth equalization
approaches are able achieve this purpose by eitheoosing the highfrequency gain or
reduadng the lowfrequency channetffects. Recently, several transmitter pgephasis
equalization techniques have been proposed for emfigient data communication

currentmode (CM) preemphasisnd voltagemode (VM) preemphasis.



As shown in Figure -1, CM preemphasids implemented in [1]. The equalizer
can provide a oneunit-interval (Ul) compensation current and achieve increased
bandwidth However, itsuffers from static power dissipatiohen there is no data
transition, the output currents of the drivers subtract, generating a smaller output current.

This subtraction is amefficient way to generate the smaller transmit current.

Pre-emp encoder

- D+ Dd+
Din- o [D-] 0[] pa-
CLK ——2 ¥

AVour

Main driver Pre-emphasis driver

orl, e oall, i

lory

Figure 21: Onchip transceiver circuit [1]

VM pre-emphasis can save peenphasis currencomparedwith CM pre
emphasisbut there are other concerns about #pproach teequalization. Taobtain a
low-swing output voltage, it requires an extra regulator. Hentaga storage capacitor
needs to beised for voltage regulation, which occupasout 6000um? in [2]. Area

consumptiorbecomes the major problem of andmip transceiver design.

In order to maximize data rate across the oeamwhile maintaining adequabst

error rate (BER) performancayeceiver also should haegualizatiorcircuits. Receiver



equalizes can be either passiver active. In this thesis, an activequalizer is
implemented orchip. The active inductor circuis preferred because it does najuee
high voltage headroonThe circuit is capable of increasing sigwgalin and working at

broadband.

In order tosimplify testing, aself-test circuit is added on theiphwhichis able to
generate pseud@andom bit sequence (PRB&hd check for correct transmissioA
PRBS generator and checld8j are implemented at the transmitter and receiver, side
respectively. Because of the technology limitation, a custordlip flop (DFF) is

designed for achieving 8l&s performance.

1.2 ThesisObjective

The transmitter plays a vital role in the -ohnip transceiverdesign The main
objectiveof this thesids to explain thedesign andmplemenéation of a low-powerhigh-
speedon-chip transceiver with a hybrid transmitt@he specific objectives of this thesis
are the following:

1 Maximum energywseper bit:1 pJ/b.
1 Lowertransmitter power dissgtion comparing witlstateof-the-art

1 Modeling the orchip channefor 5 mm



1.3 Thesis Contribution

This thesis presents the desgmdimplementation of a lovwower highspeed on
chip transceivewith its ownself-test circuit. The specificontributiors of this thesis are
described below
Proposing a scheme to achieve {power consumption and higgpeedhe link
Customizing higkspeed DFF of the PRBS with IBM 130nm technology.
Implementation of the transceiver in an integrated circuit using IBM 130nm technology
This design has been acosgpby IEEE International Symposium on Circuits & Systems

(ISCAS) 2017 conferendda9].

1.4 Thesis Organization

The thesis has a total of six chapteta. Chapter 2,background theory and
fundamentalsare presentedChapter 3givesthe overall description of the design tfe
on-chip transceiver.The layout and the simulation resulise shown in Chapter. 4
Chapter 5gives acomparison with other approachdsnally, Chapter 6 gives the

conclusion, along with a disssionon the potentiauture works.



Chapter 2 Literature Review

In this chapterthe main parts of a basic high speed 1/0O configuratiah be
introduced. Figure -2 shows the basielectrical orchip transceiver. A transmitter sends
out an electrical signal ta receiver through an electrical linkJnfortunately, the
electrical link is not an idedink when operatedt high frequencylt acts as a lossy
transmission line which is usually regarded as RLC network for modeling its
performance Both the transmitte and the receiver have equalization ability while

remaining low powert-or testing purpose, PRBS blocks could be placed on the chip.

rTTT T Voo | ro T : [ : [ :
I | I Current Sense’ | | o

PRBS Current-mode .
: Generator | : l\bljain Driver ! I Amplifier Lo Comparator L SR Latch I . Output Data,
I | !_ _____ JI !— ————— 1 b —_— — = Jd b — — — ]

LTransmitter e Channels T Receiver
E—
i e | i L |
| [ ' | | PRBS oo oo
Voltage-mode | i
| CLK Buffer I_>I eq?alizer ! | CLK Buffer === checker — __BER_
[ I __ ] P |
irput Clodk:

Figure 21: Basic oRchip transceiver system

2.1 Transmitter

In order for a receiver teeceivedatacorrectly, it is essential for a transmittéo



generateeither an accurate voltage or current swing in to the charvidl.and CM
drivers are two of the main kinds of transmittefTo overcomethe lossy channel, both
methals can havean equdization blockcounteracting the loyass responses of the-on

chip channel.

2.1.1VM Diriver

VM driver is widely used for lowpower design, because of less current
consumption in contrast to curremiode logic. A typical VMdriver in Figure 22 uses an
inverterbased schme, which adds a series resistor to match channel impedance. The
circuit can be replaced by Thevergguivalent series termination, shown in FigQs8.

For gettinga certain voltage swing ¥at the input of the channel, the require current | is

0 — (2-1)

where R is the resistance of thehannel In order to compare power efficiendyc is
assumed to be equal tanxRwhere Rx is the output resistance of the invertand the

receiver input impedance is ignored.



Di R Channel

W— ]
[

Figure 22: Invert based VM driver

| RT)( R
—
ANV
Vm l
Ve

Figure 23: Thevenirequivalent series termination

C

Unfortunately the output voltage can be easily aféecby variations insupply
voltage.As shown in Figure -2, assuminghatthe D is low andthe supply voltage has
a DVpp offset value, the supply voltage sensitivity can be analyzed by an equivalent

circuit of a PMOSoverrNMOS inverter The PMOS is in saturation region, and the

NMOS is incut-off region.



a/DD

1

sgl gmlvsgl Fo1

¢ —»

1| +
gs2 4) gszgs % o,

out

<| *

Figure 24: Supplyvoltage sensitivity analysis model for VM driver

By analyzing the equivalent circuit, we can have equation:
Yo Yo "Q i i (2-2)

whereDVoyt andDVpp are the wariation atthe output ofthe inverterandthe offset atthe
supply voltage, of and b2 are the output resistances @fli».. The above equation
indicates that theffset of supply voltage has voltage gainof "Q i 1 with

output wltagevariation

2.1.2CM Diriver

Comparing withthe VM approach,a CM driver is easier to control output
iImpedance, and less affected dgupply voltage reductiom order to havdow power

consumption systenA typical CM driver in Figure-5 uses a common source amplifier



with a parallel resistor for impedance matching. @Wer can be replaced by Norton

equivalent parallel termination, shown in Fig@ré. For getting certain voltage swing:V

at the input of the channel, the require curtest—.

0 — (2-3)

Comparingequation (21) the requirement of current under same assumptions, this

CM driver scheme need twice current for a given input channel voltage swing.

Rx

Channel+ Channel-

Figure 25: Common source type CM driver

Figure 26: Nortonrequivalent parallel termination

In terms of the supply voltage effaot Figure 27, the swing of the input channel

current is not directly affected by the supply voltafjge small voltage swing at the input



channel cannot change the currertich conducts bythe current sourcen order to
guantfy the effect, he relation between output current variation and offset of supply

voltageis given as

yo = (2-4)

whereDloy is the output current variation. The above equation indicates that the offset of

thesupply voltage has less gamtheoutput current swinggecause of largex

'||—V +
gs2 v ngVgsz o2

Figure 27: Supply voltage sensitivity analysis model @M driver

The intrinsic differences between VM and CM driver are mainly about power
efficiency, supply voltage sensitivity, and termination approaches. As mentioned before,
a typical VM driver potatially consume less currento get agiven voltage swing at the
input of the channelcomparing witha typical CM driver scheme. In regard to supply

voltage sensitivity, supply voltage offset has leffecton the CM schemeOn the other

1C



hand, he offset supply voltage in VM scheme is directly amplified with a large voltage
gain. With regard to terminatiompproachesit is much easier for the CM driver to
control the impedanceand what is most commonly used for CM driver is parallel
terminatedmethod.However, the VM output impedance gsnsiderablydetermined by
active transistors angsuallyrequires voltage regulator to control output voltage swing of

driver.

2.1.3Channel

The reliance of mdern highperformance computing systems tigh-speed
interconnectdbecomes very noticeabldlulti-core processors have many performance
requiremerg such as high speed, bandwidtid low energyuse In orderto haveshort
interconnects, 3D stacking lecoming more commoj#]. This may lead to atack of
active chipsconnected usinghroughsilicon-vias (TSVs) to connect through each chip
down to a package substrasgs shown in Figure-8 Howevercomplete 3D stacking is
still struggling withmany issuesuch assupply chain, bonding, alignmerand energy
dissipation As shown in Figre 29, 2.5D silicon interposer channel is another valued

approach for multcore communication system.

11



TSV

Processor core

Figure 28: 3D stacking 4]

2.5D silicon
interposer

Si interposer

Figure 29: 2.5D silicon interposed]

In any case, a high performancednip transceiver has to overcome tteakness
of limited bandwidth of distributed RC channel. Usually, the distributed inductance can

be neglected due to therge amount oflistributed resistance

2.1.4Single-endedand differential comparison

Since theto noise immunityperformanceand area consumptioare becoming
increasingly important in advanced technologg facemore challengingchoices about

methodologiedor transmittingelectrically A singleended signalsi cefined as one that is

12



measured relative t@ fixed potential usually the ground differential signal is
characterized as one that is measurement between two nodes that have equal and opposite

signal excursions around a fixpdtential[5].

Singleended signaling is used to maximize the density of thed®asing fewer
bumps and wires than fuligfferential signaling §]. The downside ofsingleended
signaling isthat it ismuch more vulnerable tenvironmental noisat higher data rate
Therefore, it needs to have relative high voltage swing in order for ensigima}-to-

noiseratio (SNR).

Because ofts symmetry and higkommonrmode rejection, ifferential signaling
Is robust to supply noisés long as the disturbance influences athldifferential inputs
equally, thedifferential signalingcan not be affectedAnother benat of differential
signaling is low voltage operation requirememhat is the reason why #lways is
applied bysensitivesignals and oihip transceives, which are required for conveying

small currerd or voltage value.

In consideration of the noise immunity and hggeed requirementa, differential

signaling methodologis a preferable alternatifer on-chip transceiver design

2.1.5 Advanced transitters

[1] was proposed b$eungHun Leg et al It was how this project got started in

the first place. As shown in Figurell thetransmitter is combined a CMaindriver and

13



a CM preemphasidriver. Both of drivers are opedrain type circuit, whiclconsume
less power than parallel resistors termination scheme. The transmitter can work at 3 Gb/s
by driving 10 mm long differential channels in 65 nm CMOS technolddne power

consumption of the transmitter is 196.2 pW.

A hybrid transmitter [2] is shown in Figur210, which has VM preemphasis
driver and CM main driverThe transmittets controlled by two halrate data (e and
Do) and halfrate clock (Ck andCKo). 2:1 serializer is implemented for aligning these
half-rate datasequencesThe VM preemphasis driver i low-swing NMOSover
NMOS inverter, which has a switd¢lipe regulator for tuning the output voltage swing.
As we learned from the Chapter 1, the regulator needs a large storage capacitor. [2] used
a 15 pF capacitor witlan areaof 6000 unt in a 65 nm technology, which is large in

terms of onchip circuits.The preemphasis current fq2] is:

O w 60 — (2-5)

where \kec is the regulator output voltage which is much smaller than supply voltage.
leq2 can be controlled by tuningr¥c which ranges from 5énV to 600mV. The 300 fF

Ceoqis used for the firstap ISI.
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m
1

2:1 serializer

Figure2-10: Transmitter of [2]

Both [12] and [13] are capacitive driven transmitters, as shown in the FEglire
and Figure2-12. Because these designs focused on having decision feedback equalization
(DFE) at the receiver, they haagelativelylow requirement of transmitter performae
Using capacitance £and G canhave lowswing voltagewith preemphasis transitions
into the channelwhich hel both transmitters to have low power consumption. In [12],
they use extra voltageontrolled current source tanceltheill -definedDC potential on

the channelTherefore, the Yur can be defined by differentintalue.

Figure2-11: Transmitter of [12]
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Figure2-12 Transmitter of [13]

Figure 2-13 shows a constant Gm transmit{éd]. Like [2], the driver needs a
large capacitor to make the regulated voltage stablé the constant Gm circuit needs
extra 1.8V supply voltage The design has impedance matching at the invbesed
transmitter by using inverter output resistanceri/grhich also will be affected by input
datatransitions The PMOS-overNMOS inverter which was used in the paperass
varying impedance in contrast KiMOS-overNMOS scheme The approach needs extra
voltageto-current converters in order to implement inverter based transimpdience
amplifiers at the transmitter. The 23% of transmitter podissipationwill be added,

which is 1.9 mW in [14].

I:P PLL l Contani-G,, Bias Generator ]
E'.lt REF Vs
|'|5-E 5 HH.I] —_—
i -T.
0 s chock } S Constant G,
H‘\ Van

PRBS Gon
z'-1
2.5 Gbis

10 Ghls
Cads

#IJ"\

Figure2-13: A constant Gniransmitter [14]
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2.2 Receiver

As the name impliesg receiver circuit isusedto capture thesignal form channel.
Impedance matching, signal amplification, data recovery, and equalization are key
features of an owhip link receiver. Whenthe received sput impedance matelsthe
channel impedancat will minimize thereflection at thereceiverside ofthe channel.
Receiver equalization is usdd compensatehe high-frequency loss of the echip
channel. The receiver is typically composed of a sangdifier and a flipflop. A
current or voltage sensanplifier detect and amplifes the small swing signatoming
from the channelvhile asimple flip-flop samples the data at the correct tiffilee main
challenges of a receiver design include lower npedormance, dargerbandwidth of

senseamplifier, data recovering ability, and equalization approaches.

In order to broaen the bandwidth of a receivemductive peaking techniquis
achievable for chip desidig]. Figure 214 (a) is a common source amplifier, and Figure

2-14 (b) shows the equivalent small signal model. The gain of the amplifier is:

— i — (2-6)

Figure 214 (c) and (d) indicate the dluctive peaking implementation and the

equivalent circuit. The gain of equivalent circus given as:
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S (2-7)

The poles can be complex, and the zermniy determined by L/R time constant. Overall
equation (27) is characterized by the rataf L/R and RC time constant. The ratio is

expressea@sdma Therefore, the inductance value can be denoted as:
0 a'vYo (2-8)

According to [4], when then=0.71, the circuit can perform maximum bandwidth.

Vout
C.=+ R %
(@) (b)
VOUt
R ImiVin @ CL =+ R
VOUt
Vin c:|_ L
__| Ml l

(€) (d)

Figure 214: Inductive peaking approach
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However, the monolithic inductor suffers from parasitic capacitaticalso
requires large layout aresnd a lotof design timeUsing the active inductor can be an
alternative approach to broaden the bandwjdihas shown in Figure-25. Figure 215

(b) depicts the equivalent circuit, whiblasthe outpuimpedanceyiven as

A — (2-9)

If Y | — the output impedance has a proportional relationship with frequency.

For moreclarity, we can see from the outpadmittancesquation 2-10):

Y — (2-10)

According to (210), if Re is much larger thanng we can have Figure-25(c),

which is the simplified networklhe active inductance value-+s— . Therefore, Figure

2-15 (a) can be employed as the active load for broadening the bandwidth. In our
proposed design, it also can increase current sense amplifier high frequency gain, because

of its larger output impedance at high frequency.
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Figure 215: Active inductor

2.3Pseuderandom bit sequencgPRBS)

The main performancenetric for any I/O link is bHerror rate (BER Selttest
technique allow a chip to perform operations upaself andtests the chipperation
Although a self-testing circuit increasethe chip area it is worthwhile since it reduces

test time and test equipment cost.

One method of selfest is to use cyclic redundancy checking, which involves
PRBS generator and checké&s shown in Figure-26, aPRBS of lengtl¥ is constructed
from a linear feedback shift regisfdr5], which in turn is made of DFF connected in a

saial fashion.Figure 217 shows a PRBS checker.
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Figure 217: PRBS checkerd

21



Chapter 3 Proposed Scheme

This chaptemwill discussthe design of the overall transceiver, which includes the
hybrid transmitter,the receiver PRBS circuis, and channel model. The different
termination scenario will banalyzed The goal of the transceiver was to achieve 8 Gb/s
data rate with energgfficiencybetterthan 1 pJ/bThe application of this scheme can be
for usemulti-core communication eohip. The design was simulated with IBM 130nm

technology.

3.1 Hybrid Transmitter

3.1.1Basic Considerations

A sourcematchCM driver usually uses parallel resistors to match the characteristic
impedance of the line, as shown in Fig@ré&. Using parallel resistors could make the
power consumption double for a target signal swiag Rx matching channel
impedanceAn alternativemethodfor overcoming lossy channel is to use open drain CM
driver, whichdissipates half of the power of a fully terminated transmitter but can lead to
reflections. Forthe off-chip channel, it is better to have impedance matchinguin

design the onchip lossy RC channel can be driven By operndrain main driver,
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because the large channel loss can suppress the edfteghal caused by transmitter

; Rwx é R
TX_OUT- TX_OUT+

D+ D-

__H: M Mjl__

impedance mismatch.

Figure 31: A CM driver with parallel resistors

Due to the channel attenuation, the transmitter needs equalization circuits to
compensatefor the frequency depelent attenuation. Piemphasisis a weltknown
equalization approach, which cheusel to increase data rate and reduce the amount of
inter-symbol interference (ISIAs shown in Figure -2, the output channel signal could
be recovered by adding one or mapdrataps which are controlledy delay signals.
After the channel, the premphasis current, which is representedtiyred wave, is
carceled out bythe counteracting the channel loss. The blue curve is the output channel
current with preemphasis circuit. The gregdashedcurve shows the output channel
current without preemphasis circuitClearly, the green one has more ISI, which will

affect the receiver performance.
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Figure 32: Preemphasis edlization

Adding one extra open drain drivertiee most common premphasisnethodfor

CM driver transmitter, as shown in Figureé33The extra tags controlledby a signal
delayed byone symbol period signaHowever, it increases thsaticpower dissipation.

For example,during a data transition (0 to 1 or 1 to 0), the output cusrehthe two
drivers addup, leading to a larger output current. When there is no data transition, the
output currents of the drivers subtragéneratinga smaller output currenThe circuit
needs éDFF for delaying the signal between the qfgmphasis tap and the main driver.
Basal onour simulation, the DFF consumes about 20% of transmitter paeeerding to

this scheme This subtraction is an inefficient way to generate the smaller transmit
current. [L7] has proposed an approach to eliminate the power overhead ehtcurr

subtration by using 3 tap decodeontrolledCM drivers.
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Figure 33: Opendrain CM preemphasis

3.1.2CM Main Driver with VM Pre -EmphasisArchitecture

In this work, a fully differential CM signaling scheme, which is combined with
one tap of VM preemphasisand AGcoupling capacitorss proposedas shown in Figre
3-4.

Vaa | Pre-emphasis
Ye1 R,/ Ce | Equalizer Vi

VL_IN

Main Driver

Figure 34: Proposedybrid transmitter

The transmitter is composed of two main paatsnain driver and a premphasis

25



equalizer.The operdrain type main driver directly connects to the channel input. The
preemphasis equalizer consists of a low swing VM driver and twocédpling

capacitos.

The open drain CM driver ithe first partto be discussed. Conveying the main
current tothe channel is the purpose of the CM main drividiere are nqoarallel
resistos used as impedance matchinpec aus e t he channel has
resistance. Without impedance matchingtred transmitter, the main driver is able to
conduct all the maird r i sr @umeat intothe channel. The refleetl signal can be
suppressd by the very large channel logss shown in Figur&-5, themain driver has a

bias circuit which has a NMOS capacitor at the gate ofutfor reducing noise

IREF

Figure 35: Currentbiasof CM driver

Due to the passive termination at the receiver end, the commde output
voltage of the CM driver is low and Nda4/s works in the triode regionThe bias circuit
sets a constant voltage at the gate afs.MOur simulation results showhat the

differential voltage swing betweenyMy and M_n is small, about 10 mV. Thepg of
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Mns is 17 mV, and the value is constaviten data does not have transitiofige voltage

has smallvariationd ur i ng t he dat aldéaodod Dypsevagatiobswit we e n
affect the transmitted current at data changing time. But it caraffect the received
currentbecause of the small peaking and the lagsannel effectAs shown in Figures-

6, peakingl and peaking at input channel curremto not affet output channel current,
which isthered curve in the figurel'he purple curve shows the¥variations Actually,

due to increasing the peamphasis current valuthe small peaking is goodfor isolated

bits.

Transient Response

Itx

Peaking-1

754 Irx

S4BV 7TIa1/ 1144/ netoas; tran (V)1

5.0 T T T T
7.0 75 8.0 85
time {ns)

Figure 36: Current peakingt input channel current

According to the equatior8{1):

O t06 —w 0w w (31)
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By controlling Ves of Mns, the main driveMys pr ovi des a-drited ¢ A
current.Due to the Vs variation at datdransition, the peaking currentcurs at each
data transition timeThis data dependent madmiver current is averaged in the channel

and acts as a portion of the bias current for the receiver as done in [1].

In thisdesign the lowswing VM driver is implemented without an extra regulator
circuit. The VM driver described below is used for equalization alongside a CM driver in
the transmitterinstead of using an active switching regulator [2] to tune the inverter
output swing, he resstor Rs is implemented as an extrarcent path §], [18]. Both of
them implenented it with lowvoltage swing VM transmitter, and considered it as a part
of impedancenatching resistance. In order to tune the-gumghasis current in this

proposed desigrRs is implemented aa variable quantity with larger tuning range than

n

[18], [8]. The circuitc an be used to control twitheut dr i v e

consuming large chip areBecause of the very low voltage swing at the channel input,

the equaklier current can be expressed as
0 ; — (3-2)

whereCeqis the AGcoupling capacitance. Rs the inverter output resistancesq¥n) are
the steadystate voltage at the outputs of the VM driver inverters. Their value depends on
the input signal. IfD+andDar e di gi t al I nput SiVeaardd 0O

Veq pare equal to (B) and (34):
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R oY o pum— (3-9)

w  w0o—— (3-4)

|l f the input wvalues athe Vghis® O@nd—,2Vopis f or

w0® . The PMOS and the NMOS transistors are assumed to have matched

output resistance. Theoltages at the channel inpuiW and V. n are much smaller
than Veq a andVeq b Therefore, in -2), we can ignore the input channel voltageqg a
and \eq_bcan be tued by changing R but itrequires darger width of transisterwhich

can lead toincrea® equalizer output capacitance. The voltage drop g@isRy O'®

. In the proposed designleq a and kq p are adjustable by making sR

programmable.

+Vaal2 Veq
_'T RA v Ceq
Vaal2 M —|
. leq
Rg/2 Rc

Figure 37: Equivalent circuit of VM driver
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For the quantitative analysis, an equivalent circuit with a single input voltage, as
shown inFigure 37, can model th@roposed differential input equalizer. The R the
sum of the resistance of théannel andhe receiverpassive terminationsAccording

voltageanalysis of thequivalentircuit, thevoltagedropat Re/2 is obtained:

w w0® (3-5)

The difference betweeney aand \eq_pcan correspond t¥eq Which is simply equal and

opposite At the input signal switching timehé peaking current oédis approximately:

0 Yo r———— (3-6)

whereY® is thevoltage changing at & during a data transitiorin the proposed driver

Ra is much larger than & and the output impedance of CM driver is much larger than

Rc. Therefore, peaking current @f tan be approximated:as

0 — (3-7)

Increasing R increasesel, For compensating different lengths of-cimp channels, the
equalizer current is adjustable from 100 pJAto 450 hJAgs R changed from

5 0 0. The simulation results will be preseniedChapterd.
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3.20n-chip Channel

With rapid developmentn the field of CMOS technologydue to smaller wire
crosssection, tighter wire pitch and loner linesterconnects delay and power

consumption severelimitsintegrated circuiperformance in current and future nodes.

To build an onchip channel, the parameter of metal width, length and iased
to beunder control. Figuré&-8 showsa crosssedion of our proposedahannelsin the
proposé channel M5 layer is usedsthe channel. M6 and M4 layers acennectedo
ground as shielding laygrTwo differential channel§CH) are usedfor the on-chip
transceiver, the other two differential channé®BH_D) are built as testing dummy
channelsThese dummy channels can connect to testing equipment for understanding real
on-chip channel performance in this technology. The testing resultbeaeferred back
to schematic simulations forerifying equivalent channetircuit accuracy. Ground

channés are addetietween those signal channels for shielding outside noise.

/
M6 |~
A
T S W Llength
G CH CH | G CH.D CH.D G
T
/
M4 |~

Figure 38: Crosssection of proposed channels model

The resistance & channetan be estimated as
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rY __ 7 _00¢&000 (3‘8)

H is the thickness of the met al | ayer, wh

off between length ,( ) and widh (W) is only a way to have a smalhannel

resistance.

A multilayer capacitance model is shown below Figi& A capacitance value
of a channel idnfluence by thedielectric constant of the technologdowever, the
dielectrics are different betweesdjacent capacitanceC{y;) and vertical capacitance
(Ciopiwoy. In this technology, the dielectrics used betweem@a)t wires have the lowest
possible dielectric constant to minimize capacitance. The dielectric betvertcal
layers must provide greater mechanical stability and may have a large dielectric constant.
The fringecapacitance should also be included Wwhgflux to the under layer and upper
layerfrom the sides of wiresThe fringe capacitans®etweerhorizontal surfacearetoo
small to count in the total capacitanbecause othe ground shieldingTherefore, the

total capacitancean be estimated

0 - Oa 000" - - ¢- - 0 (3-9)

According to P], the fringe capacitance can be applied with the top and bottom

capacitance, if the - -, the total capacitance fsund

8 8
z

0 -0 - — g8t
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Figure 39: Multilayer capacitance model
Extracting inductance for echip channel is extremely tirmonsuming for
complex geometries, becauses very dependent on the enticgcuitd surrentloop.

According to [LQ], the inductance of the echip channel is approximately:

0 0 —I 1— — (3-11)
where s is the magnetic permability of free spaca“ p 1 ‘Ofa . Therefore,the
inductance value is arourinH about 5 mm oschip channellt is negligible for the

schematic levelisulation, because the L/R time constanmuch smaller thathe RC

time constant.

IBM 130 nm technology has 8 metal layekkl to M3 layers are useaksrouting
within circuit blocks M4 and M6 are implemented as ground layers for shielding
channelsWe are using M5 metal layer as chann®3.and M8 are employed as power
grids for the bip. To achievehe best density, the minimum space should be used for on

chip channelswhich is 0.4 pmIn order to have less channel resistance and improve
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bandwidth, he width of channels is abolit5 um The transceiver is designed to drive a
channelof up to 5 mm in length. In order to reduce the chip area required for this
experiment, the test channels are laid out in aHaackorth fashion, giving a $nm total

length.

The onchip channelcan be considereds RClimited, instead of RCL limited.
Inductance can be neglected as long as theiR€ constant is much larger than L/R
time constant. Therefore, the distribute circuit with resistances and capacitances can be
used for building the channel model. There are three basic lumped approxirsabans
in Figure3-8. Comparing with kmodel and Tmo d e | -modehisthe most accurate
approach for modeling echip channel performance, whigk able to achieve results
accurate to 3%1[0]. It is common practice to model ahip channed with 3-5 segmers
“-model for running simulationBecausethe channel is differentiathe adjacent
capacitance is added to thanodelas a capacitance between the two charaeekshavn
in Figure 310. According to the equation (a) and (b), the total resistantee&fmm on
chip channels 195q, and the tal capacitance is about 2.11 pk.the proposed design
simulation,a3 s e g mmeodd is used which has the R=6§, Cag2=41.75fF, and

Crerticaizt Cadj==310 fF.
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Figure 310: Three basic lumped moddbr on-chip channels.
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Figure 311 5>mm RC channel model for proposed transceiver

3.3Termination Comparisons

50 qgq mat chi esgary ifos orchip transaeigetbecause the channel

35



| mpedance iHowevepthe trardmittgr. still can beo-designed with the
channel impedance matchingor saving potential power dissipation at transmitter
impedance circuits, this proposed design t@asnpedance matchingnplementedat the

transmitter side

An on-chip channel has different signaling sceosrcompared with a
conventional offchip channel For each end of the channekearies termination and
parallel terminationrcan be considered, alongside the option of having no termination

Figure3-12 showssix differert basicscenarios with thosiareeterminations.

To begin with comparisons, let us consider FiggHE (a) first, also known as
series terminationlhe series termination usuallg implemented with &M driver. The
series resistor Ris employedfor matchingto the channel impedance. The main
advantageof this scheme iszero static power consumption. However, impedance

matchingis not available in the receiver ¢timinatereflection.

Figure3-12 (b) shows a receiver having been terminated with a parallel registor
In this scenario, both sides have matched the channel impedagce,Z&x = Zchannel
Comparing with previous scheni@), this one isable toeliminatereflection That is why
it is commonly usedto achievebest signal quality at the receivefhe primary
disadvantage of this scheme is thtis parallel termination consureeurrents from the

transmitter, which increasése receiver power consumption.
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Figure3-12: Termination schemes

A parallel termination is used at the transmitter side, as shown in gl ¢€c).
Usually in this casethe transmittens a CM driver, which has very large output
impedance. The main concern for this scheme is same as the schethe {igrallel
resistor R is not energyefficient. The only difference betwedfigure3-12 (c) and (d)is
that scheme (d)mplements the parallel termination tite receiver.Scheme (d) has
ability to get best signal quality with worst power efficiency. FigBHE (e) issimilar to
previous two scenarso(c) and (d). Scheme (e) mly usesa pardlel termination at the
receiver anchas thesame power consumpti@s(b) and (c), and same signal quality (a),

(c). Figure 3-12 (f) does not employ any passive components for achieving impedance

37



matching at both the transmitter and the receiver. In tefrtise energyefficient design,
this is the best scenariamong the terminations. However, the signal quality is fp@or

aiming at the higtspeed ofchip transceiver design.

With regard tothe very lossy channel, the open drain CM driver is able to
efficiently convey signalto the receiver, which means that we do not need any resistor
termination at the transmittefor ourdesign as long as the fand impedance well
matchedwith the channel impedancempedance mismatch #te transmitter will not be
an issueAt the beginning of the desigrthe scenario (f) was the plan for the-ohip
transceiver implementation.dtead of using parallel termination oa series termination
at the receiver, an active terminatiors involved for getting relatively low input
impedance, as shown figure 1-1. Unfortunately, this scheme caot implement an
input impedance as low as channel impedabeeausdéhe common gate amplifier is
desirable to us a small device to minimize the parasitic capacitance, meanwhile this
input node of current amplifiestlso should benatchedwith the channel impedance to
minimize reflection With this technology, we can not match these two requirements for
the currenamplifier. Therefore, a parallel termination is employed for the final chip tap

out.

3.4 Current SenseAmplifier

Figure 3-13 shows the circuit of the curresenseamplifier [1]. The DCinput

resistancef the current sense amplifier is:
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YooY 2% (3-12)

Due to the crossoupled NMOS structurggart of negative impedance lookingfo the
source of M7 is negative As we mentioned in Chapter 2, the impedance efNk
varying with frequeng. The Figure 314 shows the current sense amplifier equivalent

circuit without Rr, andthe input impedance of the circuit is

& (3-13)

where Cin and Gu represent the input and output circuit capacitateis the sum

impedance of the active inductor and Bndgiven as:

& — Y (3-14)

Therefore, the negative impedance from ciamspled NMOS can reduce the input
impedanceAs shown in 313, the input impedance is frequency dependime. circuit is
designed for low power consumption, which requires relatively small average current
conducted through the channel, comparing with [1] and [2]. Small bias current means that
the conductance of M and Mve cannot be very largen our design, the width dhese

two transistos is 4 umwith gn=1.76 m The passive terminationtihelps to match the
receiver to the channel impedance and eliminate signal reflections. Those resistors have

about 175 €A DC current.
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Figure 313: Current sense amplifier
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Figure 314: Current sense amplifier equivalent circuit

Re makes Mapawork as an activenductor, as mentioned befor@ Chapter 2.1t
canincrease the circuit bandwid#md provide inductive behavior. The active inductor

has frequency dependent impedance, ranging fremadl impedance at low frequencies

oy to alarge impedance at high frequendBs).
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Thetransimpedance gain tfe current sense amplifier is showelow:

0 Q z'Y Y'Y (3-13)

Reis given by:
Y — Y (3-14)
Assumingi is much larger than Rand Re. Then equation (33) can be

simplified as shown below:

0 Q zZY Y'Y Q (3-15)

As mentioned before, the width of Ngl7 is small, 4 um, for having low power
consumption. Then-Rermination is involvedn order to hae lower input impedance for
the current sense amplifieand is programmable for matching different channel lengths
Only Mp3/4conductancés not enough to largeoltage swingequiredby slicer circuit.To
achievelarger transimpedance gain, the R implementedRp will be about 550W
without an extra R andthe overall gain A can be significantly reduc@a. boost the
commonmode signal value, two common source amplifiers are added at the output of the
current amplifier. Thesmallsignal gain of the common source amplifiers is around 2.

The overall transimpedance ga#of this design id.5 kq .

Instead of using paralleesistorsasterminatiors, the parallel current sour@an

be used to boost the current through the amplifier, thereby lowering its input resistance
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and providing an improved match with the chanAekording to equation-32, the low
impedance can be lasieved by setting these devices at a large bias cuBgmonnecting

two current sources at thenbf source, the gus7 Will be increased according to:

Qo (3-16)

Figure 3-15 shows the input receiver curreat 8 Gb/s data rateith these two
approaches. Thparallelresistortermination hadess jitter time, but the ey@pening is
smaller. In this proposed design, the chip has been fabricated with parallel esistor
method. However, in the future work, the current source termination approadse can

employed for improving controllabilitgf the current sense amplifier.

Current Source Ter mination

Resistor Termination

Figure 315: Simulation of parallel current soustermination and parallel resisgor
termination

3.5Slicer Circuit with Offset Compensation Circuit

The slicer circuiis composed of a comparator amal &R latch, whichconnects
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with thecurrentsenseamplifier output The function of the slicer circuit is to recover the
received signato rail-to-rail voltage swing. As shown in Figui@16, the strongarm
comparator circuit haa capacitotbased offset correction circit1l]. Those capacitors
can slow dowrlpz/z currensdcharging and discharging time. Therefore, itiut voltage

offset value can be compensatgduning current discharging time.

MET&TW h M r—lﬂr WTNF &12

S

HE M.

fe—IN-

Figure 316: Comparator with offset compensation circuit

3.6 High-speed DFF

The series architecture PRBS generator and che&enag beenused in the
circuit, which can generate’-2 length radom differential bit sequenand check the

sequencas well The generator uses 8 DFFs and -DR gate. It simply has a linear
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feedback. The checker has 15 DFFs,-OK gates and 1 AND gate.

The slicer circuit described abovean work as aDFF by setting a reference
voltage at one differential input as shown in&3-17. The circuit can workwith a

clock frequency up t@0 GHz

DFF

Moy E ]
EW TE

L F

CLK

SR LATCH

Figure 317: High-speed DFF

3.7 Clock Alignment Circuit

The transmitter clock has a short distance to the clock pad, and therefore only
needs some buffers to delivery the clock into the transmitter circuit. The receiver is far
away from the clock pad, and therefore needs a clock alignment circuit to tunedke cl
phase,as shown in Figur&-18. The circuit is composedf 7 programmable inverter

chainsand 1 starved inverter. Those programmableriter chains are implemented as
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propagation delay blocks. For having same high and low transition time, thedstarve

inverter is employed.

o o i%{%{%{ %{ ><R{ >o—{ S0 O
o o PP o o]
Starved Inverter

CLK_ﬂ>D> 7 Inverter Chains ‘ DD\/QLK_OUT

SR, .

—MO {> O

Ve

Figure 318: Clock alignment circuit

3.8 Shift Register

In order to tune parametersuch as the transmitter peenphasis current value,
offset compensation circuits and clock alignment circthie chip need 80-bit shift
register.As shown in Figure3-19, the shift register includesvo rows of DFFs. The
lowerr ow is wused for | atching input data at
not transmit to internal circuitsintil the BITS_EN signatransitions from low tcigh.

The higherrow canpreventinternal circuits from frequelyt changes at BITS_INThe

clock is BITS_SHIFT, which is working as low frequency.
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Figure 319: Shift register
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Chapter 4 Simulation and Layout

Simulation result®f schematic levelill be showed on individual blocks in the

order they are presented in the previous chapter.

4.1 Simulation of Blocks

4.1.1Hybrid Transmitter

The first simulation block is the proposed transmitter.order to show th&M
pre-emphasis ability, Figure-4 below gives thelifferential signal ondit pulseresponse
which is at the output adhe 5mm channel model. The signal data rate is 8 Gblgas
less I3 with VM pre-emphasis circuithanwithout pre-emphasisFor moreclarity, Figure
4-2, shows the channel output current differences between working with VM pre
emphasis circuit and without peemphasis circuit-or having more realistic simulations,
the random 21 data sequence is used as thefirgignal. The effectiveness of VM pre

emphasis obviously is obvious.
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Transient Response
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Figure 41: Equivalent circuit of VM driver
Expressions
—Ir with VM Eq — Irx without VM Eq
75
3
; L
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Figure 42: Channel output current comparison
According to the data in Figure-3} the input channel current eye opening is
approxi mat el y -empHhasiscukrent |13sts enoreptham one Ul. The peak
equalization current can r eaclhecurpentsignal500 ¢

swingsdegradeo 50¢ A .
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Altx and Alrx

Time (ns)
Y Y 815 82 838 83 835

Figure 43: Input and output current of therbm channel

As shown in Figure 4, the preemphasis current can be tunable by making #he R

programmable For compensating different lengths of-cmip channels, the equalizer

current is adjustable from 100 pAto458psRi s changed from 100 q

E Time (ns)
|

8.0 8.05 8.1 8.15 8.2 8.25 8.3 8.35

Figure 44: Preemphasis current range
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By sweepingRef r om 1 0 Rq ,q Ftideg, kiguee 46 and Figure 4 also
indicate that the premphasis current has significant influerme the output channel
current, in terms of Bnm and 2.5mm on-chip channed model.If Rg is toolow, thepre-
emphasis currens too small to compensatlke channel lossas shown in Figure-@. If

Rs is too large, the premphasis currerdan cause peakirgurrent at the output channel,

as shown in Figure-Z. In order to compensate channelsslahe 2000 i s goeod f or
mm channel, and t-threch&n®D q i s good for 5
I Re

Figure 45: Preemphasis current with differengR

= (j

Figure 46: Output5>-mm channel current with differentsR
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Figure 47: Output 2.5mm channel current with differengR

In order to see the benefit of peenphasis equalization, FigureB4and Figure 4@

show channel oput current ey@liagramswvhen the transmitter has only the main driver

At 1 Gb/s, eye closure is 9%, and the eye closul®®boat 4.2 Gb/s. It is evident that

the VM preemphasis circuit can increase the dataupteo8Gb/sand reduce ISI.

MLIATE Gpg. 45 62ul)

T dulk}

ML DE e, -] ATk}

— R
M2 1 8ae, -85 00uA}

.l.l}. — .l.;. —

tima {ral

i.{l — 4.5 —

Figure 48: Channel output currémt 1 Gb/s
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Elrme {ms)

Figure 49: Channel output current at 4.2 Gb/s

4.1.2RC Channel Response

According to Figure3-9 in Chapter 3the length of orchip channel is chosen to be
5mm which represents roughly 19 dB lossMNatquist frequency 4 GHzThe -3 dB

bandwidth of the channel is 1.6 GHz.

—5§21de20
=5.0

-3dB

-15.0 M2(1.605GHz, -1244|iB)i

YO (dB)
~
3
2

Nyquist fr equency
MO(4GHz, -19.11d8B)
-25.0

-35.0
102 103 104 108 108 107 108 109 101!
freq (Hz)

Figure 410: 5-mm onchip channel loss
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4.1.3Current Sense Amplifier

As shown in Figure 41 and Figure 43, at theinput of current sense amplifier
signal swingsdegrad¢ o 2 mV, 60 €A respectively. The

46 mV voltage swingThe gain of the current sense amplifier is aboutVk70

Voltage (mV)
50

AVix, AVrx and current sense amplifier output AV

* 10mV * 23mV

£ 1mV

] .05 8.1 815 8.2

Figure4-11: Input channel, output channel, and output current sense amplifier voltages

4.1.4Slicer Circuit Simulation

Figure 412 illustrates amismatch simulation for input of the slicer circuit. The
input offset value is abo®9 mV aftertaking 3 timeghe standrd deviation into account
The offset cancellation has m@@solutionof 2.4 mV. It is able to cancel arounti2 mV
offset at the input comparatas shown in Figure-43. It also has the ability to eliminate
2 mV offset caused by the current sense ampliReferring it back to the input dhe

current sense amplifieit can tune & mV offset byaresolution around 0.1 mV.
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Figure4-12: Slicer input mismatch simulation

Transient Response

1.25 ba»' 1> JSbar<0> [Rbar<1-

s M3(1.008ns, 727.8mV) MO(2.007ns, 700."‘6‘(‘5_127 s, 682 va‘)
> 25
I;E 5<0> [R<I>1

4\:, \( hy j‘ Y/

_555 ol TVout2 L

M1(2.007ns, 890.1mV) 7(2.127ns, 8825mV)
=] 4(1.5ns, 88
£ 2
> /
M5(1.008ns, 870.2mV)
BI‘IE TQ+<0> Q+<I> /Q-<0> 1
N e T e e N e e M2(2.0071s, 1,24 =
s i N 18(2.127ns, 1.154V)
< !
Vad A J o Pn PR P PP o s
f S | —— ____T_____ — — —
>
0.0
] 5 10 20 25 3.0

15
time (ns)

Figure 413: Resolution simulation

The RMS noise voltage at theput of the slicer due to trmurrentsenseamplifier
Is 1.5mV, as shown in Figure-24. The resultshowsthe integratedRMS noise up to
100GHz, and the noise cannot affect the circuit performance, whenghbesignal has

peakto-peak voltage46 mV. An SNR of approximatel\23.7 dB indicates that the

transceiver is not noise limited.
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Figure 414: Noise simulation

4.1.5High-speed DFFSimulation

The DFF is the core of PRBS generator and checker. Figatesthows transient

simulation results for thhigh-speedDFF. It works well withan8 GHz clock. The DFF

speed is up to 10 GHz clock, sisown in Figure 416.

CLK

Figure 415: High-speed DFF simulatiowith 8 GHz clock
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Figure 416: High-speed DFF simulation with 10 GHz clock

4.1.6Clock Alignment Circuit Simulation

The clock alignment circuit has the ability t@ry the delay othe 8 GHz clockrom
0 ps to 125 pswith 18 pstuning resolution.Figure 417 below illustrates a transient

analysis fottheclock alignment circuifor seven different clock phase

Transient Response

—SEL_1 SEL_2 SEL_3 SEL_4 —SEL_S —SEL_6 fout_clk_dI —v Jclk_rx; tran (V)
T
MO(1.156ns, 602.4mV) |
125 o -
M1(1.173ns, 60L.5mV) h
- S
e \
- M2(1.186ns, 601.7mV) .
1o r M3(1.208ns, 601.6mV) ) M6(1.261ns, 603mY)
7 e M4(1.223ns, 601.4mV)
i ™ /|
; $ - i
/ . M5(1.243ns, 601.4mV) /
J | E
) 3 |
5 ! y
75 i 3 i
7 ' i

- / \ ;

z / k /

=

n

7
/M7(1.147ns, 603.5mV)

115 1175 1.2 1.225 125 1275
time (ns)

Figure 417 Clock alignment circuit simulation
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4.1.70n-chip transceiver simulation

Figure 418 shows thebit error output from PRBS checker, where only one error is
plotted at 0.5 nsThe error is caused by the data transmission ddlag.blue and red
waveforns arethe input and output data afetransceiver. Ashown in Figure 49, the

output data eyepening is ra#to-rail with 1.2 V swing

Transient Response

1.75{ JBER

‘fgiv Jout+ Jout-j; tran (V) v (/net053 /net036); tran (V

H
|-
=

Y1 (V)
o

1:0 f i ol
. I

-1.0 HL P IR H f

5.0 10.0 15.0 20.0
time (ns)

Figure 418: PRBS checker output, input and output data of transceiver

Slicer Circuit OUTPUT

Figure 419: Eye-diagram of transceiver voltage output
The overalldynamicpower consumption i2.05 mW, without the PRBS generator

and checkerPower break down of the transmitter and itheeiver is shown in Figure 4
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20.

SR Latch =,
1%

(22.5 pw)

CM Driver
1%
(12.69 pw)

Figure 420: Powerbrealdown

4.2 Layout of Blocks

The layout for the proposed design was completed and submitted for fabrication in

IBM 130nm technology. Each bloc&shownbelow.

4.2.1Hybrid Transmitter

The hybrid tansmitteris laid to be properly matchedith schematic current
performance The main dver and bias circuits layouts are implemenbgddummy
fingers layoutapproachesThe dummy figure israextra transistor put at the end of a
row of fingerswhich can improve symmetrgnd matching by ensuring that all of the

fingers that are used have the same layout environffikatdimensionof the layout
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of thetotal transmitter iS7¢ nby 28¢ m

(b)
Figure 421 Layout of hybrid transmitter

4.2.2Channel

The differential channelsre implemented with M5 metal layeAs shown in
Figure 422, the channel layout has tlzég-sagshape. In order to shield channels,
ground planes are laid out at the bottom layer M4 and top layer M6. The width and
space ofchannés are 1.5 um and 0.4 um. The space is the minimum vadlwe.

dummy channels are implemented the chip for measuring the ahip channel
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characteristics in IBM 130nm technology.

Figure 422: Layout of5-mm onchip channels

4.2.3Current SenseAmplifier

Figure 423 shows the layout of current sense amplifiereséh crossoupled
NMOS transistorsand diode-connected®MOS transistorare laid out withmultiple
finger method.These orange blocks are programmable resistors for matching channel

impedance.
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Figure 423: Layout ofcurrent sense amplifier

4.2.4Slicer Circuit
Figure 424 shows the layout aheslicer circuit The cyarboxis the layout otthe
comparator circuit, which is wethatched in terms of the differential circuitBhe
block at the top of the layout tke offset cancehbtion circuit. Each differential signal
branch has 5 capacitors using for offset compensations. The red box is tlaécB/R
Becausewve did not have access to a stanezatll library inIBM 130nm technology,

the circuit and layout are designeddayselves
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Figure 424: Layout of slicer circuit.

4.2.5High-speed DFF

Figure 425 shows he layout of the higispeed DFF, which has approximate
dimensions of32 pm by 10 um. The multiple fingers are used in order for these

transistors to have same effect on mismatch and temperature vdbation
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Figure 425: Layout ofhigh speed DFF

4.2.1 PRBSGenerator and Checker
PRBS generator and checker are shown in Figt2®, &Figure 427 respectively.
The PRBS generator measures 130 pum by 22 pum. The PRBS checker is
approximatelyl30 um by 60 umThis chip sacrifices large area for PRBS generator

and checker for less testing time consumption.

Figure 426: Layout of PRBS generator.
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Figure 427: Layout of PRBS checker.

4.2.6Clock Alignment Circuit

Thelayout of clockalignmentcircuit is shown below in Figure-28.
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Figure 428: Layout of clock alignment circuit.

4.2.7Test Chip Layout

The figures in this section show the layout of then® onrchip transceiver chip
submitted for fabrication. It includes the poweidgde-coupling capacitorgads,and
electrostatic thcharge protection block3he chiptakesan area of 1mf As shown

in Figure 429, the two sidesf pads use wire bonding process to connect with a
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package. The data output signal, clock signals and duchiaaynel outputs plan to use

probes, because the package can cause large signal loss.

mEs

%E' L Bits hift
% .;

Wire bonding

Wire bonding

TX_CLK RX_CLK

00450 500550

Figure 429. Layout of 5mm onchip transceiver.

Figure 430 is a closeup view of transceiver blockS'he up and down green
boxes are the receiver and the transmitter layouts with PRBS generator and checker
circuits. These two cyan boxes are thecdapling capacitors on the chip. Atrlde
blue box is the 3Wits shift register focontrolling programmablecircuits. The very

large orange area which occupies most of the figure represeaksmaohannels.
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Figure 430: Layout of transceiver blocks with power grid

4.2.8Test Chip Post Layout Simulation

Figure 431, Figure 432 and Figure 433 show thesimulation results using layout
extracted valuef the transmitter and receiver circuils this post layout simulation,
the channel ismRC channel modellhe simulation resuiin Figure 431 shows that
transmitter and receiver layout can work @GiGb/s, and theoutput voltageeye
diagram opening is abodt6 V. At 8 Gb/sschematic simulatignthe eyediagram
opening of outputs 2.4 V. It is evident that the data rate dropped due to the extra
parasitic capacitance and resistance. The most sigttificafluence is from
comparator parasitic capacitance which can slow down the compehaiging and

discharging phases.
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Il n order to I mprove post | ayout resul t s
improved. In terms of schematic, parasit@pacitances need to be added in the
simulation at an early stage with approximate valugsis will give an early
prediction of the performance achievable once the circuit is laid louthe layout,
every wire should be carefully chosen width and leragiith each circuit block should

have guard ring.

(a) 6 Gb/s postayout simulation

Slicer Circuit OUTPUT

(b) 8 Gb/s schematic simulation

Figure 431: Slicer circuit output voltageomparison
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Figure 432: Input and output channelirrents a6 Gb/s
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Figure 433: Inputand output channel currents at 8 Gb/s
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Chapter 5 Measurement Planand
Comparisons with State-of-the-art

5.1 MeasurementPlan

The prototype chip has been fabricated in IBM 180 technology and will be
tested soon. ThBCB testing boarcieedsten I/O pins including three voltage supplies,
three digital inpud, a bit error output, a current bias input atweb ground pinsDummy
channel pads, the data output@nd two clock signal pads are testedobgbesdue to
their highspeed requirements.

As shown in Figure 4, an ArduinoUNO will work as a microcontroller for
giving bits tothe PCB board fothe on-chip shift registerThis shift register holds control
parameters for various aspects of the transceiver, such as offset cancellation and the
tuning of Rs. The 3.3 V voltage supply from the Arduino UNO board is sepditate
three different voltags for powering digital circustcontrolling the reference voltagéor
the PRBS blocks and tuning the clock alignment circite PCB board has a hatror
output Instead of usin@ piece of equipment to implemeatcurrent source, a backup
current source chip is implemented on the PCB hoatiich can be tuned with a
potentiometerAs shown in Figure £, the PRBS checker has the ability to drsignal

out of the testing boarid a 50W scope.
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BITs In Arduino UNO

L___GND __| Designed by Xiangdong VDD 33V
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Figure 51: PCBtestingboard

Transient Response
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Figure 52: Bit error output signal
The testingfor the onchip transceiver willbe stared with DC performance
checking Only voltagesuppliesfor analog and digital circuits will be connected. In order
to monitor the current into the transceiver circthe analog supply voltage will sweep

from zero to \bp.
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After comparing DC measurements with simulation restitts shift register will
be enoded with Arduino digital inputs. The initial bits of the shift regisiezto set B
to 100W, Rr to 200W, the offset cancellation circuit to off statasd the clock alignment
circuit to the first inverter chain optiohe reference voltage for PRBS blocks vl
tuned to 680 mV. Then the probes for output data and clock signals will be landed
properly. Transient measurements will start from 1 Gb/s to 8 Gb/s. Data output and bit
error output will be captured by odoscopes and the power consumption will be
measured.

In terms of dummy channel measurementsait betestedby s-parameter and

pulse response. A network analyzer and pulse generator will be used for theese test

5.2DC Measurements

Figure 53 shows the measured quiescent currenth@tanalog voltagesupply.
During the measurementonly the analog voltage supplypowered the chip
Measurements show reasonable agreement with the simulation result. Hothever,
testing quiescent currents are slightly smaller than the simulation result, because the

parasitic series resistance can reduce the current value.
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- Schemalic Simulation

Post-layout Simulation

Meaasurament PCE-1 S
——Maasuwement PCB-2 !

Quiescent Current [A)

0.2 0.4 0.8 1 1.2

0.6
Analog Vohage Supply (V)

Figure 53: Quiescent current performance of analog voltage supply

Figure 54 shows the measured gsient currents ofhe digital voltage supply
while only the digital voltage supplpowered the chipTesting quiescent currenare
largerthan simulation resuliThe etra currentis consumed by components on the PCB,

such as voltage regulataadoperational amplifiers.
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Schematic Simulation
Maasurement PCE-1
Measurement PCB-2

Cudlescent Current (A)

1.3 132 134 138 38 1.4 142 1.44 146 148 1.5

1.
Digital Voltage Supply (V)

Figure 53: Quiescent current performance of digital voltage supply

5.3 Comparisons with State-of-the-art

Table 1 showsomparisos between this work and several statehe-art designs

[1],[2], [6], [12], and[13].
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Tablel. Performance Comparison Table

[1] [2] [6] [12] [13] This work
Technology (nm) 65 nm 65 nm 28 nm 90 nm 28nm 130nm
Signaling Scheme CM VM+CM VM C%p;ﬁl/ce:gve C%}:;ﬁl/cgzve VM+CM
Data Rate (Gb/s) 3 9 20 2 8 8
Supply Voltage (V) 0.9 1 1 1.2 0.9 1.2
Channel loss 23 dB 9dB 10.7dB -- 32dB 19 dB
Channel type On-chip Off-chip On-chip On-chip On-chip On-chip
. 5mv, 2mvV,
Output channel swing 100 A 40 mV -- - - 60EA
Energy efficiency 0.362 0.59 0.3 0.28 0.15 0.256
(pJ/b)
Power consumption 4 4aq 5.31 6.1 0.56 1.2 2.05

(mW)

5.3.1 Comparing with [1]

As shown inTable 1,the designhas less power consumptiolnut the energy

efficiency is worse In the proposed design, the VM pesmphasisdependson the data

transition as shown in Figure-5. After 2 Ul, the preemphasiscurrent is lesshan 10

mA, which is much smaller than the constantenephasis curreni [1].
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Transient Response
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Figure 55: VM pre-emphasis current simulation

5.3.2 Comparing with [2]

The main differenes between[2] and the proposed desigare the control
methodology of VM preemphasis currenand the receiver implement approadine
proposed design can tune tbetput of VM driver without large storage capacitor-on
chip.[2] targetsan off-chip channel which haswer channel loss. In terms of the energy
performance, our design has better energy efficieHowever, ] has higher data rate, 9
Gb/s. Overall the less area occupationand better energy efficiency are timeain

advantageof the proposed design.

5.3.3 Comparing with [6]

[6] introduceda very highspeed and efficientfbchip transceiver with single

ended signaling approaclas shown in Figure-6. Comparing it with the proposed

76



design,both designs implement impedance matching resistor at the inpetesvers and
neither transmittehasimpedance matchingircuit. Due tothe advanced technology,
relatively low channel loss and good sampling performance at the receiver circuit, [6] can
work with 20 Gb/s. In order toeduceripples on the voltage of s®ler circuit, a large
stored capacitanc€cw is usedat the receiverTo achievethe highspeed data rate, the
inverterbasedreceiveris dependent ot r an s i st andladge stsrgdecapdcitor.

Therefore, the performance is difficult to reprodugth the 130 nntechnology.
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Figure 56: Transceiveof [6]

5.3.4 Comparing with [12], [13]

Both [12] and [L3] are capacitivedriven transmittes by using @ AC-coupling
capacitorto conduct lowswing currents with premphasis transitions into a chanrigie

data rate of 12 is lower thanthe other two designslue toits longer channel.13] has
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same data ratasour design, antbwestpower consumptioamongthe three However,

by taking advantage of advanced technology, it is possible to build up higterate
and reduce to lower power dissipation undemr onchip transceiver schemd-or
examplewe could reduce the M4 size inlatesttechnology aswe can seén Figure3-

13, for reachingthe same transimpedance gain of the cursenseamplifier circuit. In

130 nm, we need to uselarger overdrive voltage to get the required conductance.
However, the overdrive voltage can be smaller for the same conduatahe@dvanced
technology. Reducing the supply voltage for the same driving cugrai® an excellent

alternative taeduce power dissipation.
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Chapter 6 Conclusionand Future
Work

The thesisintroducedan energyefficient onchip transceiver schenwith 1.2 V,
130 nm CMOS technologyThe presented hybrid transmittepntainslow power
consumptiorandeasy control methodology his desigrallowsthe onrchip transceiver to
work at low power consumption and high data rate. Thehyn channel modeis
designedo give you a better understanding about lmmachip channeperformsin real
life. With regard to the receivegurrentsense amplifieiis impedancematchedwith
parallel resistors for achieving higher data réteompensation schemes is also adapted
to the comparatomwhich is based on the capacitive offset cancelladjgporoach. PRBS
generator and checker are implemented. It sldel€hip area for testability unfortunately,
but it doessave the testing time and budgets. The custom-$pgled DFF is used for
PRBS generator and checlasr the higkspeed requirementn practice, the clock signal
on chip is not ideal. A programmable clock delay block is designed for delivering the
clock to transmitter and receivéihe layout of the transceiver in IBM 130nm technology
is alsopresented in this thesi$he chip will be testtwhen testequipment isavailable.
The performance shows that it operates at 8 Gb/s over a 5 mm differential channel. The
overall dynamic power consumption is 2.05 mW, without the PRBS generataf
checker.

Future work for this projeatan be done in thiellowing areas:
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The termination approach at the receiver can be recoadigéen the
main goalis toreducethe power consumptioof thecurrent sense amplifier
while keepinghe same data rate.

The hybrid transmitter can be reinvestigated for controllihg pre
emphasis amplitude and time constseparately

The proposed design cdpe reinvestigated with a soursynchronous
system in order to convey a clock signal properly aligned withdtta
sequence

The onchip transceiver can by designed with longer chanbgladding
extra repeateblocks

In terms ofa compact transceiver desigtie proposed transmitter can be

implementedor asingleended system.

8C
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