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High-speed-I/O Future trends

Trends in IC bandwidth

Pin-bandwidth bottleneck
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Growth Rates of Performance and BWGrowth Rates of Performance and BW

C: Performance, N: Number of grids, f: frequency

B: bandwidth needed for the performance

1.68/year 1.26/year 1.33/year

Bchip: Maximum obtainable bandwidth

1.44/year

B = kCα

C ≡ N × f

α ≈ 0.7 (typical)

Bchip = Bpin × N pin

1.25/year 1.20/year 1.04/year

(Rent’s law)
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Trend in BW DemandsTrend in BW Demands
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Implication of PinImplication of Pin--Bandwidth BottleneckBandwidth Bottleneck

Before bottleneck

Data rate per pin does not have to be maximized

After bottleneck

Pin BW is not the primary concern

Pin BW can be the most significant bottleneck 
Both the pin data rate and the number of pin 
should be maximized

Need continuous improvement in circuit 
topology 
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Background

Circuit solutions for bandwidth bottleneck

High-speed-I/O Future trends

Trends in IC bandwidth

Pin-bandwidth bottleneck

Clock recovery scheme

Receiver and transmitter front ends

Multi-Gigabit, Multi-bit I/O applications
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HSIO Application (@late 90HSIO Application (@late 90’’s)s)

Mesh Link
R：Router
N：Node

R R

R
N

N

R

Cable (5-20m twisted pair)

High-speed link

Multi-processor server

N DRAM

MPU

I/F chipSwitch chip

High-speed link for server and storage

2.5GByte/s/direction（1.25Gb/s x 2 Byte x2）
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IssuesIssues（（@late 90@late 90’’ss））

Multi-Gb/s, multi-bit, multi-port link

Parallel link

- Need per-bit de-skew
- Many transceivers

(126TRX/chip)

High data rate
- 1.25 Gbps/signal/direction

Clocking

- Should allow 100-ppm
frequency deviation

- 7 clock domains

Use both PCB and cable
- 1.25 Gbps@5m

- Needs equalization
- 625 Mbps@20m

- Amplitude control
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Clock RecoveryClock Recovery

Incoming
NRZ data

clock

1 0 1 1 0 1 1 1

Retimed data

Recovered clock

Incoming data

Means to track the input phase needed

Phase
detector

Phase
generator

Use feedback from phase detector to phase generator

How to build
- Phase detector
- Phase generator
- Feedback path
for multi-bit link

issues

Binary decision

Feedback
path
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BangBang--bang Phase Detectionbang Phase Detection

D(n-1) B D(n)
D(n-1) B D(n) phase

0 0 1 early
0 1 1 late
1 1 0 early
1 0 0 late

Data-decision 
clock

Phase-decision
clock

0101
Pattern

Clock

Data

Clock-phase extraction from 0101 pattern

Phase extraction from data

phaseEdge
0
1

early
late

Edge
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Linear or BangLinear or Bang--bang?bang?

Linear detector

Bang-bang detector

Well-defined Gain and loop behavior

May have systematic phase error

Can use the same decision circuit for both the 
data decision and phase detection

No systematic phase error

We chose bang-bang detector for our link

Output compatible with logic circuit 
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Clock Recovery for MultiClock Recovery for Multi--bit, Multibit, Multi--port Linkport Link

Early/Late
signal

Decision circuitClock line

Phase adj

Phase adj.

Phase adj.

Data lines
Phase adj.

Phase adj.

PLLData lines

Boundary
decision

Data
decision

Clock forwarding Per-bit clock recovery

PLL
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Clock Recovery for Multiple Clock DomainsClock Recovery for Multiple Clock Domains

Can we place many PLLs on a single chip?

PLL-1
PLL-2

PLL-n

PLL-0

Concern: interaction through injection locking
VCOs run with different frequencies (∆f~100ppm)
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Phase Generation by interpolationPhase Generation by interpolation

θ

φ0

φ1

φ0b

φ1b

θb
1-x

x

Phase mixer Comparator

Generate phase by weighted sum of reference clocks

Weights are controlled by DACs
No oscillator, thus no injection locking

cs(t)sn(t)

(1-x)sn(t) + x cs(t)

Time

Works as a digital-to-phase converter
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Phase Interpolator in 0.11Phase Interpolator in 0.11µµm CMOSm CMOS
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PhasePhase--control Feedback Loopcontrol Feedback Loop
Feedback path is composed of logic circuits in 
parallel-data clock domain

Front-end

Front-end

DEMUX

DEMUX

PDC Digital
filter

Phase
interpolator

Data channel

Boundary channel

PDC: Phase-to-Digital
Converter

Parallel-data
clock domain

Serial
input

Parallel
data

Reference clock

Phase code
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SecondSecond--order Feedback Looporder Feedback Loop

+ PDC

PI

-
+Incoming

data

Recovered
clock

g2

g1 + +
FREQ PHASE

Two registers that store frequency and phase errors

No tracking error for static frequency difference
Equivalent to second-order PLL
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FrontFront--end Comparatorend Comparator

Amplifier or regenerative latch

gm

gm

gm gm

n-stage amplifier

Regenerative latch

τ ≅ nRLCL = nAτ 0

∆V = ∆V0 exp (A −1)t /τ[ ]

τ latch =
τ

A −1
≅
τ
A
= τ 0

RL CL

RL CL

RL CL

RL CL

Regenerative latch is faster for a given technology

A ≡ gmRL , τ ≡ RLCL , τ 0 = CL gm
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StrongStrong--ArmArm--Type Decision F/F CircuitType Decision F/F Circuit

Time [nsec]

0.0

0.6

1.2

0.1 0.2 0.3 0.4 0.5

0.0

0.6

1.2

0.0

0.6

1.2

Clk

DIN

Master F/F 
output

Slave F/F
output

VDD

DIN DIN
Clk

DOUT

Master F/F Slave F/F 

Schematic Waveform
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Example of CMLExample of CML--based Comparatorbased Comparator

40Gb/s PRBS 223-1 (BER < 10-12 )

Aperture time compatible with 40Gb/s signal
Operate with 10-GHz reduced-swing clock

Sampler

Regenerator

In

clk

clk

Out

Output eye diagram
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10Gb/s Rx Front end and DEMUX10Gb/s Rx Front end and DEMUX

10 Gb/s

8

16 bit,
622 MHz

16
Decision 1

Decision 2

Decision 3

4-
w

ay

1/4

θ1           φ0

θ2           φ1

θ3           φ2

θ0           φ3

16
32

DATA(BDRY)
32 bit,
312 MHz

Decision 0

DCODE
(BCODE)

φ0
φ1

θ0 θ1 θ2 θ3PI

φ1
φ2

φ2 φ3
φ3 φ0

Integrating Sampler Decision Circuit 16-to-32 DEMUX

φ1

φ2

φ3

φ0

622 MHz

312 MHz

Dynamic NORs
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10Gb/s MUX10Gb/s MUX

Out
10 Gb/s

φ0         φ1

φ1         φ2

φ2         φ3

INV.NOR

φ3

Main

Pre

φ0

16

16

select
control

4-phase 2.5 GHz
φ0-φ3

clock
312 MHz

32 bit,
312 MHz

upper 16

lower 16

4-to-1 MUX

data

selectors

4-to-1 MUX

INV.NOR

4-way
2.5 GHz

1-UI-delayed data

Output stage32-to-4 MUX
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Evaluation board

Socket

10Gb/s I/O pins

High-speed monitor 
signal pins

Control pins

XFI(ASIC) eye template

10Gb/s Transmitter Output Waveforms10Gb/s Transmitter Output Waveforms
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Need to compensate for ISI due to signaling media

•Tx: Pre-emphasis 
•Rx: Equalization

Tx

Rx

No opening in
eye patterns

InterInter--symbol Interference (ISI) Compensationsymbol Interference (ISI) Compensation
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SecondSecond--order equalizerorder equalizer

Transfer frunction : 
H(s) = as2 + bs + c

Input

Pre-filters Variable gain amplifier

Gain control

Linear 
combiner

Outpu
Σ

S

S

S

1

1 1

aa

bb

cc

OffsetOffset
cancelcancel

inin

outout

VbVb VbVb
Vc1Vc1
Vc2Vc2

inin outout inin

outout

inin outout

“1” Flat gain over the signal BW “S” Differentiator
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Transmitter Equalizer (FIR filter)Transmitter Equalizer (FIR filter)

Input

Output

z-1

z-1

z-1

A1 A2 A5

MUX

MUX
MUX

1-bit shifters
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Effects of EqualizationEffects of Equalization

after 30m cable
(w/o Tx equalization)

after 30m cable
(with Tx equalization)

output of Rx equalizer
(w/o Tx equalization)

Tx Rx30m cable

6.4Gb/s Transceiver with Tx FIR filter and Rx equalizer
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36883688µµmm

13601360µµmm

PLLPLL

88--ch. Rx arraych. Rx array88--ch. Rx arraych. Rx array

Example of Macro LayoutExample of Macro Layout

Parallel out Parallel In

PLLPLL
44--ch. Tx arraych. Tx array44--ch. Rx arraych. Rx array

3.125Gbps x 4ch3.125Gbps x 4ch

XAUI
Tx + Rx

2.5Gb/s
16-ch Rx

13601360µµmm

22802280µµmm
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2.5Gbps x 72bit
780Mbps x 44bit

2.5Gbps x 128bit

Area: 14.962mm-sq
Core logic: 7.5Mgates
Package: FCBGA1225

Area: 16.283mm-sq
Core logic: 9Mgates
Package: FCBGA1089

16ch Tx

16ch Tx

16
ch

 T
x

16
ch

 T
x

16ch Rx

16ch Rx

16ch R
x

16ch R
x

core logic
9Mgates

Rx (16-ch.)Tx (16-ch.)
Tx (4-ch.)

Rx (4-ch.) Tx (16-ch.)

Rx (16-ch.)

780M
18ch Rx 

780M
18ch Tx 780M

4ch Rx 

780M
4ch Tx 

0.18um0.18um0.18um0.18um 0.11um0.11um

3.125Gbps x 96bit

Area: 16mm-sq
XAUI(4x3.125Gbps) x12ports
Package: FCBGA728

SystemSystem--level evaluation donelevel evaluation done

ASICsASICs using Highusing High--Speed I/O MacrosSpeed I/O Macros
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Power Consumption Power Consumption （（in 0.11in 0.11µµm CMOSm CMOS））

Tx channel 137 mW / channel
Rx channel 129 mW / channel
PLL 15 mW
5-GHz buffer / etc. 75 mW

311 mW/ch

10Gb/s transceiver (4-ch Tx, 4-ch Rx)

Tx channel 150 mW / channel
Rx channel 90 mW / channel
PLL 90 mW

255 mW/chPower per transceiver

Power per transceiver

6.4 Gb/s transceiver (12-ch Tx, 12-ch Rx)
(with 5-tap Tx FIR filter＋Rx equalizer)
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High-speed-I/O Future trends

Trends in IC bandwidth

Pin-bandwidth bottleneck

Clock recovery scheme
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CMOS HighCMOS High--speed I/O Speed Predictionspeed I/O Speed Prediction

2. Transmitter unit interval

1. Clock period

- Minimum period Tmin：８x（FO-4 delay） for FO4 inverter chain

- Minimum unit Interval: 1x（FO-4 delay）

3. Receiver unit interval
- Minimum unit interleave: 1 x（FO-4 delay）

4. Overall performance

- Should use multi-phase clock

- Minimum unit time 1x（FO-4 delay） feasible

* IEEE Micro, January/February 1998, 
pp12-pp24

- Limited by clock tree bandwidth
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Speed Estimation for 0.11Speed Estimation for 0.11µµm CMOSm CMOS

Bit time (UI)Bit time (UI) 1 x FO4 delay1 x FO4 delay

CMOS LogicCMOS Logic
Clock periodClock period

TxTx bit time (UI)bit time (UI)

Rx bit time (UI)Rx bit time (UI)

16 x FO4 delay16 x FO4 delay

1 x FO4 delay1 x FO4 delay

chipchip
locallocal 8 x FO4 delay8 x FO4 delay

co
m

po
ne

nt
s

co
m

po
ne

nt
s

4 x FO4 delay4 x FO4 delay
totaltotal 1 x FO4 delay@41 x FO4 delay@4--wayway
latchlatch

@0.11um@0.11umItemItem Minimum 1UI valueMinimum 1UI value

610 610 psps

300 300 psps

150 150 psps

40 40 psps

40 40 psps

40 40 psps

1UI1UI

signalsignal

TotalTotal
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Optical or Electric?Optical or Electric?

Back plane (FR4 model)
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ConclusionsConclusions

Exponential growth in CMOS IC performance 

High-speed I/O emergence was inevitable

Limitation in exponential trend

Cannot sustain the exponential growth forever

Need new wiring topology for high-end extreme

Low power, ease of use, etc required for low end

A big picture needed to decide what to do now
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Backup SlidesBackup Slides
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Injection lockingInjection locking

Well-known phenomena in oscillators

Analysis methods

Oscillator is synchronized with an injected clock signal if 
the injection frequency is close to the free running frequency 
of the oscillator  

Adler equation (R. Adler, Proc IRE, vol34, p.351, 1946)

non-linear perturbation analysis（A. Demir et al, IEEE Tans.
Circ. And Syst. -I, vol.47, p655, 2000)

dθ
dt

=ω0 +
ω0

2Q
Ainj

A
sin θinj −θ( )

dθ
dt

= εγ(t + θ(t))n(t)
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FirstFirst--order feedback looporder feedback loop

+ PDC

PI

-
+Incoming

data

Recovered
clock

+

PHASE

g Recovered
code

Phase error is integrated into the phase register

No phase error for static phase error (skew)
Tracking error for dynamic phase error (i.e., 

frequency difference)
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OpenOpen--loop Gain of Secondloop Gain of Second--Order LoopOrder Loop
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Sampling Function CalculationSampling Function Calculation

t=0

Σ

Offset
Control

δ(t −T0)
Ideal sampler

ε ⋅δ(t − τ)
In

Voffset (τ )

Dout (τ)

Dout (τ)→ 0

S(τ) =
Voffset (τ)

ε

+
−

Input referenced 
sampling function
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Sampling FunctionSampling Function

Out(t) = h(t,τ)In(τ)dτ
−∞

t

∫

Out(T0) = h(T0,τ)In(τ)dτ
−∞

T0

∫

= S(τ)In(τ )dτ
−∞

T0

∫

S(τ) ≡ h(T0,τ)

In(t)

S(t)

Clock signal rises at t=0 and output observed at t=T0

clock

Out

Outx
In

Inx

t=0 t=T0

Sampling functiont
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Sampling Function ExampleSampling Function Example
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20 50 80 110 140 170 200
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Clk Clk
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CML latch


