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Why 100 Ghls?

Twenty's
Plenty &

N 2. o Ty
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Network traffic growth (from IEEE802.3 HSSG)

* Increase of the network traffic capacity

Relative Annual Invest is expected to exceed Moore's Law.

4 Etfort Further installation of

* Forecasts expect 10 fold in 4 years
currently used technology

— Factorof 100 in 8 Years
Further installation of currently

used improved technology * The traffic of today would be only

1% of that traffic which is expected
in about 8 years

= Network build up for this demand

Installation of
advanced technology

= Need for high-speed interfaces
at 100 Gbit/s or later on at 1 Thit/s

in the future networks
o
Capacity, Time, Scalability = TE{:hangIEE! hreakth_mugh is required
for cost effective solutions
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Network traffic growth (from IEEE802.3 HSSG)

* Increase of the network traffic capacity

Relative Annual Invest is expected to exceed Moore's Law.

4 Etfort Further installation of

* Forecasts expect 10 fold in 4 years
currently used technology

— Factorof 100 in 8 Years
Further installation of currently

used improved technology * The traffic of today would be only

1% of that traffic which is expected
in about 8 years

= Network build up for this demand

Installation of
advanced technology

= Need for high-speed interfaces
at 100 Gbit/s or later on at 1 Thit/s
in the future networks

= Technological breakthrough is required

Capacity, Time, Scalabili i i
apacity, Time, Scalability for cost effective solutions

Technological breakthrough demands a Ieap |n serlal data rate
o= = P-niien - - T-Systems o
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What are the applications?

Those that have demonstrated the need for bandwidth beyond existing

capabilities:
*High performance computing
*Video-on-demand delivery
Blade Servers Rack Servers Pedestal Servers
*Data center
*Internet exchanges

*Metro: over 40km of SMF

1m over a backplane 10m over copper cables 100m over OM3 MMF

_ for inside-the-chassis for switching within a to connect systems
% communications server rack or row across the data center
o
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What are the applications?

Those that have demonstrated the need for bandwidth beyond existing

capabilities:

*High performance computing

*Video-on-demand delivery

Blade Servers Rack Servers Pedestal Servers

*Data center -
| i
ARHAR

sMetro: over 40km of SMF -

1m over a backplane
_ for inside-the-chassis
| % communications
_#m

*Internet exchanges

100m over OM3 MMF
to connect systems
across the data center

UrsT

10m over copper cables
for switching within a
server rack or row
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Possible systern architectures (R.H. Derksen et al. CSICS-07)
*107Gh/s serial OOK

*QOptical modulator not available

+OK now over 10m of coaxial cable
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Possible systern architectures (R.H. Derksen et al. CSICS-07)
*107Gh/s serial OOK

. . 53.5 Gbls In-phase (1) 1O.I\l%!)krlgI 13%?
*Optical modulator not available o 0 g Do xrn o )
. 3 L L\ R,\ Swich{Swich  Raman Ramen
*OK now over 10m of coaxial cable Y | @
e | D 50p

-54GBaud/s= 2*54Gb/s RZ-DQPSK he | T R |

7\0CF - 7\DCF
i il

1548 1952 156 1560 a1 il - ( o
m Demux ?’_TL‘J:L__TM \ ’M@-}M‘@-’—DGEV

BERT | Variable

(13,375 Gbls) —— ‘a E: / Postcomp Raman Raman

Clock recovery  AWG Demux

*More power, still fast electronics

*QOptics OK

Back-to-back 2000 km
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Possible systern architectures (R.H. Derksen et al. CSICS-07)

*107Gb/s serial OOK
. . 535 Gbls In-phase (1) mN;!DhF 15%?
*QOptical modulator not available 7 gso BEmEOm o )
L5, g g
. \ \ Switch Smtch Raman Raman
*OK now over 10m of coaxial cable gy 5 Qe ), o
‘ e | DA w A/ Loop
254GBaud/s= 2*54Gh/s RZ-DQPSK Jhe | T M M| e e
1508 1550 1556 1560 1 i " ‘gf\|DCF ﬁ'r\iDCF
*More power, still fast electronics D] G E R
Backivback 2000 km Clockreonvery  AWG Demux
*Optics OK (©) DSA72004
. . _ 0° % 'D‘ _@ e Post-processed on PC
227GBaud/s = 4*(27Gb/s) Polarization (X yb | 90° I EBIBAE
LO fpC = ’{>"$ X90° % = =
Multiplex QPSK —\J¥H pc o IR E
[ e c— % ] -
+4x 5-6bit, 54GS/s ADCs and DSP WOl 4 D HE ksl S [] S ™
5 ‘% S0Gs/s Storage Oscilloscope
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100-Gbls Serial Transceiver

should consume less 5% 10 Gb /s

100 Gb/s power and cost less than 5 45 Gp/s.

3W, $250
...... 1.‘.?92‘.’(? +10-GE CMOS transceiver
L rasee T 0.8W from 1.2 V and < $50

100 Mb/s

Ethernet Data Rate

1980 1985 1990 _ 1995 _ 2000 _ 2005 2010
Year

|
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100 Gb/s

100-Gbls Serial Transceiver |

3W, $250

should consume less
power and cost less than 5 , 14 /gt

5x 10 Ghls ..

........ i T100GDb/s| o10.GE CMOS transceiver
; : ; : r
o ; ; ; ; ;
Sl 0Gbss 0.8W from 1.2 V and < $50
S 1Gb/s
® .
E ................................................... 40+ Gb/s SiGe-HBT ICs too power
m n n
c 100 Mb/s
E R RRIRRR ISPt SLLLLEN CIEIEE SR hungry and 3.3V supply
Ww | 10 Mb/s:
1980 1985 1990 7995 2000 2005 2010
Year
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100 Gb/s

100-Gbls Serial Transceiver

3W, $250

should consume less
power and cost less than 5 , 15 5p/g!

5x 10 Gb/s .

Us/T
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........ i T100GDb/s| o10.GE CMOS transceiver
; : ; : r

° ; ; ; ; ;
Sl Gbe s 0.8W from 1.2 V and < $50
‘E 1Gb/s ]
E ................................................... 40+ Gb/s SiGe-HBT ICs too power
m " "
c 1 100 Mb/s
E R R REN LS5 CTERL SILILEE SR hungry and 3.3V supply
W | 10 Mb/s: ..

P T el .;Need Iower Supply Ioglc Wlth fewer

pose s and lower tail currents per gate
Year
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What are the options?

sLow-voltage (sub-2.5V) BiCMOS logic with 300-GHz HBTs

1.2V 45-nm GP CMOS CML logic without current source
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69-nm LP n-MOS vs. SiGe HET

BipX 3x0.130x2.5um? —O—f, —@—f _ —X— NF__

COB5LP 10x(9x0.062x1.0um?) —O—f, —W—f _ —*— NF,_
350 LI | ' ' LA L L L L | T ¥ T T rrr T T T
a0g | Vee = Vos =12

(dB) @ 40 GHz

NFmin

O -~ N W & O OO N ©@©

./ Lz [HBT] & I, / W, [NMOS] (mA/um)
[P. Chevalier et al. CSICS-2006]

= Comparable high frequency performance
» Only difference: g /I (Gain/l), V. => HBT wins in

! swing

‘?‘ dynamic range = length of data link

UrsT
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GP vs LP 65-nm CMOS

Ill| T T lllllll T rrrrrm 200

65nm GPLP CMOS 7
. b w
sGP 30% faster than LP and Em 150 | 1505
> i >
(&) (&)
= =
300mV lower V , => lower 2 I ] 5
8100— 100 1008
& 1 0 ] &
power! o] 1 1 ] &
(@] (@]
5 S0 o—oapsvr]®® [ 15
($) — GP-HVT ] J ($)

— — LP-SVT J

» l—‘ LP-HVT T ,M .

g o8 o T 9 0.007 0.01 0.1 1°
Vs (V) Ioe/W (MA/um)
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GP vs LP 65-nm CMOS

.................... T rrrr—r—rrrrrm 200

{150

oGP 30% faster than LP and

300mV lower V;,=> lower

100 -

power!

N
CUTOFF FREQUENCY (GHz)

CUTOFF FREQUENCY (GHz)
>
=)
T

Sor o—oap-svT | [ ]
—— GP-HVT | ]
oPeak f_at 0.3 to 0.35mA/um —lpavt] | y ]
Sy e VT R ¥ E— 1
Vge (V) Ioe/W (MA/im)
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GP vs LP 65-nm CMOS

.................... T rrrr—r—rrrrrm 200

-
(21
(=

o
CUTOFF FRE8UENCY (GHz)

oGP 30% faster than LP and

300mV lower V;,=> lower

100 -

power!

(3]
o

50 4150

CUTOFF FREQUENCY (GHz)
o
=)

sPeak f_at 0.3 to 0.35mA/um

[l . [l 1 1 1 ||||I Il [l 1 1 ||||I [l
B 06 08 1 19 oom 0.01 0.1 1
Vg, (V) I_g/W (mA/um)

VT variation is large but

mostly irrelevant
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GP vs LP 65-nm CMOS

oGP 30% faster than LP and

300mV lower V;,=> lower

power!
sPeak f_at 0.3 to 0.35mA/um

VT variation is large but

mostly irrelevant

af_l_ and f mcrease with V

{150

N
CUTOFF FREQUENCY (GHz)

=
I
G150 150
=0
(&)
=
w
u ] [
a100f 100 |
wl J B
0
L
[T
L B - B
O 59 450 |
=~ 0—0 GP-SVT | I
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f +—e LP-HVT . I | |
gt o " oe TN o.001 0.01 0.1
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250 [ 250
200} 4200
< | 1 =
510 S - 41505
x| -7 3
«= 100} ++GP SVT: fy v 110042
o F — LPSVT:f, ]
i — LPSVT:f,,, 1
S0r Vs set for I /W = 0.35mA/um 1°0
[ "80x65nmx1um n-MOSFET, 1-side gate contact
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
% 02 04 06 08 1 12 1%
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FET/HBT small-signal circuit including degeneration

RG(B) ng(bc) D ( C)
—~WA | o
G(B)
gs(be)eff= T Vix <'> B et ¥ 1 Soett T Cavees
o S(E)
aRs(RE) InCIUded In RG(B)’ gmeff’ goeff’ fT and Cgsefflcbeeff

aZin I:l R9+RS - jle(fgmeff); gmeff = gml(1 +ngS)

oIn 300-GHz SiGe HBTs g R_=3.5=> built-in feedback, stable over T
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2-MOSFET stack topologies (s. Voinigescu et al. CICC-05)

V,, (15V)

I * ° QUT
o OUT

TAp M M4 E j}ﬂﬁ

TA N |_|
A_
o—| M1 M2 |—o
CLK P . CLK N
1 ITAIL
Ve °—||: 0.2V

oNeed V_ > 0.5 V to operate at 40+ Gb/s => remove current source

*
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2-MOSFET stack topologies (s. Voinigescu et al. CICC-05)

V,, (15V)

409

100pH

° OUT.

1 OUT P

qj—iﬁ I

T jM6OOUT_ I gy LM5 — 3

T
\TA_P o] 30x1|1mj|— |:30xlpmj= JOULN,
LVT

LVT
\TA No
o—][, M1 M2 |}l—o B X Y
CLK P ® CLK N M1 M2

1 Lan CLKSP_l 1 IBIAS BIAS 1 I_COLK_N

Vo °—||: 0.2V
30x1pm J_ 30x1pm

3 HVT = HVT

oNeed V_ > 0.5 V to operate at 40+ Gb/s => remove current source

&/, of data FETs determines V__ of clock FETs => LVT + HVT

FHEE
F | ke
; A! =

UrsT
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High-speed, low-power BICMOS latch (E. Laskin JSSC-Oct. 06)

V. (3:3V)

®
CLKP OouT

CLKN

W g
"l "l L

*HBT ECL
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High-speed, low-power BICMOS latch (E. Laskin JSSC-Oct. 06)

V.. (33V)

: 1Y LT it

R A

o L el )| HR

CLKP LE/'_JE';( OUT -—“_ | [{ |_|
; 4411 T8
Vool R o /

il | 1M
sHBT ECL to BiCMOS CML 0.3 mA/um
23.3Vto 2.5V and reduced number of tails
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High-speed, low-power BICMOS latch (E. Laskin JSSC-Oct. 06)

V. (33V)
R T
L e ) | R

.}1_ I+1 I,

OUT r
CLKN d_,,_ . [{ -
g’ Fo¥o l g

sHBT ECL to BiCMOS CML 0.3 mA/m
3.3 Vto 2.5V and reduced number of tails N
*1.8 V (lower power) at same speed
( P ) p CLKZ_|
® 0.15 mA/um
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High-speed, low-power BICMOS latch (E. Laskin JSSC-Oct. 06)

V. (33V)
R T
L e ) | R

OUT '
CLKN d_,,_ . [{
g’ 20 O l

1 1 1 M
*HBT ECL to BiCMOS CML 0.3 mA/um
3.3 Vto 2.5V and reduced number of tails N
*1.8 V (lower power) at same speed CLKZ_l M,
s|nductive peaking to increase speed

0.15 mA/pm
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Quitline

*100GE fundamentals

*Design methodology

290-Gh/s half-rate transceiver
*100-Gh/s full-rate transceiver blocks

*Round-up

% Sorin Voinigescu et al., CICC-2007, September 18th, 2007
T )

27



GP 65-nm CMOS scales as expected

Future node performance is easy to 200 T

SOl 10x0.09x2um | |
predict from Dennard'’s 1974 constant- _ >/ < AT

150 | 10x0.09%2um "

field scaling egns.
E
All MOSFETSs (from all foundries) are 2100r _
o 110x0.13x2,m
practically the same. _ | Z
50 10x0.18x2um|
I 1
T 1 T S
20.15mA/um to 0.45mA/um is the | 1X0.25x10um"
I
. B‘::..I....I....IY.I....I....
recommended bias range 0 01 02 03 04 05 06
I,s/W (MA/m)

Sorin Voinigescu et al., CICC-2007, September 18th, 2007 U‘f‘T
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Scaling of inductors to 100+GHz

»f->fxS, S=scaling factor, f = operation frequency

*W->WI/S, W= stripe width
»|->1[S, |=total length of inductor winding

»d->d/S, d=inductor external diameter

2 davg-> davng, d = inductor average diameter

» h-> h/S, h=dielectric thickness

s t = constant, t=metal thickness
- 4

|
E Sorin Voinigescu et al., CICC-2007, September 18th, 2007
fL'J.ﬂ_‘v ‘I'k_r-t-.%

29




Frequency scaling equations of inductor Temodel

2

d
2| Yavg
< 6“0n2d§vg —- |_N6IJOn _ S _
11d—7d, 3~
g S 147 %
S
1 or, €on Co_11WEx
Co=p W=7 =P 5 72s5Sh
S
C 2
C,=nW* CU i —pzn(W) o
hM9—M8 S S hM9—M8
S
1 1
SRF ~ ) SX SRF=
211/L(Co+C,) , \/L(cox+cp)
* "S5 s

JT
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Scaling of inductors to 100+GHz (i

Outcome

@ Sorin Voinigescu et al., CICC-2007, September 18th, 2007 [ ‘EFT
‘\. "j wﬂk_:a ._%

*|nductors/transformers can be as small and inexpensive as transistors

*As in MOSFETS, series resistance does not scale

|
P3 Pq
_pl _S R,.= O
W RDC_Wt ) Ws 1_exp(__)
S S
5=
nfuo
wXSL
*The peak Q value remains the same, 0= S wl
with PQF at fxS RoctRuc RogHRyc

*
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Inductor and interconnect model

*44-pH inductor for the oscillator tank
*Shunted metals for low loss

*Designed using ASITIC, SRF > 400 GHz

™! Tiwad™ 17

ing (E. Laskin RFIC-07)

metal 6 +
/ alucap

SR

metal 5

% Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Inductor model verification through 94 GHz

/70 /- 14
60 ® // ; 12
+ 50T > oo000000003+ 10 — 0 Q
v . ° - = =—°O0QR
O: 40 8 _g - 00O L
T e
= 6  — 2-pi model
- 4 * measured
O asitic
2
0

0 50 100 150 200
Frequency (GHz)
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Key design methodology ideas
*Bias at constant current density to minimize PVT in nanoscale CMOS
*Avoid stacked-FET topologies to reduce impact of VT variation.
Trade off bias current with inductive peaking to minimize tail currents
sUse analytical equations for 1st. cut design of all circuits
*Add gate resistance to digital CMOS model
sLayout in nanoscale CMOS is >> important than schematic

JaT]

% Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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cxample:

V,, (1.2V)

400

100pH

M3 M4

DATA_P o[ 30x1pm )—|

LVT
DATA No

X

CLK P 1 I
°_| BIAS
30x1pm
HVT

sMinimize footprint by merging transistors in diff. pairs, latching quads

Sorin Voinigescu et al., CICC-2007, September 18th, 2007 35




Hierarchical breakout of cell for parasitic extraction (ii)

VDD (1.2V)
4002
100 I

100pH
100pH
P ? ? OUT P
l 1 OUT_P ¢ * o
® o M3 M4 M5 M6
M3 M4 I_-I{VIS M6 o_l I_ OUT N
OUT_N \TA P 30x1 um:| 30x1 um:| |—0—o_
\TA_P o] 30x1um:_' ':30x1um:'|—o—c LVT I: LVT
LVT LVT
\TA No
\TA No -
- X v X Y
M1 M2
M1 M2
LK P CLK N CLK P CLK N
C K_o——l l Loas IBIASl I_—o - ° | IBIAS IBIAS |
30x1pum l 30x1pum 30x1pm l 30x1um
HVT = HVT HVT = HVT

sExtract RC parasitics at cell level without inductors

@ Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Hierarchical breakout of cell for parasitic extraction (iii)

v, (1.2V)

40Q
100pH
1 OUT P

M3 Mz | M5 Ve °
OUT N
DATA_P o[ 30x1pm |--| 30x1pm_ ||——0

LVT LVT
DATA No
X
M1 M2
CLK_P 1 : : 1 CLK_N
o__l BIAS BIAS
30x1pum l 30x1pum
HVT = HVT

sExtract RC parasitics at cell level without inductors

sModel inductors and long interconnect as 2-Ttcircuit with ASITIC

@ Sorin Voinigescu et al., CICC-2007, September 18th, 2007 ‘T’T 37
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Irmpact of layout on 65-nm LP CMOS static frequency divider

Vdd 8mA Latch | 8mA Latch OUTPUT
| 7 L7 >ama> |
- [
—¢] 3-STAGE DRIVER

,——’\N\r—o Veus

Version 1 Version 2
(v1) (V2)
self-osc = 145 GHZ self-osc = 22 GHZ
maximum — 35 GHz = 51 GHz

—— 45% improvement — maximum

bl
i
2
et
i
2
bk
i

EEEES R
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Modeling power/bias/GND distribution
(S. Nicolson et al., IMS-2007)

» Wide lines in metal mesh planes (max C, min. L and R)
» Surround bias/signal lines with GND-ed Faraday cage
» |solate regions of the chip (grounded p-taps and DNW)
» Provide local de-coupling (< 0.5pF for 80 GHz)

? IFout
PAD PAD

metal 6 | 2.5V Vpp D D

metal 5 ___| 9round A
1.203125GHz 7T7TGHz

metal 4 | Veasc TX Mi RX

= DIV X @——G
metal 3 | grou nd 77GHz _‘

X
metal2 | 2.5V Vpp o _@ VCO
metal 1 | ground @

substrate




Example: Bias/IGND mesh satisfying metal density rules

Substrate contact
(active + CON)
GND: odd (1,3,5) metals_—
in blue P
V_ :even (2,4,6) metals e
in red
VIAs shunting odd metais/
and SUB contact gy

d

VIAs shunting even metals
and DNW isolation

>

L



Quitline

*100GE system architectures

*Design methodology

290-Gb/s half-rate transceiver

2100-Gb/s full-rate transceiver blocks

*Round-up
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a1
F | 5 b
e < e
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2.9V, 1.4-W, 90-Gb/sTransrmitter (T.Dickson et al. CSICS-06)

| _ Adjust
/ ! I 50-0 N
Y 34.8-43.2-GHz VCO - :

fREF-I_> m PLL OUT
PFD [ CP Y,
[ N >

4 L
% ;I: [ 43-GHzEXT CLK

I

I

\_SEL CLK SELECT I
/ I

[

40-GHz PLL
DIV2 DIV2 DIV2 DIV2 43(-:(521
\_l__:';’"éﬁ""_______—_'/
o~ ] - — oGy
| “T’T/’m o \  Output Driver
[ —_—
I _||_,< 21.5-Gbis “ 50-0 -
- . I MUX|— Driver I
On Chlp 8-channel T
PRBS for | [1-75-Gbis <
27-1 J'I"MUX 21.5-Gbis DataOUIT
BIST || prss T
I < Pt:p'ude I
I 21.5-Gb/s oritrol
e "F o N 8IMUX I\ _=_ )
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2.5-V, 90-Gh/s BiCMOS Selector

V__ =25V
cc

SF for voltage
headroom ...

ﬁf YA MR B

EF for hlgher ":T : |:||
K | M4 . Ms | ®
bandwidth, % :. P L{
|:- PR e Q Q Q *
N Qs 5 *e ’0. 1 2 3 4
CLK ‘i R CNU H_ \__IA
o Qe_: ¢
“'“ ¢ I:lm1 leji-‘

R R
L L

T 7 | HYY
N

||Ij=r

b 90-Gb/s selector consumes 60mwW
‘@L Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Measurad results with external clock: 80 Gh/s |

5 File Control Setup  Measure  Calbrate  Utilities  Help 06 Apr 2800 BRSO E

.. EvedMask. hode... 40GHR.CLEK IN ‘ ? R &
s - 2.5 tI REFIN g .-; = -
ek Test™) i - | - -

'

s
. T
; ngmy ¥ ::: A L { ) = - 'l.' i f‘ ." i n.‘f_;%?,;'u

o . _ ............................... F - L =y
j- g

g

b Heam_:lre = _ -

current ML i mm XA total meas - "
Bit Rated2y 81.1 Ghés  80.4 Ghs  81.1 Ghis  10.076 kol ll
Eve fmpdsd 305 mY a0a my 309 mW 10.076 k -

Rige time{®) 4.33 ps 4,33 p= .11 ps 10.076 k J

Jitter RMS(EY 547 fs 151 = aE2 f= 10,076 k

4. '
I 1 » ( \
i) @ oo G4Vl | gyezzmyidy | TmesOpsdy T "1!40G 1Z C ‘CKOUT io. r.!t 'U'E -
aference: 40. z l!— am IJ— m I elay. -J”S ; . .. . ... l L .

» Running for more than 1 hour continuously in the lab.

%Jitter: 560 fs (rms) , Rise/fall time: 4-5 ps, Amplitude: 300 mV__per side
- U/

[
E Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Verification of correct multiplexing

hMeasured B0-Ghis Seguence

0.3
0.2+

- ERTIN j g M :
o VF " Ul (UL

0.2 7

| 1 | | 1 | | | |

06 408 47 412 M4 MB 418 42 422 424
Ti
Idealr%%tgﬂ%jnce

0.3
0.2

0.1
|:|_
0.1 F

0.2 F

| | |
I al 100 140
Eit

Using pattern capture capabilities of
* the Agilent 86100C DCA

E Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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90 Gbhls: amplitude control (new spin)

s" File Confrol Setup  Measure  Calbrate  Utilities  Help 05 5ep 2007 10:19 i File Control  Setup  Measure  Calbrate  Utilities  Help 05 5ep 2007 10:48 _|
s By dhiaskabatize - Eye/Mask Made

&y '
Wi,

e

[ﬂ_%-!ﬁﬂl \ 1581 Al \seaw ahj

=
I“ﬁ!ﬁﬂl \ 1581 Al \seaw ah3
; =

=] é

ed
ed
.
=

0 LEvE
“s Measure 4 ] ml s Measure g - : :
current T Tk T total rness : currernt TiL 1 FY g T § ML total meas
ve Heig Bit Rate(4) 34.0 Gb/s 4.0 Gb/s  G5.7 Gb/s  1.039 K 5 EveHeid Bt el Begbie GRS G ity LIS b Setup
Jitter RMS(4 513 7s 494 5 530 s 1,039 K A Jitter EMS(4) 480 7S 440 Ts 481 Ts 1.075 k & Info
Fall time¢d) 5.22ps  &.11ps 5.6/ ps  1.02k & [ e Fall tinetd; 4.67 ps 496 ps  d78ps  1.075 k
More Rise time{d) 5.78ps 567 ps  578ps  1.030k CIEER I I s e M s s e I L
(2 of 3} (2 of 3)

Precizion Timehase. . BT v S0.0 M iy Time:5 0 peidiv That: Free Run P Precision Timehase. . G117 mtAdive 0.0 mtAdiv Time:5.0 psidiv Trig: Frea Run i~ Pattem
Y @) Rercronce. 3¢ dandi oz 2 0.0 v l !455.5 i I Delax:ﬂ%%ﬂ s l o I 5 Y Reterence: 45 00000 Hz J Yooy SAzsmy  Delay.24.0180 ns = Lock

Little degradation in eye quality as amplitude
varies from 150 mV to 300 mV per side
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80 Gbls at 100 °C

¥ Agilent 87:04:24 Sep 3, 2007 [Freq/Channel|
Mkr2 46,943 GHz Center Freg
Egim@ dBm Htten 18 dB -36.93 dBm 41 0500000 GHlr
Log Center
18 '41.05000000 GHz Start Freq
dB/ 1 2 g 40,0568088 GHz
O O o
| e ' Stop Freq
420508088 GHz
. ! CF Step
e RIS 200, AEBEEE MHz
LQH'-.-' I — At n Man
Center 41,050 GHz Span 2 GH :"' Eile Control 3Setup Measure Calibrate  Utilities  Help 015 Sep 2007 12:513' A
Res BH 3 MHz VEH 3 MHz Sweep 18 ms (BB pts)
Marker Trace Typa # Axig Amplitude E |
1 1 Frag 4[.317 GHz -36.568 dBm
2 (1o Freg 48,943 GHz -36.93 dEm
3 1 Freg 41.577 GHz -36.21 dBm

.£n| \ 158l el \seaw ah3

[File Operation Status, C:\PRBS40R.GIF file saved e

Eﬂ
=
L=

ro Leve
m ./ Measure o H
current T i Fv T2 | fm total meas
v Heig Bit Ratef4) B82.6 Gh/s 81.8 Gh/s 82.6 Ghis 554 Satlp
Jditter RMS{4) 483 7s 4509 fg 486 = 550 2 Inio I
Fall timefd4y 11.44 ps 9.22 ps 11.56 ps f44

More i i
2ol 3) | Rize timeid) 9.89 ps T.00 ps 9.89 ps q42
1 Precision Timebase... 3 G1.7 midiv A0.0 mydive - Time:5.0 ps/div Trig: Free Run | 7 Pattiem
J Reference: 40.00000 GHz | JD.DV | !—59.5 M | Delaz:mmﬁﬂ i3 I -—- l = Lock '
. . . L'J‘lrﬂ
E Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Comparison
130-nm CMOS+170-GHz SiGe HBT = 2xspeed + ' power of 130-nm CMOS

Supply
Technolo fIf Data Rate Power
gy T "MAX Voltage
130 nm CMOS 85/90 GHz 40 Gb/s (half-rate) 1.5V 2.7 W I
InP HBT 150/150 GHz 43 Gb/s (full-rate) -3.6/ -5.2V 3.6 W
180-nm SiGe
BiCMOS HBT: 120/100 GHz | 43 Gb/s (half-rate) 3.6V 1.6 W
180-nm SiGe
BiCMOS HBT: 120/100 GHz | 43 Gb/s (full-rate) 3.6V 23 W
| 1200 e | MOS: 8500 GHs | | o
130-nm SiGe MOS: 85/90 GHz
I . 90 Gb/s (half-rat 2.5V 1.36 W
| BiCMOS | HBT: 170/200 GHz s (halt-rate) |

Sorin Voinigescu et al., CICC-2007, September 18th, 2007

48




Quitline

*100GE system architectures
*Design methodology

*90-Gh/s half-rate transceiver
+100-Gb/s full-rate transceiver blocks

*Round-up

JaT]

% Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Critical 100-Gb/s full-rate circuit blocks

»100-GHz flip-flop

*100-GHz static frequency divider
»100-GHz clock distribution network
*100-GHz low-phase noise VCO

E Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Divide-by-2 block diagram and latch schematics
R A

T

. N ¢ X ouT
—|D Q D Q Buffer
ne = Latch Latch
JAN JAN
IN "
% i _%“é
L
2.5V
800
200pH rl:
4240 é é %
1.5um
D+ > . A
D- & 0.6um
ha :I | L: A —< Q+
CLKAH<O— < Q
CLK-O |:1, um 3.5mA |

¢4mA

< <
380Q % %

|||—

Master Latch Slave Latch

L/

L/

OUTPUT

~000~

[y

EXTERNAL
CLOCK

V,,=1.2V

50 Ohm

o

50 Ohm

DRIVER

,——I\N\,—oVBIAS

8mA latch

mtlgﬂw

]

—

CLOCK

[

20

9 0

}J ouT
16

20_|—

|||-0
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90-GHz, 65-nm GP CMOS static divider: 2% variation

WAFER 17 - SOF MAPPING (GHz)

A
B 39.25 | 39.14 | 39.26 | 39.3
c 39.3 | 39.12 |39.325 | 39.365
D 39.38 | 39.4 |39.593 | 39.78 |39.173
E 39.2 | 39.5 | 39.5 | 39.67 | 39.34 | 39.14 |39.06
E 39.107 | 39.473 | 39.473 | 39.353 | 39.34 | 39.16 |38.95
G 39.08 |39.207 | 39.333 | 39.587 | 39.34 | 39.36 |39.08
H 38.94 | 39.34 |39.536  39.413 | 39.305 | 39.22 |39.12

Power = 19.6mW per divider + | 39.23 |39.273 | 39.5 |39.513| 39.43 | 39.307 | 39.51

22.4mW for output buffer J 39.31 |39.465 | 39.67 | 39.72 |39.567 | 39.107
. 39.42 |39.395 | 39.455 | 39.44
Average Self-Oscillation Frequency K
(SOF) =39.5GHz (@ the output) 1 4002 | 39.895 | 40.02
*

E Sorin Voinigescu et al., CICC-2007, September 18th, 2007 53
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PVT performance of 65-nm GP CMOS divider

—
o

(=2}
=)
ol
m—

T S I I 10 ———
[ AP / i [
0 N i [
T O - g OF
o i T £ [
S I : g |
5-10_- ] c-10 |
= ] s |
o I ] g [
o = _ L
E0r gm ] =20
; [ O© ] > |
=30l h z |
- - 30
I | L I I [
40 40 ]
65

70 75 80 85 90 R
PREQUENCY [GRz] FREQUENCY [GHz]

*Operates up to 78.5 GHz at 100 °C from 1.1V supply and at 80 GHz at 125 °C
from1.4V

sDoes not divide below 57GHz
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65-nm GP/LP CMOS vs. SiGe HBT and BiCMOS

dividers
15 p—m | | | | | | T3
10 p =
:
E 0 L ] L ] _é
Siaf b
o Y 3
g -15 Y v E
HAlk
= -25 E
a -30 3 ©—0 65nm LP, 1.5V (v1) E
Z .35 #—e 65nm LP, 1.5V (v2) =
-40 =—m 65nm GP, 1.2V 3
—— BipX, 2.5V E
-45 —e BipX, 3.3V E
-50 | I | I | | I | I | i 1 1 1 1 I | | I | I | I | T | I | I | I 1 1 ] 17
20 30 40 50 60 70 80 90 100 110
FREQUENCY [GHZz]
‘EL Sorin Voinigescu et al., CICC-2007, September 18th, 2007




E Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Comparison with published 80+GHz static dividers

Self-Oscillation | Max. Divider

Reference Freq Freq Power Consumption Technology

This work 45 GHz 51 GHz 42mW(1.5V) 65nm LP-CMOS
This work 80 GHz 91 GHz 20 mW (1.2V) 65nm GP-CMOS
Plouchart | 99 GHz 102GHz  524mW(22V) | 65nm HP SOI CMOS

ISCC-07
)2 65 GHz 110 GHz 135W (-52V) | 225-GHzf; SiGe HBT

Hitko

CSICS.04 95 GHz 143.6 GHz 90 mW 400-GHz fr InP
Rylyakov 71 GHz 96 GHz 770 mW (-5.0V) | 210-GHz f; SiGe HBT

230-GHz fr SiGe HBT

56



Comparison with published 80+GHz static dividers

Reference Sefi-Oscilation | Max. Divider Power Consumption Technology
Freq. Freq.
20 mW (1.2V) 65nm GP-C
_<
92 GHz 102 GHz 52.4mW(2.2V) 65nm HP SOl CMO
Trotta .
CSICS-05 65 GHz 110 GHz 1.35W (-5.2V) 225-GHz fr SiGe HBT
Hitko
CSICS-04 95 GHz 143.6 GHz 90 mW 400-GHz fr InP
Rylyakov .
CSICS-04 71 GHz 96 GHz 770 mW (-5.0V) | 210-GHz fr SiGe HBT
Laskin .
BCTM-07 77 GHz >100 GHz | 122 mW (3.3-3.6V) | 230-GHz fr SiGe HBT
WOSON | 81GHz | >105GHz | T5mW(25V) | 230-GHzfy SiGe HBT

E Sorin Voinigescu et al., CICC-2007, September 18th, 2007 57



70-100 GHz 65-nm LP CMOS vs. SiGe HBT LNAs as
clock buffers (S. Nicolson et al. IMS-07)

T | 7 30
. @—@ HBT LNA 1.8/2.5V, 52mW :
L @ -© CMOS LNA, 2.2V, 55mW & :
20 | ] 20
% 10 2 10 g
o Al e
= O0F 10 2
c - . ==
{4+] - - «
mﬂ-‘Io :_ '100}“
-20 | -20
_30 i | | ] | | | ] ] | | | ] | | | ] | | | ] -30
50 60 70 80 90 100
FREQUENCY [GHz]
i

@ Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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105-GHz SiGe HBT Colpitts VCO Schematics

V_ =25V

C, Veu=25V

BB

------------

AMOS varactors :‘I :
W_=4x18x 1um N ; R, ... )
L, =0.13um VTUNE+

VTUNE
LEE REE% (:EE LEE 4> -I: I C
; e
104 GHz, P__=120 mW, 2.5V g
A Die size: 0.4mmx0.5mm
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104-GHz VCO phase noise: <101 dBc/Hz @ 1MHz

5 Agilent 23:22:00 Jun 22, 2006

Marker

a Mkrl 1.88 MHz

Select Marker

E::ﬂp—l@ dBm Ext Mix 1% -51.362 dB L2 34
oo |Marker a| i .
10 [1.000000 MHZz H Normal
d/ 1-51.302 dB [ \
J \ Delta
1 Delta Pair
(Tracking Ref)
LaRu - Ref A
18@ | [, | =
| '-’FH‘W
HL S2fper Span Pair
53 F3 Span Center
A AA
£01:
f>50k Off
Swp
Center 103.633 58 GHz Span 10 MHz 1”‘;'{ S
#Res BH 186 kHz VEH 1686 kHz Sweep 3.84 ms (BB pts)
Copyright 2000-2005 Agilent Technologies
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Sumrnary

sNeed simpler topologies with fewer transistors for higher speed

@ Sorin Voinigescu et al., CICC-2007, September 18th, 2007
4 L3
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Sumrnary

sNeed simpler topologies with fewer transistors for higher speed

*GP MOSFET scaling is predictable and desired for high-speed

% Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Sumrnary

sNeed simpler topologies with fewer transistors for higher speed
*GP MOSFET scaling is predictable and desired for high-speed

L ayout critical in nanoscale CMOS for 100-GHz applications

% Sorin Voinigescu et al., CICC-2007, September 18th, 2007
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Sumrnary

sNeed simpler topologies with fewer transistors for higher speed
*GP MOSFET scaling is predictable and desired for high-speed
L ayout critical in nanoscale CMOS for 100-GHz applications

+1.4W, 90-Gb/s half-rate transmitter in 170-GHz SiGe BiCMOS
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Sumrnary

sNeed simpler topologies with fewer transistors for higher speed

*GP MOSFET scaling is predictable and desired for high-speed

L ayout critical in nanoscale CMOS for 100-GHz applications

+1.4W, 90-Gb/s half-rate transmitter in 170-GHz SiGe BiCMOS

oFull-rate 100-Gb/s circuits in 65-nm CMOS and SiGe HBT technologies
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Sumrnary

sNeed simpler topologies with fewer transistors for higher speed

*GP MOSFET scaling is predictable and desired for high-speed

L ayout critical in nanoscale CMOS for 100-GHz applications

+1.4W, 90-Gb/s half-rate transmitter in 170-GHz SiGe BiCMOS

oFull-rate 100-Gb/s circuits in 65-nm CMOS and SiGe HBT technologies

*A 3W, 100-Gb/s half-rate serial transceiver is feasible in 300-GHz SiGe
BiCMOS technology now
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surmary

sNeed simpler topologies with fewer transistors for higher speed

*GP MOSFET scaling is predictable and desired for high-speed

L ayout critical in nanoscale CMOS for 100-GHz applications

+1.4W, 90-Gb/s half-rate transmitter in 170-GHz SiGe BiCMOS

oFull-rate 100-Gb/s circuits in 65-nm CMOS and SiGe HBT technologies

*A 3W, 100-Gb/s half-rate serial transceiver is feasible in 300-GHz SiGe
BiCMOS technology now

2At least 45-nm GP CMOS is needed for half-rate 100-Gh/s transceiver
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Back up
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Phase frequency detector

'"T'4D Q +——o UP
REF o} Phase
- Frequency
RESET | Detector
2 oo ————DOWN
DIV b :
......... \ Vee(25V)

| o ——
> nga—‘ o i} Hos asf Qg

CI;—(——I M1 M2 I—‘ |—1 M3 M4E|-—°

[TRESET
© 0
u Asynchronous
VBIAS® I|_, =|: Resettable
% L 1 Latch
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36-43 GHz Colpitts VCO

' I 5

N —

S =

3 1 2

c - b

VARN TUNE N VARN g - = %

E5| lﬂ £ aop 2

g y. -

5 15 &

Al P s

s | WX |00 50C ©
VARP TUNEP \.rARp 37 - /(’;:' H 7‘56
J_ J_Q_Q_, ::g;ﬁ.ﬂ' ! 1_; o0 100C

I | I | | | I | | |
‘o] % %0 1.0 00 1.0 20 30 20"

Differential Tuning Voltage (V)
» SiGe HBTSs used as negative resistance generators.

Differential tuning to reject common-mode noise.

Maximize tank swing, bias HBTs at NF,,,, for low phase noise
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VCO Phase Noise

% Agilent B4:09:46  Jan 8, 2087

Freq/Channel

a Mkrl 1.0 MHz

Center Freq

g::ﬂp@ dBm Atten 16 dB -03.228 dB 40 8907752 Gl

Center o
Log 1k
1o [40.09077522 GHz Start Freq
dB/ 4B BE577/52 GHz

Stop Freq

4B B957752 GHz

CF Step

1. AERERERE MHz

LR Auto Man

1 @6
Hl 52 Freq Offset
33 Pl . 0.000RARA0 Hz
HA

£01): )

o Signal Track
fxGak 0 oFf
Swp f —
Center 40,090 78 GHz Span 18 MHz
#Res BH 100 kHz VEW 188 kHz Sweep 384 ms (681 pts)

-103 dBc/Hz @ 1-MHz offset
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PLL measurements (T. Chalvatzis et al., VLSI-07)

% Agilent 15:56:00 Jan 8, 2087 [  Measure |
[ | .
Carrier Freq 40 GHz Signal Track OFf DANL OFf  Trig Free Monitor
1 . Spectrum
*Locking range: 38-42 GHz Log P | [ ]
Spot
- Frequency
@ . — Carrier PoMer -22.97 dBm Atten 6.00 dB Mk 1 970,825 kHz
RMS Jltter' o.t 496 fS Ref —70.00dBc/Hz -91.17 dBc/Hz
5.0 Log Plot
dB/
1
T
_Wm- — I
m T
m 1
=
]
Ratio %
— 2 108 kHz Frequency Offset 1 GHz
E = |Cupyright 2000-2005 Agilent Technologies
e T
Jiter RMS | E
£
LAY |
Jitter 4o = '
RZ q
MRE
=
-]
a ' ~Histogram .|
W un B
i i o g IT5 o IT5 i
Fise Time 0n 4, itls B9.8 % s I
=4 pegk hi i pEdr 95.5 %
{rﬂﬁ} . pk pos 24, u*3r 997 ¥ source: °
(1]
5 Please restore reference clock signal and clear display OF reset time reference
73

1}/3) Precision Timebase... 137 mv/div | 4y S00mv/dy | Tme:20ps/dy | Tig: FreeRun | Patiem | ©F 18th, 2007
J Reference; 2500000 GHz | !5.4 ' I JT.D ' I Delax:zal.lilzm s l — | - Lock



90nm CMOS retlmmg DFF (T. Chalvatzis et al. JSSC July 07)

1L.2v) T
200 Mas.ter-Slave 100 00
80x2um Flip-Flop HED .
2x2pm” | |— 100pH 100pH ' P
[N ] O 0

it |OUT N |oUuT P

LVT LVT LYT
X v L .
M2 M1
DATA TIA l . 1 l CLK N CLK P
BIAS BIAS I o
500pH 30x1pm l 30x1pm 30x1pm
< HVT HVT = :
DATA_P 21800 18008 Tt mTmmrmmrmmmmmmmmmm s smmmmmmmmmm s ' OUTPUT
80x1 BUFFER
200pH I‘i ﬁ 200pH
DATA N = = Master Latch  Slave Latch
----- R e R e R PR R e e L e P LR EELELEEEREEERES DATA RETIMED
Vop (1.2V) INPUT 4 L7 OUTPUT
80x2pm 80x 2pum 120
TIA DRIVER
2x2pm |—<
CLOCK
35Q TREE
1kQ é l
< |1
TAIL
200pH
[+]
EXTERNAL
200PH§ CLOCK

1802 500pH 500pH 1802

...................................................... 74



Clock=path biasing scheme

VoA v, (12V)
L - 60x2pm I: 60x2pm 15Q ' From . 400 Latch
2x2pm ' '
| N DATATIA 100pH
ke | : ] : . . o .
' : M3 M4 M5 M6 '
b 300pH ; : To 2™ Latch
; ] 30x1p.m:| |:30x1p.m ——o '
| : LVT LVT
200pH§ : T — X vl
CLOCK TREE . M1 M2
: CLXKP | l 1 1 CLK N .
; [~ 30x1um ] —— o i :
E M7 | M8 t 30xlpm J_ 30x1 :
. = = : T HVT = HVT :
! [ ' '_ ______________________________________ 1
+ CLOCK 1309 600pH 600pH 1309 :
I INPUT II: :II .
60x Ipum

%é WW = Clock must fully switch M1/M2

* Vpsurs SWINGS as low as V;
(M1/M2)

» Use high-V; for M1/M2

U/
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- Eya/hask hode
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x| ¢

J 3

m

Eye YWidth o

e
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ol

_|

ToMoise (@

;g | |~

Distortion RZ":

x| £
—
Bit Rate
Amplitude
More
(3 of 3)

1 y Precision Timehase... 6.0 midiv 1 100 m i Time: 10.0 psddiv
J Reference: 40.00000 GHz L' -34.0 mY _! J -228.0 mY I Delay: 24 0150 ns

Measurements at 4OGbIs andi 1.2\( .

i

|

il

;gnd—b
._5
e
=
£
[=3
e
K o
=
=
a
£
< gnd—s
~ Measure 2
current Minimum MK | mum total meas
Jitter RMS(Z) BS46 Ts 408 = 048 = 2007 k Setup
Bit Rate{?) 39.8 Gh/s 39.8 Ghf/s  40.2 Ghis  2.007 k & Info I
Eve fmpi3) 254 my 283 my 254 my 2.007 k

Tri: Free Run  Patiem
= J A Lock J

@Error-free 508-bit pattern

2
Time (ns)

@Input (top), output (bottom)

Reference Technology Rate Supply P, xrcn
[Suzuki,JSSC2004] 245-GHz InP HEMT 80Gb/s 5.7V N/A
[Amamiya,JSSC2005] 150-GHz InP HBT 50Gb/s 1.5V 20mW
[Dickson,CSICS2006] 150-GHz SiGe BiCMOS 43.5Gb/s 2.5V 20mW

This work 120-GHz CMOS 40Gb/s 1.2V 10.8mW
- ; : : :




CMOS vs. HBT amplifiers (useful as clock buffers)

65nm LP CMOS
(55 mW, 13.5 dB)

two-sided gate
contact

290-GHz SiGe HBT
(52 mW, 25 dB)

[S.T. Nicolson et al.
IMS-07, CSICS-06]

A
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Sims before and after extraction of transistor layout

NF schem
0—o S11 schem

30 F— — S,, schem -30
_5:T.sogﬁ%xt..|....|....|....|...._35
60 70 80 90 100 110 120
FREQUENCY [GHz]
=
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SOF Variation for 65nm LP Divider (v2): <4%

Mapping of 10 dies across the wafer shows <
4% variation in SOF

Average SOF =22 GHz
Power = 24mW / latch
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Measured sensitivity curves vs. temperature @ V_ =1.5V

15 S
: AR
10 y E
N ';
o OF 2
oc C 2
w -5F =
3 10k ;
-10 E
i *—* 125°C  °
i 4—4100°C
Z20f v—v75°C 3
— 50°c 3
25 F — 25°C ]
-30 :| 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I | 1 1 | I ] 1 1 |E
25 30 35 40 45 50 55
FREQUENCY [GHz]
2
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Phase Noise and Jitter Performance of
65nm LP Divider (v2) — 38GHz Input
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Phase Noise and Jitter Performance of
65nm LP Divider (v2) — 50GHz Input
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65nm GP CMOS time dormain measurements
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Output spectrum and phase noise
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