Broadband Drivers with Wave Shape
Control for Optical Fiber and Backplane
Applications

Recommended reading:
1) Chapters 7 and 8, Sackinger
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Types of drivers: backplane, cable

IM l RL VMOD
D

MOD

72 2%
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s |/O (RL=50 Q) backplane driver

s Coaxial cable (HDTV) (RL=75 Q)

s |Laser driver
= EAM (Electro-Absorption Modulator) driver
= MZM (Mach-Zehnder Modulator) driver
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Types of drivers: DFB/FB Laser, VCSEL

20m/80nm
Q

48um/80nm

b - .
glmon % ; ?mmn % ? Ci_b IT
) ~  C.Kromer et al ISSCC 2005

- :l_ m_b_t: 32um/80nm ' ‘
" . °_||: ’ 32pm/80n: jl_o I: Q

s Laser driver (RL=5..25 Q,C=0.2..03 pF)



EAML = EA Modulator + Laser

DFB Laser EA Modulator

r | p
| = Light
n InP [2]
Switching curve and electrical equivalent circuit:
Pout | (V)
+ O . ——_I
W — ¢ % 50
- o L
0.1...0.15 pF

- Reverse biased diode

Vs =1.5...4V -» Capacitive load

ER -11 . 13 dB — Nonlinear photo_current_

- Often parallel matching resistor



Types of drivers: EAM
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= EAMdriver (R =50 Q, C =0.05 .. 0.2 pF)
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40-Gb/s mod. driver in 45-nm SOI
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Based on PA super-cascode concept
(J. Buckwalter, UCSD, CICC-2010)




Types of drivers: Mach Zehnder Modulator

Top view:
L=3-4cm .
-— RF waveguides
» N
L D N .
- Si0,

In Out [ ] [ ]
~ 7= Lo
|

|
Optical waveguides

[2]

RF waveguide

+ C i Ny I
Vi ‘ [ 50 Q

= Terminated transmission line

Vi=4..6V - Single- and dual-drive versions
ER =15...17dB
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Example of Mach-Zehnder Driver
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Driver Specification

Modulation and bias current range (lasers)
Voltage swing and bias voltage (modulators)
Rise and fall time

Input/output matching

Pulse width distortion

Jitter generation

Eye-diagram mask test
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out

Modulation and bias current range

Directly modulated lasers
= DFB, VCSEL

= | =0..80(20) mA

m | __=5.80(15 mA

MO
| |

;IZIZI ® Threshold and slope are

1
!"‘:’!‘-»4__"_’ temperature dependent

® DC or AC coupled
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Voltage swing and bias voltage range

Externally modulated laser with EAM
V. =0.1V

m V =05..3V
MOD

VvV, (DC offset) must be adjustable from driver

® DC-coupled
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Voltage swing and bias voltage range
Externally modulated laser with MZM
m VB =1..10V

N V|v|o =05..5V

D

— = MZM V_must be accurately set
Ve : for Vv /2
V

MOD ® AC or DC coupled
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Rise and fall time

m B (or Rb) =bit rate

® T= period

mt andt
R F

" defined at 20% to 80%

B |ess used: 10% to 90%

H—hT:]-/Br-—m
R F
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Input and output match: S

11°

B <-15dBforf<B/2
B <-10dBforf<B

® <-5dB for B<f<2B

s22
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Pulse width distortion (PWD or DCD)

® T remains unchanged

" Eye crossing <> 50%

Eye crossing

"'-I -
— - e el — -
PWD F

¥ Pulse width distorted
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Jitter generation

o Deterministic jitter

= double-edging
» Peak-to-peak spec

® rms spec.

n tjIop =14 x tjrms
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Eye mask test

decision point

eye hel ght . random | ) 1 tier ;
PP
tjr tjfpp
Q= 1/(28tjrm3) Q= vSIo IC’/(2vnr m9)
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Driver architecture: traditional

Vip0

Output buffer

= Tion
' | | -;E%E{M

= |nput buffer = Pre-driver

= Optional DFF re-timer = Qutput buffer
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Driver architecture: DAC

= Latest trend, especially in long-haul fiberoptics
= Qutput swing limited to 400mVpp per side (to date)

= |nP HBT, SiGe HBT and 65-nm CMOS
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Driver building blocks

» |nput buffer

= Pulse-width (duty cycle) control circuit
= Qutput buffer

= with amplitude control (all)

s with pre-emphasis control (VCSEL/DFB,

equalizer)

s with DC offset control (EAM)
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Output buffer: 10 Gb/s 1.8V 0.18 um CMOS

él.ﬂ‘r’ ; él.ﬂ\-’ ; 5 Lav 5
—
i"i»—s-li m s N 1. N
- * . .
ui i+ +
SmaA 10mA 20mA
1 *

= |nductive peaking in penultimate stage » use 3-term ind.
= | =CR?3.1(2.4) for best group delay (flat gain response)
M.M. Green et al. ISSCC-2002
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0.13pum CMOS design example

AV= 0.6 Vpp per side
| =24 mA
oD

M

hoo! U =W (@, )

W= 24mA/(0.3mA/um) = 80 um
W.=4pum, N =20
V_=03V;g =64mS
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0.13pum CMOS design example (i)

1= RG(CgS + 3ng) + 25 (Cdb + ng+ C

PAD)

T =10(100 fF + 120 fF) + 25 (140 fF + 40 fF + 50 fF)

=22ps+575ps =>BW_ _=20GHz

In reality input node time constant limited by previous stage R_

To improve speed:

= add inductive peaking,
= use distributed topology or else
= reduce swing
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Output amplitude control applied at 40 Gb/s
in GaAs p-HEMT driver

Low amplitude Maximum amplitude

File  Confrol  Setup  Measure  Calibrate  Utilities  Help 13 My 2002 10:17 m File Confrol Setp Measure Calbrate Utilities  Help 26 AprI002 0951 m
- Eye/hask bodz... \wsEyezhiaskabiodes
Mask Test G. hiask Test ‘:.
t0 Lewve|
e Heig

S current i1 T T | T total meas MEEISLIFE . . . o
. . === Fan Ll = Jeds cur rent JEEARI]] total meas
Rise time(Z) 10,44 ps  10.33 ps  10.36 ps Setup Rise time(Z) 10.88 ps  10.89 ps  11.00 ps 48
x | I | ol i) 0T ee DA pe A0S pe 0 & Info I Fall tine(Z) 11,44 ps 11,44 ps 12,11 ps 48 S I
o | ST TR 0% 0% B w00 R R T e

— end 222 m/Miz)  cexves) = A
" el Al welcEdllmiealy  seeler N0 miseely | “aeelee MO0 (e Gty (iserleysl cale:500 miv/div cale 600 MYy | qyScale: 10.0 mvAdivy o \Seale:10.0 mvidivy Time: 5.0 ps/div | Trioger Level:
£ffset. 1700 I ffset -1 640 ffset:200 0 Y ffset0.0 Delay. 389139 s | 1Eff39ti-2-000 o I ZEffset:—lDDU i I 3E,fsem T I 4&3%0.0 v I D24 (758 I S o I

Output swing of 1.7 V Output swing of 3 V

D. McPherson et al. GaAs IC Symposium -2002
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Output amplitude control in 45-Gb/s SiGe
BICMOS driver

~ File  Control  Setup  Measure  Calibrate  Utilities  Help 05 Jan 2005 DQ:BEI m

. Eye/Mask Mode.
hitzk Test'=|

Control  Setup  Measure  Calibrate  Utilities  Help 015 Jan 2005 18:09' m

= d
i ¥ L
h # ..-. 5 i _- .
v Heastire S H ‘ s/ Measure m % SRS LT
" H — - H current ini T2 i M total meas
tRa Jitter RHS(#) ggﬁg‘ fnipn - bexinn iotal meas Bit Rate(s) 5.5 Gbps 44.5 Gbps  45.5 Ghps 72 Setup
Jitter RHS(Y 790 fs AT s 823 fs B el Eve tmp(cy 11 W B0 WY B2V T2 & I I
XX Bit Rate(!) 45.0 Gops 44.6 Gops  45.5 Gbps 54 &0 e Leve Rise tine(z) S5.11ps  8.1lps  S.33ps 72
Eye fnp(2) 271 my 271 271 &1 | Crossing %
Amplitude En ' b

—

— : o — Precision Timehase. cale: 100 /v | \Seale: T5.0 v/, Time: 10.0 psdliv | Trigger Level:
Precision Timebase. .. cale:99. 1 midiv cale: 100 miédiv -+ Time: 10.0 peddiv Triciger Level: L : ] L 4 . n o
® " Rreane 11 s c | Errset:—lﬂ m I ﬁrrset:—ESS A iy I Delay 24 0662 s I I J A L L'”S‘“ 20 L’”S‘“ ATty ] Delay 24 0609 s ; I

Input (top) Output: 611 mV_ - per side

Output (bottom): 270 mVIO ;- per side

T. Dickson (JSSC, Aug. 2006)
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Pre-emphasis control concept

UL N oL
o} 0 om—of T
C
3
§ ()
(+ )0
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_/\>}_ _\ —\ T e - v%
Freque;lcy domain - -J - _] -E* ----- ;] o :[—t



Output buffer with analog pre-emphasis

400-800mV/cide, up to 50% peaking, to max 800mV per side.

vIF3 ﬂ -
Thuf CNTR|—" .
virs | VIPS 50.0hm
& \:\ 1 | & |
> ‘ > " 1o |
—2 — @ o[/tg. ﬂh'@/;'—ﬁ 4 I
[ ]
N MUK N\’ 50 Ohm
4
s cp ViP8 I\
:4% 0a2mp |
Rp
Tp CNTR

= main path with amplitude control

= Parallel path with differentiator and current summer
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Pre-emphasis in 3.125-Gb/s backplane driver

File  Cortraol

No peaking

Sefup  Measure  Calibrate

25% peaking

Ltilities  Help 02 Now 2001 13:09 m File Control Setup Measure  Calbrate  Ltilities  Help 02 Mow 2001 13:12 m
Eyi/Mask - hiode Eyi/Mask - hiode
Eye hieasure "—' Eye hieasure "—'
ftask Test ftask Test
S — S —
=L L =L L
Mask Test 3 Mask Test 3
L L
Mask Test Mask Test
Filter... Filter...
=2 =2
Mmasﬁ_ st Mmasﬁ_ st
arging... arging...
= teasire = teasire
current M i mum total meas = current M i mum
D1 Sl | vitter ppy FEps 3.8 ps 7 D1 Sl | vitter ppesy S0P 3.7 ps
- Rise time(Z) 32.9 ps 40.0 ps 337 Tt Rise timetZ) 36.7 ps T8 ps
Scallng v, Fall time¢Zy 50.0 ps a1 ps 337 Scaling 7 Fall timeiZy 45.6 ps 45.6 ps
COear Meas. l i I COear Meas. l i I
1 cale: 100 mbdiv 2 cale: 500 dew cale:40.0 del\r cale: 1.0 dew Time: 500 ps/div Tngger Level 1 cale: 100 mbdiv 2 cale: 500 dew cale:40.0 del\r cale: 1.0 dew Time: 500 ps/div Tngger Level
fiset0.0 v J ffget:500.0 m fiset:0.0 W figetE00 u Delay: 2944914 ng J J fiset0.0 v J ffget:500.0 m fiset:0.0 W figetE00 u Delay: 2944914 ng J J

Courtesy of Quake Technologies, 2001
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Pulse-Width Control Concept

23V

- ————
\ // \
\ / \
\
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* Pre- and post hard limiter required

= High speed data signal DIN + DC control DCAP
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PW control in 25-Gb/s 0.13um CMOS driver

File  Control 3etup Measure Calbrate  Utilities  Help 09 Jan 2004 16:04] m

Eve/Mask Mo

S/ Measure 4

current : mininum naxinun iotal meas
Eya fnp(s) 154 v 184 Y 184 Y 125 Setp
Bit Rate(®) 25.0 Ghps  25.0 chps  25.0 Ghps 124 m
Crossing ¥(°) 48.6 % 486 % 48.6 ¥ 107
Rize tinet) 15 s 13 ps 16 i} 10,
olevel | o
1 Precision Timehasze. .. icale:d 1.0 miidiv 4 cale: 100 mivYdiv « Time: 10.0 ps/div © Trigaer Level:
J Reference: 25 00000 GHz ffset:-38 5 my I ffset:-7.0 m' % 24 0545 ns I — I

S
Sefup Measure  Calbrate  Utiities  Help 08 422004 1506 m fle Cortrol Setp  Messure Calbrate  Uilties  Help 09 Jan 2004 1500 m

Wsk Test°|

%3

e . _ e

./ Measure 3 ./ Measure 54
it Ra current mininum a0 | mum total meas
q 0.0 % 0.9 % m current I | num total meas
e B, B I oy 08 o -
b4 i CEUED PGS Zl s i A Bit Rale(') 26.0Gops 25.0 Ghps 5.0 Gbps 79 g
e fmpll) 272 mY 272 my 273 m¥ a1 Crossing ®(5) BOOE % G004 % BT % 5 £ Info
Amplitide =
Percentage  © &
1 Precision Timebase cale:B0.0 m/ div 4 cale: 100 my/div - Time: 10.0 ps/div ~ Trigger Level.
J Reference: 25.00000 GHz ifset 435 my I tfset:-278.1 my De\a¥ 24 0564 s I — I

1 Precision Timebase cale B0 .0 A div 4 cale: 100 mb/div - Time: 100 ps/div -~ Trigger Lewel
J Reference: 2500000 GHz ffset-43 .5 mh I ffset-278.1 ml De\az 24 0564 ns I -——

0% 0%
P. Westergaard et al. CICC-2004
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PW control at 40 Gb/s in GaAs p-HEMT
driver

30% DCD 66% DCD

File  Control Setup  Measure Calbrate  Utilities  Help 13 May 2002 1D:38I m File  Control Setup  Measure Calbrate  Utilities  Help 12 Jul 2002 15:3?' m

- EvedMask Mode - EvedMask Mode

K

Mask Test :I

Mask Test :I

hMeasure

Measure 1

C [ AN total meas current L fyi mum [ EA A total meas
Fall time(Z) . g. 12,33 ps 123 Bit Rate(Z) 39.8 Ghps  39.5 Ghps  40.0 Ghps  B1 St
Jitter p-piZ) i p 8.00 ps 123 Eye fmp{Z) 2.8091 %  2.8066 Y  2.813 Y 6O 2 Infa I
Bit Rate(Z) 41.1 Ghps 122 w Crossing ¥(Z) BA.4 ¥ B3.6 ¥ BE.4 % 57

RI ;’([D' Cear Meas.'H RI /HRZ Cear Meas.'H
1 cale:a00 miidiv cale: a0 mbdiv cale: 100 mydiv 4 cale: 10.0 miéddive Time: 5.0 psAdiv Trigger Lewel: 1 cale:a00 midiv 2 cale:a00 mdiv cale: 100 mydiv 4 cale: 10.0 miéddive Time: 5.0 psAdiv Trigger Lewel:
ffset:-1.700 4 ffset:-1.865 ffset:200.0 my ffset:0.0 % Dela:;SE 4143 ns ' =50 ffset-2.375 W ffset:-1 650 ffset:200.0 my ffset:0.0 % Dela:;SE 8193 ns ' 420

D. McPherson et al. GaAs IC Symposium -2002



Output buffer with digital pre-emphasis

LémA

e L

1DCD

| [
E=nllpal =

iminl

==

I I
I I
—i———
Tmod

= main path with amplitude control

= two parallel paths with differentiator for leading and
falling edge, respectively

35



Pre-emphasis control with 800 mV_ per side
in 10-Gb/s SiGe BICMOS VCSEL driver

No peaking 25% peaking

de iz enabled... Setup print
Frint format

Calar TIFF

Color grade i5 enabled...

Destination
dizk

To .TIF file

[EYESUF ]

=

23.2038 ns graticule

20.0 psidiv
1 100 mUsdiv 0.0

20.0 psfdiv

current
fs

S. P. Voinigescu et al. CICC-2001
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Output DC offset control implementation

Output offset control

OUTN 4 4 OUTP

AAA
Yyvy
AhA
Yyyy

L

=
Z
=
Ll
L

-
o

>
—
A
YVVy
AA
YVVy
m—

DA buffer Output offset control
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Output DC offset control applied at 40 Gb/s

Minimum offset Maximum offset

File Control Setup Measure Calbrate Utilites Help 13 May 2002 1047 m File Corol Sefup Messure Calbrate Utiliies Help 12002002 1454 m
. Eyedhiask hMode.
Mask Test G. Mask Test c.
= A
o kil
Ratio
e REld|
ITer

e
itter 41

s i
Measure 1 Measure | :
current i i fum a3 L mum total meas current i F1i mum M8 | U total meas
Rise time{z) 10.44 ps 10.33 p= 10.56 p= 0 Setup ST Bit Rate{Z} 39.8 Ghps 39.8 Ghps  40.0 Ghps B2 Setup
Sy e fae s g k) e i) Ll S ]
P v itter p-p(2} 7.00 ps 1 ps 1 ps w' v Rise time(Z) T8 ps 56 ps 78 ps
Eit R‘ﬂpf 3 39.8 Ghp 39,6 Ghp QT 0 Ghp a0 litter p-pi&3 7.89 p T.33 p 8.11 p éq

Ri ,fq'n}l Clear Meas.l ﬁ Rz ,fq'n}l Clear Meas.l a
1 cale: 00 mdiv cale: 500 mdiv 3 cale: 100 miidiy 4 cale: 0.0 myAdive Time: 5.0 psdiv Tigger Level: 1 cale: 500 mdiv ) cale: 500 m/div 3 cale: 100 mb/div 4 cale: 100 mvi/dive Time: 5.0 psfdiv Trigger Level:
figet:-1.700 Y ffset-1.640 4 ffset200.0 my ffset0.0 W Dela}r:38.9189 ns I 750 m'y ffset: -2 840 v ffset:-2.275 Y ffset:200.0 mY fiset.0 v Delax:SS.BTDZ ns I 420 m' I

"1" level at -0.2 V "1" level of =1.2 V

D. McPherson et al. GaAs IC Symposium
-2002
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Distributed output stage

1
L umped output: BW . ..=
3dB T % RL* CT
50 Q L/2 L L L L L/2 OUTN
—W— — o — - —y
— W S S ———— e >
o OUTP
C I | C
DINP |_ =52V |_ -2V 52V
- e s -_M_
DINN VOA=> < 3 3 VEA
Distributed output: i

C,=nXC Z,=
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40-Gbls EA driver schematic

Lumped Limiting Amplifier Section

I = Inverter

S —

:E = Double source follower

DC

_=

Distributed Amplifier Section |

50 Q2

0Q |

=52V

- =

OUTN
> |

=32V

VEA

>
OUTP

|
|
|
|
)

40




Gain block architecture

I [ L
DINP 2 3 DINN
— Parasitic 3 S j—o
g capacitances
+ / ]
M
¥z T & ¢
_ T = OUTN ouTP = T
o—¢ +—o0

+

P
|
Gt TT

|
BPE
L1 [|H'—
|
<—
|

|
ST

Bl
B

0 (e T

D. McPherson et. al. GaAs IC Symposium -2002




40-Gb/s EA modulator driver layout

DY aEE NIl |
HUNKE 8

D. McPherson et. al. GaAs IC Symposium -2002
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On-Wafer S22 Measurements: 18 parts

QTIHHHA1 measured resulis at 25 C

5 8 @& &

Output ratum lose {dB)

B & &

.

]

U

=

5

10

15

Zb
Frequency (GHz)

25

30 35

40

45

850



Nominal eye-diagrams
40 Gb/s 44 Gbls

File  Control Setup  Measure Calbrate  Utilities  Help 26 Apr 2002 09:51' m File Control Setup Measure Calbrate Utiities  Help 26 Apr 2002 09;53' m
W— . Eyedhiask hode.

Mask Test ﬂ Mask Test ﬂ

Setup
& Info
RZ /M Qear Meas.'g Rz /:2' Qear Mm'g

Setup
& Info

cale:a00 mbidiy
ffset-2.000 W

cale: 500 s div

cale: 500 midiv cale:10.0 mvAdiv e Time: 5.0 ps/div -+ Trigger Level: cale: 500 i Adiv cale: 1000 mvAdive Time: 5.0 ps/div ©+ Trigoer Level:
ffset:-2.000 fiset00 4 Delay:24 0235 ns 481 my ffset -2 000 4 fiset 0 Y Delay: 24 1228 ns 481

- Output swing of 3.0 Vp - p per side

- Rise/fall times are 10.9/11.4 ps
- Jitter is 8.6 ps (peak to peak)



Pre-driver
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SiGe BICMOS input buffer example

£s £ 3V
- -
2/ ]
am =n.. | =
s o as E o]
:...ﬁ DIN ~1 s I — 285V
P (=] = *
- 0.2x3um| o o
DINN | v . out
o {0.2x3un? g
e —h
L :I]'.Zﬁum:—u“tp
2,25V
1.5mA | ®
= I | = I |
f— — [ 1 [ |
E NN )TN 1.4V
0.2x3um 0.2x3um
1 i i i i H
- CEe e e e el
1 — & 1 & L & 1 & 1
% = % 1.5mA% % I.SmA% % 6mA
. . . -

Total current = YmA, Power = 30mW

46



Optional retimer

4 O +

Laser or
RoE |2
Flip-Flop  Predriver Modulator

pat :TI:> K_gz?_:—

Clock =

[2]
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Receiver linear pre-emphasis concept for
cable equalizers

—— 10m Belden Cable
—e— 100cm V Cable
—— 180cm SMA Cable

0 10 20 30 40 50 60
Frequency [GHZ]

70
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Gilbert-cell based driver pre-emphasis

Summing outputs from

a stage with
constant gain vs. .,

freq

a stage with
peaking gain (with
capacitive

degeneration)

R
ouTP
)

]

o
r
065 0.65 0.65

o
OUTN
0.65

|)0.65
o

INP

|)0.65
I

0.65 k|
a

z
—L 1—
WA

0.65k|
)

INN

14

R

.,_,l I

u
P

4

u
P

4

.

*H. Shakiba, Gennum, ISSCC-1999

»2.5Gb/s cable equalizer
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Low-frequency path

9m

100 pH 11 = v

RE
Peaking Main < Out- (ZCS | T)gm +1
0 0

3um}<3|n-
. 3 3
e R T B Qs
AR o I
R, C; R, lz — ZE Vi
AN (Zes | g +1
R.
W————
Re
MA L ]
2 2 2 3 . .
{ um um\y um'y Mm} v, = —[ﬁll -+ (1 _B)lZ]ZL

50 Q s50|le 750 750 750 50 Q
Sl g g T A Balteanu, BCTM

- 2009
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High-frequency path

VDD = 3.3V

100 Q 100 Q
100 pH 100 pH
Out+ & Peaking Main < Out-
g 0
N v
In+ D—KS um 3 um}d In-
s . > >
Q Q Q
2 R1 C1 R1 3 4
L >
Rg C2 R2
+—W— ¢
R3 C: Rs =5
2200 ! s 200 =
R
.p_‘A,\P——l
Re
[ ] M [ ]
Vi P73 pm p2um 72 um 2 umN 2 umN Sum N,
N ~ A
?509 5Ql|E %759 750 750 50@?

1 =

iy =

Vv, =

9m

R k
(Zes 11 59)Em + 1

Im
Zg
(Zes 1 5)8m +1

Vi

—[Bi, + (1 = B)i,]Z,

A. Bateanu, BCTM 2009
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S, , [dB]

Compensates for cable loss vs. freq.

20

—a— All Stages Turned Off
10 F —o— Three Stages Turned On
—e— Four Stages Turned On

0 —O— Five Stages Turned On
.10 £ — Simulated Results
-20 =
-30
-40 L :
1 10 100

Frequency [GHZ]

A. Balteanu, BCTM 2009
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Examples of 40+Gb/s equalizers, drivers
and DACs with waveshape control
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A 1.8V SiGe BICMOS Cable Equalizer with
40-dB Peaking Control up to 60 GHz

loannis Sarkas and Sorin Voinigescu

CSICS 2012



S,, [dB]

Continuous Time Linear Equalizers

S,, [dB]

1 L L A _40 i A P S A B A |

20 40 60 80 100 1 10
Frequency [GHz] Frequency [GHz]

10 F
15 E
20 F
25 F
-30 B
35 F

40 b— 1 . | ; \ : 1 ]
20 40 60 80 100
Frequency [GHZ]

S,, [dB]

100
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First Two Stages

1.8V 1.8V
1
o =800 |
20um LT Gain/Peak
Control
110pHE &
~ Out+

Out-

Bias1 ©

Bias2 ©
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Middle Stages

18V

1.8V 570 % ;j
T o—lﬁ % Gain/Peak

o 520 o 160pH T Control

Gain/Peak|  Outt Out-
Control

L 8mA o I\“ 2000
4um 2um e :\ Adjustable DC gain
45um :l 3 bn}a; ctr also Important for
iy oo linearity

TZOOf .
L yFeekeo, | Adjustable zero
=z oM frequency

Peak b1

.
6Opml_ﬂ *

i BICMOS @ -

Amp
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Output Driver & Predriver

1.8V 1.8V
1
o—| 52Q) :jl—o 50Q
15um 140pH

v | Gain/Peak
70pH T Control Out+ Out-
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Die Photo

* STMicroeectronics 130nm SiIGe BICMOS
rocesswith f./f,,,, =220/280 GHz

* 1x0./mm P,.=250mW
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S-Parameters (dB)
N oo a4 a4 NN W
o Ul o o o Ul o U o U o

Equalizer S-parameters

27
= &
Z2 21
7z
Y7/4 ]
5 11
;& S5

O 5 10 15 20 25 30 35 40 45 50 55 60 65
Frequency (GHz)

' Bits grouped.:

| 3 gan

| *2 peaking

I 1 gain-inductive
| peaking
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6.1m Cable — 44-Gb/s Equalized Eye

ﬁ File  Control  Setup  Measure  Calbrate  Utilities  Help -

2"-1
length

04 Agr 2012 19:36
Tirme: 1000 pesddiv Patterm
Lock

Trig: Free Run
Delay:24 0544 ns ==

1 . Precision Timebase. .. 287 i 94 4 b i
Reference: 2200000 GHz =22 4 =328 9 m
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6.1m Cable — 44-Gb/s Equalized Eye

}3-‘: File  Control  Setup  Measure  Calbrate  Utilities  Help -

2%1-1
length

05 Apr 2012 19:58

Time: ¥ o psddiv Ttidl: Friee Run Pattem
Delay: 24 0341 ns -— Lok

i . Precision Timebaze. .. 230 i 100 e dise
Reference: 22 00000 GHz =224 m =363.0 m*
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6.1m Cable — 44-Gb/s Bathtub

File Control  Setup  Measure  Calbrate  Utilties  Help -
litter Wr\h:u
Wl I BER Jitter Bathtub
L = _— Dual-Dirac BER Bathtub  EEEEEN T1 Data
omposi -
DO Hist -z
- - Samples: 1.33 M
< T —
tﬂf T 1
£ 1E-6-
Batie |3 1 15
1E-10-
|~ 2 2 -1
. 1
8 || = length
=
) 1E-18-
- | | | | |
0.0 LT 250 miI SO0 mlI FE0 miI 1,00 1]
AR T T LT TR RS T raphs
Bit Rate: 44.00000 Gb/s  Pat Length: 32767 hits  Diw Ratio: 1:8 Src: 3
TJ{1E-123: 17.2 ps DJCE-&3: 8.4 ps RA{rmsy: G40 fs Setp
More PJ(§-5): 990 fs DDJp-p):  10.2 ps bCD: 1.28 ps _]'9* Infa
(2 of 2) | PJ{rms): 120 fs IS1din-ny 10.2 ps CLk

1 Precision Timebaze. .. 210y | g 100 M diy Time:3 8 psddiv Th: Pattem [ ~ Patem
J . Reference: 22.00000 GHz I ! 2.2 I J -387 .5 m' I DelarEB.HE'] 115 I Bit: O A [ock
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Setup for Cable Equalization @ 80Gb/s




80-Gb/s PRBS Output

“Bile Control  Zetup Measure  Calibrate  Utilities  Help -
- BEye/Mask Mode

07 Jun 2012 13:51

1 Frecision Timebase...
J Feference: 39 30000 GHz

Ta2 mvdiv 404 mediv Time:5.0 psdiv Trig: Free Run Fattem
-41.0 mt =305 Delay: 24 0055 s -—- Lock

2"-1
length
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Y

le Conftrol  Setup

2.7m Output Eyes

Measure  Calibrate  Utilities  Help

Precision Timebase...

Reference: 39.32100 GHZ

a0.0 iy 404 mediv Time:5.0 psddiv Trigg: Free Run
=400 =304 mh Dielay: 24 0032 ns -—-

2"-1
length
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3.9m Cable Equalized S-parameters

00— . . . . -7
I —O— Cable + Equalizer |
-5 —a— Cable —
-10 . Mv\ﬂm&%)l o) -
| V
-15
20 K .

25 V\R\""\"\.‘
30 | 30dB m
35 R
0 V\wﬂ\]h«
O 5 10 15 20 25 30 35 40 45 50 55 60 65
Frequency (GHz)

* 30dB loss @ 40GHz
* BW = 50GHz after equalization

S, (dB)




.35}::.
T

oL

ile

Precision Timebase...

32 v 404 mi i Time:A.0 psddiv Trig: Free Run Fattem
Reference: 39 30000 GHz =400 mts =305 mt Delay: 24 05049 ns -— Lock

3.9m Cable — Equalized Eye

Contral  2etup Measure  Calbrate  Utilities  Relp -

P

OF Jun 2012 1425
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Distributed 49-Gb/s equalizer in 0.18um SiGe

inp &—

outp &—

Ty/2

outn ¢—

inn &—|

Ty/2

Tq

Tg/2] | Term

BIiCMOS
Tgl2[ 7| Tg/2
Tg/2[* Ty/2

A. Hazneci CSICS-2004

Tg/2] | Term

vCC

INP

l_
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SiGe BIiCMOS distributed amplifier/equalizer
layout

stacked metal

gain stage bias (GPPG)

50-Q term ground shield
llnlllll II!IIII | A
term
1-mm

term
(DA out)

el O B0 W M MM MM MW W MM MR 0 Y

bias (GPPG) itz om o i mm it ol o oot S ]
| . 90-Q term
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40-Gb/s Distributed Cable Driver with Pre-
emphasis Control (R.Aroca, CSICS-2007)

«— 75Q Microstrip T-Line = 75Q

] Setrors—ll ] ] ] [} I 8V
INP 5 HHH—— L] L} L] ] (] #— ouT
—> 75Q 5
1 3 4 5 6 7
INN .
— 75Q P iyern d
8V |-.-l [ ] [ ] B [ ] ] ] i 'OUTN
AM ] [ ] L] | | [ | [ ] || —m 8V
- Amp &
BCC — Pre- —éE ®) Q) ) )"\ SE' 0 75Q
Y| Emphasis | L1 I,A j_t)\ j_g\ I’\ L] iE
. \/ \j f g g g ‘
P YT Y Y Y Y

* lour = 5V, /(75Q//75Q) = 133mA = 19mA/section

« Must fully switch the DA - predriver: 1.5V_, 40mA

pp’

« Gain of predriver = 1.5/0.2 = 18dB, 3dB/stage - 6 stages

« Amplitude control is implemented in both the DA and predriver
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DA Section Schematic

i

-5 T-line section T-line compensation 5
S B S 1 IP——00- e
Y ¥ T — Y ¥
SZ Vg SZ |np
_||: N ! o jl-;_O
I N
NI o

a N

| e %’IOF% e <=
'|C ' "":! S e eeli=

> I—-_>I: g ’?’I ,|<._|_"

= = Rzz |7 TER % 2

0.18um n-MOSFETSs f.=50GHz, f,,,,=75GHz
RC-HPF & Digital HBT f,=160GHz, f,,,,=160GHz

WA




Driver Microphotograph

A\ 4

2.5mm
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S-Parameters [dB]

40 wﬁl-l_h+*d—lqlhl I I I I I I 1 | I | | 1 | I | |
] ] - - -

S-parameter Measurements vs.
Simulations: 10dB of Amplitude

FREQUENCY [GHz]
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S-Parameter Measurements vs. Simulations:
25 dB of Pre-Emphasis Control

30

IJ.II IIIII IIIJ.IIIIIIII} ! I ! ! ! ! I ! !

N
o
III

25d —aooa

-
o

=
T 0t — — — l ]

S-Parameters [dB]

FREQUENCY [GHz]
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2.4Vpp, 60-Gb/s DAC-Driver in 65-nm CMOS
(R. Aroca, et al, CSICS-10)

e 50Q microstrip T-lines N

{ } { } { } { } N
VIPpa
( ( ( hMWWE WWD M{) VOPpa
5 5™ o
500 B R R B e © 2509
TIALA L L A i L o
VIP RETIMER | VDD2 =2V B |2 I VDD1 = 1.2V 4 | 1.2V H 5 1.2V
2] 7 7 ¥ 7 7
4-bit 4-bit 4-bit 4-bit 4-bit § 500
50Q CNTL CNTL ONTL Ly 15 g T L), | ONTL Ly Tl ) | oeNtL Ly )
( ( T S S | g e | gt | VONoa
CLK VINpa
{ J { J { J N
lrai 8mA 12mA 4-bit Gain CNTRL 16mA 24mA
12mA
INP ) ) 3 4 5 ouTP
INN OUTN
1.2V Binary-weighted, segmented diff pair: 1.2V
(W/L)w1 = 2°* (1pm/65nm) OUTN  OUTP
500 (W/L)w2 = 2" * (1um/65nm) 500
1.2V 1.2V Lp3 (W/L)us = 24* (1|.lm165nm)\ Lps Le 1.2V DeePZ:“IWé" 60x1pm 1.2v
i T %
* =
1 M5 [M4 [M3 [M2 | M1 | M2| M3| M4| ms M5 Msj LVT % 1
i iy e e ek (H Ll

INP D—{ 26x0.8um

LvVT
38x0.8um

INP =

Vra o

Stage 1

8mA VTAlLD_{é'l 2mA

Stage 2

B4

B3

B2 ¥

B1

—e B1,2,3,4

Lbbs Lbb3
HVT
{LW 38x0.8um
)
L

B1,2,3,4

Lbbs

SVT
76x0.8um

VraL >, 16mA

Stage 4

V1AL D_{ 24mA

Stage 5
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DA-only S-param meas.: all peaking states

-15
-20

(ap) zzs ‘1ZS

Frequency (GHz)

7



Full driver S-param measurements

(1)
50 2)
40 3)
30
2o ) (1) B<0:7> =11 00 00 00

(2) B<0:7> = 10 00 00 00
10 (3)B<0:7>=01111111
(4) B<0:7> =00 11 00 00

e e erame

$21, 512, 522 (dB)

5 10 15 20 25 30 35; 40 45 50 5 60
Frequency (GHz)



40-Gbl/s eyes with ampl. cntr. DR = 30 dB

Ry -l

i
-

i .
,Kf File  Control  Setup Measure Calibrate  Utilities

“File  Confrol  Setup  Measure  Calibrate  Utilities  Help

Help

ortino0) ) P

0

1 . Precision Timebase. . 100 midiv i Time:5 0 psddiv Trig: Free Run

e ’ m
Reference: 39.00000 GHz 210mY G4 Delay: 24 0635 s csi Bile Control - Setup Measure  Calbrate  Utilities  Help _ _| J

00

Precision Timebase...
Reference: 39.00000 GHz

Tiigy: Free Run

Time: 100 psddiy
Delay:24.0915 ns

EatEm 1 . Precision Timebase... 100 mivicdiv 100 mvidiv © Time:10.0 ps/div © Trig: Free Run E Pattem
L Reference: 33.00000 GHz A720my -28.0mY Delzy: 24 0946 ns === Lack
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Y

40-Gb/s eyes with peaking control: 8 dB

Cantral

Setup  Measure

Calibrate

Utilities

Help

e

Precision Timehase...
Reference: 39.00000 GHz

100 i clive
21.0 m

200 mdiv
68 m

Tirne: 10,0 paddiv

Delay:24

0915 ns

1.1 Vpp EYE OPENING
8dB peaking

i

Control  Setup  Measure  Calibrate  Utilities

Help

SEEE -l

tecision Timebase...

. P 100 mdiv
Reference: 39.00000 GHz

Time: 10,0 paddiv
21.0 mi

Delay: 24 0915 ns

Trig: Free Run

More
(2 of 3)

Precision Timebase...
Reference: 39.00000 GHz

100 iy

Timne: 10.0 ps/div
21.0 m

Trig: Free Run
Delay: 24 0282 ns

[k )30



60-Gb/s Eyes with 500mVpp and
800mVpp swing per side
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56-Gb/s DAC in 65-nm p-MOS CML
(Ciena ISSCC 2011)

Current input:
lo {lof2, lofd)

Pre-emphasis =10%
] _.‘

— | galA sela

Current output
(to S00hm summing 1:2 MUX timing diagram
rrade)

I-':H » e i 5 36 E .
Figure 10.8.5: 56Gh/s 256b PRBS eye with 0% (top) and 10% (bottom)
pre-emp hasis @28GHz.

Figure 10.8.3: Unit current steering cell with 2:1 MUX.
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Back-up
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Design example: 40 Gb/s, 2V SiGe HBT driver

s 2V over 25 Q load results in 80 mA tail current.

o | =80mA, A =80mA/9mA =9 um?, L_=45um

M

g =1.6S,R=6.7Q

C,=1.05pF, C_=50fF, C=99fF

Use emitter degeneration (RE=12.5 Q) such that A= -2
(previous stage needs 1V swing!)

T= Rb[Cn/(1 +ngE)+ 3 Cu] + 25 (CCS + Cu+ C

PAD)



Design example: 40-Gb/s, 2V SiGe HBT
driver

T1=6.7x(1.05p /21+ 0.297p) + 25x 0.199ps
T =2.3ps + 5ps = 8.3ps

Assuming emitter followers to reduce source impedance
BW,_ = 19 GHz (not adequate)

Inductive peaking not possible: current is too large and
SRF becomes too low

Use distributed amp with 5 stages, each with 16 mA tail

85



Design example: 40-Gb/s, 2Vswing SiGe HBT
driver

= Gain per stage is still 2
= g =0325,R=335Q
» C =2011fF, C_=10fF, Cu: 20 fF

= The Input/output lines can be loaded by a unit capacitance
of 100 fF

» L=CZ?=250pH

« BW__=1/[T(LC)"9] = 63 GHz ... but will be limited by

3dB

frequency at which transistor MAG = 6 dB (AV= 2)
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