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O Background



Research Background

« Cutting-edge information technologies create massive data volume
« Data center interconnects to be upgraded towards higher data rate and better energy efficiency

Exponential Rise in Data from 2010 to 2025*
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Electrical vs MM Optical vs SM Optical Links

Wireline Interconnect Roadmap* Electrical Link
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O Transmitter Design for VCSEL-based Optical Links
B Imperfections of VCSEL



Imperfections of VCSEL

Electrical & Optical
Input N7 P
VCSEL

« Bias current 1, E/O gain |
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O Transmitter Design for VCSEL-based Optical Links

B Implementation and Measurement of A 56-Gb/s PAM-4 VCSEL Transmitter



Conceptual Architecture

Thermometer code-based architecture to piecewise compensate for nonlinearity in E/O gain,
nonlinearity in bandwidth, and asymmetric responses to rising/falling transitions

Top Slice w/ Adjustable Gain Nonlinearities of VCSELs
and Asymmetric Equalization

Binary’ m

nput 1 2 | [Middle Slice w/ Adjustable Gain and

Binary) § Asymmetric Equalization

Input 1 = | [Bottom Slice w/ Adjustable Gain and
Asymmetric Equalization

Compensated Optical
Output
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Detailed Architecture
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4-to-1 Multiplexer (MUX)

AL ENIE < 4 quarter-rate data streams — 1 full-rate data stream
LR CRURIIO@ - Controls tap interval of the 2-tap FFE
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4-to-1 Multiplexer (MUX)

* Implemented by cascading two-stages of 2-to-1 MUXs

Principle of .
4t0-1 MUXx 1B 1st-stage 2-to-1 MUX serializes I?0~.D1 to D, and Dg
 2nd-stage 2-to-1 MUX further serializes D, and D, to OUT
First-stage Serialization Second-stage Serialization
Dp_ X _a X e X X D __ _XaXbXeXTX X X
D D X b X f X CKgo ] _l
o—>
Ds— o1 L LT pe XX XTXa XXX
D~ | 2-to-1 D Xa XX e X T X X : CKaro__ | | I | [
CKo CKiygo mux "OUT  p, N D S
Dq D, °X N d XX ouT _X_X_XaxbxcxdxexfXaxhx X X
CKgo CKy7o CK;(,_' _L Time window when CKy is high
Time window when CKy is high

CKigo CKo

Time window when CK, is high

Time window when CKg is high
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4-to-1 Multiplexer (MUX)

CKo CKigo
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4-to-1 Multiplexer (MUX)
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4-to-1 Multiplexer (MUX)
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Output Driver

Design of Pre-tap
Gm Cell
|
[

« Cascode structure for preventing breakdown issue

» Tunable tail current source for gain adjustment
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Output Driver

» Transistors size 2.5 times larger than pre-tap Gm cell

Design of Main-ta
gGm Cell P . Source-degenerated capacitor for BW extension

* Pre-emphasis circuit for mitigating optical eye skew
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Output Driver
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Clock Tree

— Bottom Slice
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( ) ) \_Top Slice
Binary- N 4 4:1 %
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Encode.r T :I'. :@ E
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’ 2nd-| ayer Clock Tree
Duty-Cycle Corrector
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Clock Tree
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Design Under Test

= '\.fr“g ©

W ..m..F (_ - Fabricated in 40-nm bulk CMOS

l —ﬂ.—l—lh Jr

u BLUUK « Transmitter core occupies 0.1 mm?

« Consumes 115 m\W at 56-Gb/s PAM-4
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Power Breakdown
PLL, 7 mW

ﬁﬁ(‘!‘EQE

E e Y

/Ly

Output Driver,
24 mW

Clock Tree,

34 mW 2.05 pJ/b

at 56-Gb/s
PAM-4

A — PRBS Generator + Binary-to-therm. Encoder
B — Re-timer + 4-to-1 Multiplexers

C — Phase-locked Loop

D — Clock Tree Binary-to-therm. Re-timer and

E — Output Driver Encoder, 4 mW 4-to-1 MUXs, 46 mW
F — Bias Circuit + 12C
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Measurement Setup

A commercial VCSEL is wire-bonded with the transmitter for optical

measurements {CRYEHRRATIE Scan to Visit
- The optical signal is butt-coupled to the multi-mode fiber RRrosid Measurement
. = i
==t Video
DC Power Supply
[(Keysight E36312A)] [ Oscilloscope ]
T (Keysight N1000A)
Off-chip LDOs 1
(otenip oo ¥

Data
Oscilloscope sdaout
(Tektronix TDS2024C) O/E Converter
[ 2-mom2 | (Keysight N1092A)

\ scl

[ Labjack U3-HV g MMF 1
J sdain —
- [ CLKP| |CLKN
I:I AWG ] Trigger Clock
= (Keysight M8196A) J
Measurement Setup Measurement Environment
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https://www.bilibili.com/video/BV17C4y1Q76Q/?spm_id_from=333.999.0.0

Measurement Results

Avg. Height/Width: 12.12uW/2.39ps
RLM: 0 Horizontal Skew: 4.76ps§ RLM: 65% Horlzontal Skew 189ps

(a) EQ OFF, (b) EQ ON, Equal Slice EQ,
Equal Slice Gain Equal Slice Gain

Avg. Height/Width: 44.44uW/7.21ps |

RLM: 89% Horizontal Skew: 1.83ps
(c) EQ ON, Equal Slice EQ,
Piecewise Tuned Slice Gain

RLM: 90% Horizontal Skew: 1.77ps

(d) EQ ON, Piecewise Tunned
Slice EQ and Slice Gain

(a)

(b)

(c)

(d)

Average Sub-Eye

Bottom Middle

Top

Height [uW] 12.12 | 39.79 | 44.44 | 45.46
Average Sub-Eye
Width [ps] 239 | 715 | 7.21 7.99
Ratl_o-of-LeveI 0 65% 89% 90%
Mismatch
Horizontal Skew 4.76 1.89 1.83 1.77
[ps]
% 10
Q.
< 8
o 4}
7, 5
S S
w0 w

Bottom Middle Top

20/60



Comparison with Prior Works

[2] PTL18 [3] JSSC’22 [4] VLSI'19 [6] ASSCC’21 [1] This work
CMOS Node [nm] 65 40 65 40 40
Architecture 1/2-rate 1/4-rate 1/4-rate 1/4-rate 1/4-rate
Signaling Scheme PAM-4 PAM-4 PAM-4 PAM-4 PAM-4
Data Rate [Gbps] 50 56 64 64 56
OMA [mW] 2.00 0.81° 2.50° 1.08" 1.18"
Power effi. [pJ/b] 5.12 1.73 2.69% 2.09 2.05%
Core Area [mm?] 0.31 0.47 0.28 0.16 0.10
Asymmetric 25-tap DAC- | 2-tap DAG-based | > 1aP LSBMSB- | 34ap LSBIMSB- 1, 1) eep 4 o1iE
o based Asymmetric|based Asymmetric :
Equalization based FFE FFE + Pre-emphasis
FFE FFE
Imperfection Full Full Partial Partial Full
Compensation
Method Type Digital Digital Analog Analog Mixed-signal

*3-dB butt coupling loss de-embedded [6]

#Includes on-chip PLL
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O Transmitter Design for Optical Modulator-based Optical Links
B Design Challenges



Design Challenges for Modulator TX

« Large output swing for high optical extinction ratio

* High linearity to support advanced modulation schemes for high data rate

» High bandwidth to increase the link speed

« Equalization to compensate for high-frequency loss from E/E and E/O interfaces

Optical OUT

Electrical

_ v Transmission
Optical ; Line

Waveguide t ._QAAH
v » APhase
Elec.C —» Optical
ING OuUT »Elec. In
Optical IN (< 7j======%i Ry | .
v
Time
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O Transmitter Design for Optical Modulator-based Optical Links

B Implementation and Measurement of A 56-Gbaud Linear Modulator Transmitter



Architecture Design

R
R
Sub-DAC Data-1
TX |Sub-DAC|—=—l1  proposed ——y v -
] _ AMUX-FFE
DSP [Sub-DAC | 22422 Linear L >0
Clock T it —— W\ P TR
ransmitter Analog serialization

______________________________ « Serializes analog data streams

AMUX-FFE Linear Driver from half rate to full rate
Datat }i 2 . Bie_xg. 2 ! Equalization | | |
Mixer |2-stage| 2 m|?I|f|ers « Generates equalized signal with a
Data.2 }i Array | Adder [” 2[ Emitter |2 ] re-configurable FFE
| Followers * No tap generator required to save
) 14 Toaic power
Clock 2 ~ DCBias 1~ Con%rol
Bias and Control
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Architecture Design

Data-1

—— W\ : :
Data-2 i Linear Driver
DSP[Sub-DAC [ 222 Linear >—C>—<>(Q

lock i
Cloc Transmitter H———="W Large output swing

______________________________ « Adopts a dynamic triple-stacked

AMUX-EEE Linear Driver (DTS) topology to achieve large
: output swing without breakdown
Data-1T |, o> I R = ) e v
ata Mixer | 2-stage| 2 Am;l)lifiers High linearity
Data2 o |Array | Adder |~ 2[ Emitter | 2 « The DTS topology also provides
ata- I 1 " |Followers | high linearity by decreasing V¢
14 — variations of HBTs
# - ) ogic
Clock - ~—| DCBias [ Control
Bias and Control
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Comparison btw Conv. and Prop. AMUX-FFEs

Conventional AMUX-FFE Proposed AMUX-FFE

Uses latches to generate FFE tap Uses re-timed differential data streams to
- High hardware & power overhead (&) generate FFE tap
- Bad re-configurability &) « Low hardware & power overhead &)
» Good re-configurability
Retimer CLK1y CLK1p @
CLKy CLKp
.D Q ] O O
5 a :
A Main-tap Retimer
D1p 1 | N\ D1,ofD Q
D1, 'DAQ'DAQ P DOp D1N°"BA6
D2y e
HD QHD Q DOy
D2y 'B 6'5 (_Q D2, 0HD QHp aH
A A J POSt'tap D2y o+ DAQ 1 DAQ 1
1D Q'D Q'D Q ]
% 15 aff affp @ —
FFE Path Tap Generator ;0 ¢ k2, FFE Path CLK» CLKy
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Principle of the AMUX-FFE

CONFIG-1: When mixers of four FFE paths are turned off, the AMUX functions as a
A MUTGHELReI N normal 2-to-1 serializer

mi, X A X € X E X
M1 — — —
Retimer / v XA X € X E X
D1,oHD Q M.f’/ M2, X B X D X F
PR3 M2, X B X B XE
N
CLK,
b2;o1fo afo aff A1, —B—O—<E>—C
DZNO--EAa-BAa ’_\\ P
M2e\ A2y —B—D—F
F
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Principle of the AMUX-FFE

CONFIG-2: DOg is the same with the output of a FFE with 1 main tap and 1 post-tap,
UL ETLE RN I tap spacing = 1 Ul

Rising Edge

CLK CLKp M1P:>T( A X C X E )C
' X E
Retimer
M1,
D1PO'-D Q
D1NO"5 6
A, M1y
M2
D2-olb allp a -
D2yoHD QHD Q
A A MZN

CLKy CLKy DO»

B+aA D+aC F+aE

27/60



Principle of the AMUX-FFE

CONFIG-3: DOg is the same with the output of a FFE with 1 pre-tap, 1 main tap and 1
(RUEINE MR SRR L IS8 post-tap, tap spacing = 0.5 Ul

Low Mlddle
CLKy CLKp M1p:>( A X X_E_X_
T & XT XEOC
Retimer "1 5Hig4h Middle
D1,0HD a £ mze i X B XD XF
N ' :
D2:olfo allp afl—e" A1p > A Y<K C O E Y<K
D2yoHD QHD Q@ aA aC aC aE
all o] m2, A2y XK B g D )< F)
aB aD aD aF
C+aB C+aD

CLK. LK, DO Xo XD

B+aA.B+aC E+aD- E+aF
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Principle of the AMUX-FFE

CONFIG-4: DO; is the same with the output of a FFE with 1 pre-tap and 1 main tap,
(METWR AR LN tap spacing = 1 Ul

CLKN CLKp
Retimer
M1p
D1PO'-D Q
D1NO"5 6
A M1y
M2
D2r0{{D QlD Q a
D2yoHD QHD Q
A A MZN

CLK,» CLKj

Falling Edge

aBB+a5aD aEaF

A+aB C+aD E+aF
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Principle of the AMUX-FFE

m

Other Configurations

>< « Multiple other configurations can be set by simply
F

delaying the clock

» For all configurations, the sum of pre-main TS and
main-post TS is 1 Ul

O XX X

E
X
X

Ol
n

B —> CONFIG-2

W — 1 pre+1 main+1 post,
—l . .
CLKp with S pre-main TS=0.25Ul, main-post TS=0.75Ul

different A | | — CONFIG-3
delays '

‘ 1 pre+1 main+1 post,
. —
. ——  pre-main TS=0.75Ul, main-post TS=0.25Ul

X | — CONFIG-4
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Schematic of the AMUX-FFE

Interleaver-1
CLKy CLKp

M1p
M1y

)

Main-tap
Path

M1p o] &
M1NZ¥ R1

Emitter *
Follower

Main-tap
Path

VDD amux

Dummy Load

Equalization Path

v

Qqp

Path [}
CLKy CLKp

Equalization Path

Dummy Load
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Schematic of the AMUX-FFE

DOp
DOy,
Adder
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Comparison Between Driver Topologies

Conventional Cascode Breakdown Voltage (BV) Doubler

Limited output voltage swing Maximum output swing doubled

Max Swing + g Max Swing AJ_I_‘
<Bee-Veeso T | e [ 2
: E ' ) ! L '

v

eI E Vces,a1 + Vees,a2 1«-¢—o0 OUT

o—I:QZ

Vg.cas = Vces.a1 + VBe Q2
¢t Vces. a1

INo—laiN




Comparison Between Driver Topologies

Proposed DTS Topolo v
: AR ; Max Swing
* Maximum output swing tripled compared to i < 3XBVcE - Vces, Qi |
cascode i =Vcesaz- Vces,a3 |

 Better linearity f ...... L
Vces.at + Vces,az + Vces,a3
oUT: = 2xBVee
l .A.---
2"BVCE - VCES ar | : 2xBVce - Vees,ar | J‘I-‘
| > - Vces,a2 |

S A = i Nesar ; 34/60



Schematic of the Output Driver

» Three emitter followers for ensuring appropriate DC conditions for main path,

m AUX-1 path, and AUX-2 path and buffering signals
* VDDgy,;r=6.5V

Output
DO- \ \ oUT,
‘\.) > >
DOy -~ - ouT,

+ I ~ —~ + + PR + +
e ————Rs——1
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Schematic of the Output Driver

AUX-1 Path « AUX-1 path for dynamically biasing the base of Q4
* VDDpyx.q =35V

Output BVce#VostVa: ¥ 20"
<l BVce-Vees ! 500
D(:’EBL} N oUT, ce-Ve \/Z;EV;H(BE y
DOw OUTw VDD aux1 “\" a OUTe
' 7
AUX-1 \ Qs
Qs

From o % P A +\+
AMUX@ M\ 7\ _-\__
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Schematic of the Output Driver

« AUX-2 path for dynamically biasing the base of Q7

LCALIUN . AUX-2 itself is a BV doubler

+ VDDpx, =45V
AUX-2

2XBVcg+Ves+Vie VDDour
‘ EE Output E-EZX(BVCE_VCES) 500
N OUTe Cz# % 2xVces+Ves+Vee ",

DOp N
2 "\.23 Y >
DOy ouTy
AUX-1 \
| |
From ot~ ~—4 H N
AMUX(::& t _-\'_
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Schematic of the Output Driver

2XBVce+Ves+Vee
i
ﬁ i 2%(BVce—VcEes)
X VDD
szCES+VCS+VBE BV_A(?E+VCS+VBE ouT
T ‘\‘ BVce—Vces ,E 500
C; C2¥ % Vces+Vcs+Vee N
o g OUT;
| Q Py
Q. A 3xBVcet+Ves
A
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Design Under Test

« The transmitter is fabricated in 130-nm SiGe BiCMOS with f;/f__, of 250/340 GHz
 All signals are wire-bonded to the EVB for measurement

DC i Attenuator
—p— Power I
[ (AR Supply Sampling |
ha-c] | Oscilloscope |
. ‘O A
l.
< :
o ‘E - Trigger
"% Clock
") == [N Clock EIIN SMA Connector
| ;; AN ,.f_-_,x‘ = EV/B Trace
e - [ Signal Generator ]— ~Bond-wire
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Design Under Test

* The transmitter is fabricated in 130-nm SiGe BiCMOS with f./f_, of 250/340 GHz
» All signals are wire-bonded to the EVB for measurement

Signal

Sampling
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Measurement Results

* The whole transmitter supports a maximum output swing of 7.3 V, @ 56-Gbaud NRZ
 With FFE, 56-Gbaud 4.2-meI PAM-4 is achieved, with 1.78-W power consumption
* The speed of the PAM-8 case is limited by the equipment

" 56-Gbaud NRZ with FFE ¢

- 56-Gbaud PAM-4 with FFE off =

AUX-1 Stage,
90 mW (5.1%)

AUX-2 Stage,
110 mW (6.2%)

Emitter Follower,

l—{4.46ps | le—l4.d6ps Il AMUX-FFE, 112-Gbls 280 mW (15.7%)
r ‘ oo & ; | 740 mW (41.5%) 4-2-Vppq
56-Gbaud PAM-4 with FFE on = >AM-8 w : 70 PAM-4

Output Stage,
560 mW (31.5%)

=
-
>
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Comparison with Prior Works

[8] TMTT’17 [9] JSSC’20 [10] BCICTS’21 [11] BCICTS’22 [7] This Work
Technology 130.-nm SiGe 130.-nm SiGe 130'-nm SiGe 130-nm SiGe 130.-nm SiGe
BiCMOS BiCMOS BiCMOS BiCMOS BiCMOS
fr I fuax [GHZ] 300/500 250/NA 300/500 380/520 250/340
Type Distributed, Linear Lumped, Linear Distributed, Linear Lumped, Linear Lumped, Linear
Output Impedance Matching [Q] 100 100 100 100 100
Equalization NA NA 1-tap FFE NA Reconfig. FFE
Serialization NA NA NA NA 2:1 Analog
Maximum Ouput Swing [V, ] 4 © @64‘-1@b/s 2 73
@90-Gb/s PAM-4 @64-Gb/s NRZ Duobinary (estimated by P1dB)| @56-Gb/s NRZ
Maximum Data Rate [Gb/s] @3-\;;3 NRZ @2.4-\;;:? PAM-4 @4-Vppd6[?uobinary @1 .2-\Jid8 PAM-4 @4.2-\/:,3 PAM-4
Data Rate-O[t\J/t'pCt;Jtt) /SS\]Ning Product 360 384 256 256 470
Driver THD 3.8% 3.6% 5.5% 6% 1.6%
@1GHz, 3V, @1GHz, 6V, @1GHz, 4V, @5GHz, 2V @1GHz, 6V, 4
Driver Gain [dB] 12.5 30 (with VGA) 24 18 17
Area [mm?] 1.2 1.6 1.5 0.55 0.9
Power Driver 550 1000 1030 280 1040
Consumption [mW] AMUX NA NA NA NA 740
FolM# [bit/s/Hz] 0.00818 0.00397 0.00414 0.00217 0.00867

EOM = Maximum Data Rate _

(Output Swing @ Maximum Data Rate)?

fr 8 - Output Impedance Matching - Power Consumption
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O Transmitter Design for Optical Modulator-based Optical Links

B Implementation and Measurement of A 100-Gbaud Linear Modulator Driver



Motivation

» For medium-reach optical communications, linear pluggable optics (LPO) outperforms DSP-
based solutions in terms of energy efficiency, cost and latency

 However, how to implement EQ in driver? How to increase the link speed?

Optical Modulator §
= o [
DgPI-bt?sed Host | DSP > Driver ro—C> é F(‘b‘) ) DSP P Host
olution =—W\— iber PD
w7 |Laser
) Source
Optical Modulator ~
N
. C— W N
LPO Driver ((0) % TIA
Soluti Host-\-w/ EQ r-e—C> Fib w/ EQ Host
olution =—{\W\— iber PD
w7 |Laser
"-¥-|Source
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Motivation

R. Voo TL-based Equalizer
oUTT s T, Te Ts 3T 9

Ea:ﬂ-%« -------- | SESTETTRY ] EECRCTRT . R Pre-to-main Spacing = Delay_, , — Delayp_, 1
ath-2<-------- o SRR 3 : _ _
Path-1<-----~Lk : : Main-to-post Spacing = Delay_,;, ; — Delayp_,.»
[Sg=\ Lo [Geen @) Good EQ capability
S e o S : Rr Vaus
INZ| T T, T T, 3T @ Small swing and low gain
Rt
Vop RL
T Ts T Te Ts [SOUT Distributed Amplifier
R N R ) RRN— o S— »Path-1
' edecccacaaas I > -
/ ' \ / : \ / :-"\-----+p§th-3 Delayp,,.q = Delayp,¢n., = Delayp,, 3
G G G
............. T m2 m3 @ Large swing and high gain
SO N o IS ; Rr Vs
INZ[T, T, T, T, 3T @ No EQ
Rr
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Architecture Design Evolution (15t Vesion)

Output TL

@ Good EQ capability

@ Large swing and high gain

R;V
N=TT - - - T 7T © High bandwidth

Input TL

However, ...

* Main-to-post Spacing = 2 X Delay; + Delay;p, — Delay,

* Pre-to-main Spacing = 2 X Delay; + Delay;,, — Delay pg

EEEEFEFEEEEEFEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEENEEEEENENEEEEEEEENEEEEENN,

\
@ Useless because 2 X Delay; + Delay,, is so close to Delaypr
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Architecture Design Evolution (2"9 Version)

2"d Version

Ri @ Good EQ capabili
pability
\GMain/ \GPost/ |_><
3:3-TPO @ Large swing and high gain
OUT T[T T -
: S @ Delay;pr can be smaller by minimizing Hy
Vgias Rt ANY) to increase pre-to-main spacing
T T T ;
R, +-LTPR : Hy However, ...
' X
/G""a‘k /Gpre\ ; - @ A length discrepancy of 2 X T, between
. : input and output TL is introduced
INS| T[T T v
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Architecture Design Evolution (Final Scheme)

@ Good EQ capability

ouT]T T T TB TA \ m
RN/ N N
VBIAS RT [ ]

T{Rk T T T + HHTA @ Large swing and high gain
ok o) /o
T ' |

= = = s I Pre-to-main and Main-to-post
R spacings can be properly set
L Cross-folded
/ GMaik / GMaik T @ No discrepancy between the
N / lengths of input and output TLs
IN( T T T TB TA
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Architecture Design Evolution (Final Scheme)

« The tap spacings can be designed by adjusting the length of related TL segment
« In the future, the FFE Gm cells can be designed to be controllable delay cell

ouT]T T T TB TA \
\ o Tap Spacings
/GMaik /GMaik 2 d Pre + PSP 9
Veias Rt Lt . '2 x Delaysg + Delayp,e1 — Delayp,e
T T T LB JITA 1 Pre 1
Ry 2 x DelayTA + DelayMain - Delaypre1
Voo RL /GPreZ\K;POSt}/GPreK\GPO t/ /GMaik Main +
T T T T8 HTA | t 2 x Delayra + Delaypostt — Delaypain
R|_ C -f Id d | cu— 1S POSt _V_
Y/ AN/ N rossTeEly 2 x Delayrs + Delayposz — Delaypost
Main Main / ond post X
IND| T T T TB TA
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Implementation of TL Segments

» Differential signals delivered in metal-5 (M5) and shielded by three grounded CPW also in M5
» Ground plane in metal-1 (M1) implemented for substrate shielding

Lt
€ --eeeeeeeceecececcecccccecececccecceccecceccecccecceeeas >
T v ;* ded
op . : __ Grounde
Signal TLs in Mf ’CPW in M5
... 4
------ -->#*»Ground Plane in M1

8um m 8um m 8um m
[} [} [} [} E

Cross- : '4 > : e
section View M2 H M2 H M2
Via
M1 I
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Implementation of Cross-folded TL

» Across-folded scheme to balance the lengths of input and output TLs
* Input TL jumps from M5 to M6 and then back to M5, which may bring some degradations

Cross- S
' [Y

folded Grounded

. Scheme CPW in M5 ®
' A  Output
' O $il- ' p
= NN TL
S Signal TLs in M6” "\ X0/
: S Groundflane in M1 R |
B Inpu
' o ' TL
: M 1
‘ SignaI;I'Ls in M5

4pum

8um
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Implementation of Cross-folded TL

« The intersection results in the discontinuity of the input impedance which may degrade the
input reflections

« The intersection aggravates the parasitic effect between input and output TLs which may
degrade the inverse isolation

Simulated Input Reflection Simulated Reverse Isolation

] g -20.0
5_10_0 g g 4004 _yoenap et
=504\ ‘ = 60.0-
g8 \; Q — Drv w/ Cross-folded TL
o~ Ky O -80.0 rvw
» -20.0 — Drv w/ Cross-folded TL ) ' ---- Drv w/ Conv. Folded TL
250 ---- Drv w/ Conv. Folded TL -100.0 4 I I ! ! ! I ! ! I
"0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Frequency (GHz) Frequency (GHz)
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Implementation of Cross-folded TL

« With much smaller discrepancies between the lengths of input and output TLs, the cross-folded
scheme achieves much better in-band gain response and higher 3-dB bandwidth

Simulated Forward Gain

) 21.0 15.9dB — Drv w/ Cross-folded TL
S 15.0 ————r . ~--- Drv w/ Conv. Folded TL
< 100112948777 7" |
=) o =
8 5.0 - l BT T UL

0 33GHzA 53GHzA |

0 10 20 30 40 50 60 70 80 90 100
Frequency (GHz)
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Schematic of the Gm Cell

Output TL

OUTP Design of Gm Cell

-----
llll

N Via  All the main-tap and FFE-tap Gm cells adopt the
R same design

CBP N ‘* . . .
L L Interconection  « A cascode topology is selected to improve the

breakdown voltage

* Ry for linearity enhancement

* Mpg for gain tunning
« The Gm cells are connected to the input and
output TLs using metal-3 (M3) layer

Input TL
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Design Under Test

« The distributed driver is fabricated in 130-nm SiGe BiCMOS with f/f_,, of 250/340 GHz
* The RF signals are probed using 67-GHz SGS probe during measurement
« All other signals are wire-bonded to the evaluation board

1.30 mm

1
1
\ 4
—

EEEEE
MalnTap

Input Ter.
Re5|stors
Output Ter.

0.65 mm

Re5|stors

Mam Tap 2" Pre-tap | 1% Pre-tap S 1!
v
Cross-folded
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Measurement Setups

Frequency-domain Measurement Time-domain Measurement

DC Power Supply DC Power Supply
Input Signal ! ~Output Signal Input Signal i »Output Signal
67GHz | .1 L[ TX .s| 67GHz 67GHz :‘; o TX ;"- .| 67GHz
SGS Probe[~T*| Chip —SGS Probe SGS Probe[—1—* Chip *|SGS Probe
" Evaluation 12! 11 Evaluation ‘v
Board Bias-T Signal Board Bias-T
67GHz Voot Generator S : 1]
Z Vector |« ampling |«
) L
Network Analyzer [* Trigger Clock| Oscilloscope [* Attenuator
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Measurement Results

« With FFE off, a DC gain of 15.8dB, a 3-dB BW of 24.5GHz, and a 6-dB BW of 53.4GHz are achieved
« With FFE on, a DC gain of 10dB, a 3-dB BW of >67GHz, and a peaking gain of 6.9dB@50GHz are achieved

20 0
;" FFE Off: 15.8dB DC Gain, 24.5GHz 3dB BW,
o 191 53.4GHz 6dB BW o 87
Z 10; g = 161 g
- D J
N 5 “Mid. FFE Strength: 12.3dB DC Gain, N .24 Max. FFE Strength‘ £
) . >67GHz 3dB BW, 1.8dB Peaking @50GHz ) Mid. FFE Strength”
» 0 Max. FFE Strength: 10.0dB DC Gain, n -32 FFE Off*
>67GHz 3dB BW, 6.9dB Peaking @50GHz
'5 1 1 I I I I I I I 1 I I I '40I 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 6567 0 5 10 15 20 25 30 35 40 45 50 55 60 6567
Frequency (GHz) Frequency (GHz)
0 -20
—_ FFE Off <. ——20
% '5' N P %'30
= 10 ’ A " < 401
0 151 i 0 -50; Mid. FFE Strength
“ .~ . ‘, 'l
=) /4 . “Mid. FFE Strength a ' reng ;
» -20- M » -60 - Max. FFE Strength »
ax. FFE Strength FEE Off
-25 I I I I I I I I I I I I UL -70 I I I I I I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50 55 60 6567 0 5 10 15 20 25 30 35 40 45 50 55 60 6567
Frequency (GHz) Frequency (GHz)
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Measurement Results

« The driver is capable of outputting 3.8-V__, 160-Gb/s PAM-4 and 4.0-V__,100-Gb/s NRZ signals

ppd ppd

V600470 ns

56Gbaud, PRBS13, FFEOff | 80Gbaud, PRBS13, FFE Off ™ 100Gbaud, PRBS13, FFE Off

-« ﬁ <« 3
2.98ps  } 960mv 2.08ps  } 900mv 1.67ps  §1.05V
56Gbaud, PRBS13, FFE Off ™ ~ 80Gbaud, PRBS13, FFEOn | 100Gbaud, PRBS13, FFEOn ™

4 e
2.98ps }900mv  RLM:95.4% 2.08ps }780mV  RLM:95.8% 3
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Comparison with Prior Works

[B]TMTT’17 [9] JSSC’20 [7]CICC’24 [13] TMTT 24 [12] This Work
SiGe Node (nm) 130 130 130 55 130
fr / fuax (GHz) 300/500 250/NA 250/340 330/370 250/340
Topology Type Distributed Lumped Lumped Hybrid Distributed
Equalization in Driver No No No No 5-tap FFE
3-dB Bandwidth (GHz) 90 >40 38 >70 >67
Maximum Data Rate (Gbls) @3V1§dONRZ @2.4V118PAM-4 @4.2v:,:d2PAM-4 @3.4Vi:d6PAM-4 @3.8v::d0PAM-4
THD <5.00% 3.60% 1.60% <2.00% 2.21%
@1GHz, 3V 54 @1GHz, 6V 4 @1GHz, 6V g @1GHz, 3.6V 4 @5GHz, 4V 4
DC Gain (dB) 12.5 30.0 17.0 11.2~21.8 10.0~15.8
Supply (V) 55 55 NA 3.0/4.0 438
Power (mW) 550 1000 1040 725 612
Area (mm?) 1.19 1.60 0.66 1.07 0.85
Z, (ohm) 100 100 100 100 100
*FoM (bit/s/Hz) 0.008 0.004 0.009 0.016 0.019

Maximum Data Rate
*FoM = .

(Qutput Swing @ Maximum Data Rate)?

fr

8 * Z, * Power Consumption
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[0 Conclusions



Conclusions

For multi-mode optical links

Proposes a VCSEL transmitter with piecewise compensation scheme,
effectively enhances the optical eye opening, achieves 56-Gb/s PAM-4
with 2.05-pJ/bit energy efficiency

For single-mode optical links

Proposes a linear modulator transmitter with AMUX-FFE and large-
swing driver, achieves 2-to-1 analog serialization, reconfigurable 3-tap

FFE, 7.3-V,,q maximum swing, and 4.2-V 4 112-Gb/s PAM-4 outputs

Proposes a linear distributed modulator driver with cross-folded
transmission lines and cross-coupled Gm cells, achieves 5-tap built-in
FFE and 3.8-V 4 160-Gb/s PAM-4 output
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Research Outcomes
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