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The rapid scaling of network bandwidth and data center throughput has motivated the 

wide adoption of high speed transceivers. Silicon photonics (Si-Photonic) is one of the 

most promising techniques to realize tightly integrated optical transceivers for next-

generation high speed I/O standards.  

 

This dissertation focuses on the design techniques of Si-Photonic transceivers for a 

data rate of 25Gb/s and beyond. A 25Gb/s transmitter design is demonstrated based on 

depletion-mode Microring modulators. An AC-coupled differential driver is proposed 

to realize 4×VDD output swing as well as tunable DC-biasing. The proposed transmitter 

incorporates 2-tap asymmetric pre-emphasis to effectively cancel the optical 

nonlinearity of the Microring modulator. An average-power-based dynamic wavelength 

stabilization loop is also demonstrated to compensate for thermal induced resonant 

wavelength drift. At 25Gb/s operation, each transmitter channel consumes 113.5mW 

and maintains 7dB extinction ratio with a 4.4Vpp-diff output swing in the presence of 



 

 

thermal fluctuations. On the receiver side, the design of a 25Gb/s PAM2, 40Gb/s PAM4 

Si-Photonic receiver design is investigated. The proposed receiver design employs a 

pseudo-different trans-impedance amplifier (TIA) as well as a direct-feedback decision 

feedback equalizer (DFE) to enhance the sensitivity for both PAM2 and PAM4 

operation. 

 

 

 

  



 

 

 
 
 
 
 
 
 
 
 

©Copyright by Hao Li  
September 15, 2016  
All Rights Reserved



 

 

Design Techniques of High-Speed Silicon Photonics Transceiver 
 
 

by 
 

Hao Li 
 
 
 
 
 
 
 
 

A DISSERTATION 
 
 

submitted to 
 

 
Oregon State University 

 
 
 
 
 
 
 
 

in partial fulfillment of 
the requirements for the  

degree of 
 
 

Doctor of Philosophy 
 
 
 
 
 

Presented September 15, 2016 
Commencement June 2017 



 

 

Doctor of Philosophy dissertation of Hao Li presented on September 15, 2016 
 
 
 
 
 
APPROVED: 
 
 
 
 
Major Professor, representing Electrical and Computer Engineering 
 
 
 
 
 
Director of the School of Electrical Engineering and Computer Science 
 
 
 
 
 
Dean of the Graduate School 
 
 
 
 
 
 
 
 
 
 
I understand that my dissertation will become part of the permanent collection of 
Oregon State University libraries.  My signature below authorizes release of my 
dissertation to any reader upon request. 
 
 
 

Hao Li, Author 
  



 

 

ACKNOWLEDGEMENTS 
 

My Ph.D. study and research at Oregon State University is a key step of my career 

in the area of integrated circuit and photonics design. Thanks to the help and guidance 

of many people, I was able to experience world-class academic life and personal growth 

training. 

 

I feel very fortunate to join the research team of my advisor, Prof. Patrick Yin 

Chiang. His unique method to motivate the creativity and inspiration through the 

pursuing of goals is my invaluable possession as a Ph.D. student. I greatly benefited 

from his solid background and deep intuition in VLSI design. He encouraged me to not 

only grow as a circuit engineer but also as an independent thinker for my career goals. 

 

I would like to thank Prof. Un-Ku Moon, Prof. Alan Wang, Prof. Arun S. Natarajan 

for the help of my dissertation. I would also like to thank Prof. Michelle Dolgos from 

Department of Chemistry for serving as the Graduate Council Representative. I would 

also like to thank all other faculties who introduced me to a variety of professional areas 

during my Ph.D. study. 

 

I would also like to especially thank Prof. Samuel Palermo from Texas A&M 

University for providing me the opportunity to collaborate with his students on several 



 

 

projects. Prof. Samuel Palermo’s board knowledge and professional guidance help me 

accomplish many academic goals over the past four years. 

 

I also want to express my appreciation to all my colleagues for helpful conversations 

regarding research and course projects; especially to Jiao Cheng, Rui Bai, Young Hoon 

Song, Cheng Li, Joe Crop, Robert Pawlowski, Neil Glover, Fanghui Ren, Vahid 

Behravan, Shuai Chen, Liqiong Yang, Yao Liu, Nan Qi, Kunzhi Yu, Binhao Wang, 

Alex Titriku, Zhe Xuan, Abhishek Agrawal, Yang Xu, Kai Zhan, Bozhi Yin. 

 

I would like to thank my internship mentors, Dr. Alexander Rylyakov at Coriant 

Advanced Technology Group and Dr. Xuefeng Chen at PhotonIC Technology, who 

spent much time and effort sharing their experience and discussing with me solutions in 

circuits design.



 

TABLE OF CONTENTS 

                                                                                                                         Page 

Chapter 1 Introduction ............................................................................................... 1 

1.1 Organization ................................................................................................... 2 

Chapter 2 Background................................................................................................ 4 

2.1 Existing 100Gb/s Interconnect Solutions ....................................................... 4 

2.2 Si-Photonic MZI ............................................................................................ 8 

2.3 Si-Photonic Microring .................................................................................. 12 

2.3.1 Si-Photonic Microring Overview ........................................................ 12 

2.3.2 Design of Deletion Si-Photonic Microring Modulator ....................... 16 

2.3.3 WDM Microring Transmitter ............................................................. 18 

2.3.4 Depletion-Mode Microring Nonlinearity ............................................ 25 

2.3.5 Depletion-Mode Microring Dynamics ................................................ 27 

2.3.5 Wavelength Stabilization .................................................................... 29 

2.4 Summary ...................................................................................................... 31 

Chapter 3 Design of 25Gb/s Si-Photonic Microring Transmitter ............................ 32 

3.1 100Gb/s Si-Photonic Microring WDM Transceiver .................................... 32 

3.2 Transmitter Circuit Implementation ............................................................. 34 

3.2.1 Differential AC-Coupled Driver ......................................................... 35 

3.2.2 Transmitter 2-Tap FFE ....................................................................... 40 



 

 

TABLE OF CONTENTS (Continued) 

                                                                                                                         Page 

3.2.3 25Gb/s Fully CMOS 8-to-1 Serializer ................................................ 43 

3.2.4 Wavelength Stabilization Circuit ........................................................ 46 

3.3 Transmitter Measurement Results................................................................ 49 

3.3.1 Transmitter Electrical Characteristics ................................................. 51 

3.3.2 Transmitter Optical Measurement ...................................................... 53 

3.3.3 Wavelength Stabilization Measurement ............................................. 57 

3.4 Summary ...................................................................................................... 60 

Chapter 4 Design of 40Gb/s PAM4 Si-Photonic Optical Receiver ......................... 63 

4.1 Receiver Architecture................................................................................... 63 

4.2 Receiver Circuit Implementation ................................................................. 71 

4.2.1 TIA Core ............................................................................................. 71 

4.2.2 PD Bias Circuit ................................................................................... 72 

4.2.3 Peaking Amplifier ............................................................................... 73 

4.2.4 Half-Rate PAM4 DFE ........................................................................ 78 

4.2.5 PAM4 Transmitter .............................................................................. 87 

4.3 Receiver Measurement Results .................................................................... 89 

4.4 Summary ...................................................................................................... 93 

Chapter 5 Conclusion ............................................................................................... 95  



 

 

TABLE OF CONTENTS (Continued) 

                                                                                                                         Page 

Bibliography ............................................................................................................. 97 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

LIST OF FIGURES 

Figure                                                                                                                             Page 

Figure 1.1 Key building blocks of silicon photonis devices [1] ................................ 1 

Figure 2.1 Per-pin data rate versus year for a variety of common I/O standards [2] . 4 

Figure 2.2 Existing 100Gb/s transceiver solutions .................................................... 5 

Table 2.1 Brief Comparison of 100Gb/s interconnect solutions ................................ 7 

Figure 2.3 Basic structure of a MZI ........................................................................... 8 

Figure 2.4 Structure of MZI modulator based on phase tuner ................................. 10 

Figure 2.5 (a) Traveling-wave MZI transmitter; (b) segmented MZI transmitter ... 11 

Figure 2.6 Structure of all-pass Microring ............................................................... 12 

Figure 2.7 Structure of add-drop Microring ............................................................. 13 

Figure 2.8 Simulated spectrum of an add-drop Microring ....................................... 14 

Figure 2.9 (a) Structure of a Microring modulator; (b) operation principle of a 
Microring modulator for PAM2 modulation............................................................ 16 

Figure 2.10 Microring WDM transmitter based on common-bus structure............. 18 

Figure 2.11 Layout example of an add-drop Microring modulator with heater ...... 21 

Figure 2.12 Simulated Microring parameters versus ring radius and κ ................... 21 

Figure 2.13 Simulated spectrum of an add-drop Microring modulator with 10um 
radius ........................................................................................................................ 22 

Figure 2.14 Simulated static ER, IL and TP versus the input laser wavelength (4Vpp 
modulation amplitude) ............................................................................................. 24  

Figure 2.15 (a) Simulated intrinsic electrical bandwidth of Microring modulator; 
(b) simulated intrinsic optical bandwidth of Microring modulator .......................... 25 



 

 

LIST OF FIGURES (Continued) 

Figure                                                                                                                             Page 

Figure 2.16 Simulated R2 coefficient of determination of static EO transfer function
 .................................................................................................................................. 26  

Figure 2.17 Proposed EO model for depletion-mode Microring modulators .......... 28 

Figure 2.18 Simulated 25Gb/s optical eye-diagram ................................................. 28 

Figure 2.19 Simulated eye-diagrams of a Microring modulator by sweeping the 
laser wavelength with 100pm step ........................................................................... 29 

Figure 3.1 Proposed 100Gb/s Si-Photonic Microring WDM transceiver ................ 32 

Figure 3.2 Transmitter architecture .......................................................................... 34 

Figure 3.3 (a) Common-source high swing driver; (b) cascode inverter driver (c) 
differential cascode inverter driver .......................................................................... 35 

Figure 3.4 (a) AC-coupled differential Microring modulator driver; (b) simulated 
AC-response of Microring modulator driver ........................................................... 37 

Figure 3.5 Co-design of CMOS IC and Si-Photonic IC .......................................... 38 

Figure 3.6 (a) Cascode inverter bundle driving the output passive network; (b) 
Simulated output eye-diagrams versus segment multiplier ..................................... 39 

Figure 3.7 (a) Segmented cascode inverter output stage with 2-tap FFE; (b)  
overstress issue for cascode transistors .................................................................... 41 

Figure 3.8 Schematic of the proposed CMOS driver with 2.4V swing and 
asymmetric 2-tap FFE .............................................................................................. 42 

Figure 3.9 Conventional 8-to-1 MUX ...................................................................... 43 

Figure 3.10 (a) Proposed quadrature 8-to-1 MUX; (b) proposed automatic phase-
picking circuit........................................................................................................... 44  

 



 

 

LIST OF FIGURES (Continued) 

Figure                                                                                                                             Page 

Figure 3.11 (a) Tristate inverter based 2-to-1 MUX; (b) simulated 25Gb/s output 
compared with conventional pass-gate based 2-to-1 MUX ..................................... 45 

Figure 3.12 Block diagram of average-power based wavelength stabilization circuit
 .................................................................................................................................. 46  

Figure 3.13 Flow-chart of wavelength stabilization process ................................... 47 

Figure 3.14 (a) Micrograph of transmitter IC prototype; (b) micrograph of silicon 
photonics IC ............................................................................................................. 49 

Figure 3.15 (a) Ring modulator micrograph; (b) measured optical response with 0V 
and -4V biasing ........................................................................................................ 50 

Figure 3.16 Measured 25Gb/s 27-1 PRBS electrical eye-diagrams (a) without FFE; 
(b) with optimized FFE and (c) with optimized FFE and all 5 channels running 
simultaneously ......................................................................................................... 51 

Figure 3.17 (a) Measured 2-tap FFE coefficients; (b) measured 12.5GHz forwarded 
clock pattern ............................................................................................................. 52  

Figure 3.18 Optical transmitter prototype assembly ................................................ 53 

Figure 3.19 Optical test setup................................................................................... 54 

Table 3.1 Link Budget of Optical Test Setup .......................................................... 54 

Figure 3.20 Measured 25Gb/s 27-1 PRBS optical eye-diagrams (a) ring-1 without 
FFE; (b) ring-1 with optimized FFE; (c) ring-2 with 2.2V single-end drive; (d) ring-
2 with 4.4V differential drive ................................................................................... 55  

Figure 3.21 Test setup for wavelength auto-alignment ............................................ 57 

Figure 3.22 (a) Open-loop current DAC sweeping; (b) closed-loop wavelength 
locking process ......................................................................................................... 57  

 



 

 

LIST OF FIGURES (Continued) 

Figure                                                                                                                             Page 

Figure 3.23 Test setup for wavelength stabilization with intentional thermal 
modulation ............................................................................................................... 59 

Figure 3.24 (a) measured optical eye-diagram and average power without 
wavelength stabilization; (b) measured optical eye-diagram and average power with 
wavelength stabilization ........................................................................................... 59 

Figure 3.25 Transmitter power breakdown at 25Gb/s ............................................. 60 

Table 3.2 Microring Transmitter Performance Comparison .................................... 61 

Figure 4.1 (a) Single-ended TIA with LPF-based common-mode extraction; (b) 
single-ended TIA with dummy TIA; (c) AC-coupled differential TIA ................... 64 

Table 4.1 Brief Comparison of Single-Ended TIA and Differential TIA ................ 66 

Figure 4.2 Proposed pseudo-differential TIA .......................................................... 67 

Figure 4.3 Inverter-based shunt-feedback TIA ........................................................ 68 

Figure 4.4 Optical receiver with CTLE, DFE and CDR .......................................... 69 

Figure 4.5 Architecture of proposed Si-Photonic receiver ...................................... 70 

Figure 4.6 (a) Proposed differential TIA core; (b) Bandwidth comparison of 
proposed TIA core and conventional inverter-based TIA........................................ 71 

Figure 4.7 (a) Proposed PD bias circuit; (b) simulated PD bias voltage versus PD 
average current ......................................................................................................... 72 

Figure 4.8 Proposed peaking amplifier design ......................................................... 73 

Figure 4.9 Small signal PD model ........................................................................... 74 

Figure 4.10 (a) Simulated AC response of the proposed frontend; (b) simulated 
group delay of the proposed frontend ...................................................................... 74 

 



 

 

LIST OF FIGURES (Continued) 

Figure                                                                                                                             Page 

Figure 4.11 Simulated 20Gbaud frontend impulse response with optimized pre-
cursor FFE (a)  = 500Ω; (b)  = 1kΩ; (c)  = 1.5kΩ; (d)  = 2000Ω ........ 76 

Figure 4.12 Simulated best input sensitivity versus  (a) PAM2 mode; (b) PAM4 
mode ......................................................................................................................... 77 

Figure 4.13 Conceptual design of a half-rate direct-feedback PAM4 DFE ............. 78 

Figure 4.14 Timing diagram of a slicer chain in the proposed PAM4 DFE ............ 79 

Figure 4.15 Quadrature CMOS clock generator ...................................................... 80 

Figure 4.16 Complete diagram of half-rate PAM4 DFE.......................................... 81 

Figure 4.17 DSH with threshold control .................................................................. 82 

Figure 4.18 Proposed regeneration latch .................................................................. 82 

Figure 4.19 Simulated eye-diagrams with 20Gbaud PAM4 input and DFE enabled 
(a) DSH output; (b) 1st regeneration latch output; (c) 2nd regeneration latch output
 .................................................................................................................................. 83  

Figure 4.20 PAM4 feedback current DAC .............................................................. 84 

Figure 4.21 (a) Simulated 25Gb/s PAM2 eye-diagram w/o DFE; (b) simulated 
25Gb/s PAM2 eye-diagram w/ DFE ........................................................................ 85 

Figure 4.22 (a) Simulated 20Gbaud PAM4 eye-diagram w/o DFE (b) simulated 
20Gbaud PAM4 eye-diagram w/ DFE ..................................................................... 86 

Figure 4.23 Fully-CMOS PAM4 transmitter ........................................................... 87 

Figure 4.24 Simulated 20Gbaud eye-diagram of PAM4 transmitter output with 3dB 
Nyquist loss .............................................................................................................. 88 

Figure 4.25 Receiver micrograph ............................................................................. 89 
 



 

 

LIST OF FIGURES (Continued) 

Figure                                                                                                                             Page 

Figure 4.26 (a) 850nm discrete PD micrograph; (b) TIA assembly; ....................... 90 

Figure 4.27 Optical test setup................................................................................... 90 

Figure 4.28 (a) Measured 15Gb/s PAM2 VCSEL driver output w/o attenuation; (b) 
measured 15Gb/s PAM2 receiver output ................................................................. 91 

Figure 4.29 Measured receiver sensitivity at 10Gb/s and 14Gb/s with 1kΩ RF ...... 92 

Figure 4.30 (a) Measured receiver bathtub curve at 10Gb/s; (b) measured receiver 
bathtub curve at 14Gb/s ........................................................................................... 93  

Figure 4.31 Receiver power breakdown at 20Gbaud PAM4 mode ......................... 93 

Table 4.2 Si-Photonic Receiver Performance Summary.......................................... 94 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

DEDICATION 
 

 

To my parents and parents-in-law, 

and to my dearest wife, Yifan Gu, 

and my lovely son, Archer Li 

 

 

I am very thankful for the encouragement and support from my parents and 

parents-in-law. Especially, I am sincerely grateful to my wife and son, Yifan Gu and 

Archer Li for their love and sacrifice. I couldn’t have successively finished this long 

journey without them. 

 



1 

 

Chapter 1     Introduction 

 

 

 

Figure 1.1 Key building blocks of silicon photonis devices [1] 

 

Silicon photonics has become a substantial nanotechnology in recent years. 

Similar to the evolution of integrated circuits, instead of building up an optical 

system using discrete components, a variety of optical devices can be integrated into 

a silicon wafer using existing semiconductor process. Among all possible 

applications, high-speed data communication based on Si-Photonic technology has 

been one of the most promising research areas. Figure 1.1 [1] shows the 3-D 

rendering of several key building blocks of Si-Photonic systems on an SOI platform. 
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By monolithically integrating coupler, waveguide, photodiode and modulator onto a 

single chip, the cost and form factor of the entire optical transceiver can be brought 

down significantly. 

 

1.1 Organization 

 

In order to comprehend why Si-Photonic is a promising technique for next-

generation optical transceivers, an understanding of current high-speed interconnect 

infrastructure and the limitation of existing solutions is necessary. Chapter 2 starts 

from a brief comparison of existing high-speed transceiver design for 100Gb/s 

interconnect. The operation principle of three most important Si-Photonic transceiver 

build blocks are also described in Chapter 2.   

 

The remainder of the dissertation focuses on the implementation of the 25Gb/s Si-

Photonic transmitter and receiver in a 65nm CMOS technology. Chapter 3 focuses 

on the design of a 25Gb/s Si-Photonic Microring transmitter circuit that address 

several key design challenges of prior arts. 
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Chapter 4 describes the design of a 25Gb/s PAM2, 40Gb/s PAM4 Si-Photonic 

receiver design which adopts multiple equalization techniques to enhance the 

bandwidth and sensitivity of the receiver. 

 

Finally, Chapter 5 concludes this dissertation by summarizing the proposed 

optical transceiver circuit design techniques as well as the contribution of this 

dissertation.  
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Chapter 2     Background 

 

 

This chapter describes the basic principles of Si-Photonic devices for high-speed 

optical communication. It begins with an overview of the existing high-speed 

interconnect solutions, and then discuss several key Si-Photonic devices including 

Mach-Zehnder interferometer (MZI) and Microring modulator. 

 

2.1 Existing 100Gb/s Interconnect Solutions 

 

 

Figure 2.1 Per-pin data rate versus year for a variety of common I/O standards [2] 
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The rise of big data and cloud computing has motivated the wide adoption of 

warehouse-scale data centers and Exascale HPCs. In order to satisfy the computing 

throughput and data traffic requirement, the bandwidth of high-speed I/O has become 

a key factor of the system performance. As shown in Figure 2.1, since 2000, the per-

pin bandwidth of a variety of high-speed I/O protocols has been aggressively doubled 

every 4 years [2]. Following this trend, in the next few years, the data rate of high 

performance I/O protocols is expected to be scaled from 100Gb/s to 400Gb/s and 

above [3] [4]. 
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Figure 2.2 Existing 100Gb/s transceiver solutions 
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In addition to the bandwidth requirement, the link distance is another critical 

challenge for high-speed transceiver design. A warehouse scale data centers can 

occupy an area larger than one million ft2. Consequentially, the design of high-speed 

transceivers need to cover a wide distance range from a few centimeters to about one 

kilometers [5]. Figure 2.2 shows and example of the existing 100Gb/s solutions for 

different link distances. As illustrated in the figure, due to the severe channel loss in 

PCB trace and copper cable, 25Gb/s/channel electrical link is only feasible for link 

distance below 10m (chip-to-chip interconnect, backplane) [6] [7] [8]. For link 

distance below 100m, vertical-cavity surface-emitting laser (VCSEL) can be utilized 

for on-off keying (OOK) modulation over multi-mode fiber (MMF) [9] [10]. 

Although VCSEL is a mature solution for low-cost optical link, the further scaling 

of data rate and link distance is limited by severe modal dispersion in MMF and 

VCSEL nonlinearity effect [11].  

 

For longer reach, dedicated laser modulators such as MZI [12] can be adopted to 

transmit modulated laser signal over single-mode fiber (SMF). Compared with 

VCSEL-based link, single mode transmission can effectively relieve the modal 

distortion effect. As a result, the link distance can be increased from 100m to 1km 

[13]. Moreover, instead of transmitting laser signals over different fibers, multiple 

laser channels can be combined into one SMF by wavelength division multiplexing 
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(WDM) technology [14]. Finally, similarly to RF transceiver, coherent detection 

scheme can be utilized to build advanced modulation link for long-haul applications 

at the cost of extreme system complexity and power consumption [15]. 

 

Table 2.1 Brief Comparison of 100Gb/s interconnect solutions 

Type Channel Reach Cost 
Equalization 

Complexity 

Electrical PCB Trace × 4 <0.5m Lowest Low 

Electrical Backplane × 4 <1m Low High 

Electrical Cable × 4 <10m Low High 

VCSEL MMF × 4 <100m Medium Low 

MZI/EML SMF × 4 <1km High Low 

WDM MZI SMF × 1 <1km High Low 

Coherent MZI SMF × 1 Long haul Highest Highest 

 

Table 2.1 shows a brief performance comparison of the abovementioned 

solutions. A direct trade-off between link distance and cost can be observed from the 

table. This trade-off not only results in the coexistence of incompatible transceiver 

designs but also prevent the bandwidth-per-dollar scaling of the interconnect 

infrastructure. In other words, a universal interconnect solution is preferred to cover 

a wide link distance while maintain an acceptable cost and power consumption.  
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2.2 Si-Photonic MZI 

 

 

Figure 2.3 Basic structure of a MZI  

 

The basic structure of a MZI is shown in Figure 2.3. It consists of an input 

waveguide that split into two waveguide arms and combined again after certain 

distance. Based on [16], assuming the incident light has an intensity of  , assuming 

the loss in waveguide can be negligible, the optical intensity at the output of MZI is 

given by 

=
2

[1 + cos( − )] (2.1) 

, =
2 , (2.2) 

where , , ,  and ,  represent the length, propagation constant and group index 

of the top arm and bottom arm, respectively. Based on (2.1), if ≠ , the output 

of the MZI is a sinusoidal-varying function of wavelength. With a fixed wavelength, 
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the output intensity can be modulated by adding difference between the effective 

index of two arms. 

 

In order to modulate the effective index of waveguide, materials with electro-optic 

effect can be utilized to build the arm of MZI. Conventionally, high performance 

discrete MZI modulator is fabricated on Lithium Niobate (LiNbO3) material that has 

a strong Pockets effect (linear electro-optic effect). LiNbO3 MZI features a purely 

linear electro-optic response and high modulation bandwidth (>300GHz) [17]. 

However, LiNbO3 MZI is incompatible with standard silicon process. In order to 

integrate high speed optical modulator into Si-Photonic platform, significant 

progress has been made to fabricate Si-Photonic MZI [18] [19]. One effective 

mechanism for changing the effective index of a silicon waveguide is called plasma 

dispersion effect [16]. Plasma dispersion effect is an electro-optic effect that can 

change the refraction index and waveguide loss by changing the carrier density of a 

waveguide. At 1550nm wavelength, the change of effective index and waveguide 

loss due to the change of carrier density is given by 

∆  (  1550 ) = −8.8×10 ∆ − 8.5×10 ∆ . (2.3) 

∆  (  1550 ) = 8.5×10 ∆ − 6×10 ∆   [ ] (2.4) 

where ∆  and ∆  represents the change of electrons density ( ) and holes 

density ( ), respectively. 
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Figure 2.4 Structure of MZI modulator based on phase tuner 

 

As shown in figure 2.4, by engineering one arm of MZI as a PN junction phase 

tuner, the output optical intensity will become a function of the PN junction bias 

based on (2.1) and (2.3). Consequentially, the MZI becomes a voltage-controlled 

optical modulator. PN junction-based MZI modulator has been the most popular Si-

Photonic device thanks to the simplicity of fabrication and modeling [16]. 

 

 Based on the operation condition of PN junction, MZI modulator can be sorted 

as injection-mode MZI (forwarded-bias) modulator and depletion-mode MZI 

(reversed-bias) modulator. Most of the high-speed MZI modulators are operated in 

depletion-mode to prevent the slow carrier lifetime in PN junction [19]. The 

modulation voltage required to achieve π phase shift between two arms (  changes 

from  to 0) is called phase shifter . Due to a limited carrier density, the 

 of deletion-mode Si-Photonic MZI is typically between 2V∙cm to 4V∙cm [16]. 
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In other words, at least 7V amplitude is required to achieve maximized extinction 

ratio (ER) for a MZI with 3mm length. 

 

 

Figure 2.5 (a) Traveling-wave MZI transmitter; (b) segmented MZI transmitter 

 

The modulation bandwidth of depletion-mode MZI modulator is mainly limited 

by the large parasitic capacitor of PN junction. In order to achieve sufficient 

modulation bandwidth, Si-Photonic MZI can be designed as either a traveling-wave 

MZI modulator or a segmented MZI modulator. Figure 2.5(a) shows the design of 

traveling-wave MZI transmitter [20]. By leveraging the inductance of T-line-shape 

electrode, a EO modulation data rate of 56Gb/s has been reported in [21]. However, 

the low-impedance design results in a direct trade-off between output swing and 

power consumption [22].  Recently, segmented MZI transmitter designs using 

advanced 3-D packaging have been reported in [23]. As shown in figure 2.5(b), 
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segmented MZI is driven by a multi-port driver circuit. In this way, each output stage 

can be designed as an inverter-based driver to drive high-impedance load. However, 

the 3-D packaging technique will significantly increase the cost of the optical 

transceiver. 

 

2.3 Si-Photonic Microring 

 

As discussed in section 2.2, the major drawback of MZI-based design is the large 

form factor with dimensions of the order to millimeters. This not only limits the 

density of the entire transceiver module but also results in a dedicated driver design 

with extreme high power consumption. In order to significantly improve the system 

density and power efficiency, an ultra-compact Si-Photonic device is preferred to 

play a key role in next-generation optical transceiver system. 

 

2.3.1 Si-Photonic Microring Overview 

 

Figure 2.6 Structure of all-pass Microring 
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Figure 2.6 shows the basic structure of an all-pass Si-Photonic Microring. A 

straight waveguide is coupled with a ring waveguide. The normalized through-port 

intensity is given by [16] 

= =
− +
− ∗ +

=
− 2 +

1 − 2 + ( )
(2.5) 

= (2.6) 

= (2.7) 

where  represents the ring waveguide loss per centimeter;  is the round-trip 

length of the ring waveguide;  is the straight-through coupling coefficient;  and 

 are the round-trip optical phase change and power attenuation, respectively. 

 

 

Figure 2.7 Structure of add-drop Microring 

 

Figure 2.7 shows the structure of an add-drop Si-Photonic Microring. The drop 

port is introduced by adding another straight waveguide coupled to the other side of 
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Microring. Assuming all couplers are lossless, the normalized intensity at through-

port and drop-port are given by 

= =
− ∗

1 − ∗ ∗ =
− 2 +

1 − 2 + ( )
(2.8) 

= =
− ∗ ∗

1 − ∗ ∗ =
(1 − )(1 − )

1 − 2 + ( )
(2.9) 

, + , = 1 (2.10) 

where , ,  ,  are the coupling coefficient of cross-over coupling and straight-

through coupling, respectively. Based on (2.4), for a fixed Microring structure, the 

output optical intensity is a function of the wavelength. 

 

 

Figure 2.8 Simulated spectrum of an add-drop Microring 
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Figure 2.8 shows a simulated spectrum of an add-drop Microring. The Microring 

acts as a periodically notch filter by taking through-port as output. Correspondingly, 

the Microring is a band-pass filter by taking drop-port as output. Each notch point 

represents a condition where  phase shift occurs between the input light and light 

after round-trip. The spacing between two adjacent notches is called free spectrum 

range (FSR). Using a simplified 1-D interferometer model [16]. The FSR in 

wavelength space and frequency space are given by 

Δ = (2.11) 

Δ = (2.12) 

where  is the group index of a dispersive ring waveguide;  is the speed of light in 

vacuum. It describes the effective index corresponding to the envelope of a 

propagating pulse. 

 

The full width at half maximum (FWHM) of the all-pass Microring and add-drop 

Microring are given by 

=  
(1 − )

√
(2.13) 

=  
(1 − )

√
(2.14) 
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where  represents the resonance wavelength. Correspondingly, the quality factor 

of Microring are given by 

= =
√

(1 − )
(2.15) 

= =
√

(1 − )
(2.16) 

where Q represents the number of oscillations of the field before the stored energy 

in ring is depleted to 1/  of the initial value. 

 

2.3.2 Design of Deletion Si-Photonic Microring Modulator 

 

Figure 2.9 (a) Structure of a Microring modulator; (b) operation principle of a 
Microring modulator for PAM2 modulation 

 

As shown in Figure 2.9(a), similarly to the depletion-mode MZI modulator, 

depletion-mode Microring modulator was developed by adding PN junction into the 

ring waveguide [16]. Based on (2.3) and (2.4), the through-port intensity is a function 
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of bias voltage due to the plasma dispersion effect. As shown in Figure 2.9(b), by 

switching the resonant wavelength of Microring towards or away from the laser 

wavelength, the input PAM2 electrical signal is converted to a PAM2 optical signal. 

 

For a given Microring, the maximum ER of modulated PAM2 signal is the ratio 

of off-resonance through-port intensity ( = 2 × , = 1,2,3 … ) and on-

resonance through-port intensity ( = × , = 1,2,3 …). Based on (2.4) and 

(2.7), the maximum ER of all-pass Microring and add-drop Microring are given by 

= =
( + ) (1 − )
(1 + ) ( − )

(2.17) 

= =
( + ) (1 − )

(1 + ) ( − 2 + )
(2.18) 

 

The modulation efficiency of Microring modulator is defined as the wavelength 

shift with 1V modulation amplitude. A higher modulation efficiency is preferred to 

reduce the power consumption of transmitter. Limited by the doping concertation of 

PN junction and ring radius, high-speed depletion-mode Microring modulation 

typically has a modulation efficiency of 20pm/V to 40pm/V [23] [25] [25] [26] [27] 

[28] [29]. 
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The intrinsic bandwidth of a depletion-mode Microring modulator is determined 

by both the photon lifetime of ring cavity and the electrical parasitic of PN junction 

[16]. For all-pass Microring, the photon lifetime  is given by 

= =
√

2 (1 − )
(2.19) 

 

Assuming the Microring has a lumped contact resistance of  and a lumped 

junction capacitance of . The intrinsic bandwidth of an all-pass depletion-mode 

Microring modulator is given by 

=
1

2 +
(1 − )

√

(2.20)
 

 

2.3.3 WDM Microring Transmitter 

 

Figure 2.10 Microring WDM transmitter based on common-bus structure 
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As discussed in section 2.1, in order to fully utilize the ultra-wide bandwidth of 

laser channel, WDM technology has been utilized to combine multiple modulated 

laser signal into a single fiber core. Conventionally, a dedicated arrayed waveguide 

gratings (AWG) or laser MUX is required to combine multiple laser channels [14]. 

Instead of using laser MUX, the output of multiple Microring modulators can be 

combined by cascading all Microring modulators onto a bus waveguide (common-

bus) [30]. As shown in Figure 2.10, by properly choosing the channel spacing of a 

comb laser source based on the Q of Microring, the aggregated modulation 

bandwidth per waveguide can be multiplied by the number of Microring. 

Correspondingly, the combined laser signal can be de-multiplexed by a common-bus 

add-drop Microring array. By eliminating area-consuming laser MUX, the common-

bus Microring WDM transmitter provides a unique solution for a compact high-

bandwidth optical link over single fiber. An aggregated bandwidth of 320Gb/s has 

been demonstrated using an 8×40Gb/s Microring modulator array (optical device 

only) [30].  

 

 As shown in Figure 2.10, in order to prevent severe optical crosstalk adjacent 

channels, each Microring typically is designed with slightly different resonant 

wavelength. Moreover, the FSR of Microring should be large enough to prevent 
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spectrum overlapping. Apparently, the minimum FSR for a given channel number 

and channel spacing is given by 

= (2.21) 

where N is the number of channels,  represents the laser wavelength and  is the 

speed of light in vacuum. Due to the wavelength uncertainty issue described in the 

next section, this equation turns to be an optimized FSR to minimize the overall 

thermal tuning power [31].  

 

With a given FSR, the round-trip length  of the Microring modulator can be 

calculated based on (2.11).  Assuming the ring waveguide is a circular, the radius of 

the ring is then given by 

=
2

=
2

(2.22) 

 

Specifically, for a Microring WDM transmitter operating at 25Gb/s per channel, 

a channel spacing of 200GHz is preferred to minimize optical intermodulation by 

adjacent Microring modulators [30]. At 1550nm, the group index  of waveguide 

in a reference Si-Photonic process is around 4 [16]. Then the optimized Microring 
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modulator radius is 7.5um and 15um for 8-channel and 4-channel WDM 

configuration, respectively. 

 

 

Figure 2.11 Layout example of an add-drop Microring modulator with heater 

 

 

Figure 2.12 Simulated Microring parameters versus ring radius and κ 
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Figure 2.11 show a layout example of an add-drop Microring modulator. The 

Microring is designed based a 130nm SOI process [1]. 82.5% of the ring waveguide 

is doped as a PN junction. 15% of the ring waveguide is doped as a P-type resistor 

for thermal tuning. 

 

Figure 2.12 shows the simulated ring characteristics versus the radius. As shown 

in figure 2.12(b), the Q of Microring is very sensitive to the coupling coefficient . 

Based on (2.20), a larger coupling coefficient is preferred to improve the device 

bandwidth by reducing Q. Specifically, with = 10  and = 0.3 , the 

Microring design achieves an intrinsic bandwidth of 20GHz, Q of 5000 and 

normalized notch power of -20dB. 

 

 

Figure 2.13 Simulated spectrum of an add-drop Microring modulator with 10um 
radius 
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Figure 2.13 shows the simulated though-port spectrum of the Microring 

modulator with a radius of 15um. As shown in the figure, by changing the bias 

voltage from -4V to 0V, a modulation efficiency of 12.5pm/V is achieved. 

 

After obtaining the spectrum of a Microring, the next step is to determine the 

modulation voltage requirement. Based on (2.5), the static ER in dB for a given 

modulation voltage is given by 

= 10
| ( )

| ( )
(2.23) 

where  and  are the ‘ON’ and ‘OFF’ level of PAM2 modulation signal, 

respectively. Similarly, the ON-state insertion loss (IL) is given by 

= 10 | ( ) (2.24) 

 

For a practical Microring-based transmitter design, a larger ER is preferred to 

enhance the SNR of modulated signal. In the meantime, a smaller IL is preferred in 

order to reduce the input laser power requirement. Thus, the transmitter penalty (TP) 

is defined based the optical modulation amplitude (OMA) [32]. Specifically, TP is 

given by 

= −10
| ( ) − | ( )

2
(2.25) 
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Figure 2.14 Simulated static ER, IL and TP versus the input laser wavelength (4Vpp 
modulation amplitude) 

 

Figure 2.14 shows the simulated static ER, IL and TP versus the input laser 

wavelength with a modulation voltage from -4V to 0V. As seen from (2.13) and 

Figure 2.14, as the laser wavelength approaching the center of the resonance 

wavelength from the left side or right side, ER and IL keep increasing to about 8dB 

before ER starts decreasing. The minimum value of TP across the spectrum is about 

10dB. Note that the peak ER wavelength does not always match with the minimum 

TP wavelength. This is primarily due to the limited Q and modulation efficient. On 

one hand, the device can be further optimized to reduce the TP. On the other hand, 

an optimized input wavelength should be chosen based on a tradeoff between ER and 

TP for a Microring-based transmitter design. 



25 
 

 

2.3.4 Depletion-Mode Microring Nonlinearity 

Due to the limited modulation efficiency, a large modulation amplitude is 

typically required to provide sufficient wavelength shift for depletion-mode 

Microring modulator. Hence, the large-signal nonlinearity should be taken into 

consideration together with the small-signal bandwidth. 

 

 

Figure 2.15 (a) Simulated intrinsic electrical bandwidth of Microring modulator; 
(b) simulated intrinsic optical bandwidth of Microring modulator  
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Figure 2.15(a) shows the simulated intrinsic electrical bandwidth versus bias 

voltage. The intrinsic electrical bandwidth increases from 40GHz to 100GHz when 

modulation voltage changes from 0V to 4V. Figure 2.15(b) shows the simulated 

optical bandwidth versus bias voltage. The intrinsic optical bandwidth changes from 

29.8GHz to 29.1GHz when modulation voltage changes from 0V to 4V. Apparently, 

the dependence of intrinsic bandwidth on bias voltage will introduce nonlinear 

distortion to the modulated signal. 

 

 

Figure 2.16 Simulated R2 coefficient of determination of static EO transfer function 

 

Figure 2.16 shows the simulated R2 coefficient of determination of static EO 

transfer function of the Microring in Figure 2.13. A coefficient closer to 1 indicates 

a better linearity. As seen from the figure, the coefficient of determination is between 
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0.95 to 1 over most part of the spectrum. This nonlinear EO transfer function will 

also introduce distortion to the optical eye-diagram. 

 

2.3.5 Depletion-Mode Microring Dynamics 

Previously, the depletion-mode Microring has been modeled based on the static 

EO transfer functions. In order to precisely characterize the transient response of 

Microring, a time-domain model is preferred. Instead of using time-consuming 

FDTD approach [33]. A differential equation approach based on the relationship 

between the incident energy flow and transmitted energy flow has been proposed 

[34]. Specifically, the through-port energy flow of an all-pass Microring is given by 

= +
2

        [( ∙ ) . ] (2.26) 

where  represents the energy of light stored in the ring waveguide. The energy 

stored in ring is determined by the following differential equation. 

= −
1

+
2

        [ . ] (2.27) 

where  represents the resonant frequency;  is the photon lifetime in waveguide 

(2.19). By integrating a differential equation solver (2.26) and (2.27), a dynamic 

Microring model can be developed for high-speed transient simulation. 
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Figure 2.17 Proposed EO model for depletion-mode Microring modulators 

 

Figure 2.17 shows the proposed EO model for depletion-mode Microring 

modulators [35]. The transient voltage V  is first utilized to calculate the change of 

refractive index ∆ , waveguide loss ∆  and junction capacitance . These 

parameters are then fed into a differential equation solver to calculate the transient 

optical power based on (2.26) and (2.27). 

 

 

Figure 2.18 Simulated 25Gb/s optical eye-diagram 
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Figure 2.18 show the transient simulation of a depletion-mode Microring 

modulated by a 25Gb/s PAM2 signal. Due to the large-signal nonlinearities described 

in section 2.3.4, the modulated optical power is distorted with an unequal amount of 

inter-symbol-interference (ISI) for ‘one’-level and ‘zero’-level. This asymmetrical 

ISI causes a degradation of effective ER that cannot be compensated by a 

conventional linear equalizer with identical ‘one’-level and ‘zero’-level equalization 

strength. 

 

2.3.5 Wavelength Stabilization 

 

Figure 2.19 Simulated eye-diagrams of a Microring modulator by sweeping the 
laser wavelength with 100pm step 
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Figure 2.19 shows the simulated eye-diagrams of a Microring modulator by 

sweeping the laser wavelength with 100pm step. As shown in the figure, limited by 

the narrow linewidth at resonance, the ER, IL and TP of a Microring modulator 

depends strongly on the relative position of the laser wavelength and the ring’s 

resonant wavelength. Hence, the resonant wavelength needs be precisely aligned to 

an optimized point during the transceiver initialization process. Leveraging the high 

thermos-optic coefficient of silicon [29], the resonant wavelength of a silicon ring 

can be thermally adjusted by heat injection from a resistor heater. A Microring 

modulator with 7.5µm radius typically has a thermal tunability around 200pm/mW 

(60mW/FSR) [30]. Measurement result shows about 20mW heating power is 

required to calibrate the resonant wavelengths of an 8-channel WDM array with 

200GHz channel spacing. This heating power can be further reduced by substrate 

removal and other thermal isolation techniques [29]. 

 

On the transmitter side, one effective approach to implement wavelength auto-

alignment is to monitor the drop-port average optical power [36]. As shown in Figure 

2.19, a larger ER is coupled with a lower average power at through-port. Specifically, 

the minimum average power wavelength is overlapped with the maximum ER 

wavelength if ∆ ≥  , where ∆  is the amount of wavelength shift between 

data ‘one’ and ‘zero’ [37]. Correspondingly, the drop-port will reach the maximum 
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average power at the optimized wavelength. The major benefit to monitor the drop-

port average power is to prevent the additional optical loss caused by optical monitor 

on the signal path. In addition to an initial calibration for fabrication tolerances, a 

background wavelength stabilization control scheme is also necessary to compensate 

for dynamic temperature fluctuations. As typical ring thermal modulation bandwidth 

is around 20kHz, a low-bandwidth closed-loop control system can be implemented 

either off-chip or on-chip for background wavelength stabilization [36]. 

 

2.4 Summary 

 

This chapter focuses on the design and modeling of Microring modulator. By 

eliminating the long carrier lifetime of forward-biased PN junction, depletion-mode 

Microring modulator is a promising device for a compact WDM transceiver design. 

However, there are several design challenges due to the physical characteristics of 

depletion-mode Microring modulator. 1) The modulation efficiency is limited, 

resulting in a large modulation voltage for adequate ER. 2) As the data rate increases 

to 25Gb/s, the effect of nonlinear effects cannot be neglected. 3) The resonant 

wavelength is susceptible to thermal fluctuations due to the relatively high thermos-

optic coefficient of silicon. Hence, this wavelength stabilization issue must be 

resolved for robust modulation and overall practical ring-based optical transceivers. 
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Chapter 3     Design of 25Gb/s Si-Photonic Microring 

Transmitter 

 

 

This chapter describes the detailed design of a 25Gb/s Si-Photonic Microring 

transmitter in 65nm CMOS as part of a proposed 100Gb/s Si-Photonic Microring-

based WDM transceiver prototype. It begins with an overview of the 100Gb/s 

Microring-based WDM transceiver, and then discuss the transmitter circuit 

implementation that addresses the key challenges of 25Gb/s modulation. 

 

3.1 100Gb/s Si-Photonic Microring WDM Transceiver 

 

 

Figure 3.1 Proposed 100Gb/s Si-Photonic Microring WDM transceiver 
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Figure 3.1 shows the conceptual design of a 100Gb/s Si-Photonic Microring-

based WDM transceiver. The transceiver prototype consists of a multi-wavelength 

comb laser source, a transmitter IC, a receiver IC and a Si-Photonic IC. The 

transmitter and receiver ICs can be hybrid integrated with the Si-Photonic IC using 

either 2-D integration (wire bonding) or 3-D integration (flip chip). Although 

monolithic Si-Photonic transceiver designs have been demonstrated previously to 

minimize the device parasitic [39], it significantly increases the cost of the entire 

system due to the requirement of a specially designed process. In contrast, a co-

optimization of hybrid integrated system can achieve a well-balanced performance 

and cost [40] [41]. Moreover, hybrid integration also provides the flexibility to 

independently optimize the CMOS electronics and Si-Photonic processes. 

 

 On the transmitter side of Si-Photonic IC, all 5 laser channels are allocated to 5 

depletion-mode Microring modulators with a 200GHz channel spacing. Add-drop 

Microring is chosen to realize drop-port power monitoring. Every Microring has an 

integrated resistor heater for wavelength control. The transmitter IC is designed as a 

4+1 channel architecture. 4 of the transmitter channels are used to generate 4×25Gb/s 

PAM2 signal. The additional channel can be reconfigured to provide up to 12.5GHz 

clock output as a forwarded-clock signal.  On the receiver side of Si-Photonic IC, a 

5-channel common-bus Microring filter array is utilized to realize optical de-
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multiplexing [41]. The drop-port of each Microring filter is connected to a high-

speed Si-Photonic Ge photodetector (PD). On the receiver CMOS IC, a 5-channel 

TIA array are implemented to amplify the optical PAM2 data as well as the 

forwarded-clock signal. With the help of the forwarded-clock signal, clock and data 

recovery (CDR) can be replaced by a low-power phase alignment circuit to provide 

sampling clocks for TIA output [41]. 

 

3.2 Transmitter Circuit Implementation 

 

 

Figure 3.2 Transmitter architecture 
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The transmitter architecture is shown in Figure 3.2. The proposed transmitter 

consists of a 5-channel array and a global clock distribution unit. The backend of 

each data channel consists of an on-chip test pattern generator, an 8-to-1 serializer to 

combine the parallel test patterns into one 25Gb/s pattern. The frontend of each data 

channel consists of a differential driver and inverter-based level shifters [42]. The 

supply voltage of backend and frontend are 1.2 and 2.4V. The forwarded clock 

channel shares the design of the data channel. A half-rate global clock is distributed 

to all 5 channels though an on-chip T-Line. An open-drain buffer is utilized to drive 

the transmission line with 500mVpp-diff swing. In each channel, the global clock is 

converted to CMOS levels using a CML-to-CMOS converter [43]. The clock path 

also utilizes a separated supply domain for noise isolation. 

 

3.2.1 Differential AC-Coupled Driver 

 

Figure 3.3 (a) Common-source high swing driver; (b) cascode inverter driver (c) 
differential cascode inverter driver 
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As discussed in Chapter 2, in order to realize 7dB ER, at least 4V output swing is 

required as the Q of depletion-mode Microring drops to 5000. In order to achieve 

4Vpp output swing at 25Gb/s, several different high-swing driver designs are first 

compared. Figure 3.3(a) shows a conventional cascode common source output stage 

design. The major drawback for this topology is that the low load impedance and 

large output swing results in a high static bias current. The thick-oxide cascode 

transistors will add headroom overhead but also degrade the large-signal bandwidth. 

In Figure 3.3(b), an inverter-based driver using thick-oxide transistors can be utilized 

to realize 4.8Vpp swing without consuming static power. However, the speed of the 

cascode inverter is limited by the turn-on resistance of the thick-oxide devices. As 

shown in Figure 3.3(c), the 4.8V cascode inverter can be replaced with a pseudo-

differential 2.4V cascode inverters using thin-oxide transistors [39]. While this 

topology can achieve a good balance between power consumption and bandwidth, 

one side of the driver required a dedicated -2.4 supply rail to generate a negative 

output common mode voltage for depletion-mode Microring operation. This negative 

supply rail introduces additional complexity to the substrate design in bulk CMOS 

technologies. 
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Figure 3.4 (a) AC-coupled differential Microring modulator driver; (b) simulated 
AC-response of Microring modulator driver 

 

As discussed in Chapter 2, a depletion-mode Microring can be approximated 

electrically as a small capacitive load. Hence, a DC-blocking capacitor can be 

utilized to decouple the high-speed signal and the DC level. Figure 3.4(a) shows the 

proposed AC-coupled differential Microring modulator driver with the high speed 

outputs connected to an on-chip AC-coupling capacitor  and a bias resistor  

shift the DC level of the output signal. Utilizing pseudo-differential cascode 

inverters, the proposed driver can realize a 4×VDD output swing without additional 

negative supply domains. As one drawback of the AC-coupling approach is the 

swing reduction due to a capacitive divider formed by  and the load capacitor. This 

work implements the AC-coupling capacitor as a 3pF MIM capacitor without 

underlying metal for reduced parasitic. This allows a 4.4V effective swing can be 
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achieved with a 200fF load capacitor. The cutoff frequency of the AC-coupling is 

1.3MHz to support a 27-1 PRBS sequence beyond 1Gb/s. Optional off-chip series 

resistors can be implemented to further extend the pass-band for different test 

patterns. 

 

In order to optimize the power and bandwidth of the cascaded inverter output 

stages, the small signal transfer function from the driver to the Microring modulator 

electrodes is simulated. A scalable first-order RC filter with a constant bandwidth is 

utilized to represent the driver scaling, including the source impedance Z  and 

parasitic capacitor C . As illustrated in Figure 3.4(b), in order to drive the aggregate 

load from the Microring modulator and the wire-bonding interface, the source 

resistor Z  should be smaller than 30Ω.  

 

 

Figure 3.5 Co-design of CMOS IC and Si-Photonic IC 
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As shown in Figure 3.5, the CMOS IC and Si-Photonic IC are co-designed with 

identical pad arrangement and spacing. Hence, the parasitic inductance of wire-

bonding interface can be minimized. In addition, a 30Ω damping resistor is also 

added to reduce high frequency peaking due to parasitic inductance. 

 

 

Figure 3.6 (a) Cascode inverter bundle driving the output passive network; (b) 
Simulated output eye-diagrams versus segment multiplier 

 

Figure 3.6(a) shows a cascode inverter bundle driving the output passive network 

in Figure 3.6(a). The size of a unit cascode inverter is =
.

 and =  for 

PMOS and NMOS, respectively. A 2.5:1 PMOS:NMOS ratio is chosen for a 

symmetric pull-up and pull-down bandwidth. As shown in Figure 3.6(b), severe ISI 

is observed with M=16 due to an insufficient RC bandwidth. The ISI can be 
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significantly reduced as the size of driver increases to M=32. M=48 is chosen to 

further improve the transition time in the presence of layout parasitic and PVT 

variations. 

 

3.2.2 Transmitter 2-Tap FFE 

As discussed in Chapter 2, an asymmetrical ISI can occur when a depletion-mode 

Microring is being driven by a large modulation voltage. Hence, a nonlinear 

equalizer is necessary to compensate for the distortion of the modulated optical 

signal. Specifically, a configurable 2-tap FFE can be realized by adjusting the pulse 

width and pulse amplitude [38] [44]. For pulse width based FFE, the delayed full-

rate data from a delay line typically has a limited tuning range and resolution. 

Meanwhile the delay is typically realized by increasing the transition time of multiple 

inverter stages. A slow transition time is vulnerable to PVT variation and supply 

noise. Consequentially, a synchronized 2-tap FFE with adjustable tap amplitude is 

preferred for high data rate design. In [39], the FFE coefficient is adjusted by 

changing the supply voltage of the post-tap branch, which further increase the 

complexity of supply domains. 
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Figure 3.7 (a) Segmented cascode inverter output stage with 2-tap FFE; (b)  
overstress issue for cascode transistors 

 

As shown in Figure 3.7(a), in order to eliminate additional supply domains, the 

cascode inverter can be divided into multiple slices to realize a configurable output 

steady-state level. Each segment can be allocated to either a main-tap or post-cursor 

tap using a 2-to-1 MUX. However, one problem with this topology is that the cascode 

transistors of the post-tap segments may suffer from  overstress issue which can 

reduce the device lifetime. As illustrated in Figure 3.7(b), assuming 4 segments are 
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assigned to the main-tap and 1 segment is assigned to post-cursor tap, the transient 

simulation shows that the  of the cascode transistors in the post-tap segment will 

be overdriven to 1.7V. 

 

 

Figure 3.8 Schematic of the proposed CMOS driver with 2.4V swing and 
asymmetric 2-tap FFE 

 

Figure 3.8 shows how this is addressed in the proposed output stage design. 

Instead of combining multiple segments at the output node, segmented tristate 

inverters are implemented at the source of the cascode transistors to realize 
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configurable FFE coefficients. Hence, the  overstress issue of the cascode 

transistors is prevented. FFE ‘one’ and ‘zero’-levels are controlled independently by 

binary coefficients EQ_P<0:3> and EQ_N<0:3>. Additionally, the main-tap pull-up 

and pull-down impedances can also be independently controlled by IMP_P<0:3> and 

IMP_N<0:3> to realize a tunable slew rate and output swing.  Edge-triggered pulses 

are also added to the gate of cascode transistors to prevent dynamic  overstress 

[38]. 

 

3.2.3 25Gb/s Fully CMOS 8-to-1 Serializer 

 

Figure 3.9 Conventional 8-to-1 MUX 

 

In the backend of each transmitter, a fully CMOS 8-to-1 serializer is implemented 

to provide a parallel interface with a data generation block. For the prototype design, 

an on-chip parallel 27-1 PRBS generator and a programmable fixed 8-bit register are 
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implemented to provide test pattern. As shown in Figure 3.9, in a conventional 

serializer design, each 2-to-1 MUX contains at least 3 retiming latches to provide 90-

degree phase shift between even data and odd data for the multiplexing operation. 

Hence, the maximum data rate is limited by the speed of the retiming latches in the 

final 2-to-1 MUX. While CML latches could potentially solve the bandwidth 

bottleneck [8], the low-swing CML output conflicts with the CMOS-level swings 

required by the following stages. 

 

 

Figure 3.10 (a) Proposed quadrature 8-to-1 MUX; (b) proposed automatic phase-
picking circuit 

 

Figure 3.10(a) shows the proposed fully CMOS 8-to-1 serializer utilizes a 

quadrature topology to eliminate the retiming latches in final 2-to-1 MUX. Instead 

of retiming the data in each 2-to-1 MUX, a quadrature phase scheme is utilized to 
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keep the phase relationship between D<0:7>. Consequentially, the half-rate data 

DATA_EVEN and DATA_ODD can be directly combined into the full-rate data 

without being retimed again. One potential issue for the quadrature architecture is 

the phase uncertainty between multiple clock dividers [45]. As shown in Figure 

3.10(b), an automatic phase-picking circuit is implemented to select the correct 

divided clocks by comparing the phase of adjacent clocks using a DFF phase 

detector. 

 

 

Figure 3.11 (a) Tristate inverter based 2-to-1 MUX; (b) simulated 25Gb/s output 
compared with conventional pass-gate based 2-to-1 MUX 

 

Apart from the retiming circuit, another speed bottleneck is the switch in the final 

2-to-1 MUX. In a conventional pass-gate based switch, the transition time of the 

MUX output is limited by the turn-on resistor of the pass gate and previous inverter 
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stage. In this work, a tristate inverter shown in Figure 3.11(a) is utilized to further 

reduce the turn-on resistor. As illustrated in Figure 3.11(b), the tristate inverter based 

2-to-1 MUX has a sub 15ps transition time, which is 50% faster than a conventional 

pass-gate MUX with identical gate sizing. FO2 sizing is chosen in the following 

stages to further reduce the jitter accumulation at the cost of additional power 

consumption. 

 

3.2.4 Wavelength Stabilization Circuit 

 

Figure 3.12 Block diagram of average-power based wavelength stabilization circuit 

 

Figure 3.12 illustrates the implementation of an average-power based wavelength 

stabilization circuit. It consists of a 5-bit current DAC for heater control, a 6-bit 

reference DAC, a resistor-based low-pass TIA, a sense amplifier and an FSM 

controller. Note that the resolution of the current DAC is extended to 12-bit by 
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resolving the 8 LSBs of control word into 1-bit delta-sigma modulation. A 2mA 

dynamic range is achieved to cover 0.8nm wavelength tuning range with 1kΩ heater. 

 

The average optical power is sensed by the drop-port PD and a resistor TIA. The 

TIA output is then compared with the output of the reference DAC by a sense 

amplifier. Finally, the comparator output is digitally filtered by the FSM for closed-

loop control. 

 

 

Figure 3.13 Flow-chart of wavelength stabilization process 
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Figure 3.13 shows the flowchart of the proposed FSM logic. The first phase is for 

wavelength auto-alignment. In this phase, the reference DAC is first locked to a 

conservative reference level. Then the reference DAC is stepped down in a trail-and-

error fashion to search for the minimum average power point. After hitting the 

minimum point, subsequent decreasing of the reference level will trigger an over-

searching signal. This is detected and the reference level is stepped back with an 

offset. As mention in Chapter 2, the offset is necessary if the Microring modulator 

has a limited modulation efficiency. This offset can also guarantee a monotonic 

thermal response for negative feedback. 

 

The second phase is background wavelength tracking. In this phase, the FSM 

reuses the sense amplifier to realize bang-bang type negative feedback. Based on the 

output of sense amplifier, the current DAC will be stepped up or stepped down 1 

LSB to compensate for the temperature fluctuations caused by the thermal injection 

from the environment and surrounding digital circuit blocks. The bandwidth of 

control loop can be adjusted by changing the FSM clock frequency. 
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3.3 Transmitter Measurement Results 

 

 

Figure 3.14 (a) Micrograph of transmitter IC prototype; (b) micrograph of silicon 
photonics IC 

 

The proposed transmitter IC was fabricated in a 65nm general-purpose process. 

Figure 3.14(a) shows the micrograph of the transmitter IC with a total area of 

2.45mm2. Each transmitter channel occupies 0.1mm2 active area, excluding the 

wavelength stabilization circuit. Figure 3.14(b) shows the micrograph of the Si-

Photonic IC for prototype testing, which was fabricated in a 130nm SOI process. A 
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WDM test structure consists of 8 depletion-mode Microring modulators and two 

grating couplers as optical I/O [31]. 

 

 

Figure 3.15 (a) Ring modulator micrograph; (b) measured optical response with 0V 
and -4V biasing 

 

As shown in Figure 3.15(a), each depletion-mode Microring modulator has a 

radius of 7.5um. The effective modulation region occupies about 75% of the circular 

waveguide. Each Microring modulator has an individual control pin connected to the 

integrated heater for thermal control. Figure 3.15(b) shows the measured optical 

spectrum under 0V biasing and -4V biasing. The Microring modulator has a quality 

factor of 5000 and a tunability of 28pm/V. 8dB ER is expected with a 4Vpp output 

swing when the laser signal is aligned to the resonant wavelength at 0V biasing. 
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3.3.1 Transmitter Electrical Characteristics 

In order to verify the electrical characteristics of the transmitter design, a replica 

channel is implemented without on-chip AC-coupling capacitors. Similar to a source 

series terminated (SST) transmitter [7] [47], the impedance of the switch transistors 

in series with a small damping resistor provides a wideband 50Ω impedance 

matching.  The output of the replica channel is bonded to a 2-inch coplanar PCB 

traces and then connected to the sampling oscilloscope through 10 inch SMA cable 

and connectors for eye-diagram measurement. 

 

 

Figure 3.16 Measured 25Gb/s 27-1 PRBS electrical eye-diagrams (a) without FFE; 
(b) with optimized FFE and (c) with optimized FFE and all 5 channels running 

simultaneously 

 

Figure 3.16(a) shows the measured 25Gb/s eye-diagrams with the on-chip 27-1 

PRBS test pattern. Without 2-tap FFE, severe ISI can be observed due to about 3dB 

total channel loss at Nyquist frequency. As shown in Figure 3.16(b) and Figure 
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3.16(c), after enabling the 2-tap FFE, a wide opened eye-diagram is obtained with a 

total jitter of 6.56ps and 7.84ps for one and five active channels, respectively. 

 

 

Figure 3.17 (a) Measured 2-tap FFE coefficients; (b) measured 12.5GHz forwarded 
clock pattern 

 

As illustrated in Figure 3.17(a), a fixed data pattern is measured with FFE 

coefficients stepped by 2 LSBs. The post-cursor amplitude for ‘one’-level and ‘zero’-

level can be adjusted independently to realize asymmetric FFE. The replica channel 

is also configured as a half-rate forwarded clock channel by sending a ‘1010’ data 

pattern. Figure 3.17(b) shows that measured 12.5GHz forwarded clock signal has 

581.6fsrms jitter and 4.6pspk-pk jitter. 
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3.3.2 Transmitter Optical Measurement 

 

Figure 3.18 Optical transmitter prototype assembly 

 

The assembly of the optical transmitter prototype is shown in Figure 3.18. The Si-

Photonic IC and CMOS IC are bonded on PCB directly to eliminate RF attenuation 

due to socket packaging. In order to realize stable optical connection between the 

SMF and the Si-Photonic IC, a special-designed fiber array is attached to the Si-

Photonic IC using epoxy. The total coupling loss due fiber misalignment and grating 

coupler loss is about 5dB. 
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Figure 3.19 Optical test setup 

 

Table 3.1 Link Budget of Optical Test Setup 

CW Laser Power 7dBm 

EDFA +8dB 

Grating Coupler Loss -5dB 

Waveguide Loss -12dB 

Modulation Penalty -1dB 

Grating Coupler Loss -5dB 

EDFA +13dB 

Bandpass Filter -3dB 

Splitter -3dB 

Average Input Power to Oscilloscope Path I: -1dBm / Path II: 2dBm 

 

Figure 3.19 and Table 3.1 shows the test setup and link budget of optical 

measurement, respectively. The CW laser power at the output of a tunable laser 

CLK
Balun DUT

CW Laser EDFA EDFA

PD

Scope 70%

30%

Trigger

12.5GHz 
Diff. CLK Avg. Optical

Power

DSA8200

Testing Board

BPF

Path II

E8257D Path I
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source is 7dBm. In order to compensate for the about 23dB attenuation due to optical 

coupling loss and excessive loss in the photonic IC [31], an external optical amplifier 

is used to add 8dB gain to the CW laser. At the output of photonic IC, another optical 

amplifier is used to compensate for optical loss due to bandpass filter and splitter. 

Finally, the modulated laser signal at the input of optical oscilloscope has an average 

power of 1dBm. Each Microring modulator on the Si-Photonic IC was tested 

individually due to the absent of comb laser during testing.  

 

 

Figure 3.20 Measured 25Gb/s 27-1 PRBS optical eye-diagrams (a) ring-1 without 
FFE; (b) ring-1 with optimized FFE; (c) ring-2 with 2.2V single-end drive; (d) ring-

2 with 4.4V differential drive 
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Figure 3.20 shows the measured 25Gb/s optical eye-diagrams for 2 different 

channels. The optical eye-diagrams are captured by manually aligning the resonant 

wavelength to the point with optimized ER. As illustrated in Figure 3.20(a), a 7dB 

DC ER is observed with a 4.4V differential signal and -2.4V biasing applied on 

Microring-1. Although the static ER matches with the simulation result, a severe 

nonlinear ISI degrades the effective ER to less than 5.3dB. In Figure 3.20(b), the 

nonlinear ISI is well compensated after enabling post-cursor taps of 2/15 ‘one’-level 

and 8/15 ‘zero’-level. The equalized optical eye diagram has an ER of 6.8dB. A total 

jitter of 7.68ps matches well with the jitter result from electrical only testing. For 

Microring channel-2, similar optical performance is observed after the nonlinear FFE 

enabled. Figure 3.20(c) shows the measured single-end mode eye-diagram of 

Microring-2 by turning off one side of the differential signals. The ER is only 4.7dB 

with a 2.2V output swing. In contrast, after enabling the differential drive, an ER of 

7.2dB is obtained in Figure 3.20(d). An improvement on the optical SNR can also be 

observed by the comparison of the quality factors of eye-diagram. 
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3.3.3 Wavelength Stabilization Measurement 

 

Figure 3.21 Test setup for wavelength auto-alignment 

 

 

Figure 3.22 (a) Open-loop current DAC sweeping; (b) closed-loop wavelength 
locking process 
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The wavelength auto-alignment is first verified using the test setup shown in 

Figure 3.21. The heater control pins of the Si-Photonic IC are connected to the 

current DAC outputs through PCB routing. As the Microring modulators used for 

testing do not include drop-port, an off-chip PD is utilized to monitor the optical 

power through a fiber splitter. 

 

The TIA output VAVG is first scanned by sweeping the current DAC output from 

2mA to 1mA. As shown in Figure 3.22(a), as the current DAC output voltage 

VHEATER decreases to 1.5V, VAVG drops to a minimum value of 200mV. Note the 

right-hand side of the VAVG notch is much steeper than the left-hand side. This 

skewing of the resonance peak is primarily due to the nonlinear behavior of a 

Microring with a high input optical power [48]. 

 

As shown in Figure 3.22(b), after the auto-alignment is enabled, the output of the 

current DAC will be stepped down continuously from the initial value. After VAVG 

reaches 200mV, an over-search signal will be triggered to lock the reference DAC to 

a fixed value. Consequentially, both VAVG and VHEATER are locked if the background 

wavelength stabilization is turned off. The FSM was programmed to start the locking 

process from the left-hand side of the resonance to prevent potential instability issue 

due to the self-heating effect of Microring modulator [24]. 
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Figure 3.23 Test setup for wavelength stabilization with intentional thermal 
modulation 

 

VHEATER 

(100mV/div)
VHEATER

VRAMP (2V/div)

VAVG 

(20mV/div) VAVG

VRAMP

200µW 10ps 200µW 10ps

20s 20s

(a) (b)  

Figure 3.24 (a) measured optical eye-diagram and average power without 
wavelength stabilization; (b) measured optical eye-diagram and average power with 

wavelength stabilization 
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Figure 3.23 shows the test setup for background wavelength stabilization. In order 

to introduce a controllable temperature fluctuation, a 4Vpp dithering ramp is applied 

to an adjacent Microring heater with 2s period.  

 

As shown in Figure 3.24(a), when the background wavelength stabilization is 

turned off, VAVG exhibits a 20mV fluctuations due to the thermal induced wavelength 

drift. Consequentially, the effective ER degrades severely. After the background 

wavelength stabilization is enabled, the current DAC will continuously adjust the 

heater power to stabilize the resonant wavelength. As shown in Figure 3.24(b), a 

clear optical eye-diagram is obtained in the presence of excessive thermal injection 

as well as room temperature fluctuations. 

 

3.4 Summary 

 

 

Figure 3.25 Transmitter power breakdown at 25Gb/s 
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Table 3.2 Microring Transmitter Performance Comparison 

 
[43] 

JSSC2012 

[38] 

JSSC2014 

[39] 

JSSC2012 

[41] 

ISSCC2015 

[40] 

ISSCC2015 
This Work 

Technology 40nm CMOS 65nm CMOS 130nm SOI 40nm CMOS 28nm CMOS 65nm CMOS 

Integration Flip Chip Wire Bonding Monolithic Flip Chip Flip Chip Wire Bonding 

Ring Type Depletion Injection Depletion Depletion Injection Depletion 

Q ~15000 ~8000 ~13000 ~5500 ~4000 ~5000 

Supply 1V, 2V 1V, 2V 1.5V, -1.5V 1.3V 0.9V, 1.8V 1.2V, 2.4V 

WDM Channels 8 6 1 4 1 5 

EQ N/A 2-Tap FFE 2-Tap FFE N/A 2-Tap FFE 2-Tap FFE 

Swing 2Vpp 4Vpp-diff 2.4Vpp-diff 1.95Vpp-diff 1.8Vpp 4.4Vpp-diff 

Data Rate 10Gb/s 5Gb/s 25Gb/s 20Gb/s 25Gb/s 25Gb/s 

Transmitter 

Power 
1.35mW 1 4.04mW 207mW 26mW 1 72.5mW 113.5mW 2 

Transmitter 

FOM 3 
0.06pJ/(bit∙V) 0.20pJ/(bit∙V) 3.45pJ/(bit∙V) 0.67pJ/(bit∙V) 1.61pJ/(bit∙V) 1.03pJ/(bit∙V) 

Extinction Ratio 7dB 12.7dB 6.5dB 9dB 6.5dB 7dB 

Wavelength 

Stabilization 
Manual Auto-align N/A Manual Manual 

Auto-align & 

Tracking 

1. Driver only 

2. Including driver, serializer and clocking 

3. Transmitter FOM = Power/(Data Rate×Swing)   

 

Figure 3.25 shows the transmitter power breakdown at 25Gb/s. With a power 

supply of 1.2V and 2.4V, each transmitter channel consumes 118.67mW including 

data path, amortized clocking power and background wavelength stabilization. More 

than 50% of the power is consumed in the output stage and pre-driver as a result of 

the low source impedance and FO2 design. The 8-to-1 serialization circuit and local 
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clock buffers consumes 31.2mW and 20.45mW, respectively. The background 

wavelength stabilization consumes 5.17mW with 2mA current DAC output at 2.5V. 

 

As shown in Table 3.2, the performance of the proposed transmitter design is 

compared with several recent published Microring-based transmitters. Among all the 

Microring-based transmitter designs, the proposed design achieves a highest output 

swing of 4.4Vpp-diff. Although limited by the parasitic of wire-bonding packaging, a 

best transmitter FOM of 1.03pJ/(bit∙V) is achieved compared with other 25Gb/s 

Microring modulator based transmitters. In addition, a stable 25Gb/s operation is first 

demonstrated in the presence of dynamic thermal fluctuations. 
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Chapter 4     Design of 40Gb/s PAM4 Si-Photonic 

Optical Receiver 

 

 

This chapter will focus on the design of a Si-Photonic optical receiver in 65nm 

CMOS technology. It begins with the architecture of the receiver, and then discuss 

the detailed receiver circuit implementation that addresses the key challenges of 

PAM4 optical receiver design. Finally, the measurement results as well as a 

performance summary are discussed. 

 

4.1 Receiver Architecture 

 

In a Si-Photonic optical transceiver system, the performance of the optical 

receiver is critical because it sets the maximum link budget for a given input laser 

power. While CMOS optical receivers based on discrete PD or Si-Photonic PD have 

been previously demonstrated with a data rate in excess of 20Gb/s [33] [39] [40] [42] 

[49] [50] [51] [52], they are all limited to PAM2 signaling. In order to further 

improve the bandwidth efficiency of an optical link, advanced modulation schemes 

such as PAM4 modulation are been proposed to double the effective data rate of an 
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optical link without changing the baud rate. However, for a fixed optical link 

configuration, an additional 4.77dB modulation penalty will be added to the total loss 

budget. Hence, both the receiver sensitivity and architecture need be changed 

accordingly to achieve a PAM4 signal amplification. 
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Figure 4.1 (a) Single-ended TIA with LPF-based common-mode extraction; (b) 
single-ended TIA with dummy TIA; (c) AC-coupled differential TIA 
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Among all building blocks in an optical receiver, TIA is the most critical circuit 

for low-noise amplification of received photocurrent. Conventionally, single-ended 

shunt-feedback amplifier is a popular architecture for high-speed TIA designs [38] 

[43] [42] [49] [51]. Compared with other TIA architectures such as common-gate 

TIA [50] and RCG TIA [40], shunt-feedback TIA eliminates the noise overhead due 

to the low-impedance active devices at the input node [49] [50]. 

 

Figure 4.1(a) and Figure 4.1(b) shows two commonly used shunt-feedback TIA 

designs. In Figure 4.1(a), a low-pass filter (LPF) is utilized to extract the common-

mode voltage of the single-ended TIA output. As the LPF typically has a cutoff 

frequency below 1MHz, the noise contribution of LPF to the total output noise is 

negligible. However, this design suffers from a poor power supply rejection ratio 

(PSRR) above the LPF cutoff frequency. As shown in Figure 4.1(b), a dummy TIA 

with similar supply noise transfer function can be used to significantly improve the 

PSRR performance. However, the dummy TIA will likely double the value of the 

total output noise due to the absent of high-speed photocurrent at the dummy TIA 

input. Finally, as shown in Figure 4.1(c), an AC-coupled differential TIA has been 

proposed to amplify the high-speed photocurrent from both the anode and the 

cathode of PD at the cost of doubled PD capacitance [51][53]. 
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Table 4.1 Brief Comparison of Single-Ended TIA and Differential TIA 

TIA Topology 
Single-Ended 

w/ LPF 

Single-Ended 

w/ Dummy TIA 

AC-Coupled 

Differential 

Device Noise Power  1× 2× 2× 

Input Loading* CPD + CPAD CPD + CPAD 2×CPD + CPAD 

Bandwidth 1× 1× 1× 

Gain** 1× 1× 
2×C + 2×C

2×C + C
 

Input Referred Noise 1 √2× < √2× 

PSRR Poor Modest Good 

Crosstalk Rejection Poor Poor Good 

CMRR Poor Poor Good 

*   Excluding coupling parasitic. 

** Assuming the dominant pole is located at TIA input. 

 

Table 4.1 shows a brief performance comparison of TIA designs in Figure 4.1. 

All 3 topologies are compared with identical bandwidth. While single-ended TIA 

with LPF achieves the lowest input-referred noise, differential TIA is preferred over 

single-ended TIA for better PSRR and crosstalk rejection. In addition, the input 

referred noise of differential TIA is lower than single-ended TIA with dummy TIA 

in the presence of pad capacitance. Hence, AC-coupled differential TIA is a 
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promising frontend architecture for high performance hybrid integrated Si-Photonic 

receiver design. 

 

 

Figure 4.2 Proposed pseudo-differential TIA 

 

Conventionally, on-chip passive RC filter has been utilized to provide DC-

blocking function on both cathode and anode of differential TIA. For a given cutoff 

frequency, a small coupling capacitor CC and large bias resistor RB is preferred to 

reduce the parasitic capacitance. For example, a RB of 32kΩ is required to achieve 

1MHz cutoff frequency with a CC of 5pF. However, this large RB will introduce 

unwanted reduction of PD bias in the presence of DC photocurrent. For example, an 

input DC photocurrent of 100uA with lead to 3.2V voltage drop across RB, while the 

total headroom for PD bias is only 3.3V. In order to solve this problem, a pseudo-

differential TIA is proposed. As illustrated in Figure 4.2, the proposed pseudo-

differential TIA design employs a high impedance bias generation circuit in replace 
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of the large bias resistor on cathode side. Correspondingly, the anode of PD is 

directly connected to the TIA input as they share a similar low common-mode 

voltage. 

 

 

Figure 4.3 Inverter-based shunt-feedback TIA 

 

For shunt-feedback TIA designs, CMOS inverter has been widely used as the core 

amplifier due to the high gm efficiency of push-pull configuration. For a simplified 

inverter-based TIA shown in Figure 4.3, the input-dominant bandwidth is given by 

=
2

(4.1) 

where  and  are the DC-gain and dominant pole frequency of the core amplifier, 

respectively [49].  represents the total capacitance at input. As shown in (4.1), for 

a fixed PD and amplifier design, a small  is preferred to improve the bandwidth of 

TIA. 

 



69 
 

 

The input-referred noise density of shunt-feedback TIA is given by 

, ( ) =
4

+
4

+
4

+4
(2 )

+
4

(4.2)
 

where  and  are the effective trans-conductance of the core amplifier and 

post amplifier, respectively. As shown in (4.2), the first 3 frequency-independent 

terms are called “white noise” while the last 2 frequency-dependent terms are called 

“color noise” [54]. Apparently, a large  is preferred to reduce the “white noise” 

contribution to the input-referred noise. However, this causes a direct tradeoff 

between the TIA bandwidth and noise performance. 

 

In order to break the bandwidth and noise tradeoff, equalization techniques such 

as continuous time linear equalizer (CTLE) and decision feedback equalizer (DFE) 

have been adopted to enhance the overall receiver sensitivity in the presence of a 

large  [49] [40] [42] [55] [56]. 

 

 

Figure 4.4 Optical receiver with CTLE, DFE and CDR 
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Instead of using only a certain type of equalizer, Figure 4.4 shows a complete 

optical receiver that adopts multiple equalizers and CDR to compensate for a “lossy” 

TIA. The major benefit of the proposed architecture is the capability to balance the 

noise overhead due to CTLE and the power overhead due to the number of DFE taps.   

 

 

Figure 4.5 Architecture of proposed Si-Photonic receiver 

 

Figure 4.5 shows the architecture of the proposed Si-Photonic receiver design. It 

consists of a waveguide PD and a CMOS receiver IC. The receiver IC utilize a 

proposed pseudo-differential TIA to realize OE conversion. A peaking amplifier is 

implemented after the TIA to enhance the gain bandwidth product (GBW). The 

output of the peaking amplifier is directly quantized by a half-rate sampler. An 

optional half-rate decision feedback equalizer (DFE) can be enabled to compensate 

for any residual ISI to further enhance the receiver data rate. Finally, the DFE is 

combined into full-rate electrical output using a fully-CMOS MUX and PAM4 

transmitter.  
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4.2 Receiver Circuit Implementation 

 

4.2.1 TIA Core 

 

Figure 4.6 (a) Proposed differential TIA core; (b) Bandwidth comparison of 
proposed TIA core and conventional inverter-based TIA  

 

Figure 4.6(a) shows the design of the proposed inverter-based differential TIA 

core. Compared with conventional inverter-based TIA, a cross-coupled two-stage 

inverter pair is implemented to enhance the gain of core amplifier. Figure 4.6(b) 

shows the simulated performance comparison of proposed TIA versus TIA core 

without two-stage amplifiers. The bandwidth of the proposed design is enhanced by 

at least 2GHz when the PD capacitance CPD changes from 20fF to 100fF. In addition, 

the impact of the two-stage amplifier on input-referred noise is actually negligible 

due to the enhanced TIA gain. The feedback resistor  can be adjusted between 
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500Ω to 2kΩ with a 500Ω step to control the TIA bandwidth for different PD 

capacitance. 

 

4.2.2 PD Bias Circuit 

 

Figure 4.7 (a) Proposed PD bias circuit; (b) simulated PD bias voltage versus PD 
average current 

 

Figure 4.7(a) shows the design of PD bias circuit. Similar to a voltage regulator 

design, a thick-oxide PMOS current mirror is utilized to provide the bias current of 

PD. The current mirror is controlled by a differential OPAMP that compares the 

feedback voltage with a reference voltage. In order to maintain a high output 

impedance over the frequency of interest, the closed-loop bandwidth is designed to 

be smaller than the DCOC bandwidth. As shown in Figure 4.7(b), the proposed bias 

circuit can provide a constant 2.5V PD cathode bias with about 200uA dynamic 
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range. The effective PD bias voltage is about -1.9V due to an addition 600mV voltage 

headroom on the anode side. 

 

4.2.3 Peaking Amplifier 
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Figure 4.8 Proposed peaking amplifier design 

 

The peaking amplifier in the proposed receiver design consists of 3 cascaded 

differential amplifiers as well as a 4th stage as a DFE summer. Figure 4.8 shows the 

design of the peaking amplifier stage. It consists of an inductor-less source-

degeneration amplifier with a negative-capacitor for high-frequency peaking [57]. 

The gain and peaking amplitude can be adjusted independently to optimize the 
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transfer function at the output of the 4th stage (DFE summer node). A DC-offset 

cancellation (DCOC) circuit is also implemented to compensate for the DC-offset 

due to process mismatch as well as input DC photocurrent. 

 

 

Figure 4.9 Small signal PD model 

 

 

 

Figure 4.10 (a) Simulated AC response of the proposed frontend; (b) simulated 
group delay of the proposed frontend  
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Figure 4.9 shows a small signal PD OE model. For the following simulation, the 

PD is modeled with junction capacitance  of 90fF, contact resistance  of 10Ω 

and bonding wire inductance  of 500pH. A OE bandwidth of 20GHz is been fitted 

by changing the 1st-order LPF bandwidth. Note that  does not count for noise 

simulation. 

 

Figure 4.10 shows the simulated AC response of the proposed frontend (TIA, 

peaking amplifier) with a  of 1kΩ. Limited by the PD capacitance, the output of 

TIA has a DC gain of 65dBΩ and a bandwidth of 4GHz. After the amplification of 

peak amplifier, the DFE summer output has a low-frequency gain of 78dBΩ and a 

bandwidth of 8GHz. Note that the peaking amplifier also recovers the group delay 

of the TIA output to reduce the deterministic jitter (DJ). With a bandwidth of 8GHz, 

the proposed frontend can provide a healthy eye opening for baud rate up to 16Gbaud 

[54]. 

 

In order to calculate the input sensitivity, a noise simulation of the proposed 

frontend shows the DFE summer output has a RMS voltage noise of 7.4mV 

(integrated from 1Hz to 40GHz). Based on the definition of input referred noise [54], 

the input referred PAM2 and PAM4 current sensitivity (BER < 10-12) at 14Gbaud are 

13.5uApp and 40.5uApp, respectively. Assuming a PD responsivity of 1A/W, the 
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normalized PAM2 and PAM4 OMA sensitivity at 14Gbaud are -18.7dBm and -

13.9dBm, respectively. 

 

 

Figure 4.11 Simulated 20Gbaud frontend impulse response with optimized pre-
cursor FFE (a)  = 500Ω; (b)  = 1kΩ; (c)  = 1.5kΩ; (d)  = 2000Ω 

 

As the baud rate increases to 20Gbaud and higher, the ISI due to frontend 

bandwidth limitation needs be taken into consideration. Figure 4.11 shows the 

simulated 20Gbaud frontend impulse response with optimized pre-cursor FFE. The 

PD input is a 30uApp impulse with 10ps transition time. As shown in the figure, as 

 increases from 500Ω to 2kΩ, the main-cursor increases from 167mV to 236mV 
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at the cost of worse ISI. In the meantime, the RMS voltage noise at frontend output 

increases from 7.03mV to 8.39mV (integrated from 1Hz to 40GHz). 

 

 

Figure 4.12 Simulated best input sensitivity versus  (a) PAM2 mode; (b) PAM4 
mode 

 

Figure 4.12 shows the simulated best input sensitivity versus . The best input 

sensitivity is calculated based on the main-cursor to noise ratio [58]. In other words, 

the best input sensitivity is achieved when the residual ISI is completely removed by 

FFE and DFE. Based on Figure 4.12, a  above 1kΩ is preferred to improve the 

sensitivity. Specifically, with a  of 1kΩ, the input sensitivity for 20Gbaud PAM2, 

25Gbaud PAM2, 20Gbaud PAM4 and 25Gbaud PAM4 is -18.13dBm, -17.17dBm, -

13.36dBm and -12.4dBm, respectively.  
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4.2.4 Half-Rate PAM4 DFE 

For conventional half-rate PAM2 DFE design, the first feedback tap can be 

unrolled to solve the 1UI timing issue [47] [7]. Unfortunately, compared with a half-

rate Tap1-unrolled PAM2 DFE, the minimum number of slicers for a Tap1-unrolled 

PAM4 DFE will be dramatically increased from 4 to 24. Such a large slicer count 

will significantly increase the complexity and power consumption of the DFE core. 

Instead of adopting loop-unrolled architecture, a dynamic latch with integrated 

dynamic offset control can be utilized to minimize the feedback delay of Tap1 by 

moving the summation node to the slicer output. Consequentially, a half-rate direct-

feedback DFE based on dynamic offset control achieves a PAM2 data rate up to 

66Gb/s [59]. Unfortunately, dynamic offset control technique cannot be directly 

adopted in a half-rate PAM4 DFE due to the extreme complex high-speed routing 

between the output of 6 slicers and input of 6 slicers. 

 

 

Figure 4.13 Conceptual design of a half-rate direct-feedback PAM4 DFE 
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Figure 4.13 shows the conceptual design of a half-rate direct-feedback PAM4 

DFE. Note that only 1 of all 6 slicer chains are shown in the figure. A dynamic 

sample-hold (DSH) with threshold control is triggered by a half-rate clock CK_I to 

sample a specific LSB of input PAM4 signal (e.g., the top eye). The output of the 

DSH is then amplified by 2 cascaded regeneration latches. In order to satisfy the 1UI 

timing constraint, the 1st regeneration latch and the 2nd regeneration latch are 

triggered by CK_I and a half-UI delayed clock CK_Q, respectively. The output of 

the 2nd regeneration latch is directly fed back to a current DAC for DFE 

summation/subtraction. 

 

 

Figure 4.14 Timing diagram of a slicer chain in the proposed PAM4 DFE 
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Figure 4.14 shows a timing diagram of the DFE operation corresponding to the 

slicer chain in Figure 4.13. As shown in the figure, the DC-offset of the top eye is 

been removed at the DSH output. However, the output of DSH cannot be directly 

used to drive a feedback current DAC due to the limited DSH gain and residual multi-

level amplitude. After the amplification of the 1st and 2nd regeneration latch, the 

residual multi-level amplitude can be effectively removed. Meanwhile, the signal 

amplitude at the 2nd regeneration latch output is large enough to switch the polarity 

of a feedback current DAC before the next sampling point. 

 

 

Figure 4.15 Quadrature CMOS clock generator 

 

As shown in Figure 4.15, in order to create half-rate quadrature clocks for DFE 

operation, a CML divider is implemented to divide the frequency of an off-chip full-

rate clock by half. The output of CML divider is then converted to CMOS level by 

CML-to-CMOS converters [44]. Inductor-peaking termination is utilized to 

compensate for PCB and packaging loss at the input clock frequency. 
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Figure 4.16 Complete diagram of half-rate PAM4 DFE  

 

Figure 4.15 shows a complete diagram of the proposed half-rate PAM4 DFE. It 

consists of 6 slicer chains and a feedback DAC. Compared with the conceptual 

design in Figure 4.13, a 3rd and 4th regeneration latch is also implemented in each 

slicer chain to create Tap2 decision and Tap3 decision, respectively. 
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Figure 4.17 DSH with threshold control 

 

Figure 4.17 shows the design of the DSH with threshold control. The DSH 

consists of 2 cascaded dynamic amplifiers. Triggered by a single phase clock, the 

input data amplitude can be stored at the output of DSH [60]. In addition to the input 

differential pair, 2 half-sized differential pairs are implemented to control the slicer 

DC-offset by a threshold voltage TH. TH of all 6 slicers is generated from a shared 

voltage DAC with a step of 25mV. By changing the polarity of TH, the DSH can be 

reconfigured to cancel out the DC-offset of the top, middle or bottom eye. 

 

 

Figure 4.18 Proposed regeneration latch 
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Figure 4.18 shows the design of the proposed regeneration latch. A cross-coupled 

PMOS pair is utilized to provide regeneration gain during the evaluation phase. One 

of major advantage of the proposed design is the capability of cascading multiple 

stages to realize high-speed return-to-zero (RZ) digital logic. 
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Figure 4.19 Simulated eye-diagrams with 20Gbaud PAM4 input and DFE enabled 
(a) DSH output; (b) 1st regeneration latch output; (c) 2nd regeneration latch output 

 

Figure 4.19 shows a simulated slicer output eye-diagrams with a 20Gbaud PAM4 

input. It matches well with the timing diagram shown in Figure 4.12. At the output 

of the 2nd regeneration latch, the multi-level amplitude is effective removed. 

Compared with the DSH output, the peak signal amplitude increases from 200mVpp-

diff to 2Vpp-diff. 
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Figure 4.20 PAM4 feedback current DAC 

 

Figure 4.20 shows the design of the PAM4 feedback current DAC. It includes an 

even current DAC and an odd current DAC. Each PAM4 tap is generated by the 

current sum of 3 segments corresponding to the decisions on top, middle and bottom 

eye. The tap coefficient is adjusted by changing the tail current of each DAC 

segment. In addition, NMOS cascode switches are used to gating the output of 

current DAC. The even DAC is enabled by CK_Q and the odd DAC is enabled by 

CK_QB. The NMOS switches can not only prevent current sharing between the even 

and odd path but also reduce the parasitic at the summer node. 

 

In order to evaluate the performance of the proposed DFE, the frontend is 

configured with a  of 1kΩ and a OE bandwidth of 8GHz. By disabling DFE, ISI 

can be observed at the DFE summer node when baud rate is higher than 8Gbaud. 
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Figure 4.21 (a) Simulated 25Gb/s PAM2 eye-diagram w/o DFE; (b) simulated 
25Gb/s PAM2 eye-diagram w/ DFE  

 

Figure 4.21 shows the simulated summing node eye-diagrams of a 25Gb/s PAM2 

signal from the frontend output. The pre-cursor ISI is removed by a FFE equalizer 

on the transmitter side for simulation. As illustrated in Figure 4.21(a), severe ISI can 

be observed due to the limited bandwidth of frontend. With a Tap1 coefficient of 16, 

the post-cursor ISI at the summing node can be effectively removed. The effective 

eye-height is more than 400mVpp with a 90uApp input. Based on the noise simulation 

of frontend, the input current sensitivity and OMA sensitivity with 25Gb/s PAM2 

input are 23.6uApp and -16.2dBm, respectively. 
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Figure 4.22 (a) Simulated 20Gbaud PAM4 eye-diagram w/o DFE (b) simulated 
20Gbaud PAM4 eye-diagram w/ DFE 

 

Figure 4.22 shows the simulated summing node eye-diagrams of a 20Gbaud 

PAM4 signal with 90uW input OMA. In Figure 4.22(a), the PAM4 eye opening is 

severely degraded to less than 100mVpp due to the residual ISI. In Figure 4.22(b), 

after enabling an optimized Tap1 coefficient of 8, the ISI can be effectively removed. 

Consequentially, a minimum eye height of 140mVpp is achieved. Note that the 

optimized sampling point (maximum eye height point) will be changed after enabling 

DFE. Based on Figure 4.14, this is primarily due to the residual part of the Tap1 

coefficient out of the 1UI region. Based on the noise simulation of frontend, the input 

current sensitivity and OMA sensitivity with 20Gbaud PAM4 input are 66.6uApp and 

-11.7dBm, respectively. 

 



87 
 

 

4.2.5 PAM4 Transmitter 

 

Figure 4.23 Fully-CMOS PAM4 transmitter 

 

Figure 4.23 shows the design a fully-CMOS PAM4 transmitter. It consists of 6 

SR latches, 6 CMOS MUXs and 6 SST driver segments. The output of half-rate DFE 

core is first converted back to none-return-to-zero (NRZ) mode by the SR latches. 

The even bit and odd bit of each LSB level are then combined into a full-rate data by 

a CMOS 2-to-1 MUX [36]. The output of all 3 LSB SST driver segments is combined 

together to generate the final PAM4 output. Each SST driver segment has an output 
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impedance of 150Ω so that the effective output impedance is 50Ω. With a supply of 

1.2V, the proposed PAM4 transmitter can provide an output amplitude of 1.2Vpp-diff 

with 400mVpp-diff for each LSB level. 
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Figure 4.24 Simulated 20Gbaud eye-diagram of PAM4 transmitter output with 3dB 
Nyquist loss 

 

Figure 4.24 shows the simulated PAM4 transmitter output after a short PCB 

trace with 3dB Nyquist loss. Moderate ISI is observed due to the absent of FFE 

function in the receiver prototype. The effective eye height of each LSB level is 

adequate for BER testing.  
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4.3 Receiver Measurement Results 

 

 

Figure 4.25 Receiver micrograph 

 

The proposed receiver IC was fabricated in a 65nm general-purpose process. 

Figure 4.25 shows the layout of the receiver IC with a total area of 1.32mm2. The 

receiver data path occupies an area of 300um×650um, excluding the input clock 

buffer and on-chip bypass capacitors. 
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Figure 4.26 (a) 850nm discrete PD micrograph; (b) TIA assembly; 

 

 

Figure 4.27 Optical test setup 

 

Figure 4.26(a) shows the micrograph of a discrete 850nm GaAs PD that has an 

OE bandwidth of 20GHz. Figure 4.26(b) shows the proposed receiver IC bonded 

with a discrete PD for optical testing. A VCSEL-based transmitter and tunable laser 

attenuator are utilized to provide modulated optical signal. Limited by the VCSEL-

based transmitter design and equipment, PAM2 only testing up to 15Gb/s is 
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proceeded based on the test setup shown in Figure 4.27. Specifically, a pattern 

generator (PPG) is utilized to provide a PAM2 data as well as a full-rate clock with 

tunable delay. The PAM2 data is converted to modulated laser signal by a VCSEL-

based transmitter. The average optical power is controlled by a laser attenuator. 

Finally, the receiver output is sent to an error detector for BER testing or an 

oscilloscope for eye monitoring.   

 

 

Figure 4.28 (a) Measured 15Gb/s PAM2 VCSEL driver output w/o attenuation; (b) 
measured 15Gb/s PAM2 receiver output 

 

Figure 4.28 shows the measured input and output 27-1 PRBS eye-diagrams at 

15Gb/s. The input eye-diagram is captured at the output of VCSEL without 

attenuation. As shown in Figure 4.28(a), the VCSEL output has an ER of 3.5dB. This 

ER number will be used later to calculated the OMA at PD input based on the 
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measured PD average current. As shown in Figure 4.28(b), the receiver output has 

an amplitude of 400mVpp that matches the amplitude of the LSB level. 

 

 

Figure 4.29 Measured receiver sensitivity at 10Gb/s and 14Gb/s with 1kΩ RF 

 

Figure 4.29 shows the measured sensitivity curve of the proposed receiver at 

10Gb/s and 14Gb/s. In order to verify the performance of the frontend, the DFE is 

turned off during this measurement. Based on a simulation using the 20GHz PD 

model, the signal bandwidth at TIA output is about 4GHz with a RF of 1kΩ. The 

proposed receiver achieves a normalized OMA sensitivity of -13.7dBm (BER < 10-

12) and -14.5dBm (BER < 10-12) at 14Gb/s and 10Gb/s, respectively. Compared with 

a simulated input sensitivity of -18.7dBm at 14Gb/s, the measured result shows about 

5dB sensitivity degradation due to the supply noise overhead, slicer offset, fiber 

vibration and VCSEL distortion. 
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Figure 4.30 (a) Measured receiver bathtub curve at 10Gb/s; (b) measured receiver 
bathtub curve at 14Gb/s 

 

Figure 4.30 shows the measured bathtub curves. The error free region (BER < 10-

9) at sensitivity condition is 0.35UI and 0.27UI for 10Gb/s and 14Gb/s, respectively. 

 

4.4 Summary 

 

 

Figure 4.31 Receiver power breakdown at 20Gbaud PAM4 mode 
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Figure 4.31 shows the simulated power breakdown of the proposed receiver with 

20Gbaud PAM4 input. The total power consumption and energy efficiency of the 

proposed receiver are 160mW and 4pJ/bit, respectively. Specifically, the frontend, 

DFE core, transmitter, clock buffer and PD bias circuit consumes 51.2mW, 54mW, 

38.7mW, 15.2mW and 1.3mW, respectively. The simulated receiver performance 

summary is shown in Table 4.2. 

 

Table 4.2 Si-Photonic Receiver Performance Summary 

PD Capacitance 90fF 

PD Contact Resistance 10Ω 

PD OE bandwidth 20GHz 

PD Responsivity 1A/W 

PD Bonding Wire Inductance 500pH 

Frontend Low-frequency Gain 78dBΩ 

Frontend Bandwidth ~8GHz 

Output Swing 1.2Vpp-diff 

Signaling PAM4 

Data Rate 40Gb/s 

Simulated Input Sensitivity -11.7dBm 

Power Consumption 160mW 

Energy Efficiency 4pJ/bit 
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Chapter 5     Conclusion 

 

 

As the high-speed I/O standards scales from 100Gb/s to 400Gb/s and higher, high-

speed optical link becomes one of the most important research areas for next-

generation internet and cloud computing. Specifically, the development of Si-

Photonic devices such as Microring and waveguide PD brings a unique solution for 

the research on a compact, universal and power-efficient optical transceiver. 

 

In this work, the design 25Gb/s hybrid-integrated Microring-based transmitter is 

described in Chapter 3. The proposed transmitter leverages AC-coupled pseudo-

differential cascode inverters to realize 4×VDD output swing as well as tunable DC-

biasing. The driver IC incorporates a 2-tap nonlinear FFE that can significantly 

improve the optical signal integrity at 25Gb/s. A quadrature fully CMOS serializer 

is integrated in the transmitter design which solves the speed bottleneck of 

conventional serializers. Finally, an average power based wavelength stabilization 

circuit is demonstrated that enables a robust 25Gb/s operation over temperature 

variation.  
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On the receiver side, the design of a PAM4 Si-Photonic receiver is discussed in 

Chapter 4. The proposed receiver leverages an AC-coupled pseudo-differential 

architecture to optimize the noise performance of TIA. An automatic PD bias circuit 

is developed to provide constant PD bias over 200uA dynamic range. For the first 

time, an on-chip half-rate PAM4 DFE is implemented with the TIA frontend to 

further compensate for residual ISI. Based on the post-layout simulation with a PD 

capacitance of 90fF and a RF of 1kΩ, the proposed receiver achieves a maximum 

PAM2 data rate of 25Gb/s and a maximum PAM4 data rate of 40Gb/s. 

 

In conclusion, the proposed transmitter and receiver design can be further 

extended to higher bandwidth and lower power with more advanced CMOS 

technologies for future datacenter and telecommunication applications. 
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