
 

 
 
 

A QUASI-MONOLITHIC OPTICAL RECEIVER 
USING A STANDARD DIGITAL CMOS 

TECHNOLOGY 
 
 
 
 

A thesis presented to the academic faculty 
 

by 
Myunghee Lee 

 
 

In partial fulfillment of the requirements 
for the degree of Doctor of Philosophy  

in Electrical and Computer Engineering 
 
 
 

Georgia Institute of Technology 
May, 1996 

 



 ii 

 

 

A QUASI-MONOLITHIC OPTICAL RECEIVER 
USING A STANDARD DIGITAL CMOS 

TECHNOLOGY 
 

 

 

 

 

APPROVED: 

       
Martin A. Brooke, Chairman 
 
       
Mark G. Allen 
 
       
Phillip E. Allen 
 
       
J. Alvin Connelly 
 
       
Paul A. Kohl 
 
Date approved by chairman:     



 iii 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS ..................................................................................... v 

LIST OF TABLES................................................................................................ vi 

LIST OF FIGURES ............................................................................................vii 

SUMMARY............................................................................................................. x 

Chapter I. INTRODUCTION .........................................................................1 

Chapter II. BACKGROUND AND SYSTEM REQUIREMENT ................7 
2.1 Background .....................................................................................7 
2.2 System Requirements...................................................................24 

Chapter III. A SCALEABLE CMOS CURRENT-MODE 
 PREAMPLIFIER DESIGN AND INTEGRATION...............32 

3.1 Introduction...................................................................................32 
3.2 The Amplifier Circuit ...................................................................34 
3.3 Simulation.....................................................................................42 
3.4 Layout............................................................................................46 
3.5 Measurements...............................................................................51 

Chapter IV. OPTIMIZATION OF CMOS PREAMPLIFIER 
 DESIGN........................................................................................69 

4.1 Introduction...................................................................................70 
4.2 Open-Loop Amplifier Configuration............................................72 
4.3 Transimpedance Amplifier With A Negative 
 Feedback (NFA) ..........................................................................100 



 iv 

Chapter V. A DIFFERENTIAL-INPUT CURRENT-MODE ...................... 
 AMPLIFIER ............................................................................. 111 

5.1 Design of Differential Current-Mode Amplifier........................111 
5.2 Amplifier Design .........................................................................112 
5.3 Simulation And Layout ..............................................................119 

Chapter VI.  CONCLUSIONS AND FUTURE RESEARCH...................... 124 
6.1 Conclusions..................................................................................124 
6.2 Contributions ..............................................................................127 
6.3 Future Research..........................................................................128 

 

Appendix I. BRIEF SONET SPECIFICATIONS..................................... 131 

Appendix II. PSPICE INPUT CONTROL FILES FOR THE 
 CIRCUITS IN CHAPTER 4 AND BSIM MODEL 
 PARAMETERS ........................................................................ 132 

REFERENCES.................................................................................................. 141 

VITA ................................................................................................................... 148 



 v 

ACKNOWLEDGMENTS 

 

I would like to express my sincere appreciation to my thesis advisor, Dr. 
Martin A. Brooke, for his guidance and support during the course of my Ph.D. 
program. He has always nourished me with a fresh idea. I would also like to 
thank Dr. Nan Marie Jokerst and her group members for their support by 
providing optoelectronic devices and guidance in my experiments and studies. 

 I gratefully acknowledge Dr. Mark G. Allen, Dr. Phillip E. Allen, Dr. J. 
Alvin Connelly, and Dr. Paul A. Kohl for their service on exam committees 
during my doctoral program. Especially, Dr. Phillip E. Allen for his analog class 
which was the first course, that opened my eye to the area of analog integrated 
circuit design. I would also like to thank two French colleagues, Dr. C. 
Camperie-Ginestat and Olivier Vendier who have provided the fine 
optoelectronic devices and integration onto my silicon devices. 

 I would like to thank my parents, my parents-in-law, and my brother for 
their understanding and consideration during my years in graduate school. 
Finally, without support and encouragement of my loving family, Jamee, 
Janey, and Jay, this work would not have been possible. 

 Special thanks go to my group members and all the folks of the Mayberry 

Barber Shop of the Van Leer Building, Rm 308, from whom I got a lot of the 
valuable technical help and insightful discussions relating to my research.  



 vi 

LIST OF TABLES 

Tables Page 

2.1 List of recently published optical receivers...............................................12 

2.2 The maximum input resistance at different data rates...........................26 

2.3 Input current depending on different responsivity at different 
optical power ...............................................................................................28 

2.4 The relationship between BER and SNR..................................................30 

3.1 Key SPICE parameters for each process...................................................43 

3.2 Bias conditions and specifications of each amplifier ................................58 

3.3 Hand-calculated input-referred noise of the quasi-monolithic 
 amplifier for 155 Mbps using Eq.(3.10).....................................................62 

4.1 PSPICE simulation results at 155 Mbps of VMA and CMA....................98 

4.2 PSPICE simulation results at 622 Mbps of VMA and CMA....................99 

4.3 PSPICE simulation results at 155 Mbps ................................................106 

4.4 PSPICE simulation results at 622 Mbps ................................................107 

5.1 Hand-calculated input-referred noise of the differential 
 amplifier for 622 Mbps using Eq.(3.10)...................................................119 

6.1 The perfoamnce comparison between  our optical receivers and  
 the recently published  CMOS optical receivers.....................................128 



 vii 

 

LIST OF FIGURES 
 

Figures Page 

2.1 Block diagram of a typical optical data link ...............................................8 

2.2 Schematic diagrams of preamplifier configurations. (a) Open-loop 
type (Type I). (b) Feedback type (Type II).................................................13 

2.3 Noise equivalent circuit for the amplifier input stage .............................19 

2.4 Probability of error vs. Q for a gaussian noise distribution in 
amplitude. ...................................................................................................31 

3.1 The block diagram of the single-input amplifier ......................................35 

3.2 Normalized gain-bandwidth product (GBW), gain, and bandwidth 
for a multiple, cascaded stage amplifier for overall gain of 200 and 
overall bandwidth of 100 MHz...................................................................36 

3.3 Overall circuit diagram of the amplifier ...................................................37 

3.4 Circuit schematic of one stage ...................................................................38 

3.5 The input resistance at different bias currents ........................................44 

3.6 The input and output resistance values at each stage as the bias 
current changes. The process parameters from 0.8 µm technology 
were used.....................................................................................................45 

3.7 Effect of bias currents on the gain attenuation ........................................46 

3.8 The chip layout before fabrication and microphotograph of the 
OEIC after integration ...............................................................................48 

3.9 The printed circuit board layout................................................................50 

3.10 The block diagram of the test structure ....................................................51 



 viii 

3.11 SONET eye diagram mask (OC-1 to OC-24).............................................53 

3.12 Measured eye diagrams and pulse waveforms of each amplifier: (a) 
1.2 µm process with GaAs photodetector at 80 Mbps; (b) 0.8 µm 
IBM process with GaAs photodetector at 155 Mbps; (c) 0.8 µm HP 
process with GaAs photodetector at 155 Mbps; (d) 0.8 µm HP 
process with InGaAs photodetector at 155 Mbps; (e) 0.6 µm 
process with InGaAs photodetector at 155 Mbps. The top pulse in 
the pulse waveforms is the trigger pulse, the middle one is the 
input signal to the laser, and the bottom one represents the output 
pulse of the integrated amplifier ...............................................................57 

3.13 The measured results of the integrated 0.6 µm amplifier at 250 
Mbps. ...........................................................................................................59 

3.14 The microphotograph of the integrated amplifier. ...................................60 

3.15 The BER vs. The average input signal current of the 0.6 µm 
 amplifier at different data rates ................................................................61 

3.16 The comparison of the sensitivity between the simulation data 
from PSPICE and the measured sensitivity .............................................63 

3.17 The sensitivity of the integrated optical receiver at 155 Mbps with 
different PRBS ............................................................................................65 

3.18 The curves of various scaling laws and measured data. Circles, 
rectangular, and crosses represent the measured data. I and II 
represent HP and IBM process, respectively ............................................67 

4.1 Open-loop amplifiers: (a) Voltage-mode amplifier (VMA). (b) 
Current-mode amplifier (CMA) .................................................................73 

4.2 Small-signal equivalent circuit of the VMA..............................................74 

4.3 Small-signal equivalent circuit of the CMA..............................................83 

4.4 The noise and power dissipation in terms of the gate size ......................90 

4.5 Voltage mode amplifier at the speed of 155 Mbps....................................92 

4.6 Current mode amplifier at the speed of 155 Mbps ...................................93 

4.7 Voltage-mode amplifier at the speed of 622 Mbps....................................94 



 ix 

4.8 Current mode amplifier at the speed of 622 Mbps. ..................................95 

4.9 Feedback amplifiers with and without a resistor...................................101 

4.10 NFA-R at 155 Mbps..................................................................................108 

4.11 NFA-M at 155 Mbps. ................................................................................109 

4.12 The input noise vs. the power dissipation at 155 Mbps.........................110 

5.1 A simple MOSFET current mirror ..........................................................113 

5.2 Basic schematic of the differential current-mode amplifier...................114 

5.3 A differential current-mode amplifier .....................................................116 

5.4 A voltage-mode post amplifier .................................................................117 

5.5 The final differential-to-single-ended amplifier .....................................118 

5.6 The input noise and frequency response of the amplifier ......................120 

5.7 The PSPICE transient response at 622 Mbps. Top signal is the 
simulated input current pulse and bottom is the output voltage 
pulse...........................................................................................................121 

5.8 The eye sweep at PSPICE using the bottom signal in Fig. 5.8 .............122 

5.9 MAGIC layout of the overall differential amplifier................................123 



 x 

 

SUMMARY 
 

 To date, the majority of optical receivers have been designed using Si 
bipolar or GaAs MESFET circuitry, wire-bonded to a separate photodetector. 
The expense of bipolar and MESFET processes coupled with the complex 
assembly using discrete components make the receivers prohibitively expensive 
for desktop applications.  

This thesis describes the fabrication and full characterization at 155 Mbps 
data rate of a quasi-monolithic optical receiver front-end (a photodetector and 
an amplifier) using standard digital CMOS technology and Epitaxial Lift-Off 
(ELO) technology. This front-end can reduce the component count by 
integrating two devices onto one, and is also easy to manufacture, since only 
standard microfabrication processes are used for its realization. The front-end 
has achieved the best sensitivity and speed among the published optical 
receiver front-ends implemented by digital CMOS technology and met the 
physical layer specifications of the existing optical desktop communication 
protocols such as FDDI (Fiber Distributed Digital Interconnect) and SONET 
(Synchronous Optical NETwork). 

 In addition, a differential-input, current-mode receiver amplifier design 
is introduced. In order to design the amplifier, an extensive analysis has been 
performed on four fundamental receiver amplifier design topologies, optimizing 
three major design parameters: bandwidth, input-referred noise, and power 
dissipation. The simulation results show that the amplifier can meet the 
SONET OC-12 (622 Mbps) specifications. 
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CHAPTER  I 

 

 

INTRODUCTION 

 

 

 Optical fiber communication systems are gaining momentum in the 

area of high-speed, wide-bandwidth applications [1] such as long/short-

distance tele-communication and high performance data-communication, as 

well as in the area of low-speed, low-cost data-communication applications 

such as the automotive industry [2]. Even though most optical 

communication systems to date rely on digital transmission, the cable TV 

industry is adapting optical fiber communication for analog service [3]. The 

exchange of information using optical fiber communication gives a number of 

advantages over a metal-wired cable system. These are wide bandwidth, less 

electromagnetic signal interference, and light weight. The cost of 

manufacturing and installing optical fiber cable is now significantly less than 

metal cable for 100 Mbps and above. 
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 A typical optical network consists of a transmitter, transmission 

medium or fiber cable, and receiver. The transmitter consists of an optical 

emitter and associated current drive circuitry while the receiver includes an 

optical detector and amplifier circuitry. 

 Most researchers in the optical receiver design area are using silicon 

bipolar [4,5], GaAs MESFET transistors [6-17], or novel devices [26] rather 

than standard digital CMOS technology. This is not only because bipolar or 

GaAs transistors usually give wider bandwidth, but because the process 

technology associated with these transistors provides good quality passive 

components such as resistors and capacitors. However, standard digital 

CMOS technology provides advantages such as low power and low cost. It 

also gives a higher degree of integration, which delivers more function blocks 

in a given size, and is required for a single chip implementation of high level 

interfaces for optical communication systems. 

 Standard digital CMOS technology has been steadily improved and, 

therefore, is invading the area of applications which used to be the domain of 

these other technologies. At the same time, new technology such as Epitaxial-

Lift-Off (ELO) [24,25] is now available to integrate a multi-material device 

into a silicon material substrate. However, not enough research has been 

done on optical receiver design with standard digital CMOS technology. 

Thorough research needs to be done to address issues such as the bandwidth, 
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noise, and power dissipation when digital CMOS technology is employed for 

implementing the amplifier circuit in an optical receiver. 

 The primary objective of the research was to design, and build a front-

end amplifier of an optical receiver using standard digital CMOS technology. 

The amplifier will be used for integration with a compound photodetector 

using ELO technology. The CMOS amplifier is low cost at a given die size 

[43], easy to manufacture, and meets the physical layer specifications of the 

existing optical communication protocols such as FDDI (Fiber Distributed 

Digital Interconnect) and SONET (Synchronous Optical NETwork) [1,36]. 

 Two CMOS amplifiers have been introduced to achieve the objective. 

First is a scaleable, current-mode, single-input amplifier. This amplifier has 

been integrated with a compound semiconductor photodetector and fully 

characterized at several data rates including 155 Mbps. Second is a 

differential-input, multi-stage amplifier which was designed to meet the 622 

Mbps data rate. The design of this amplifier was preceded by an extensive 

analysis of four fundamentally different topologies, optimizing three major 

design parameters: bandwidth, input-referred noise, and power dissipation.  

 Due to material incompatibility between optoelectronic devices and the 

circuitry of the optical receivers, commercially available optical receivers 

often use hybrid devices or discrete devices on printed circuit boards [17]. In 

these products, the photodetector and the circuitry are made using separate 
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processes and connected by bonding wire or external connectors. These 

connection methods cause unwanted inductance and capacitance parasitics 

between the photodetector and the circuitry, degrading the system 

performance. Some researchers [22,26] have tried to use the same 

semiconductor material for the photodetector and the circuitry to get a fully 

monolithic device. However, this technology is not mature and special 

fabrication processes, rather than a standard process, are necessary, 

resulting in very expensive devices. 

 The ultimate goal of this research was to build a quasi-monolithic 

CMOS receiver front-end supporting 1.3 µm/1.5 µm wavelength. Therefore, a 

compound semiconductor photodetector (such as InGaAs/InAlAs Metal-

Semiconductor-Metal (MSM) and P-i-N [27]) was integrated onto a CMOS 

amplifier using ELO technology. This integration leads not only to smaller 

size but to better performance by reducing the parasitics between the 

photodetector and the amplifier. Ultimately it allows us to manufacture a low 

cost optical receiver, since standard fabrication processes can be used to 

fabricate the thin-film compound photodetectors and low cost standard digital 

circuit fabrication. 

 This dissertation consists of 6 chapters. In chapter 2, the existing 

optical receiver design methods are reviewed and analyzed. The latest 
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technologies and research trends are also presented. Then, system 

requirements for the proposed optical receiver are introduced.  

 Chapter 3 starts with discussion of a scaleable current-mode, single 

input/output amplifier design for standard digital CMOS technology, and 

ends with the integration of an optoelectronic device onto the CMOS 

amplifier. The design, simulation, and layout of the multi-stage, low-gain-

per-stage amplifier are presented in detail. The amplifier is fabricated with 

three different minimum feature sizes and integrated with several different 

types of photodetector using ELO. Several issues relating to ELO are 

described. Also, described are the test strategy and methods used for 

verifying the performance of the optical receivers. The test and measurement 

results of each amplifier are presented. The scaleability of the receiver is 

discussed based on the measurement. 

 Chapter 4 describes the optimization procedure for wide-bandwidth 

optical receiver preamplifier design in CMOS. Considering power dissipation, 

operating bandwidth, and sensitivity or input-referred noise level, four 

configurations are presented: voltage-mode amplifier (VMA), current-mode 

amplifier (CMA), feedback transimpedance amplifier (NFA) with a passive 

feedback resistor, and feedback amplifier with a MOSFET resistor. The 

fundamental difference between these amplifiers is the method used to 

achieve passive elements. For standard digital CMOS technology, no high 
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quality resistors or capacitors are available and MOS transistors are used to 

replace these components. 

 A wide-bandwidth, differential optical receiver preamplifier design is 

introduced in chapter 5. The results obtained from Ch. 4 leads to the design 

of a wide-bandwidth amplifier that supports 622 Mbps operation. The 

simulation results and circuit layout technique are presented. However, the 

measurement results are not available at the time of this writing. 

 The final chapter of this dissertation is devoted to summarizing the 

results and contributions of this research. Future research and possible 

enhancements for the amplifiers are presented. 
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CHAPTER  II  

 

 

BACKGROUND  

AND  

SYSTEM REQUIREMENTS 

 

 

2.1  Background 

 

 The rapid expansion of data and tele communication services have led 

to demand for low-cost systems with operating frequencies in hundred-mega-

hertz range. Optical communication systems are best suited to provide these 

services for short and long distances. The search for lower cost has spurred a 

trend towards monolithic integration of optical and electronic components, 

called OEICs (OptoElectronic Integrated Circuits), to achieve improved 

functionality and performance, with significant cost reduction [2]. 
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Figure 2.1. Block diagram of a typical optical data link. 
 

 

 Even though the primary application of optoelectronics is currently in 

the long-distance fiber-optic networks area, multimedia applications such as 

advanced graphics, audio, video conferencing and other uses are driving the 

adoption of optical data links for short haul optical communication [3,5]. 

 A typical optical data link, shown in Fig. 2.1, consists of three 

components: the transmitter, the transmission medium, and the receiver [28-

29]. Among them, the receiver is the most difficult part to design. Even 

though an optical receiver consists of several functional blocks, our focus is on 

the front-end of the receiver which includes the photodetector, and the low-

noise, wide-bandwidth amplifier. 

 At the front-end of the optical receiver, the transmitted lightwave from 

fiber-optic cable shines on the photodetector, which then converts the 



 

 

9 

 

incident light into an electrical current. There are three main criteria for 

selecting a photodetector (PD) for an optical receiver: wavelength, speed, and 

responsivity. 

 The wavelength determines the materials used for fabricating the 

photodetector. 0.85 µm, 1.3 µm, and 1.55 µm wavelength photodetectors are 

widely used for optical communication. Si or GaAs materials are used for 0.85 

µm wavelength while InGaAs or InGaAsP compound semiconductor 

materials are optimum for 1.3 µm, and 1.55 µm wavelength applications. The 

long wavelength (1.3 µm/1.55 µm) is used for long-distance tele-

communication applications due to its low loss in optical fiber, while the 

short wavelength (0.85 µm) is used for short-distance applications since GaAs 

photodetectors are less complex to make and thus lower cost.  

 The speed of the photodetector is mainly determined by either the 

photodetector capacitance or the carrier transit time. Depending on the size 

and structure of PDs, the photodetector capacitance changes. There are three 

different types of photodetectors widely used: avalanche, Metal-

Semiconductor-Metal (MSM) and P-i-N PDs. Good photodetectors should 

have low capacitance, low dark current, and high sensitivity. MSM PDs have 

the lowest capacitance among three at a given size. A lot of effort has been 

applied to make PDs with low capacitance. 
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 Another important characteristic is responsivity of photodetectors. 

This determines how much current can be generated when a certain amount 

of light shines upon the photodetector. Practical photodetector responsivity 

varies from 0.5 to 1.2 amp/watt depending on material and fabrication 

method. Selecting a photodetector having good responsivity is very important 

for overall performance of receiver circuit. 

 Once a PD converts the incident light into current signal, an amplifier 

boosts the small current input from the photodetector and converts it to a 

voltage output signal. Therefore, it is called a transimpedance amplifier. 

Some characteristic requirements for these amplifiers are low noise, wide 

bandwidth, wide dynamic range, and high gain. The choice of design 

methodology has a large impact on the performance of these amplifiers. 

 Most commercial or published front-end amplifiers for optical receivers 

have been designed and fabricated using GaAs MESFETs [6-17] or 

bipolar/BiCMOS transistors [4,5]. This is mainly due to the wide-bandwidth 

required. Recently, amplifiers with CMOS technology have been introduced 

by several researchers [18-23]. The bipolar and GaAs processes are expensive 

and give lower integration density when compared to a CMOS process. 

Standard digital CMOS technology is getting more attention as it gives a 

high degree of integration with low cost. As the digital CMOS technology 



 

 

11 

 

evolves, it has become feasible to compete against the other technologies to 

achieve wide bandwidth.  

 Table 2.1 shows the current research status of optical receivers using 

different technologies. P-i-N photodetectors are still popular. 

 The design approach for implementing a transimpedance amplifier 

uses one of two topologies [29,30]. The first (Type I) uses a resistor in the 

front followed by an open-loop voltage amplifier as depicted in Fig. 2.2(a). 

The second (Type II) uses feedback as shown in Fig. 2.2(b). The main design 

goal in both cases is to make the value of the resistive component seen by the 

photodetector as large as possible to reduce noise, but small enough to 

achieve adequate bandwidth. These two amplifiers achieve these objectives in 

different ways. 

 Type I often uses a bias resistor, Rb. If a high value of the bias resistor 

is used, it gives the lowest noise level and hence the highest detection 

sensitivity. This type of amplifier is called high-impedance type amplifier. 

Due to the high load impedance at the front end, however, the frequency 

bandwidth is limited by the RC time constant at the input. The amplifier 

usually requires an equalizer [34] after amplifier output in order to extend 

the receiver bandwidth to the desired range [7]. In many cases, the equalizer 

takes the form of a simple differentiator, or high-pass filter, which 
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Table 2.1. List of recently published optical receivers. 

Ref. Process Channel 
length or 

fT 

Speed 
[Mbit/s] 

Detector Power 
Diss. 
[mW] 

Sensitivity/ 

Method* 

Remarks 

[18] Analog 

CMOS 
1.75 µm 50 P-i-N 

(Ext.) 
500 48 nArms 

@10-9 BER/ 

Eye Diagram 

-Twin-tub, double-poly 
CMOS. 

-AC coupled stages. 

[19] Analog 

CMOS 
1.2 µm 60 P-i-N 900 18 mVp-p 

@215-1 PRBS/ 

Eye Diagram 

-Double poly CMOS process. 

-480 Mbit/s with 8 channels. 

[23] Digital 

CMOS 
0.8 µm 240 P-i-N N/A 1 µA/ 

Scope 

-Feedback type. 

-No BER 

[33] Digital 

CMOS 
0.8 µm 150 P-i-N 

(Ext.) 
27 N/A - Driver and Receiver 

-870 nm wavelength 

[20] Analog 
CMOS 

0.7 µm 266 P-i-N 800 N/A -Double poly CMOS process. 

[22] CMOS/ 

BiCMOS 
0.45 µm 531, 

266 
Si 

P-i-N 
66 -14.2 dBm, 

-15.9 dBm/ 

BER 

-Fully Monolithic Si P-i-N. 

-10-9 and 27-1 PRBS 

[21] Analog 

NMOS 
0.45 µm 850 InGaAs 

P-i-N 
300 -25.4 dBm/ 

BER 

-Fineline NMOS 
process(AT&T). 

[31] GaAs 0.83 µm 3,200 GaAs-
MSM 

300 -22 dBm/ 

Scope 

-Fully integrated. 

 

[32] GaAs 1.3 µm 1,000 GaInAs-
P-i-N 

N/A -29.2 dBm/ 

BER 

-Use a flip-chip bonding 
technique. 

[5] Bipolar N/A 400 APD N/A -41 dBm/ 

BER 

 

[4] Bipolar 2 µm 4,000 P-i-N 350 5 mV/ 

Eye Diagram 

 

[26] InP HBT 160 GHz 17,000 MSM N/A -26.8 dBm -Fully integrated. 

 
* Method indicates the methodology used for measuring the sensitivity of 

amplifiers. The measurement method by using the eye diagam and the 
oscilloscope can not provide meaningful sensitivity of the amplifiers. 
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(a) Open-loop type. 

 

 

-A

Id

RF

I RL

VOUT

CT = CPD + CS + CG  

 

(b) Feedback type. 

 

Figure 2.2. Schematic diagrams of preamplifier configurations. (a) Open-loop 

type (Type I). (b) Feedback type (Type II). 
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attenuates the low frequency components of the signal and restores a flat 

transfer function to the system. This requirement adds complexity to the 

receiver design due to the additional constraint of matching the pole of the 

amplifier response with the zero of the equalizer. Since the total input 

capacitance depends on the parasitic capacitance which is hard to predict, it 

is very difficult to compensate the poles of the amplifier. To achieve a fast 

frequency response, it is important to reduce the input capacitance through 

the selection of the high-speed optoelectronic device with low capacitance. 

 To avoid using an equalizer, a low value of resistor can be used 

instead. This configuration is called a low-impedance type amplifier. It has a 

very broad bandwidth and good dynamic range at the cost of high noise level. 

For both high/low-impedance cases, the amplifier itself is an open-loop 

configuration. 

 From Fig. 2.2 (a), Rb is the bias resistor, and CT  the total capacitance 

consisting of photodiode (CPD), parasitic (CS), and amplifier input gate (CGS + 

CGD)  capacitance. The overall gain of the system is 

 

     
V
I

A ZOUT

d
in= ⋅ .     (2-1) 
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where Zin = (Rb // (1/jωCT)), and A is the gain of the amplifier. So, the 

transfer function of the high/low-impedance configuration is  

 

  ( ) ( ) ( )H A Z
A

j
R

j C ROPEN in
b

T b

ω ω ω ω
ω

ω
= ⋅ =

+
⋅
+

0

0

1 1
   (2-2)

 

 

where we assume that  

 
     ( )A

A
j

ω ω
ω

=
+

0

0

1
.    (2-3) 

 

The transfer function in Eq. (2.2) has two poles. Typically the dominant pole 

of the transfer function is the one due to input capacitance -(1/CTRb). 

 If the bias resistance, Rb, in Fig. 2.2(a) is large enough, the input 

impedance, (jωCT + 1/Rb)
-1, is dominated by the capacitance, CT. Therefore, 

the signal current is integrated by this capacitance requiring equalization. To 

achieve fast frequency response, it is important to reduce the input 

capacitance through the selection of high-speed devices with low capacitance. 

 Another drawback of using a large Rb lies in its limited dynamic range. 

The loss of dynamic range occurs because the input voltage is created by the 

accumulation of charge on the input capacitance over a number of input 

pulses, thereby greatly exceeding the charge and voltage associated with a 
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single input pulse. The reduction of dynamic range depends on the amount of 

integration. 

 In many cases, it has widely been found that the input capacitance is 

dominated by the photodetector. However, as photodetectors with very low 

capacitance are developed, some other capacitance source such as pad 

capacitance or an input transistor capacitance could become dominant. In 

either case, the total input capacitance is constrained by the device selection. 

Thus, changing the resistor value of Rb  is the only option to change the RC 

time constant. To get a wider bandwidth, the value of Rb is forced to be low. 

However, a low resistance value would affect the sensitivity of the amplifier 

due to the thermal noise contribution from the low resistance [35]. 

 Type II in Fig. 2.2(b) is a popular approach to avoid the dynamic range 

problem. This configuration provides a compromise between low- and high-

impedance configuration, giving a relatively wide bandwidth and dynamic 

range and good noise level. It is designed to take advantage of the negative 

feedback effect so that the amplifier bandwidth is extended to the desired 

value. 

 From Fig. 2.2 (b), the transfer function, HFB(ω), is [30] 

   ( ) ( ) ( )
( )[ ]

( )[ ]
H

V
I

A
A

R
j C R
A

FB
OUT

d

F

T F
ω

ω ω
ω ω

ω

= =
−

+
⋅
+

+
1 1

1

,  (2-4) 
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since  

    ( ) ( ) ( )V A
I
j COUT

T

ω ω
ω
ω

= − ⋅ ,    (2-5) 

 

and 

 

    ( )
( ) ( )

I I
V

I
j C

Rd

OUT
T

F

ω
ω

ω
ω= +

−
   (2-6) 

 

 There are two distinct advantages of using a negative feedback circuit. 

First, in the limit of large gain A in Eq. (2.4), the transimpedance gain is 

given by the value of the feedback resistor, not by the amplifier gain. This 

resistance can be made very large as long as the amplifier gain stays high. 

Second, the effective input RC time constant at the input is reduced by a 

factor of (A + 1). 

 From Eq. (2.2) and Eq. (2.4), the bias resistor Rb  and feedback resistor, 

RF, are normally of approximately the same value. This results in a upper -3 

dB frequency ω-3dB  for the transimpedance amplifier which is A times larger 

than the cutoff frequency for the open-loop case, 

    ( )ω ω− = ⋅
⋅3
1

dB
T b

A
C R

,    (2-7) 
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where Rb is the input resistance. However, the maximum -3dB bandwidth is 

limited by A(ω) from Eq. (2-7), since A(ω) itself is frequency dependent. 

Therefore, feedback type amplifier may not be a good choice when the system 

bandwidth requirement reaches the limits of the circuit technology used. 

 Among these configurations, the low-impedance configuration is 

selected over the others and used for a CMOS amplifier design as described 

in chapters 3 and 5. This selection was based on the wide-bandwidth of this 

design while maintaining low noise and acceptable power dissipation. 

 To estimate the dynamic range and sensitivity of an amplifier, careful 

noise analysis [18,28,29] was performed. Fig. 2.3 depicts the noise equivalent 

circuit for a typical amplifier input stage. Is(t) is the signal current generated 

from the detector. CPD  is the capacitance associated with the photodetector. 

Rb  represents a bias resistor.  Ya  is the input admittance of the amplifier.  

 Noise can come from three components: the noise generator,  IPD  is 

due to the dark current flowing in the photodetector,  IR  is due to thermal 

noise associated with the bias resistor,  Ia  and  Ea  characterize the various 

noise sources in the preamplifier assuming the amplifier is noisefree. Noise 
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Figure 2.3. Noise equivalent circuit for the amplifier input stage. 
 

 

 

sources associated with subsequent portions of the amplifier are assumed to 

be small, and are thus neglected. The spectral density for each noise sources 

is as follows [30,35]: 

 

    ( )S f qIPD dark= 2  [A2/Hz]   (2-8) 

    ( )S f kT
RR

b

= 4   [A2/Hz]   (2-9) 

    ( )S f qIi gate= 2  [A2/Hz]   (2-10) 

    ( )S f kT
ge

m

= 2
3

4  [V2/Hz]   (2-11) 
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where q is the electron charge, k the Boltzmann constant, T the absolute 

temperature. Eq. (2.8) is the noise spectral density caused by dark current, 

Idark, in the photodetector. Eq. (2.9) is due to the thermal noise from either 

the biasing resistor, Rb, or the feedback resistor, RF. Eq. (2.10) is the shunt 

noise caused by the input gate leakage, Igate. Finally, Eq. (2.11) is the series 

noise term due to the channel thermal noise and induced gate noise. 

 The total noise power spectral density at the input node is given by 

 

 ( ) ( ) ( ) ( ) ( ) ( )S f S f S f S f S f YPD R i e in= + + + ⋅[ ] ω
2  [A2/Hz] (2-12) 

 

where,  Yin(ω) is the admittance at the input node given by 

 

    ( )Y
R

j Cin
b

Tω ω= +1      (2-13) 

 

where CT  is the sum of all the capacitances connected to the input node. 

 The output noise is obtained by integrating the product of the input 

noise spectral density and the power of the system transfer function over the 

noise frequency bandwidth. In practice, the transfer function has flat region 

over the frequency range of interest. Therefore, output noise power would 

simply be the product of the magnitude of transfer funtion, spectral density, 
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and bandwidth. Input equivalent noise power can be found by dividing the 

output noise by the magnitude of transfer function and is given by 

 

( )i qI B kT
R

qI B kT
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B
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C BTOTAL dark gate
m

T
2

2
2 32 4 2 2

3
4 2= + +




⋅ + +





π  [A2], (2-14) 

 

where B is the operating bandwidth in Hz. 

 The previous noise analysis in Eq. (2.14) is totally independent of the 

input and output pulse shape. The equation which takes the input and 

output signal shape into account [29] is given by 
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2
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Γ π  [A2] 

           (2-15) 

 

where Γ  is the noise factor associated with channel thermal noise and equal 

to 0.7 for CMOS transistors. I2  and I3  are weighting functions which are 

dependent only on the input optical pulse shape to the receiver and equalized 

output pulse shape [29]. For Non-Return-to-Zero coding and a rectangular 

pulse shape, I2 = 0.55 and I3 = 0.085. For a gaussian pulse shape, both I2 and 

I3 are bigger than 1. Since the difference between values obtained from Eq. 
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(2.14) and Eq. (2.15) is actually minimal, Eq. (2.14) will be used for the noise 

analysis. 

 From Eq. (2.14) and (2.15), it is desirable to choose an input transistor 

with low gate leakage current, low input capacitance, and high 

transconductance. If a large value of bias resistance is used, the dominant 

noise term will be the third term given by 

 

   ( )[ ]i kT
g

C BTOTAL
m

T
2 2 32

3
4 2≈ π   [A2].   (2-16) 

 

The noise power depends on B3  and CT2/gm.  This term also gives the 

absolute minimum noise which the front-end can achieve in the limit, 

assuming R is infinitely large. This minimum value is often used to calculate 

the limiting sensitivity of CMOS receivers. A figure of merit for an CMOS 

front end is thus given by (gm / CT2). Since CT  is the total capacitance 

contributed from the photodiode, parasitic, and input gate of an MOSFET, 

and since the transconductance and capacitance of an MOSFET are both 

approximately proportional to the gate width, an MOSFET designed to 

optimize the figure of merit would have  

 

    CGS + CGD = CPD + CS .    (2-17) 
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Neglecting Cs  the total noise will be minimized when CPD  =  (CGS + CGD). 

Thus, it is very important to select a photodetector having low capacitance. In 

practice, the capacitance of a photodetector ranges from 0.1 pF to 1 pF. 

 For a high-impedance amplifier design, the noise power at higher bit 

rates is dominated by the thermal channel noise. In this case, the noise 

power varies at the third power of the bit rate and CT2. 

 The noise of the feedback amplifier is the same as that of a high-

impedance front end if Rb = RF. The noise performance of the feedback 

amplifier is not as good as that achieved with the high-impedance amplifier 

approach because the amplifier gain is finite and the actual transfer function 

is composed of two or more poles. For a finite open-loop gain, increasing 

feedback resistance to reduce the noise tends to make the pole locations 

complex and, under some conditions, makes the amplifier oscillate. 

 In conclusion, the high-impedance configuration provides the lowest 

input-referred noise at the cost of reduced dynamic range and additional 

equalizer requirement. In applications such as submarine communications 

[28], which requires very high sensitivity, the high-impedance amplifier is 

the most suitable. 

 The noise level of the feedback amplifier input stage is higher and the 

receiver sensitivity is somewhat less than that of a high-impedance amplifier, 
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mainly due to the thermal noise of the feedback resistor. The receiver 

sensitivity degradation of the transimpedance design can be kept negligible 

by keeping the feedback resistance, RF, as large as possible. For the desirable 

bandwidth value, this can be achieved by increasing the amplifier open-loop 

gain, whose maximum value is ultimately limited by propagation delay and 

phase shift of the amplifying stage inside the feedback loop. Thus, as the data 

rate increases, the number of amplifying stages and the open-loop gain are 

necessarily reduced. As a result, the thermal noise of the feedback resistor 

contributes the significant amount of noise to the total noise. 

 

 

 

 

2.2  System Requirements 

 

 For the design specification of the proposed amplifier, the SONET 

standard for high-speed, digital telecommunications networks is selected. 

The SONET physical layer [1,36] defines optical parameters for each level of 

the SONET hierarchy in the three broad application categories: Long Reach 

(LR), Intermediate Reach (IR), and Short Reach (SR) (See Appendix I). 

Currently, 8 different optical line rates (N times 51.840 Mbit/s, where N=1, 3, 
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9, 12, 18, 24, 36, or 48) are specified in the physical layer and each data rate 

has different requirements depending on the distance between the 

transmitter and the receiver.  Among these rates, only 4 data rates (N=1, 3, 

12, or 48) are widely used in industry. We are going to focus on the first three 

data rates: 51.84Mbit/s (OC-1), 155.52Mbit/s (OC-3), and 622.08Mbit/s (OC-

12), since they are achievable with current sub-micron digital CMOS 

technologies. 

 For all SONET optical system interfaces, binary Non-Return-to-Zero 

(NRZ) optical line coding is used. The parameters are specified relative to an 

optical system design objective of a Bit Error Rate(BER) not worse than 1 x 

10-10 for the extreme case of optical path attenuation and dispersion condition 

for each application specified. 

 

 

2.2.1  Bandwidth Factor 

 

 In most cases, the RC time constant at the input is a major operating 

speed limit for optical receiver amplifier design. The total input capacitance 

consists of the photodetector capacitance, pad capacitance, input transistor 

capacitance, parasitic capacitance, and any other capacitance connected to 

the input node. In general, the photodetector capacitance is the dominant 
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factor to the input capacitance. Therefore, it is very important to get a 

photodetector with low capacitance. Once the photodetector is selected and 

then the dominant input capacitance is fixed, the only design factor is the 

input resistance, R.  For a given bandwidth, the resistor value will be decided 

from tr = 2.2RC [37].  f -3dB of the amplifier can be obtained from following 

 

 f
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− = = =

×







= ×
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2
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2
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π
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 Table 2.2 shows the resistance value and -3 dB bandwidth for three 

different data rates. Assuming that the total input capacitance is 1 pF, the 

input resistance can be easily obtained by the bandwidth requirement. 

 

 

 

Table 2.2. The maximum input resistance at different data rates. 

 51.84 Mbit/s 155.52 Mbit/s 622.08 Mbit/s 

f -3dB 36.30 MHz 108.91 MHz 435.63 MHz 

Input Capacitance [pF] 1 1 1 

Input Resistance [Ω] 4384 1461 365 
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2.2.2  Transimpedance Gain Calculation 

 

 The overall transimpedance gain necessary for the amplifier is the 

ratio of the necessary output voltage over the expected input signal current.  

From the SONET specifications, the minimum average optical power at the 

receiver end ranges from -23 dBm to -34 dBm at our three data rates. 

Therefore, the current generated from the photodetector is decided by  

 

    isignal  = RP   [amp]    (2-19) 
 

where P is the average optical power incident on the photodetector and R is 

the responsivity in amp/watt of the photodetector and is given by 

 

    R
q

h
m= =

η
ν

ηλ µ0 085. [ ]    (2-20) 

 

where η is the quantum efficiency and hν/q is the photon energy in electron 

volts. The responsivity varies depending on photodetector and wavelength. 

Its typical value is around 0.8 [amp/watt] at the wavelength of 1.3 µm [38]. 

Table 3.2 shows the minimum input current level and corresponding 

maximum noise level for 10-10 BER at different photodetector responsivities, 

both of which are specified in SONET standard. The noise level calculation 
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Table 2.3. Input current depending on different responsivity at different 
optical power. 
Minimum Optical   Responsivity  

Input Power  R=0.8 R=0.9 R=1.0 

-23 dBm Input signal current [µA] 4.01 4.51 5.01 

 Input noise current [nA] 616 704 771 

-28 dBm Input signal current [µA] 1.27 1.43 1.58 

 Input noise current [nA] 195 219 244 

-34 dBm Input signal current [µA] 0.32 0.36 0.40 

 Input noise current [nA] 49 55 61 

 

 

 
will be explained in next section. It is good to have a photodetector with high 

responsivity. 

 The magnitude of the output signal required of the amplifier is mainly 

determined by the magnitude of the input offset voltage of a comparator 

stage following the amplifier. A CMOS comparator can easily have an offset 

voltage as low as 10 mV [39-41]. To be conservative, we assume that the 

required voltage signal level is around 100 mV. When the input optical power 

is -28 dBm, the input current ranges from 1.27 µA to 1.58 µA from Table 2.3. 

This yields a transimpedance gain of about 79 KΩ to 63 KΩ. 
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2.2.3  Noise Requirement. 

 

 The maximum input noise level shown in Table 2.3 is obtained from 

the bit error rate (BER) requirement. This noise level also decides the 

sensitivity requirement of the amplifier. Since SONET standard requires the 

BER not less than 1x10-10, the maximum input noise level can be obtained by 

 

     Q
I

I
signal

noise

2

2

2
= ,    (2-21) 

 

where Q is a power signal-to-noise ratio (SNR) and is 6.4 for 10-10 BER. Isignal 

is the current input signal from a photodetector, and <Inoise2>  is the total 

input-referred noise power. Therefore, the Inoise requirement can be obtained 

since the Isignal  is known from the light power arriving at the photodetector 

by using Eq. (2.19) given the responsivity of the photodetector. The value of Q 

varies with the required BER and originates from a digital communication 

theory [42]. Table 2.4 shows the relationship between BER in digital 

communication systems and signal-to-noise ratio (SNR) in analog 

communication systems. Once the light power arrived at the photodetector is 

known, the sensitivity requirement of the receiver amplifier at a certain BER 

can be obtained from the following relationships given by 
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Table 2.4. The relationship between BER and SNR. 

BER 10-7 10-8 10-9 10-10 10-11 10-12 10-13 10-14 10-15 

SNR(dB) 14.3 14.8 15.5 16.1 16.6 17.0 17.3 17.7 18.0 
 

 

 

    BER
Q

Q= −








1
2 2

2

π
exp .    (2-22) 

 

Fig. 2.4. shows probability of error vs. Q  for a gaussian noise distribution in 

amplitude. 

 The minimum allowable optical power at the receiver input is 

determined by the receiver sensitivity. The receiver has to operate not only at 

the minimum detectable power but also at optical power levels which can be 

significantly larger. The receiver dynamic range is the difference (in dB) 

between the minimum detectable power level or receiver sensitivity and the 

maximum detectable power level. Maximum allowable input received power 

level can be determined when the amplifier output starts to be affected by 

nonlinear dynamic effects. 

 The dynamic range is a function of the bias resistor or the feedback 

resistor. As the bias resistor decreases, the maximum allowable received 

optical power increases. Thus, the dynamic range is increased. However, a 
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reduction in the resistor value results in an increase in the amplifier noise 

level. Therefore, trade-off is required between high receiver sensitivity and 

wide dynamic range. 
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Figure 2.4. Probability of error vs. Q for a gaussian noise distribution in 
amplitude. 



 32 

 

CHAPTER  III 

 

 

 

A SCALEABLE CMOS CURRENT-MODE 

PREAMPLIFIER DESIGN AND INTEGRATION 

 

 

3.1  Introduction 

 

 A process-insensitive, single input/output CMOS preamplifier for an 

optical receiver is introduced in this chapter. The amplifier was fabricated in 

a 1.2 µm, two different 0.8 µm processes, and a 0.6 µm process through the 

MOSIS foundry [43] using the same layout. The amplifier uses a multi-stage, 

low-gain-per-stage approach. It has a total of 5 identical cascaded stages. 

Each stage is essentially a current mirror with a current gain of 3. Three of 

these preamplifiers have been integrated with a GaAs Metal-Semiconductor-

Metal (MSM) photodetector and two with an InGaAs MSM detector by using 

a thin-film epilayer device separation and bonding technology [23,24]. This 
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quasi-monolithic front-end of an optical receiver virtually eliminates the 

parasitics between the photodetector and the silicon CMOS preamplifier. 

Performance scaleability at speed and power dissipation is observed as the 

minimum feature size of the transistors shrinks. 

 Analog integrated circuits using digital silicon CMOS technology are 

very attractive since it enables small size, highly integrated analog/digital 

circuits. Standard digital CMOS IC fabrication processes are well developed 

and, therefore, cost less than comparable specialized analog IC processes. As 

the minimum channel length of CMOS transistors moves to a deep sub-

micron level, it is more feasible to implement the amplifier with a wider 

bandwidth in digital CMOS technology. 

 However, there are disadvantages in using digital CMOS processes for 

analog integrated circuits. Major limitations include the process sensitivity of 

active devices and lack of practical passive devices such as resistors and 

capacitors [45]. These factors decrease the performance of standard analog 

integrated circuit design techniques. It is also widely known that scaling of 

analog circuits into the sub-micron range leads to unacceptable performance 

for many analog IC designs [46]. 

 To overcome the disadvantages of standard digital CMOS processes, a 

amplifier tolerant to process parameter variations has been designed. 

Current-mode design topology [47-49] was also used rather than a voltage-
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mode approach. Preamplifiers with exactly the same circuit layout were 

fabricated using a 1.2 µm, two different 0.8 µm and a 0.6 µm minimum 

feature size processes through the MOSIS foundry to observe the 

performance scaleability. This silicon circuit was then integrated with a thin-

film compound semiconductor photodetector by using separation and direct 

bonding or ELO. This integration not only provides a highly integrated 

circuit with small size, but greatly reduces the packaging parasitics between 

the photodetector and the silicon circuits, in contrast to hybrid packaging 

using wire bonding. It enables evaluation of the amplifier performance 

without unwanted parasitics and helps in predicting general scaleability 

rules for CMOS analog ICs from these amplifiers. 

 

 

 

 
3.2  The Amplifier Circuit 

 

 The preamplifier is designed to meet the specifications of the industry 

optical communication protocols FDDI and SONET OC-3 [36]. The target 

bandwidth of the amplifier is greater than 155 Mbps. In order to obtain such 

an operating speed, design optimization yields a multi-stage, low- gain- per 
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Figure 3.1. The block diagram of the single-input amplifier. 

 

 

-stage design shown in Fig. 3.1. Assuming overall fixed gain, AT , and fixed 

bandwidth, fT, the best overall design for the amplifier would be that which 

minimizes the power dissipation. Assuming that each stage is identical and 

has one dominant pole, and that the power dissipation of each stage is 

proportional to the gain-bandwidth product (GBW), then the power 

dissipation of the amplifier is proportional to the sum of GBW of each stage. 

 The normalized single stage gain-bandwidth product is defined by 

NGBWs, and is given by 

    NGBWs GBW
A f

S

T T

= .     (3-1) 

 
GBWS  is the GBW for the individual stage and given by  

 
    GBW f AS

T
n T

n=
−

⋅
2 11

1

/

/ .    (3-2) 



 36 

Fig. 3.2 illustrates the normalized gain-bandwidth product, gain, and 

bandwidth for a multiple, cascaded stage amplifier when AT is 200 and fT is 

100 MHz. The power dissipation will be minimized when the GBW is the 

minimum. Normalized gain-bandwidth product has a flat region when the 

number of stage is larger than 5. If too many stages are cascaded, a DC offset 

problem can occur since all stages are dc coupled and, in practice, the 

bandwidth decreases due to the accumulated effect of the parasitic 

capacitance associated with each amplifier stage. Thus, an amplifier with 

about five stages is the optimal design for this application. 
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Figure 3.2. Normalized gain-bandwidth product (GBW), gain, and bandwidth 
for a multiple, cascaded stage amplifier for overall gain of 200 and overall 
bandwidth of 100 MHz. 
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 The final amplifier design consists of 5 identical stages in cascade, 

shown in Fig. 3.3, and each stage has a current gain of 3, as shown in Fig. 

3.4. The number adjacent to each transistor represents the relative size of the 

transistor gate width. The real channel width is obtained by multiplying the 

number by λ, which is the scaleable design-rule parameter. The gate length 

of every transistor is the minimum feature size of each process. The overall 

circuit also contains offset control and bias circuitry. 
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Figure 3.3. Overall circuit diagram of the amplifier. 



 38 

 This amplifier has several important features. First, the preamplifier 

design relies on the matching of the geometric device size rather than on 

process parameter matching to alleviate the poor device parameter mismatch 

associated with digital CMOS processes. The amplifier is essentially a 

current-mode amplifier and the current gain of each stage, AI, is controlled by 

the gate width ratio of two transistors forming a current mirror, that is,  

 

     A W
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Figure 3.4. Circuit schematic of one stage. 
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where WN4a and WN1 are the gate widths of transistors N4a and N1, 

respectively, from Fig. 3.4. The gate length of all transistors is the minimum 

feature size of each process, maximizing the speed. 

 Second, the input transistor of the current mirror is also used to set 

the input impedance. The input resistance of the amplifier is approximately  

 

   R
g
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IIN
mN

P
N

N
DS= = ⋅







 ⋅













−

1 2
1

1

1
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   (3-4) 

 

where gmN1 is the transconductance of transistor N1. Since gmN1  is 

proportional to the drain-source current, IDS, and the geometric transistor 

size, (W/L), of N1, the input resistance can be controlled by adjusting these 

two parameters. This results in the flexibility to control the input impedance 

of the amplifier. The other advantage is that the current input signal from 

the photodetector is fed directly into the amplifier input node without using a 

resistor, which is difficult to realize in a scaleable CMOS design. 

 Third, the input buffer, N2, is used to reduce the input capacitance. 

Without the buffer, the input gate capacitance would be  

 

    C C CTOTAL GS DB= ⋅ + ⋅4 2 ,    (3-5) 
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where CGS  is the gate capacitance and CDB the drain-substrate capacitance of 

a transistor. Using the buffer, CTOTAL can be reduced to 

 
     C C CTOTAL GS DB= + ⋅2 .    (3-6) 

 

Therefore, the bandwidth of each stage is  

 
     BW g

C C
m

GS DB

=
+ ⋅8

.    (3-7) 

 
 Finally, a cascode at the output stage increases the output impedance 

so that most of the signal current is delivered into the following stage. It also 

helps to reduce the channel length modulation effect. This configuration 

yields an output resistance of 

 
     R g r

gOUT
m ds

ds

= ⋅
⋅2

,    (3-8) 

 
where rds  and gds are the output resistance and conductance, respectively. 

 The overall transimpedance gain for this 5-stage amplifier is obtained 

from 

     A A RR I L= ×5 ,     (3-9) 
 

where RL is the output load resistance and 50 Ω was used for the 

measurement. Since AI  is about 3,  AR is more than 12 KΩ (=243 x 50 Ω). 
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 Another important parameter in the design of this optical receiver is 

the sensitivity, which is determined by the input noise level of the 

preamplifier. The industry communication protocols specify the sensitivity of 

an optical receiver front-end [36]. The sensitivity of an amplifier is closely 

related to the power dissipation. Better sensitivity usually requires more 

power dissipation by the front-end amplifier of the receiver. Therefore, in our 

design approach, the amplifier power dissipation was set to meet the 

sensitivity requirement, or the power dissipation of the amplifier was 

minimized as long as the amplifier exceeded the sensitivity limit. 

 The input noise level was analyzed to estimate the sensitivity of the 

amplifier. There are two major factors which affect the input noise. The first 

is the absolute noise level at the first input stage of the preamplifier. The 

second is the effect of the following stage when the amplifier has cascaded 

stages and each stage has low gain. 

 The input noise at the receiver amplifier consist of four terms, 

 

  ( )i qI B qI B kT
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+ π , [ A2 ] (3-10) 

 
where gm the transconductance of the input MOSFET transistor. The 

remaining terms were explained in Eq. (2.14). 
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 In Eq. (3.10), the first term is the noise caused by dark current in the 

photodetector. The second term is the noise caused by the input gate leakage. 

The third is the series noise term due to the channel thermal noise of N1. 

Higher input resistance value helps reduce the input noise. However, the 

maximum input resistance is limited by the bandwidth requirement. This 

will be the dominant term at moderate bandwidth. The fourth term is 

strongly dependent on the bandwidth. Therefore, at higher bandwidths, this 

term will be dominant. For this reason and due to the bandwidth 

requirement, it is important to have a photodetector with a low capacitance. 

Using a buffer, N2, shown in Fig. 3.4, also helps reduce capacitance due to the 

current mirror. The first two terms are usually negligible compared to the 

last two terms. 

 

 

 

3.3  Simulation 

 

 From Eq. (3.4), the input resistance of the amplifier is 1/gm, which is 

determined by the transistor size and bias current, IDS. Table 3.1 shows the 

key SPICE parameters of each process. The transistors of the amplifier use 

an uniform geometric gate size with a 2 to 1 ratio of width/length except the 
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output stage, which is 3 times larger in gate width. Therefore, IDS is the only 

parameter to change the input resistance.  IDS  is controlled by the bias 

current, Isource. Fig. 3.5 shows the simulated input resistance of each process. 

The bias current for the amplifier is between 10 µA and 100 µA, and the 

input resistance ranges from 10 KΩ to 3 KΩ. Assuming that the total input 

capacitance is around 1 pF, then the required input resistance should be less 

than 10 KΩ to achieve a 100 MHz overall bandwidth.  

 Another aspect of the amplifier bias currents, Isource and Isink, is the 

operating condition of the impedance of the output stage and the following 

input stage. We have estimated the channel length modulation effects from 

 

 

 

Table 3.1.  Key SPICE parameters for each process. 

 n-channel MOSFET p-channel MOSFET 

Process KP [µA/V2] VT [V] KP [µA/V2] VT [V] 

1.2 µm 109 0.760 41.3 -0.940 

0.8 µm (HP) 125 0.750 62.4 -0.920 

0.8 µm (IBM) 183 0.890 53.1 -1.03 

0.6 µm 188 0.71 44.5 -0.90 
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Figure 3.5. The input resistance at different bias currents. 
 

 

 

 
PSPICE simulation using a BSIM Level 4 model (See Appendix 2). The input 

and output resistance values are controlled by these bias currents. Fig. 3.6 

illustrates the analytical resistance values for 0.8 µm feature size technology 

as the bias current changes. As the bias current increases, the input 

resistance decreases, which increases the bandwidth. However, increased 

bias current also decreases the output impedance. From Fig. 3.6, the slope of 

the output resistance is much steeper than that of the input resistance. As 
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Figure 3.6.  The input and output resistance values at each stage as the bias 
current changes. The process parameters from 0.8 µm technology were used. 
 

 

 
a result, the amplifier suffers from overall gain loss at higher bias currents. 

Fig. 3.7 shows the gain attenuation as the bias current, Isource, increases. At 

around 200 mA, the attenuation is 0.9. 

 The bandwidth of each amplifier stage, ω1, is set by Eq. (3.7). The 

overall -3 dB bandwidth of the n-stage amplifier, ωn, is  

 
     ω ωn

n= −1 2 1
1

,    (3-11) 

 

where n is the number of identical gain stages forming the cascade. Since the 

amplifier has 5 identical stages, ωn is about 61 % less than ω1. 
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Figure 3.7.  Effect of bias currents on the gain attenuation. 

 

 

 

 

3.4  Layout 

 

 In the layout of the circuit, splitting the power supply rails helps to 

reduce parasitic feedback, which usually causes oscillation. For this 

amplifier, the power supplies are separated into two halves. The first half 

serves only those parts of the circuit that amplify small signals at the input 

side, while the second serves the large signal and output positions of the 

circuit. This prevents the larger output signal swings from generating small 
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feedback signals in the sensitive small signal parts of the circuits. Another 

aspect of the layout that reduces unwanted coupling into the input signal is 

the long, thin left-to-right geometry of the layout. Small input signals enter 

on the far left, while the output signals exit on the far right. This maximizes 

the separation of the sensitive input stages from the larger signal output 

stages. Finally, the bonding pads on the critical signal path are as small as 

possible to minimize the pad capacitance. 

 To bond the compound semiconductor photodetector to the circuit at 

the signal input side, two small pads are required with open overglass. The 

pad size must be as small as possible to minimize the pad capacitance since 

this capacitance directly contributes to the input capacitance, and in turn, 

increases the input impedance required. To reduce the input capacitance due 

to the pad, placing a floating n-well underneath the pad helps reduce the pad 

capacitance since the well capacitance is in series with the pad capacitance 

[51]. This technique also prevents the pad metal from spiking into the 

substrate. Fig. 3.8 (a) shows the MAGIC layout before fabrication. Two small 

pads at left center are prepared for photodetector integration. The pad 

connected to the amplifier input contributes a large portion of input 

capacitance. So, it should be made as small as possible. Fabricated silicon 
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Figure 3.8. The chip layout before fabrication (a) and microphotograph of the 
OEIC after integration (b). 
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chips are delivered without packaging from MOSIS to allow post-processing. 

Fig. 3.8 (b) illustrates a microphotograph of the chip after the integration of 

the photodetector. The photodetector is 50 µm in diameter. It has small metal 

contact fingers extending from each of two sides of the photodetector on the 

bottom of the photodetector. A metal-semiconductor-metal (MSM) 

photodetector was selected since low capacitance per unit area is of vital 

importance in the design of high speed, low power and alignment tolerant 

photodetectors. The I-MSM, with the electrodes defined on the bottom of the 

device, overcomes the low responsivity problem of conventional MSM detectors 

with fingers on the top by eliminating the shadowing effect of the electrodes 

[52]. I-MSMs demonstrated up to 0.7 amp/watt responsivity and the leakage 

current is less than 10 nA at 10 V bias. The frequency response is up to 6 GHz 

with a 50 Ω load. The measured capacitance was 70 fF for 50 µm active area I-

MSMs with 1 µm finger width and spacing between fingers. This capacitance is 

negligible compared to the input pad capacitance of the first stage.  

 The integrated OEICs were packaged in a high-speed LDCC package. 

Fig. 3.9 shows upper-side wire pattern of the double-side, Teflon printed 

circuit board (PCB) made for the chip testing. The other side of board is a 

ground plane. Thick wires at left and right side represent a microstrip line 

for impedance matching and are prepared for high-speed signal path. The 
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chip is mounted in the center of the PCB and then, the entire board is housed 

in an aluminum enclosure to protect electromagnetic interference. 

 
 

 

 

 

 

 

 

Figure 3.9.  The printed circuit board layout.  
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3.5  Measurements 

 

 Fig. 3.10 shows the test setup block diagram for the integrated 

receiver. The test setup consists of Bit Error Rate Tester (BERT) which 

generates different modes of pseudorandom digital pulse stream and 

measures the probability of an transmitted data error rate through the device 

under test, a modulator to generate an adequate pulse to a light emitting 
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Figure 3.10.  The block diagram of the test structure. 
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 source, a pig-tail laser source to illuminate lightwave upon the photodetector 

of the receiver, a high-speed comparator to convert the output signal of the 

amplifier into an Emitter-Coupled-Logic (ECL) level signal since the receiver 

part of BERT requires an ECL signal, and an oscilloscope with a bandwidth 

of 1 GHz to monitor the output of the amplifier and measure the eye diagram 

and pulse waveforms. 

 An eye diagram and a pulsed waveform of these integrated receivers 

were measured using 27-1 NRZ pseudorandom bit stream (PRBS) which 

simulates the real data pattern specified in SONET specifications. Target 

operating speed is 155 Mbps. The amplifiers were designed to operate at a +5 

V single power supply. However, bias currents and the detector bias were 

adjusted to achieve the best operating speed for each circuit. An output load 

of 50 Ω was used at the scope. 

 For evaluating the digital transmission systems, the eye diagram is 

the key tool to estimate the system reliability. The eye diagram is a 

composite of multiple pulses captured with a series of triggers based on data-

clock pulse fed separately into the scope. The scope overlays the multiple 

pulses to form the eye diagram. SONET specifications provide an mask inside 

and around the eye diagram as shown in Fig. 3.11. The eye diagram 
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Figure 3.11. SONET eye diagram mask (OC-1 to OC-24) [36]. 
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waveform should not enter into these masked area. Depending on the data 

rate, the size and shape of the mask changes. 

 Fig. 3.12 shows the measured eye diagrams and pulse waveforms at 

the output of the integrated amplifier of each process. The top waveform at 

the pulse waveforms is the trigger pulse, the middle one represents the input 

modulation signal to laser, and the bottom is the measured output signal of 

the amplifiers. For eye diagram, top signal is the clock signal and the bottom 

one is the eye diagram measured at output of the amplifiers 

  At Fig. 3.12, (a) shows the results of the 1.2 µm amplifier at 80 Mbps, 

(b) illustrates the result of a 0.8 µm amplifier (IBM process) at 155 Mbps, (c) 

is another 0.8 µm amplifier (HP) at 155 Mbps. The amplitude of the output 

pulse was about 20 mVp-p. Fig. 3.12 (d) shows the results at 155 Mbps of the 

same amplifier as (c) but with an InGaAs, 1.3 µm/1.5 µm wavelength I-MSM 

photodetector. Fig. 3.12 (e) shows the result of 0.6 µm process at 155 Mbps 

with an InGaAs photodetector. Fig. 3.12 (a) through (c) use a GaAs-based 

photodetector, and (d) through (e) use an InGaAs-type photodetector. Table 

3.2 shows the dc bias conditions and power dissipation when the results at 

Fig. 3.12 are measured. 
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(a) HP 1.2 µm process (80 Mbps) 

 

 

 (b) IBM 0.8 µm process (155 Mbps) 

 

Figure 3.12.  (Continues) 
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 (c) HP 0.8 µm process (155 Mbps) 

 

 

(d) HP 0.8 µm process with InGaAs photodetector 

 
Figure 3.12.  (Continues) 
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(e) 0.6 µm process with InGaAs photodetector at 155 Mbps. 
 

 

 

Figure 3.12.  Measured eye diagrams and pulse waveforms of each amplifier: 
(a) 1.2 µm process with GaAs photodetector at 80 Mbps; (b) 0.8 µm IBM 
process with GaAs photodetector at 155 Mbps; (c) 0.8 µm HP process with 
GaAs photodetector at 155 Mbps; (d) 0.8 µm HP process with InGaAs 
photodetector at 155 Mbps; (e) 0.6 µm process with InGaAs photodetector at 
155 Mbps. The top pulse at the pulse waveforms is the trigger pulse, the 
middle one is the input signal to the laser, and the bottom one represents the 
output pulse of the integrated amplifier. 
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 Considering the eye diagram mask in Fig. 3.11, the eye diagrams in 

Fig. 3.12 (a) and (b) are not good enough to meet the SONET specification. 

However, (c) through (e) would have enough clearance to the SONET eye 

diagram mask shown in Fig. 3.11. 

 From Fig. 3.12 (c) and (d), the amplifier of IBM process is slower than 

the one from HP process even though the minimum geometry size is the 

same. That is partly because the gate capacitance, CGS  of the n-MOSFET 

and the drain-substrate capacitance, CDB  of the p-MOSFET of IBM process 

 

 

Table 3.2. Bias conditions and specifications of each amplifier. 

 1.2 µm 0.8 µm 
(IBM) 

0.8 µm 
(HP) 

0.8 µm 
(HP) 

0.6 µm 

Photodetector Type GaAs GaAs GaAs InGaAs InGaAs 

Isource [µA] - 60 - 58 - 69 - 69 - 30 

Isink [µA] + 60 + 58 + 69 + 69 + 30 

Power Supplies [V] +/- 3 +/- 2.5 +/- 2.5 +2.5/-2.2 +/- 2.5 

Power Dissipation [mW] 36 24 25 20 15 

Bandwidth [Mbps] 80 155 155 170 250 

Area [ µm2] 24437 10853 10853 10853 6092 
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Figure 3.13.  The measured results of the integrated 0.6 µm amplifier at 250 

Mbps. 

 

 

 

are larger than those of HP process [43] and partly because the 

characteristics of the p-channel MOSFET of IBM process are not as good as 

those of HP process. The bandwidths of these amplifiers were determined by 

Eq. (3.7), and CGS and CDB play a major role in determining the bandwidth. 

 Fig. 3.13 shows the measurement result of 0.6 µm process amplifier at 

250 Mbps. As the minimum geometry of the transistor shrinks, the 

bandwidth of the amplifier improves. 
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Figure 3.14. A microphotograph of the integrated amplifier. 
 

 

 
 Fig. 3.14 illustrates a microphotograph of the integrated amplifier of 

0.6 µm process. The photodetector structure is different from the one in Fig. 

3.8. This rectangular shape photodetector has more light collecting area and  

firmer contact to the pad than the previous one, providing better performance 

and reliability. The plot of BER vs. average input signal current is measured 

on this chip as shown in Fig. 3.14. Usually, the average incident light power 

instead of the input current is used on the x-axis in Fig. 3.15. It was not 

possible to measure an accurate light power and the responsivity of the 
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integrated photodetector. Therefore, the average input signal current is 

measured using a Keithley Source Measure Unit. 

 Fig. 3.15 shows the BER vs. the average input signal current of the 0.6 

µm amplifier at different data rates. At 155 Mbps, the measured average 

input signal current, Isignal, is about 8 µA at a BER of 10-10. Considering that 

the estimated responsivity of the photodetector is about 0.7 amp/watt, the 

estimated average optical power is about 11.4 µW or -19.6 dBm. 
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Figure 3.15. The BER vs. the average input signal current of the 0.6 µm 

amplifier at different data rates. 
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Table 3.3. Hand-calculated input-referred noise of the quasi-monolithic 
amplifier for 155 Mbps using Eq. (3.10) 

 1st Term 2nd Term 3rd Term 4th Term Total 

At T=27 C 4.97x10-19 [A2] ~0 1.01x10-16 [A2] 2.56x10-14 [A2] 2.57x10-14 [A2] 

At T=80 C 4.97x10-19 [A2] ~0 1.19x10-16 [A2] 3.01x10-14 [A2] 3.02x10-14 [A2] 

 

 

 

 For the BER at 250 Mbps in Fig. 3.15, the bias conditions for 0.6 µm 

process amplifier as shown in Table 3.2 were used. The first three data rates 

(50, 155 and 200 Mbps) use similar bias conditions, as for the 250 Mbps 

except for lower bias currents, +20 µA /- 20 µA for Isink / Isource, respectively.  

 From the BER data, the input-referred noise current of the quasi-

monolithic receiver front-end can be estimated. For example, the required 

average input signal current was about 8 µA for a BER of 10-10 at the speed of 

155 Mbps as shown in Fig. 3.15. Thus, the estimated input-referred noise is 

about 1.25 µA from Eq. (2.21) where Q is 6.4 for the BER of 10-10 from Fig. 

2.4. On the other hand, Table 3.3 shows the hand-calculated noise from each 

noise term described in Eq. (3.10) at two temperatures. For the hand 

calculation, the total input capacitance of 1 pF was used and gm-1, calculated 

from the experimental bias condition, was about 16 KΩ. Therefore, the 

dominant noise sources are the third and fourth terms as shown in Table 3.3 
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which are generated by the channel thermal noise of the transistors and the 

total input capacitance, CT, at the input node. Considering that the measured 

and the calculated input-referred noise level were about 1.25 µA and 0.26 µA, 

respectively, a discrepancy of about a factor of 10 occurs.  

 Fig. 3.16 shows the BER of the integrated amplifier between the 

simulated data and the measured data. Overall, the measured sensitivity is 
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Figure 3.16.  The comparison of the sensitivity between the simulated 

sensitivity from PSPICE and the measured sensitivity. 
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worse than the simulated one by about a factor of 10 This is in agreement 

with the discrepancies found earlier between the measured and hand-

calculated data. The reason for the difference is due to poor device modeling, 

power supply noise contribution, and test setup. Among these causes, the 

power supply noise contribution could be the biggest problem since this 

amplifier does not have a differential input stage. From a simulation, 1 mVp-p 

fluctuation on a power rail actually change the output state from ‘0’ to ‘1’  or 

vice versa. 

 Under the bias condition used for measuring the BERs for the first 

three data rates in Fig. 3.15, the noise bandwidth of the amplifier remains 

the same since the frequency transfer functions of the amplifier are the same. 

However, the BERs at the three different speeds are not the same. For 

relatively high SNR, the dominant noise contribution comes from the data-

dependent pattern noise, which is caused by the reflection of fiber, dispersion, 

or timing jitter. Reflection generated at discontinuity along the fiber produces 

noise at the receiver. Reflection-induced signal degradation increases with 

the system transmission rate, the optical source coherence, and fiber 

dispersion. Dispersion refers to the tendency of pulses in a digital signal to 

broaden as they move down a fiber. Eventually the pulses could run into each 

other, destroying the data formation. Both the cable and transmitter 

contribute to dispersion effects. 
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Figure 3.17. The sensitivity of the integrated optical receiver at 155 Mbps 

with different PRBS. 

 

 

 Fig. 3.17 illustrates the sensitivity at 155 Mbps under two different 

PRBSs. Under (215 - 1) PRBS in which the maximum 15 consecutive same bit 

can occur at the worst case, the slope of the curve is less stiff. It means that 

the amplifier has a pattern-dependent error and it can not respond to sudden 

changes after a long string of the same data due to the integration effect at 

the input. Therefore, the sensitivity of the amplifier becomes worse. 

 One important aspect from all the measurements in Table 3.2 and Fig. 

3.12 through 3.15, is the scaleability of analog CMOS circuits fabricated with 
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standard digital CMOS technology. The performance scaleability of the ICs is 

critical to reduce chip area, to improve circuit performance and to integrate 

analog and digital functions on the same chip. 

 The scaleability of the circuits is usually applied to digital circuits, and 

there are three digital scaling laws [45]: the constant electric field (CE), the 

quasi-constant voltage (QCV), and the constant voltage (CV) laws. The QCV 

law is known as the optimal law for digital circuits. Although these laws are 

very restrictive for analog circuits, QCV law is the most suitable to be used 

for analog applications especially when the amplifiers are fabricated with 

standard digital CMOS processes. The QCV law for analog circuits are 

modified from the digital QCV law for better fitting [46,53-55]. 

 From Table 3.2 and Fig. 3.12 through 3.15, as the minimum channel 

length of the transistors are scaled down to the sub-micron channel length, 

the performance of the amplifiers improves. From 1.2 µm to 0.8 µm with a 

scale factor λ of 1.5, the bandwidth of the amplifiers increases from less than 

80 Mbps to 155 Mbps. On the other hand, the power supply voltage decreases 

to 5 V from 6 V, and the power dissipation of the amplifier decreases from 36 

mW to about 24 mW. Again, as the minimum channel length shrinks further 

to 0.6 µm from 0.8 µm, the speed improves to 250 Mbps from 155 Mbps, and 

the power dissipation decreases to less than 20 mW.  Fig. 3.18 plots the 
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Figure 3.18.  The curves of various scaling laws and measured data for (a) 
gain-bandwidth product, (b) power supply, and (c) power dissipation. Circles, 
rectangular, and crosses represent the measured data. I and II represent HP 
and IBM process, respectively. 
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measurement results in Table 3.2 against each law. Clearly, this design 

seems to follow the QCV scaling laws. Under the QCV, the scaling law for the 

gain-bandwidth product or GBW is λ3/2 in Fig. 3.18(a) and the scaling law for 

the supply voltages is λ-1/2 in Fig. 3.18 (b). Fig. 3.18 (c) shows the scaling law 

for the power dissipation of the integrated amplifier. All the measured data 

for the 0.6 µm amplifier does not exactly match to the QCV law, but well 

follows the trend of QCV. The results proves that the QCV law is well fitted 

for analog circuits in terms of improved speed and signal-to-noise ratio, and 

lower power dissipation. 
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CHAPTER  IV 

 

 

OPTIMIZATION 

OF CMOS PREAMPLIFIER DESIGN 

 

 

 Analyzed, optimized, and compared are different design configurations 

for an optical receiver front-end preamplifier meeting the SONET 

specifications. The first is a conventional voltage-mode amplifier (VMA) 

design which relies on a passive component. The second is a current-mode 

amplifier (CMA) which only uses CMOS transistors. Third is a simple high-

gain voltage amplifier with either a passive feedback resistor (NFA-R) or a 

MOSFET resistor (NFA-M). Two bandwidths, 155 Mbps and 622 Mbps, are 

considered. A CMOS process is used for the analysis. Bandwidth, noise, and 

power dissipation of the amplifiers are the main design parameters. 

Optimization procedures are also discussed. The VMA provides the lowest 

power dissipation at the same input noise level but it requires passive 

components. The CMA has the minimum achievable input noise even though 
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the power dissipation is higher than the VMA. The NFAs can achieve a wide 

bandwidth only when they have very low input capacitance. 

 

 

 
4.1  Introduction 

 

 Standard digital CMOS technology is a very promising candidate for 

low cost and highly integrated devices. Several CMOS optical receiver 

amplifiers have been published [17-19,22], among which the majority rely on 

analog CMOS process technology. Their bandwidths are limited to a couple of 

hundreds mega-bit-per-second data rate. To increase bandwidth, a multi-

channel design configuration method has been introduced [18]. Recently, 

standard digital CMOS amplifier design has been introduced [33,44]. 

 An optical receiver front-end consists of a photodetector and a low-

noise wide-bandwidth preamplifier. As explained in chapter 2, the amplifiers 

use either high/low-impedance or feedback-type configuration, depending on 

applications [30]. High/low-impedance type amplifiers use a bias resistor at 

the front-end of the receiver, followed by an open-loop preamplifier. 

Feedback-type amplifiers combine a high-gain amplifier with a passive 

feedback resistor [33,44] in the feedback path to implement a 
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transimpedance amplifier. A core component of these two amplifier 

configurations is a high-gain voltage-mode amplifier. These amplifier 

configurations can be realized only if passive components are available. 

 Preamplifier design by current-mode topology [47-49] is recently 

getting attention in the area of optical receiver applications due to its wide 

bandwidth capability. The topology also allows the amplifier to be designed 

without any passive component. Thus, a standard digital CMOS process can 

be used. However, the topology usually requires more power dissipation. 

Because a diode-connected transistor replaces a passive resistor and the 

transistor requires a certain bias current to achieve an equivalent resistance. 

 In this chapter, design issues such as bandwidth, noise, and power 

dissipation are analyzed and compared for preamplifiers with different 

configurations. The amplifiers shown here might be rather simple, but give 

good enough insight. Also analyzed in detail is a current-mode topology since 

the other two topologies, high/low-impedance type and feedback type, have 

been well studied in chapter 2. 

 The design parameters used for this analysis are the followings: first, 

the power supply voltage is limited to 5 V maximum due to limitations in 

CMOS device breakdown voltage and due to power supply compatibility with 

digital circuitry, which is essential when mixed analog and digital circuitry 

coexist on a single chip. Second, bandwidth and sensitivity requirements of 
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SONET protocol are considered with two data rates: 155 Mbps and 622 Mbps. 

Finally, the analysis is based on a 0.8 µm minimum feature size CMOS 

process and its BSIM parameters. PSPICE input control files for the circuit 

simulation presented in this chapter is attached in Appendix 2. 

 

 

 

4.2  Open-Loop Amplifier Configuration 

 

 In this section, two types of simple, two-node transimpedance amplifier 

design are discussed: a conventional voltage-mode amplifier (VMA) with a 

passive resistor, and CMOS transistor-only current-mode amplifier (CMA). 

See Fig. 4.1. An amplifier with two nodes is the most primitive amplifier 

stage [56] since all the amplifiers that have only one input and one output 

node can be handled as two-node stages. Important characteristics such as 

gain, input and output impedance, and noise are analyzed. The major 

difference between two amplifiers is that the VMA basically requires a 

passive bias resistor as shown in Fig. 4.1(a) while the CMA does not. The 

CMA only uses CMOS transistors, which is desirable for the standard digital 

CMOS technology. The analysis and discussion are focused on circuit 
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Figure 4.1. Open-loop amplifiers: (a) Voltage-mode amplifier (VMA). (b) 

Current-mode amplifier (CMA). 

 

 

 

performance in terms of three major design parameters: bandwidth, input-

referred noise, and power dissipation. The outcome of the analysis will lead to 

a design topology for a differential-input amplifier meeting the SONET OC-

12 specifications which will be presented in the next chapter. Specially, 

focused on the area of optical receiver applications, advantages and 

disadvantages of each configuration are discussed. 
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4.2.1  Voltage-Mode Amplifier (VMA) With A Bias Resistor 

 

     A. Gain And Bandwidth 

 

 Fig. 4.1(a) is an inverter-type VMA with a photodetector and a bias 

resistor. The photodetector is represented by the combination of CPD and Idet 

for the small signal model shown in Fig. 4.2. The amplifier uses a diode-

connected active load, 1/gm, because of the following two reasons. First, it 

provides a wide bandwidth. Second, the amplifier voltage gain becomes  

 

 

 

Rb CT CGS1

CGD1

v
gm1v rDS1 1/gm2 COUT

vOUT

CT = CPD + Cpad + CS

Idet

 

 
Figure 4.2. Small-signal equivalent circuit of the VMA. 
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process insensitive because the gain depends only on the transistor size ratio. 

This active load will also be used for the CMA. 

 Considering the first order effect, the voltage gain, AV,  is given by 

 

   A V
V

g
g

W
WV

m

m

= = =2

1

1

2

1

2

 if  L1 = L2,   (4-1) 

 

where, W and L are the gate width and length of the corresponding transistor 

and gmx represents the transconductance of each transistor. Thus, the overall 

transimpedance gain, AR, is  

 

    A
V
I

R AR b V= = ⋅2

det
.     (4-2) 

 

 The impedance level at each node of the VMA determines the 

bandwidth of the amplifier. Fig. 4.2 shows the small-signal equivalent circuit 

of the VMA. Total capacitance, CT, at the input node consists of three 

components: photodetector capacitance, pad capacitance, and stray  

capacitance of the path between the photodetector and the input transistor. 

In addition, the gate capacitance, CGS1 and CGD1, of the input transistor 

contributes to the input capacitance. Unlike chapter 2, the gate capacitance 

of the input transistor is separated from CT to investigate the effect of the 
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input gate capacitance. By doing this, the effect of the gate capacitance can 

be clearly seen compared to other capacitances of the input node. Any change 

in the size of M1 directly affects the input impedance level. When the size of 

transistor M1  becomes larger, the bias resistor, Rb, should be smaller to meet 

the bandwidth requirement since the input pole is dominant. Then, in turn, it 

lowers the transimpedance gain of the stage. COUT represents total output 

capacitance including the load capacitance and any other capacitance 

contributed by the transistors connected to the output node. 

 The pole at node N1, pN1, is represented by 

 

     ( )p
R C R C C C MC CN

b T b PD pad GS GD S
1

1 1

1
2

1
2

= =
+ + + +π π ,  (4-3) 

 

where CPD is the photodetector capacitance, Cpad is the bonding pad 

capacitance. CGS1  is the gate-source capacitance of the input transistor which 

is 2
3 WL Ceff ox . CGD1  is the gate-drain capacitance and CS the stray capacitance. 

Cpad is included assuming that the ELO technology [57] is employed for the 

photodetector integration. The value of Cpad ranges from 0.1 pF to 0.35 pF. A 

pad size of 100 µm x 100 µm usually has a capacitance around 0.35 pF for a 

standard digital CMOS process. M is the Miller effect multiplier. Since M is 
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relatively small due to relatively low voltage gain, the MCGD1 term can be 

assumed negligible. 

 So far, the total input capacitance, CT, is considered to be dominated 

mainly by the photodetector capacitance [28,29]. Recently, photodetectors 

with capacitance less than 0.1 pF have been developed [58], in which case, 

the other capacitances would become significant. The maximum input 

resistance can easily be calculated from the bandwidth requirement of the 

application because the input node is a dominant pole of a system. 

 The pole at node N2, pN2, is  

 

  ( )p
R C

g
C C C CN
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m

L DB SB S
2

2

1 2

1
2 2
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and 

    R
g g gOUT

m mb ds

=
+ +

1

2 2 1

,    (4-5) 

 

where CL is the load capacitance, CDB1 the drain-to-body capacitance of the 

transistor M1, CSB2 the source-to-body capacitance of the transistor M2, and 

CS  the stray capacitance at the output node. 

 Assuming that the preamplifier output stage drives another input 

transistor of either a postamplifier or a comparator, node N2 has usually 
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much lower impedance than node N1 since the output total capacitance, COUT, 

is much smaller than the total input capacitance. Therefore, pN1 is the 

dominant pole. To adjust the bandwidth, Rb is the only variable to change 

since CT  is fixed. Changing Rb, however, affects the input noise level and the 

gain of the amplifier stage. 

 Output resistance, ROUT, is approximately 1/gm2  determined mainly 

by the bias current flowing through M2, IDS2. This analysis indicates that the 

VMA wastes power simply because pN2 is located at an unnecessarily high 

frequency point. The minimum power dissipation at a certain bandwidth 

would occur by making the pole of both nodes the same. This means that IDS1 

can be reduced and, therefore, the power consumption can be minimized. A 

disadvantage of this is that the overall bandwidth will be reduced by about 

36 % since the overall -3 dB bandwidth with two poles at the same location is 

determined by 

 

    f fT = −0 2 1
1
2      (4-6) 

 

where f0 is the -3 dB frequency of a single pole. There are two ways to  

maintain the required bandwidth: first moving both poles to a higher -3 dB 

frequency point by lowering the input resistance value or maintaining the 

input pole in its position and moving the output pole to a higher frequency 
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point. At relatively low bandwidth, the former method helps reduce power 

dissipation. For a wider bandwidth, however, the latter method is desirable 

since the former might degrade the input noise level. 

 A more important design parameter to reduce power dissipation is the 

size of the input transistor. Varying the input transistor size plays an 

important role in achieving the minimum input-referred noise. Once the 

input transistor size is determined, the load transistor size also needs to be 

optimized. Two major parameters determine the output resistance looking 

into the source of M2: the size of M2  and the quiescent drain current of M2,  

IDS2. Increasing size of M2 would help control gm2 while keeping IDS2 the 

minimum. However, increasing the size of the transistor would also increase 

the capacitance at the output node. Therefore, a tradeoff is necessary. 

 Power dissipation of the amplifier is also closely related to the bias 

point of the circuit. The bias point of the amplifier shown in Fig. 4.1(a), Vbias = 

(VGS1 - VT), should be between 0.2 V and 1 V to force the transistor to operate 

in the saturation region. A typical value of Vbias is about 1 V to obtain a high 

ratio of transcoductance over drain-source bias current out of a certain bias 

current [53]. At least, 0.2 V is required to keep the transistor at the 

saturation region. From the analysis, the bias voltage of 1 V is sometimes too 

high and, therefore, the amplifier wastes power. The bias point has been 

moved from 1 V to 0.2 V until the second pole location is minimized while 
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keeping the overall bandwidth the same. This optimization procedure can be 

meaningful only when this amplifier is in an open-loop type configuration. 

 

 

     B.  Noise 

 

 Once the minimum power dissipation point has been calculated as 

described in the previous section, we can begin the noise analysis of the 

amplifier. If the amplifier already meets or exceeds the noise specification 

with the minimum power, then the optimization process is done. Otherwise, 

it is required to change design parameters, such as power dissipation and 

device geometry, in order to improve the input noise level of the amplifier. 

 The equivalent noise circuit for the amplifier input stage is shown in 

Fig. 2.3. Noise is generated from three components: the noise generator, IPD, 

due to dark current flowing in the photodetector, IR  due to thermal noise 

associated with the biasing resistor, Ia and Ea due to noise sources of the 

preamplifier. Noise sources associated with subsequent portions of the 

amplifier are assumed to be small and thus neglected [59]. Again, the input-

referred noise power is given by 

   i i i i iTOTAL dark gate R shunt
2 2 2 2 2= + + +  [ A2 ]  (4-7) 
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where, 

    i qI Bdark dark
2 2=   [ A2 ]   (4-8) 

 

    i qI Bgate gate
2 2=   [ A2 ]   (4-9) 
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where CG the total gate capacitance of the input transistor. Idark is the dark 

current of the photodetector, typically 10 nA for 0.8 µm wavelength and 100 

nA for 1.3 µm/1.55 µm wavelength [42]. Igate is the gate leakage current of an 

input MOSFET. The larger value of R helps minimize the thermal noise 

contribution at the input node since the thermal noise power spectrum 

contributed by R is determined by Eq. (4.10). 

 In general, the flicker or 1/f  noise of the amplifier has not been 

considered since it is negligible compared to the thermal noise when the 

application has wide bandwidth [59,60]. Therefore, only thermal noise is 

considered. 

4.2.2  Current Mode Amplifier (CMA) Without A Bias Resistor 

 



 82 

 Fig. 4.1(b) shows a current-mode amplifier (CMA), which consists of 

three transistors: M1, M2, and M3.  M3, the replacement of the passive 

resistor, determines the input resistance. M1 and M3  form a current mirror. 

The combination of M1 and M2 is an inverter amplifier as in the VMA. 

Therefore, bias current flowing through the inverter is proportional to the 

drain-source current flowing through M3, depending on the ratio of the two 

transistor sizes. The current mirror either amplifies or attenuates the input 

current signal depending on the size of the two transistors forming the 

current mirror. Another view of the CMA is a current-to-voltage converter 

(transistor M3) followed by an inverter-type VMA, which is a high/low-

impedance configuration. 

 

 

 

A.  Gain And Bandwidth 

 

 Fig. 4.3 illustrates a small-signal equivalent circuit of the CMA. The 

CMA also has two poles. Basic circuit analysis is identical to that of the VMA 

except that the input transistor, M3, replaces the bias resistor. This 
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Figure 4.3. Small-signal equivalent circuit of the CMA. 

 
 

 

replacement is desirable for the standard digital CMOS technology. The 

transimpedance gain of the CMA, is 
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If gm1 = gm3, the gain is 1/gm2 and the output resistance is controlled by 1/gm2.

 The pole at the input node, pN1, is 
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Due to the current mirror, IDS1 is determined by IDS3. The input resistance of 

the CMA is approximately 1/gm3, where gm3 is the transconductance of 

transistor, M3, and given by, 

 

    g K W
L

Im DS3
3

3
32= ⋅ ⋅







 ⋅'     (4-14) 

 

or 

    ( )g I
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3

3

3
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−

     (4-15) 

 

where, K′ is the saturation parameter. The desired value of gm can be 

obtained by adjusting IDS3 and the transistor aspect ratio, W/L. The first 

design goal is to minimize the power dissipation of the circuit. In order to 

achieve this, increasing the aspect ratio of the diode-connected transistor is 

helpful. Again, if the size of the transistor increases, the gate capacitance of 

the device increases affecting the input RC time constant. Since the current-

mode amplifier uses a current mirror, the total gate capacitance increases by 

two transistors unless a buffer transistor is used [58]. 

 Another approach is to change IDS rather than the transistor size. The 

range of bias current variation is often limited by the power supply, 

especially when the input transistor size is very small. Once the size of M1 is 
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fixed, the maximum source-drain current is limited by the power supply. As a 

result, a tradeoff is necessary. 

 The pole at the output node is basically the same as the one of the 

VMA. 

 
   ( )p g g g

C C C CN
m mb ds

L DB SB S
2

2 2 1

1 22
= + +

+ + +π
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     B. Noise 

 

 Eq. (4.7) can be applied to the CMA with minor modification. The noise 

power due to the drain-source channel of M3  and M1, is given by 
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respectively. CG3 and CG1 are the gate capacitance of M3 and M1, respectively. 
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 The noise in Eq. (4.17) is about two thirds the magnitude of the noise 

in Eq. (4.10) for the same input resistance. In reality, the amount of noise in 

the CMA would be larger than the one in the VMA because the extra number 

of transistors used in the CMA introduce more noise to the input. 

 At higher frequencies, the noise contribution of the input capacitance 

can no longer be neglected at both amplifiers. The capacitance in the small-

signal circuit causes an input-referred noise current to flow. Therefore, Eq. 

(4.11) and Eq. (4.18) becomes dominant since these terms are heavily 

dependent on the frequency. At the CMA, the input capacitance of the 

amplifier will be more than doubled due to the current mirror and other bias 

circuitry. 

 Even though the CMA does not need a bias resistor, there are some 

disadvantages. First, it has an input gate capacitance twice that of the VMA 

due to the current mirror. This can be eliminated by adding a buffer [25] 

between the drain and the gate of the input transistor. Considering that the 

VMA has significant parasitic capacitance due to the layout of the bias 

resistor, the input capacitance might be comparable in both amplifiers. 

Second, the CMA consumes more power at a low speed. Finally, it is not 

simple to optimize the power dissipation just by making two poles equal, 

since the bias current at the output stage is mainly controlled by the input 

current. At the CMA, IDS3 is set by the input resistance requirements. For the 
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minimum power dissipation, the drain-source current, IDS1, would be reduced 

by setting the transistor size of M1 smaller than M3. To maintain two equal 

poles, attenuation of the signal might occur since IDS1 would have less current 

while keeping the overall gain the same by adjusting the device size of M1 

and M2. The following sections discuss in detail the effect of the size 

difference of the two transistors, which significantly affect the characteristics 

of the amplifier. 

 The first case is when the size of M3  is bigger than M1. This condition 

helps reduce the power dissipation by achieving a required input impedance 

with a relatively low bias current. The low bias current also sets a low VGS3 of 

M3. VGS3 is equal to VGS1 due to the current mirror. The low VGS1, then, 

generates a small bias current at M1. This configuration also helps minimize 

the input gate capacitance. The output current in this case is attenuated. 

However, if M3  is viewed as an input-resistance-generator, it does not 

significantly affect the circuit operation. The combination of M1 and M2 is 

considered a voltage-mode inverter amplifier. The overall transimpedance 

gain remains the same; however, it might not be suitable for very wide 

bandwidth applications because VGS1 is too small. 

 The second case is when M1 is equal to or larger than M3. The main 

problem here is excessive power dissipation. Since the output current is equal 

to or bigger than the input bias current, the inverter speed is unnecessarily 
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fast and thus wastes power. Another problem is the increased gate 

capacitance. For the bandwidth of 622 Mbps, a relatively large input 

transistor size is required to get a very low input resistance. Accordingly, this 

configuration makes the total gate capacitance larger than twice the gate 

capacitance of M3 which is already too large. The advantage of using a bigger 

size for M1 is low noise. A bigger transistor helps reduce input noise to some 

extent, because of large transconductance of M1. If the total input capacitance 

becomes larger, the input resistance should become smaller. A low input 

resistance causes a higher input noise. Therefore, a larger input capacitance 

actually makes the input noise current worse. 

 To see the relationship between the power dissipation and the input 

noise, a detailed simulation was conducted on the CMA (See Appendix 2 for 

PSPICE input control file). Fig. 4.4 shows the power dissipation vs. the input 

noise current for different gate widths of the input transistor, M3, of Fig. 

4.1(b) for a fixed bandwidth of 622 Mbps. When the gate width is around 100 

µm, the minimum power dissipation has been achieved, but at the cost of 

higher input noise. 

 Fig. 4.4(b) illustrates the effect of size of M1. If the gate size increases, 

the power dissipation increases but the input-referred noise decreases. The 

limiting factor here is that if the transistor size increases, then the input 

capacitance goes up. As a result, the bandwidth drops. Therefore, the gate 
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width can be increased to some extent. The best performance can be obtained 

when the aspect ratio of W/L is anywhere between 10 and 100. The 

transistor gate length is always the minimum geometry size which is 0.8 µm 

for this example. 

 As a result, the CMA provides decisive advantages over the VMA for 

digital CMOS preamplifier design: a controllability of the input resistance 

and hence the noise. Furthermore, the CMA can achieve the minimum input 

noise at the price of more power dissipation. A tradeoff is necessary between 

the input noise level and the operating bandwidth. 

 

 

 
4.2.3  Simulation Results 

 

 Fig. 4.5 through Fig. 4.8 shows the simulated results of the input noise 

versus the power dissipation at four different input capacitances, and the 

input noise versus the input capacitance. The capacitance value along the 
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(a) Power dissipation and noise vs. the gate width of M3. 
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(b) Power dissipation and noise vs. the gate width of M1. 
 

Figure 4.4. The noise and power dissipation in terms of the gate size. 
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x-axis represents the total input capacitance excluding the input capacitance 

of the amplifiers. These two relationships are investigated for two data rates: 

155 Mbps and 622 Mbps, and for both VMA and CMA. At a given data rate, 

the transimpedance gain of both amplifiers remains the same, but the gain 

varies with speed. This is mainly due to the input pole bandwidth limitation. 

 At 155 Mbps, the input noise of the VMA increases with the increased 

power consumption under 1 pF of input capacitance. The noise above 1 pF 

capacitance has a minimum at a higher power dissipation. The CMA exhibits 

a higher input noise at a lower power dissipation than the VMA, and has a 

broad minimum noise region as the power dissipation goes up for all four 

input capacitances. With a relatively high input capacitance, the VMA has 

high noise at a low power, has a minimum at the middle, and has higher 

noise at high power. Overall, the minimum noise can be achieved at the CMA 

with a little more power dissipation. The VMA could not reach the same noise 

level as the CMA regardless of how much power gets dissipated. 

 At 622 Mbps, both VMA and CMA show a similar noise-power curve 

pattern. For the VMA, all the curves converge at high power dissipation. For 

the CMA, very high input noise is noticed with 3 pF total input capacitance. 

To maintain the bandwidth, this higher capacitance must be offset by a lower 

input resistance, which cause a larger noise to the input node. 
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(a) Input noise vs. power dissipation for different input capacitances. 
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(b) Input noise vs. input capacitance for different power dissipation. 

Figure 4.5. Voltage-mode amplifier at the speed of 155 Mbps. 
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(a) Input noise vs. power dissipation for different input capacitances. 
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(b) Input noise vs. input capacitance for different power dissipation. 

 

Figure 4.6. Current-mode amplifier at the speed of 155 Mbps. 
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(a) Input noise vs. power dissipation for different input capacitances. 
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(b) Input noise vs. input capacitance for different power dissipation. 

 

Figure 4.7. Voltage-mode amplifier at the speed of 622 Mbps. 
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(a) Input noise vs. power dissipation for different input capacitances. 
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(b) Input noise vs. input capacitance for different power dissipation. 

 
Figure 4.8. Current-mode amplifier at the speed of 622 Mbps. 
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 In Fig. 4.5 and 4.6, the noise curves for four capacitances converge to 

one value as the power dissipation increases. The amplifier with a low 

capacitance shows the lowest noise as expected. At a higher input 

capacitance, the minimum input noise can be achieved in the range of 0.1 

mW to 1 mW at 155 Mbps and 5 mW to 10 mW at 622 Mbps. If the input 

transistor size is small, a high bias point, Vbias = (VGS -VT), is required for the 

input transistor leading to mobility degradation due to velocity saturation. As 

the transistor size increases, the bias current decreases. Therefore, the 

minimum power dissipation can be achieved. As the transistor size increases 

further, the gate capacitance of the input transistor increases the input 

capacitance. This forces the input resistance to be low, which again increases 

the input noise level and power dissipation. 

 In the cases of 0.1 pF and 0.3 pF at 622 Mbps, the input capacitance is 

dominated by the amplifier input device size. The input device size is 

inversely proportional to the power dissipation. Therefore, the noise curves 

become almost identical as the device sizes increase. At the CMA in Fig. 4.8, 

all four cases show similar characteristics to the VMA, because the input 

resistance must be very low to achieve the data rate. As in the VMA, a large 

bias current is required to make the input resistance small. Otherwise, a 

large transistor is needed to achieve a small input resistance with a small 

bias current. However, as the transistor size increases, more capacitance is 
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added to the input node. To keep the same speed, more current is required 

which makes the noise and power dissipation worse. 

 From Table 4.1, Imin/Pdiss is the minimum achievable noise with respect 

to the power dissipation, Pdiss. Pmin/input noise terms represent the minimum 

achievable power dissipation and the input noise when Pmin has been 

achieved. The minimum input noise can be obtained with the CMA while the 

minimum power dissipation can be achieved with the VMA. The 

transimpedance gain is mainly determined by the input resistance value. As 

the total input capacitance increases, the difference of the power consumption 

between the CMA and the VMA becomes greater. 

 Table 4.2 shows the simulation results at 622 Mbps data rate. The 

minimum noise can be achieved with the VMA. This outcome is contrary to 

the case at 155 Mbps case. At lower input capacitance, the input noise level is 

comparable between the VMA and the CMA, but the power dissipation is a 

few times larger than for the CMA. 
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Table 4.1. PSPICE simulation results at 155 Mbps of VMA and CMA. 

  VMA CMA 

 Imin [nA] / PDISS [mW] 81/1.73 45/8.48 

3 pF Pmin  [mW]/ input noise [nA] 0.37/143 0.71/228 

 Transimpedance gain [dB] 55 55 

 Imin [nA] / PDISS [mW] 47/0.52 24/4.91 

1 pF Pmin  [mW]/ input noise [nA] 0.17/61 0.214/222 

 Transimpedance gain [dB] 65 65 

 Imin [nA] / PDISS [mW] 25/0.168 16/1 

0.3 pF Pmin  [mW]/ input noise [nA] 0.05/30 0.05/141 

 Transimpedance gain [dB] 74 74 

 Imin [nA] / PDISS [mW] 14.5/0.1 7.5/0.615 

0.1 pF Pmin  [mW]/ input noise [nA] 0.035/16 0.07/13 

 Transimpedance gain [dB] 81 81 
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Table 4.2. PSPICE simulation results at 622 Mbps of VMA and CMA. 

  VMA CMA 

 Imin [nA] / PDISS [mW] 351/16.7 409/62.7 

3 pF Pmin  [mW]/ input noise [nA] 1.23/1300 16.4/806 

 Transimpedance gain [dB] 40 40 

 Imin [nA] / PDISS [mW] 201/11 242/15.2 

1 pF Pmin  [mW]/ input noise [nA] 1.59/464 6.21/703 

 Transimpedance gain [dB] 46 46 

 Imin [nA] / PDISS [mW] 109/6.31 183/12.9 

0.3 pF Pmin  [mW]/ input noise [nA] 1.05/133 2.54/322 

 Transimpedance gain [dB] 57 57 

 Imin [nA] / PDISS [mW] 66/1.11 72/4.64 

0.1 pF Pmin  [mW]/ input noise [nA] 0.26/76 2.02/166 

 Transimpedance gain [dB] 60 60 
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4.3  Transimpedance Amplifier With Negative Feedback (NFA) 

 

4.3.1  Feedback With A Resistor (NFA-R) 

 

 Two transimpedance amplifiers are designed for comparison using a 

high-gain voltage amplifier with negative feedback as shown in Fig. 4.9. In 

the previous section, both VMA and CMA were the most primitive, two-node 

amplifier using a low-impedance, diode-connected active load to maximize the 

bandwidth. The NFA is a three-node feedback amplifier and needs a high-

gain voltage amplifier using a current mirror as an active load for the gain 

stage. Also, the pole matching effort is not necessary to optimize the power 

dissipation of the amplifier. The negative feedback amplifier provides many 

performance advantages over open-loop amplifiers. However, the NFA is 

prone to unwanted oscillation, especially, at high speed. One or three gain 

stages inside the feedback loop are preferred to reduce the risk of oscillation. 

 To determine whether or not an NFA can be implemented without 

passive components, a simple feedback transimpedance amplifier circuit is 

analyzed: the one with a passive resistor and the other with an MOSFET 

transistor in the feedback path. Since the only difference between the two 

circuits is an element on the feedback path, the same feedback circuit 
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(a) NFA with a passive resistor (NFA-R) 
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(b) NFA with a MOSFET resistor (NFA-M) 

Figure 4.9. Feedback amplifiers with and without a resistor. 
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analysis as in chapter 2 can be employed. This discussion studies only two 

circuits, but these results could eventually apply to general feedback circuits. 

 An estimation of the power dissipation on the NFA can be obtained by 

varying a tail current until the amplifier achieves a certain gain and the 

required bandwidth. Most of the power dissipation occurs at the output buffer 

stage since the amplifier has to drive a relatively low feedback resistance 

without any loading effects. The minimum power dissipation can be obtained 

by varying the bias current of the buffer stage, which is set by the feedback 

resistance. 

 The transfer function of the feedback amplifier in Fig. 2.1 is as follows, 
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where CT is the total input capacitance, RF the resistance of feedback 

resistor, and A(ω) the open-loop amplifier voltage gain. From Eq. 2.7, the 

closed-loop bandwidth of the transimpedance amplifier extends by about 

|A(ω)| times. However, since A(ω) itself is also a function of frequency, it is 

required to have a flat gain band region around the interested bandwidth. It 

is challenging to design a wide bandwidth, open-loop amplifier. As the 

magnitude of A(ω) approaches infinite, then the overall transimpedance gain 
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is determined by just RF and therefore, is independent of the other 

parameters of the amplifier. This is the main advantage of feedback 

amplifiers. 

 The input noise of the feedback amplifier is basically the same as was 

shown in Eq. 4.7 for the VMA. The only difference is the resistance value. 

The feedback resistance replaces the bias resistor value as follows. 

 

    < > =i kTB
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Other noise contributions are exactly the same as for the VMA. Since the 

value of the feedback resistor tends to be much higher than the resistor value 

used at the VMA, the feedback amplifier has less noise contribution from the 

resistor. 

 

 

4.3.2  Feedback With A MOSFET (NFA-M) 

 

 For standard digital CMOS technology, the passive feedback resistor 

in the NFA-R is replaced by an MOSFET transistor. For the NFA-M, the gate 

of the feedback transistor is connected to the bias voltage. The drain and 
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source are connected to input and output, respectively. When the gate bias 

voltage is raised above the power rail, it is easier to get a wider bandwidth. 

In this example, a p-channel MOSFET is used. Since an n-well CMOS 

process technology is used, the substrate is connected to the source of the 

transistor, preventing the body effect. This helps to use a relatively low gate 

bias voltage. To ensure the transistor is in a linear region, the bias voltage, 

VG, needs to be high. The larger the transistor aspect ratio, the smaller the 

resistance. Since the resistance is determined by 
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 The NFA-M amplifier is exactly the same circuit as NFA-R except the 

feedback resistor, and requires higher open-loop gain since the resistance 

implemented by the MOSFET has a certain minimum value and is typically 

larger than the passive resistor. For a wide bandwidth, a low resistance is 

needed which requires relatively high gate bias voltage or large size 

transistor for the transistor MF. The gate bias voltage usually exceeds the 

positive or negative power supply rail. Another drawback is the capacitance 

caused by the feedback transistor, MF. At a higher input capacitance, a small 

feedback resistance is needed, which can be possible with a large size 

feedback transistor. However, the large transistor size actually contributes 
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more capacitance to the input node. Therefore, the bandwidth of the amplifier 

becomes worse. 

 Table 4.3 shows the summary of the simulation results. For all four 

capacitances, the minimum noise is obtained from the NFA-R, which also has 

wider minimum input noise region shown in Fig. 4.11 and 4.12. At the NFA-

M, a local minimum is located at the power dissipation of around 1 mW, 

while the NFA-R has a local minimum at less than 1 mW. 

 A small input capacitance makes it possible to obtain 622 Mbps 

bandwidth as expected. When CT is 0.1 pF, the necessary bandwidth can 

easily be achieved. Table 4.4 shows the simulation results at 622 Mbps for 

both amplifiers with 0.1 pF input capacitance. 

 At low input capacitances of 0.1 pF and 0.3 pF, the capacitance of the 

input transistor will dominate and RF needs to be lower for a large input 

transistor, which degrades the noise. To increase the speed, the size of 

feedback transistor should be large, which can cause oscillation. As the gate 

capacitance dominates, the response becomes similar to that of a large 

transistor size. As the resistance goes down, so does the gain. Therefore, 

another stage is required to get a desirable gain. 
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Table 4.3. PSPICE simulation results at 155 Mbps. 

  NFA-R NFA-M 

 Imin [nA] / PDISS  [mW] 142/0.55 181/0.9 

3 pF Pmin  [mW] / input noise [nA] 0.301/433 0.75/386 

 Transimpedance gain [dB] 52 52 

 Imin [nA] / PDISS  [mW] 71/0.625 81/1.15 

1 pF Pmin  [mW] / input noise [nA] 0.3/306 0.65/151 

 Transimpedance gain [dB] 56 56 

 Imin [nA] / PDISS  [mW] 29/0.70 70/1.2 

0.3 pF Pmin  [mW] / input noise [nA] 0.35/48 0.57/120 

 Transimpedance gain [dB] 72 72 

 Imin [nA] / PDISS  [mW] 16/0.55 22/0.575 

0.1 pF Pmin  [mW] / input noise [nA] 0.55/28 0.325/21 

 Transimpedance gain [dB] 80 80 
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Table 4.4. PSPICE simulation results at 622 Mbps. 

  NFA-R NFA-M 

 Imin [nA] / PDISS  [mW] 129/1 391/1.78 

0.1 pF Pmin  [mW] / input noise [nA] 0.75/187 1.72/438 

 Transimpedance gain [dB] 54 54 

 

 

 

 Fig. 4.10 and 4.11 shows the simulated results of the NFAs at 155 

Mbps. When the input capacitance is large and the power dissipation is high, 

the input noise of the NFA-M is smaller than the NFA-R. The situation is 

reversed when the input capacitance is small. 

 In Fig. 4.12, the input noise current vs. the power dissipation of all 

four configurations are plotted when the data rate is 155 Mbps and the input 

capacitance is 1 pF (Fig. 4.12(a)) and 0.3 pF (Fig. 4.12(b)), since those two 

capacitance values are very common in practice. Clearly, the CMA has the 

minimum achievable input noise for both capacitances. The NFA-M is the 

worst performer among the four. When the input capacitance is 0.3 pF, the 

NFA-R has a lower input noise than the VMA for a certain power dissipation 

range. 
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(a) Input noise vs. power dissipation for different input capacitances. 
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(b) Input noise vs. input capacitance for different power dissipation. 
 

Figure 4.10. NFA-R at 155 Mbps. 
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(a) Input noise vs. power dissipation for different input capacitances. 
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(b) Input noise vs. input capacitance for different power dissipation. 
 

Figure 4.11. NFA-M at 155 Mbps. 
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(a) When the input capacitance is 1 pF. 
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(b) When the input capacitance is 0.3 pF. 
 

Figure 4.12. The input noise vs. the power dissipation at 155 Mbps. 
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CHAPTER  V 
 

 

A DIFFERENTIAL-INPUT 

CURRENT-MODE AMPLIFIER 

 

 

5.1  Design of Differential Current-mode Amplifier. 

 

 In chapter 3, a current-mode preamplifier with a single input/output 

was introduced. The main objective of chapter 3 was to show the possibility 

that an integrated, current-mode digital CMOS preamplifier was feasible for 

high-speed optical receivers. In addition, we showed that the standard digital 

CMOS preamplifier obeys the QCV scaling law at some performance 

parameters. Since the preamplifier uses a single input/output, it can easily 

pick up noise from power supply rails and digital circuitry if mixed analog 

and digital circuitry coexist on a single chip. 

 Since most applications require very complicated function blocks on a 

single chip these days, it is necessary that mixed analog and digital circuitry 

exist together on the same chip. Therefore, minimizing the noise coupled 
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from the digital section to the sensitive analog input stage is essential. For 

that purpose, a differential input stage at the receiver amplifier helps to 

reduce the noise. Some preamplifiers, which use a differential, voltage-mode 

input stage, have been reported [6-8]. 

 In this chapter, a wide-bandwidth preamplifier having a differential, 

current-mode input stage has been designed based on the performance 

optimization from the previous chapter. Again, three design parameters are 

considered: bandwidth, input-referred noise, and power dissipation. Target 

bandwidth is 622 Mbps while input-referred noise and power dissipation is 

minimized. 

 

 

 

5.2  Amplifier Design 

 

 A differential-input, current-mode amplifier is selected, because it does 

not need a passive bias resistor and gives programmability to the input 

impedance level. This also helps control the input noise for a given 

bandwidth. However, it has been proven in the previous chapter that current-

mode amplifiers require more power dissipation than other topologies for a 

certain bandwidth and sensitivity. After achieving the bandwidth 
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requirement, the next concern is the input noise level or sensitivity. For 

amplifiers with a multi-stage configuration, it is true that the noise 

contribution from the later stages is negligible compared to that from the 

first stage. Therefore, voltage-mode amplifiers can be used for post 

amplification to minimize the power dissipation since voltage-mode 

amplifiers consume the minimum power as described in the previous chapter. 

 Researchers have introduced design techniques of current-mode 

approaches [47-49]. Fig. 5.1 shows a simple MOSFET current mirror which 

provides a current gain or attenuation from the input current, iin to the 

output current, iout, based on the size ratio of two transistors. Fig. 5.2 

 

 

iin iout

icom

M1 M2

 

 
Figure 5.1.  A simple MOSFET current mirror. 
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Figure 5.2.  Basic schematic of the differential current-mode amplifier. 

 

 

illustrates the differential current-mode amplifier stage after using a current 

mirror as the input pair. 

 Again, a high-speed, diode-connected active load is employed to obtain 

the maximum bandwidth. The tail current, Ibias, is supplied by another 

current mirror. From the analysis, a cascoded current mirror for the tail 

current is desirable. The transimpedance gain of the current-mode amplifier 

is given by 
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where gmx  is the transconductance of transistor Mx. It is designed so that the 

bias currents, Icom1  and Icom2, are the same. The bias currents for transistors 

M1  through  M4  are all the same. So, Eq. (5.1) can be simplified to 1/gm5. In 

Fig. 5.3, Ibias1 and Ibias2 are also used to bias the both inputs. Ibias2  is four 

times larger than Ibias1  or Ibias3. By controlling the bias current ratio, the 

input impedance can be adjusted. The input impedance at both inputs is not 

symmetrical, though. The in+ input node has a lower impedance than in- 

node since the impedance at the in+ input node is determined by the parallel 

combination of transistor M1 and M9, while the impedance at the in- node is 

determined mainly by the bias current flowing through transistor M3. The 

cascoded current mirrors formed by transistors, M9 through M14, are 

desirable, since it gives not only a higher impedance to the drain of each 

transistor, M9, M11, and M13,  but sets the bias voltage of the two input nodes 

at the middle of two power supply rails, VDD and VSS. 

 Fig. 5.4 illustrates a differential voltage-mode amplifier, which is used 

as a post amplifier after the current-mode input stage. From the results in 

chapter 4, the voltage-mode amplifier consumes less power for a given 

bandwidth. Therefore, it is used for the later stages to minimize the overall 
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Figure 5.3.  A differential current-mode amplifier. 
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Figure 5.4.  A voltage-mode post amplifier. 

 

 

 

power dissipation. The gain of the VMA is determined by the channel width 

ratio of transistor M1 and M3, since voltage gain is given by 
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where gm1 and gm2 are the transconductances of transistors, M1 and M3, 

respectively. 
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 The overall amplifier schematic is shown in Fig. 5.5, and its overall 

transimpedance gain, ATOTAL, is given by 

 

    A A A ATOTAL R V V= ⋅ ⋅1
6

2     (5-3) 

 

where AR is the transimpedance gain of the current-mode amplifier stage 

which is given by Eq. (5.1). AV1 the voltage gain of the voltage-mode amplifier 

stage given by Eq. (5.2). AV2 is the voltage gain of the differential-input-

single-output stage and is designed to have a value twice that of AV1. 
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Figure 5.5.  The final differential-to-single-ended amplifier. 
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 The bandwidth of the amplifier is mainly determined by the RC time 

constant at the input. Again, the total capacitance consists of the 

photodetector capacitance, pad capacitance, stray capacitance, and input 

capacitance of the current-mode amplifier. The input resistance is 1/gm1 

controlled by the transconductance of transistor M1.  

 

 

 

5.3  Simulation And Layout 

 

 The PSPICE simulation on the overall amplifier has been performed 

using 0.6 µm, BSIM level 4 model parameters (See Appendix 2 ) provided by 

MOSIS service [61]. Fig. 5.6 shows the simulated input-referred noise and 

frequency response for the bandwidth of 622 Mbps or about 427 MHz. The 

 

 

 

Table 5.1. Hand-calculated input-referred noise of the overall differential 
amplifier for 622 Mbps using Eq. (3.10) 

 1st Term 2nd Term 3rd Term 4th Term Total 

At T=27 C 4.97x10-19 [A2] ~0 4.98x10-14 [A2] 3.98x10-15 [A2] 5.38x10-14 [A2] 

At T=80 C 4.97x10-19 [A2] ~0 5.86x10-14 [A2] 4.69x10-15 [A2] 6.33x10-14 [A2] 
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simulated input-referred noise is about 575 nArms. Table 5.1 shows the hand-

calculated input-referred noise using Eq. (3.10). The calculated total noise is 

about 232 nArms. There is a discrepancy between the calculated and the 

simulated noise since the calculated noise does not include noise contribution 

from the bias circuitry. Unlike the noise of the amplifier in chapter 3, the 

dominant noise term is the third term which is mainly determined by the 

resistance generated from the diode-connected input transistor. About 100 Ω 

input resistance and 1 pF total input capacitance are used for the noise 

calculation. 

 

 

 

 
Figure 5.6.  The input noise and frequency response of the amplifier. 
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Figure 5.7.  The PSPICE transient response at 622 Mbps. The top signal is 

the simulated input current pulse and the bottom is the output voltage pulse. 

 

 

 

 Fig. 5.7 illustrates the transient response of the overall amplifier 

drawn in Fig. 5.5. The top pulse waveform graph represents an input current 

signal with 2 µAp-p and the bottom plot shows the pulse train at the output of 

the amplifier. The pattern of the input signal simulates PRBS. The shape of 

the output pulse indicates that the amplifier is fast enough to track the input 

pulse pattern. The output signal can be converted to digital signal by using a 

high-speed comparator. 
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Figure 5.8.  The eye sweep at PSPICE using the bottom signal in Fig. 5.8. 

 

 

 

 Fig. 5.8 shows an equivalent eye diagram representation of the output 

pulse train shown in Fig. 5.7. From Fig. 5.8 and the eye diagram mask in Fig. 

3.11, the differential-input amplifier would meet the required sensitivity. The 

estimated power budget was about 80 mW. The +/- 2.5 V power supplies were 

used. 

 The amplifier was laid out carefully for fabrication as shown in Fig. 

5.9. The same strategy as the one for the single-input/output amplifier in 

chapter 3 was applied. There are two separate power rails for the sensitive 
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input signal portion and the output portion, which has a relatively large 

signal swing. It was found that the input capacitance was very detrimental to 

the system performance. So, every effort was made to minimize the input 

capacitance. Once again, two small pads were prepared for post processing, in 

which a compound semiconductor photodetector was integrated. 

 The test procedure, method, and setup were almost the same as for the 

single-input/output amplifier. However, it needed a fast comparator that 

could support 622 Mbps. The experimental results are not available at the 

time of this writing. 

 

 

 

 

Figure 5.9.  MAGIC layout of the overall differential amplifier. 
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CHAPTER  VI 

 

 

CONCLUSIONS  
AND 

FUTURE RESEARCH 
 

 

 Conclusions regarding the accomplished work and limitations of the 

standard digital CMOS optical receiver are discussed. This chapter concludes 

with recommendations for continuing research in this area. 

 

 

 

6.1  Conclusions 

 

 A process-insensitive single input/output transimpedance amplifier 

was designed by using a current-mode, open-loop, multi-stage, low-gain-per-

stage configuration. The amplifier was fabricated by using standard digital 

CMOS technology through the MOSIS foundry and under three minimum 
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feature size gate length, 1.2 µm, 0.8 µm and 0.6 µm. These amplifiers have 

been integrated with thin film photodetectors using Epitaxial Lift-Off 

technology to achieve a quasi-monolithic optical receiver front-end. The 

quasi-monolithic receivers have been tested to estimate power dissipation, 

and to measure output pulse waveform and eye diagram at the data rate of 

155 Mbps Non-Return-to-Zero pseudorandom bit stream (PRBS). Among the 

receivers, the one with a 0.6 µm process has been fully characterized and 

thus the plot of Bit-Error-Rate (BER) vs. the average input signal current 

using 27-1 PRBS has been obtained at several data rates. Since standard 

digital CMOS technology is used, it becomes possible to include mixed analog 

and digital circuitry on the same chip. As a result, one chip optical receiver 

solution is made possible.  

 This amplifier is also designed for scaling. As the minimum geometry 

size of a transistor shrinks, the receiver amplifier performance improves 

according to the quasi-constant-voltage (QCV) scaling law. As a result, a 

faster, better performed amplifier can be implemented if a smaller geometry 

size is available in the future. 

 There are some limitations on using standard digital CMOS 

technology and ELO technology, though. The device model parameters given 

by MOSIS are more suitable for digital circuit design. The application of this 
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approach depends on the manufacturability and manufacturing cost of 

implementing ELO to commercial products. 

 In chapter 4, the performance optimization has been introduced on 

four amplifier configurations based on bandwidth, noise, and power 

dissipation. An extensive analysis has been done on the relationship among 

the input capacitance, noise, power dissipation at a given bandwidth. The 

total input capacitance is the major parameter to determine the bandwidth 

and the input noise. In addition, the current-mode type input stage does not 

need a passive resistor and gives a control to adjust the input resistance by 

changing a bias current. Therefore, the current-mode configuration is the 

most suitable for standard digital CMOS technology. 

 The optimum noise performance can be obtained by changing the size 

of the transistor and balancing the rest of the capacitances at the input node. 

At the input capacitance of 0.1 to 0.3 pF, any configuration is suitable for an 

optical receiver design. However, as the capacitance becomes larger than 1 

pF, it is hard to use a feedback approach. 

 The results from the performance optimization can be applied not only 

to design an optimal amplifier but to estimate optical link budgets. The 

former example is introduced in chapter 5. The latter example is presented in 

[62] as applied to free space optical communication. 
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 Based on the optimization results, a differential-input, wide-

bandwidth amplifier has been designed and fabricated with a 0.6 µm 

standard digital CMOS technology to support 622 Mbps data rate (OC-12). 

The amplifier consists of a differential current-mode first stage and low-gain-

per-stage voltage-mode amplifiers at later stages in order to minimize the 

input-referred noise and power dissipation, and maximize the  bandwidth. 

The estimated power dissipation is 80 mW, and the bandwidth is 

approximately 420 MHz. It is designed to operate at +/- 2.5 V power supplies. 

This amplifier has not been tested at the time of writing. 

 

 

 

6.2  Contributions 

 

 The quasi-monolithic optical receiver front-end (a photodetector and an 

amplifier) was built for the first time using standard digital CMOS 

technology and ELO technology. It is the first digital CMOS receiver 

amplifier to date which was fully characterized at SONET specifications. 

Table 6.1. shows the performance comparison between this quasi-monolithic 

optical receivers and the recently published CMOS optical receivers which 
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Table 6.1. The performance comparison between our optical receivers and the 
recently published CMOS optical receivers. 

Ref. Process L* 
[µm] 

Speed 
[Mbps] 

Photo-
detector 

Power 
Diss. 
[mW] 

Sensitivity 

by BER 

Remarks 

This 
work 

Digital 
CMOS 

0.6 250 InGaAs 
MSM 

15 -15.8 dBm** @10-9 -Quasi-monolithic 

This 
work 

Digital 
CMOS 

0.6 155 InGaAs 
MSM 

12 -21 dBm** @10-9 -Quasi-monolithic 

This 
work 

Digital 
CMOS 

0.8 155 InGaAs 
MSM 

20 N/A  

(Eye diagram only) 

-Quasi-monolithic 

This 
work 

Digital 
CMOS 

0.8 155 GaAs 
MSM 

25 N/A 

(Eye diagram only) 

-Quasi-monolithic  

[23] Digital 

CMOS 
0.8 240 P-i-N 

(ext.) 
N/A N/A 

(Scope data only) 

-No BER 

-1 µA input signal 

[33] Digital 
CMOS 

0.8 150 P-i-N 
(ext.) 

27 N/A 

 

-870 nm wavelength 

[18] Analog 
CMOS  

1.75 50 P-i-N 
(Ext.) 

500 N/A 

(Eye diagram only) 

-Twin-tub,double-poly. 

-48 nArms @10-9 BER 

[19] Analog 
CMOS 

1.2 60 P-i-N 
(ext.) 

900 N/A 

(Eye diagram only) 

-Double poly CMOS. 

-18 mVp-p @215-1 PRBS 

[20] Analog 
CMOS 

0.7 266 P-i-N 
(ext.) 

800 N/A -Double poly. 

[22] BiCMOS 0.45 531, 

266 

Si P-i-N 66 -14.2 dBm @10-9, 

-15.9 dBm @10-9 

-Fully Monolithic. 

[21] Analog 

NMOS 

0.45 850 InGaAs 
P-i-N 
(ext.) 

300 -25.4 dBm -Fineline NMOS 
(AT&T). 

* L  indicates the minimum channel length of MOSFET. 
** The sensitivity is obtained assuming that the responsivity of the MSM 

photodetector is 1.0 [amp/watt]. It could be improved if the maximum 
achievable responsivity, which is 1.28 [amp/watt], is used. 
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are listed in Table 2.1. This comparison is limited to optical receivers made 

only by CMOS technology. 

 These quasi-monolithic optical receivers show three unique features. 

First, the device sensitivity of the receiver has been characterized with bit-

error-rate (BER) measurement. BERs has been measured on the 0.6 µm 

integrated optical receiver at the data rates of 155 Mbps (SONET OC-3) and 

250 Mbps. Characterization methods of eye diagram or pulses measured on 

an oscilloscope do not provide meaningful sensitivity measurement. The 

receiver has achieved the best sensitivity and speed among the published 

CMOS optical receivers. Second, it has a significantly low power dissipation 

as shown in the table. Third, it is the best quasi-monolithic digital CMOS 

optical receiver supporting 1.3 µm/ 1.5 µm wavelengths. Thus, it can lead to a 

one-chip optical receiver solution supporting full function of the SONET 

standard simply by incorporating digital circuitry on the same chip 

 

 

6.3  Future Research 

 

 For future research, more accurate device modeling of submicron 

CMOS transistors is required for analog applications. In addition, only the 

front-end of an optical receiver (photodetector and preamplifier) has been 
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implemented. To implement a bona fide optical receiver, many other function 

blocks are necessary. Among them, high-speed, high-resolution comparator, a 

clock recovery circuit and demultiplexer. Designing a high-speed comparator 

and a clock recovery circuit using the same digital CMOS technology is a 

challenging task especially for 622 Mbps. A low-jitter clock from a clock 

recovery circuit is very important since the clock is used to control the rest of 

the circuitry in receiver section. 

 Related to this receiver, the driver circuitry which drives a light 

emitting optoelectronic device would be required to implement a transceiver 

[63-65]. Often times, the driver and receiver for an optical fiber is sold as a 

pair. It is the most probable that both circuits will coexist on a single digital 

CMOS chip. 
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APPENDIX  I 

 
BRIEF SONET SPECIFICATIONS 

 
Appendix 1.1. Three broad application categories in SONET physical layer. 

Type System Loss Budget Distance Remarks 

Long Distance(LR) 10 dB - 20 dB > 40 km  
or 24 mil 

500 µW or -3 dBm 
MLM/SLM laser 

Intermediate 
Distance(IR) 

0 dB - 12 dB > 15 km  
or 9.3 mil 

50 µW or -13 dBm SLM or 
MLM laser 

Short Distance(SR) 0 dB - 7 dB > 2 km  
or 1.2 mil 

LED or low-power MLM 
laser 

MLM : Multi Longitudinal Mode 
SLM : Single Longitudinal Mode 
LR, IR, SR: Nominal 1310 nm-souces on dispersion-unshifted single-mode fiber. 
LR, IR: Nominal 1520-nm sources on both dispersion-unshifted and dispersion-shifted single-
mode fiber. 
 
 
Appendix 1.2. The maximum and minimum power requirements at different speeds. 

  STS-1/OC-1 STS-3/OC-3 STS-12/OC-12 STS-24/OC-24 STS-48/OC-48 

 Data rate 51.84 Mb/s 155.52 Mb/s 622.08 Mb/s 1244 Mb/s 2488.32 Mb/s 

 PTmax/PRmax 0/-10 0/-10 +2/-8 0/-10 0/-10 
LR PTmin/PRmin -5/-34 -5/-34 -3/-28 -5/-26 -5/-26 

 Laser Type MLM/SLM MLM/SLM MLM/SLM MLM/SLM SLM 

 PTmax/PRmax -8/-8 -8/-8 -8/-8 0/0 0/0 
IR PTmin/PRmin -15/-28 -15/-28 -15/-28 -5/-18 -5/-18 

 Laser Type MLM/SLM MLM/SLM MLM/SLM SLM SLM 

 PTmax/PRmax -14/-14 -8/-8 -8/-8 -5/-5 -3/-3 
SR PTmin/PRmin -23/-31 -15/-23 -15/-23 -12/-20 -10/-18 

 Laser Type MLM MLM MLM MLM MLM 
*Remark: The unit of power level ( Pmax / Pmin ) is dBm 
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APPENDIX  II 

 

PSPICE INPUT CONTROL FILES FOR THE CIRCUITS  
IN CHAPTER 4 AND BSIM MODEL PARAMETERS 

 
******************************************************************** 
*** Appendix 2.1. Voltage-mode amplifier (VMA) *** 
******************************************************************** 
* 
* 
.PARAM lambda=0.4um 
.include c:\bsim_mod.lib 
 
** Analysis setup ** 
.ac DEC 10 10 1e10 
.noise v([N2])  Idet 
.OP 
.TF 
* 
* 
V1 Vdd 0 dc 2.5V 
V2 Vss 0 dc -2.5V 
Idet N1 0 ac 1  
Cin N1 0 1pF IC=0V 
CLoad N2 0 0.05pF IC=0V 
Rb N1 0 1460  
* 
M1 N2  N1  Vss  Vss   n56r_hpn L= {(2*lambda)} W= {(4*lambda)}  
 + AD= {(4*lambda)*lambda*5} AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)} PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)} NRS= {(lambda*5)/(4*lambda)}  
 + M= {20} 
M2 Vdd  Vdd  N2  Vss n56r_hpn L= {(2*lambda)}  W= {(4*lambda)}  
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M= {1} 
* 
 
 
.probe 
.END  
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******************************************************************** 
*** Appendix 2.2. Current-mode amplifier (CMA) *** 
******************************************************************** 
* 
* 
.PARAM lambda=0.4um 
.include  c:\bsim_mod.lib 
* 
** Analysis setup ** 
.ac DEC 10 10 1e10 
.noise v([N2])  Idet 
.OP  
.TF 
* 
* 
* Schematics Netlist * 
V1 Vss 0 dc -2.5V 
V2 Vdd 0 dc 2.5V 
Ibias Vdd N1  dc 150uA 
* 
* 
Idet N1 0 ac 1 
Cin N1 0 1pF IC=0V 
CLoad N2 0 0.05pF IC=0V 
* 
 
M3 N1  N1  Vss  Vss  n56r_hpn L= {(2*lambda)} W= {(4*lambda)}  
 + AD= {(4*lambda)*lambda*5} AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)} PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)} NRS= {(lambda*5)/(4*lambda)}  
 + M= {20} 
M1 N2  N1  Vss  Vss  n56r_hpn L= {(2*lambda)} W= {(4*lambda)}  
 + AD= {(4*lambda)*lambda*5} AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)} PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)} NRS= {(lambda*5)/(4*lambda)}  
 + M= {20} 
M2 Vdd  Vdd  N2  Vss  n56r_hpn  L= {(2*lambda)}  W= {(4*lambda)}  
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M= {1} 
* 
 
.probe 
.End 
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******************************************************************** 
***  Appendix 2.3.. NFA-R    *** 
******************************************************************** 
 
.PARAM lambda=0.4u rf=300 mw=30 
.NODESET V([N1])=0 
.NODESET V([N3])=2v 
.include  c:\bsim_mod.lib 
* 
* 
** Analysis setup ** 
.ac DEC 41 1000 1e12 
.noise v([N3]) I_I1 
.STEP LIN Ibias 10u 60u 5u 
.TEMP 27 
.OP 
.TF 
* 
V1 Vdd  0  dc 2.5v 
V2 Vss  0  dc -2.5v 
Ibias Vdd  N6 dc 30uA 
* 
M1 N4  N1  N5  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={{mw}} 
M2 N2  0  N5  Vss  n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 +  AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={{mw}} 
M3 N2  N4  Vdd  Vdd n56r_hpp L={(2*lambda)}  W={(4*lambda)} 
 + AD={(4*lambda)*lambda*4}  AS={(4*lambda)*lambda*4}  
 + PD=+ {2*((4*lambda)+lambda*4)}  PS={2*((4*lambda)+lambda*4)}  
 + NRD=+ {(lambda*4)/(4*lambda)}  NRS={(lambda*4)/(4*lambda)}  
 + M={1} 
M4 N4 N4 Vdd Vdd n56r_hpp L={(2*lambda)}  W={(4*lambda)} 
 + AD={(4*lambda)*lambda*4}  AS={(4*lambda)*lambda*4}  
 + PD= {2*((4*lambda)+lambda*4)}  PS={2*((4*lambda)+lambda*4)}  
 + NRD= {(lambda*4)/(4*lambda)}  NRS={(lambda*4)/(4*lambda)}  
 + M={1} 
M5 N5  N6  Vss  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 +  AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={30} 
M6 Vdd N2 out Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)}  
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)} PS= {2*((4*lambda)+lambda*5)} 
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 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={10} 
M7 N6  N6  Vss  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 +  AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={30} 
M8 N3  N6  Vss  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 +  AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={30} 
* 
Cin N1 0  0.3pF 
CLoad N3  0  0.05pF 
RF N1  N3  {rf} 
* 
.probe 
.End 
* 
******************************************************************** 
***  Appendix 2.4. NFA-MOSFET   *** 
******************************************************************** 
* 
.PARAM lambda=0.4u   rf=300   mw=6 
.NODESET V([N1])=0 
.NODESET V([N3])=2.2v 
.include  c:\bsim_mod.lib 
* 
** Analysis setup ** 
.ac DEC 41 1000 1e12 
.noise v([N3]) I_I1 
.STEP LIN Ibias 10u 60u 5u 
.TEMP 27 
.OP 
.TF 
* 
Vdd1 Vdd 0 dc 2.5v 
Vss1 Vss 0 dc -2.5v 
* 
M1 N4  N1  N5  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={{mw}} 
M2 N2  0  N5  Vss  n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={{mw}} 



 136 

M3 N2  N4  Vdd  Vdd n56r_hpp L={(2*lambda)}  W={(4*lambda)} 
 + AD={(4*lambda)*lambda*4}  AS={(4*lambda)*lambda*4}  
 + PD= {2*((4*lambda)+lambda*4)}  PS={2*((4*lambda)+lambda*4)}  
 + NRD= {(lambda*4)/(4*lambda)}  NRS={(lambda*4)/(4*lambda)}  
 + M={1} 
M4 N4  N4  Vdd  Vdd n56r_hpp L={(2*lambda)}  W={(4*lambda)} 
 + AD={(4*lambda)*lambda*4}  AS={(4*lambda)*lambda*4}  
 + PD= {2*((4*lambda)+lambda*4)}  PS={2*((4*lambda)+lambda*4)}  
 + NRD= {(lambda*4)/(4*lambda)}  NRS={(lambda*4)/(4*lambda)}  
 + M={1} 
M5 Vdd  N2  N3  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)}  
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)} PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={10} 
M6 Vdd N2 out Vss n56r_hpn  L={(2*lambda)}  W={(4*lambda)}  
 + AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)} PS= {2*((4*lambda)+lambda*5)} 
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={30} 
M7 N6  N6  Vss  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 +  AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={30} 
M8 N3  N6  Vss  Vss n56r_hpn L={(2*lambda)}  W={(4*lambda)} 
 +  AD= {(4*lambda)*lambda*5}  AS= {(4*lambda)*lambda*5}  
 + PD= {2*((4*lambda)+lambda*5)}  PS= {2*((4*lambda)+lambda*5)}  
 + NRD= {(lambda*5)/(4*lambda)}  NRS= {(lambda*5)/(4*lambda)}  
 + M={30} 
* 
MF N1  Vg  N3  Vdd n56r_hpp L={(2*lambda)}  W={(4*lambda)}  
 + AD= {(4*lambda)*lambda*4}  AS={(4*lambda)*lambda*4}  
 + PD={2*((4*lambda)+lambda*4)} PS={2*((4*lambda)+lambda*4)}  
 + NRD={(lambda*4)/(4*lambda)}  NRS={(lambda*4)/(4*lambda)} 
 + M={300} 
* 
* 
Ibias Vdd N6  dc 20uA 
Cin N1  0  0.3pF 
CLoad N3  0  0.05pF 
Vf Vg  0  dc -5V 
* 
* 
.probe 
.End 
* 
* 
* 
* 
* 
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***************************************************************************** 
*******  Appendix 2.5. BSIM Model Parameters  **** 
***************************************************************************** 
*c:\bsim.lib 
************************************************************ 
*********  A.2.5.1: HP 0.8um Process  ********* 
************************************************************* 
.model n56r_hpp PMOS level=4 
+ vfb = -0.190346  lvfb = -0.0553625  wvfb = 0.0600523  phi = 0.724731  lphi = 0  wphi = 0 
+ k1 = 0.438742 lk1 = -0.0142092 wk1 = -0.0300997 k2 = -0.0150243 lk2 = 0.0225066  
+ wk2 = -0.0287722  eta = -0.00418553 leta = 0.0115039 weta = 0.00522149 
+ muz = 167.97 dl = 0.00705845 dw = 0.468366 u0 = 0.151512 lu0 = 0.0363407 
+ wu0 = -0.0348998 u1 = 0.00219448 lu1 = 0.0798173 wu1 = -0.0202471 
+ x2mz = 8.52781 lx2mz = -2.838 wx2mz = 0.0899 
+ x2e = 0.00123917 lx2e = -0.00307858 wx2e = -0.000783135 
+ x3e = 3.60237e-05 lx3e = 0.000781661 wx3e = -0.00151789 
+ x2u0 = 0.0101068 lx2u0 = -0.00346929 wx2u0 = -0.00120231 
+ x2u1 = -0.00145181 lx2u1 = 0.00281568 wx2u1 = 0.0014659 
+ mus = 175.403 lmus = 41.6752 wmus = -6.88348 
+ x2ms = 7.56605 lx2ms = 0.174671 wx2ms = 0.587205 
+ x3ms = 0.57169 lx3ms = 2.36154 wx3ms = -0.576032 
+ x3u1 = -0.00293405 lx3u1 = -0.00219533 wx3u1 = 0.000220767 
+ tox = 0.0175 temp = 27 vdd = 5 cgdo = 3.04459e-10 cgso = 3.04459e-10 cgbo = 4.44399e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 
+ nd = 0 lnd = 0 wnd = 0 rsh = 2 cj = 0.00055004 cjsw = 1.5468e-10 
+ js = 1e-08 pb = 0.85 pbsw = 0.85 mj = 0.516578 mjsw = 0.292475 wdf = 0 
*+ dell = 0 
* 
.model n56r_hpn NMOS level=4 
+ vfb = -0.881788 lvfb = -0.0703855 wvfb = 0.161625 phi = 0.807156 lphi = 0 wphi = 0 
+ k1 = 0.953137 lk1 = 0.107957 wk1 = -0.218883 k2 = 0.0705732 lk2 = 0.0954894  
+ wk2 = -0.127121 eta = -0.00482029 leta = 0.0112845 weta = -0.000681879 
+ muz = 509.733 dl = 0.0851295 dw = 0.358669 u0 = 0.0955145 lu0 = 0.0651724  
+ wu0 = -0.0387453 u1 = 0.0453707 lu1 = 0.186158 wu1 = -0.0588444 
+ x2mz = 7.61725 lx2mz = -4.79862 wx2mz = 3.98781 
+ x2e = 0.000509009 lx2e = -0.00760833 wx2e = 0.00361534 
+ x3e = 0.000129129 lx3e = -0.00117813 wx3e = -0.000635072 
+ x2u0 = -9.98072e-05 lx2u0 = -0.00194939 wx2u0 = 0.00158176 
+ x2u1 = -0.00802557 lx2u1 = 0.0113875 wx2u1 = -0.000496908 
+ mus = 554.684 lmus = 125.851 wmus = -61.0259 
+ x2ms = -5.51558 lx2ms = 14.4467 wx2ms = 1.00676 
+ x3ms = 6.50963 lx3ms = 17.2665 wx3ms = -9.50428 
+ x3u1 = 0.0107126 lx3u1 = 0.0117767 wx3u1 = -0.0119437 
+ tox = 0.0175 temp = 27 vdd = 5 cgdo = 3.25985e-10 cgso = 3.25985e-10 cgbo = 3.94233e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 nd = 0 lnd = 0 wnd = 0 
+ rsh = 2 cj = 0.00055004 cjsw = 1.5468e-10 js = 1e-08 pb = 0.85 pbsw = 0.85 
+ mj = 0.516578 mjsw = 0.292475 wdf = 0 
*+ dell = 0 
 
****************************************************************************** 
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**************  A.2.5.2: HP 1.0 µm Process ******************** 
****************************************************************************** 
.model n49v_hpp PMOS level=4 
+ vfb = -0.265522 lvfb = 0.00361753 wvfb = -0.00558277 phi = 0.744185 lphi = -8.57864e-25 
+ wphi = 2.79142e-24 k1 = 0.410785 lk1 = -0.0448535 wk1 = 0.0884301 
+ k2 = -0.0234248 lk2 = 0.0188661 wk2 = 0.013247 eta = -0.00809784 leta = 0.0201483  
+ weta = 0.00489803 muz = 168.6 dl = 0.264443 dw = 0.488617 
+ u0 = 0.143548 lu0 = 0.0504695 wu0 = -0.0471073 
+ u1 = -0.0057684 lu1 = 0.0766558 wu1 = -0.0147705 
+ x2mz = 8.35489 lx2mz = -2.66869 wx2mz = 1.40334 
+ x2e = -0.000376564 lx2e = -0.00195908 wx2e = 0.000178195 
+ x3e = 0.00127408 lx3e = -0.00118005 wx3e = -0.00189596 
+ x2u0 = 0.00868342 lx2u0 = -0.00306899 wx2u0 = 0.0024187 
+ x2u1 = -0.000301643 lx2u1 = 0.00226516 wx2u1 = 0.00068013 
+ mus = 175.834 lmus = 50.4314 wmus = -13.2984 
+ x2ms = 7.55666 lx2ms = 0.15361 wx2ms = 2.81449 
+ x3ms = 0.312912 lx3ms = 3.71225 wx3ms = -0.356299 
+ x3u1 = 0.000304951 lx3u1 = -0.00284466 wx3u1 = -0.000225463 
+ tox = 0.0171 temp = 27 vdd = 5 cgdo = 4.00509e-10 cgso = 4.00509e-10 cgbo = 5.12659e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 nd = 0 lnd = 0 wnd = 0 
+ rsh = 2 cj = 0.00054808 cjsw = 2.0926e-10 
+ js = 1e-08 pb = 0.85 pbsw = 0.85 mj = 0.500009 mjsw = 0.148102 wdf = 0 
+ dell = 0 
* 
.model n49v_hpn NMOS level=4 
+ vfb = -0.88964 lvfb = -0.0613268 wvfb = 0.218411 phi = 0.803063 lphi = 0 wphi = 0 
+ k1 = 0.94828 lk1 = 0.0799418 wk1 = -0.300665 k2 = 0.0815031 lk2 = 0.0901273  
+ wk2 = -0.15319 eta = -0.00289037 leta = 0.0164636 weta = -0.0064863 
+ muz = 540.754 dl = 0.355221 dw = 0.38755 u0 = 0.09925 lu0 = 0.0790799 wu0 = -0.0605719 
+ u1 = -0.0134313 lu1 = 0.160736 wu1 = -0.0211189 
+ x2mz = 8.36788 lx2mz = -5.94684 wx2mz = 13.2386 
+ x2e = -0.000806314 lx2e = -0.00632177 wx2e = 0.00264619 
+ x3e = 0.000419276 lx3e = -0.000513134 wx3e = -0.00413574 
+ x2u0 = -0.00114045 lx2u0 = -0.00183417 wx2u0 = 0.00754681 
+ x2u1 = -0.000779147 lx2u1 = 0.00425766 wx2u1 = 0.00308686 
+ mus = 584.047 lmus = 98.3373 wmus = -67.289 
+ x2ms = 2.22685 lx2ms = 6.58878 wx2ms = 16.7202 
+ x3ms = 0.753099 lx3ms = 14.0694 wx3ms = -5.54733 
+ x3u1 = -0.000276352 lx3u1 = 0.0107315 wx3u1 = -0.00675307 
+ tox = 0.0171 temp = 27 vdd = 5 cgdo = 5.37995e-10 cgso = 5.37995e-10 cgbo = 4.6614e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 nd = 0 lnd = 0 wnd = 0 
+ rsh = 2 cj = 0.00054808 cjsw = 2.0926e-10 js = 1e-08 pb = 0.85 pbsw = 0.85 
+ mj = 0.500009 mjsw = 0.148102 wdf = 0 
+ dell = 0 
 
****************************************************************************** 
**************  A.2.5.3: HP 1.2 µm Process  ************** 
******************************************************************************* 
.model n55l_hpp PMOS level=4 
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+ vfb = -0.306492 lvfb = 0.0710017 wvfb = -0.104902 phi = 0.750207 lphi = 0 wphi = 0 
+ k1 = 0.466848 lk1 = -0.0180561 wk1 = 0.157393 k2 = -0.0255881 lk2 = 0.0433286  
+ wk2 = 0.0117101 eta = -0.0120859 leta = 0.0294297 weta = -0.00478931 
+ muz = 176.387 dl = 0.181085 dw = 0.689905 u0 = 0.138623 lu0 = 0.0548767  
+ wu0 = -0.0603216 u1 = -1.60887e-05 lu1 = 0.105288 wu1 = -0.0125217 
+ x2mz = 8.3002 lx2mz = -2.13111 wx2mz = 3.03195 
+ x2e = -0.00180675 lx2e = 0.0014779 wx2e = -0.00433484 
+ x3e = 0.00110458 lx3e = -0.00194789 wx3e = -0.00163385 
+ x2u0 = 0.00718391 lx2u0 = -0.00044832 wx2u0 = 0.00357965 
+ x2u1 = -5.61918e-05 lx2u1 = 0.00155476 wx2u1 = 0.00649014 
+ mus = 183.064 lmus = 55.6586 wmus = -1.61139 
+ x2ms = 7.28845 lx2ms = 1.23076 wx2ms = 7.4768 
+ x3ms = -0.183615 lx3ms = 4.96896 wx3ms = -1.35021 
+ x3u1 = -0.00584312 lx3u1 = -0.00163187 wx3u1 = 0.00135059 
+ tox = 0.0213 temp = 27 vdd = 5 cgdo = 2.2018e-10 cgso = 2.2018e-10 cgbo = 4.45775e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 nd = 0 lnd = 0 wnd = 0 
+ rsh = 113.6 cj = 0.00048345 cjsw = 8.7737e-11 js = 1e-08 pb = 0.85 pbsw = 0.85  
+ mj = 0.520976 mjsw = 0.138849 wdf = 0 dell = 0 
* 
.model n55l_hpn NMOS level=4 
+ vfb = -0.997562 lvfb = -0.0923323 wvfb = 0.0992004 phi = 0.81198 lphi = 0 wphi = 0 
+ k1 = 1.0717 lk1 = 0.108186 wk1 = -0.130808 k2 = 0.117714 lk2 = 0.0865871 wk2 = -0.106523 
+ eta = -0.00576408 leta = 0.00796893 weta = 0.00427707 
+ muz = 533.335 dl = 0.338607 dw = 0.581988 u0 = 0.0600033 lu0 = 0.086272  
+ wu0 = -0.0312035 u1 = 0.0672688 lu1 = 0.237826 wu1 = -0.146666 
+ x2mz = 6.77566 lx2mz = -7.94703 wx2mz = 31.9691 
+ x2e = -0.000144296 lx2e = -0.0066808 wx2e = -0.000743526 
+ x3e = 0.000765341 lx3e = -0.000364834 wx3e = -0.00564835 
+ x2u0 = 0.000515564 lx2u0 = -0.00335177 wx2u0 = 0.0185882 
+ x2u1 = -0.0117326 lx2u1 = 0.0077636 wx2u1 = 0.0152898 
+ mus = 585.202 lmus = 185.971 wmus = -115.965 
+ x2ms = -10.2641 lx2ms = 8.4294 wx2ms = 54.7673 
+ x3ms = 5.83426 lx3ms = 31.1855 wx3ms = -24.6007 
+ x3u1 = 0.0124081 lx3u1 = 0.0221178 wx3u1 = -0.0249712 
+ tox = 0.0213 temp = 27 vdd = 5 cgdo = 4.11711e-10 cgso = 4.11711e-10 cgbo = 4.11401e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 nd = 0 lnd = 0 wnd = 0 
+ rsh = 113.6 cj = 0.00048345 cjsw = 8.7737e-11 js = 1e-08 pb = 0.85 pbsw = 0.85 
+ mj = 0.520976 mjsw = 0.138849 wdf = 0 
+ dell = 0 
 
************************************************************************ 
**************  A.2.5.4: HP 0.6 µm Process *************** 
************************************************************************* 
.model n56s_06p PMOS level=4 
+ vfb = -0.0659693 lvfb = -0.0178327 wvfb = -0.00245473 phi = 0.768179 lphi = 0 wphi = 0 
+ k1 = 0.285648 lk1 = -0.0164579 wk1 = 0.0308917 k2 = -0.0662532 lk2 = 0.0249518  
+ wk2 = 0.000462778 eta = -0.00790844 leta = 0.0192294 weta = -0.00234646 
+ muz = 141.704 dl = 0.214 dw = 0.534406 u0 = 0.195407 lu0 = 0.0622059 wu0 = -0.0594668 
+ u1 = 0.0085639 lu1 = 0.0139477 wu1 = 0.000765802 
+ x2mz = 6.7947 lx2mz = -1.43654 wx2mz = 0.656475 
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+ x2e = 0.000108483 lx2e = -0.00124539 wx2e = 9.7724e-05 
+ x3e = 0.000433468 lx3e = 0.000142453 wx3e = -0.0017165 
+ x2u0 = 0.00873535 lx2u0 = -0.00131646 wx2u0 = 0.000478072 
+ x2u1 = 0.000306834 lx2u1 = 0.000441194 wx2u1 = 0.000349198 
+ mus = 147.746 lmus = 17.8644 wmus = 0.124739 
+ x2ms = 6.09155 lx2ms = -0.161404 wx2ms = 1.24507 
+ x3ms = -0.318656 lx3ms = 2.79732 wx3ms = 1.71058 
+ x3u1 = -0.00122826 lx3u1 = 0.000106181 wx3u1 = 0.00107711 
+ tox = 0.01 temp = 27 vdd = 5 cgdo = 5.54e-10 cgso = 5.54e-10 cgbo = 4.67045e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 nd = 0 lnd = 0 wnd = 0 
+ rsh = 2.4 cj = 0.00077321 cjsw = 2.9e-10 js = 1e-08 pb = 0.8 pbsw = 0.8 
+ mj = 1.10106 mjsw = 0.26 wdf = 0 
* 
.model n56s_06n NMOS level=4 
+ vfb = -0.667767 lvfb = -0.00988313 wvfb = -0.0329367 phi = 0.860647 lphi = 0 wphi = 0 
+ k1 = 0.817935 lk1 = -0.0465708 wk1 = 0.0475791 k2 = 0.0425774 lk2 = 0.0352629  
+ wk2 = -0.00277046 eta = -6.14649e-05 leta = 0.0189078 weta = -0.0118479 
+ muz = 583.829 dl = 0.140291 dw = 0.507562 u0 = 0.329586 lu0 = 0.097752 wu0 = -0.0932319 
+ u1 = 0.0199382 lu1 = 0.0361973 wu1 = -0.0028683 
+ x2mz = 12.9121 lx2mz = -8.28086 wx2mz = 6.90864 
+ x2e = 0.000754028 lx2e = -0.00343366 wx2e = 0.000518763 
+ x3e = 0.000237991 lx3e = -0.00161033 wx3e = -0.00539861 
+ x2u0 = -0.00635761 lx2u0 = -0.003862 wx2u0 = 0.00533022 
+ x2u1 = -0.000568012 lx2u1 = 0.00122523 wx2u1 = 0.000285097 
+ mus = 684.165 lmus = -25.4285 wmus = 0.921339 
+ x2ms = 4.8916 lx2ms = -1.90933 wx2ms = 7.94142 
+ x3ms = 4.83048 lx3ms = 4.02423 wx3ms = -5.33716 
+ x3u1 = 0.00720765 lx3u1 = -0.000137194 wx3u1 = -0.00370674 
+ tox = 0.01 temp = 27 vdd = 5 cgdo = 3.63e-10 cgso = 3.63e-10 cgbo = 4.52505e-10 
+ xpart = 1 n0 = 1 ln0 = 0 wn0 = 0 nb = 0 lnb = 0 wnb = 0 nd = 0 lnd = 0 wnd = 0 
+ rsh = 2.1 cj = 0.00093191 cjsw = 1.5637e-10 
+ js = 1e-08 pb = 0.85 pbsw = 0.85 mj = 0.487073 mjsw = 0.47848 wdf = 0 
* 
*************************************************************************** 


