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ABSTRACT

This work aims to design and analyze a laser driver used for high-speed op-
tical signal transmission. Throughout this study, the selected topologies, design
choices, trade-offs, bandwidth extension techniques, and obtained results will
be examined. The project is integrated using 65nm CMOS technology, targeting
PAM4 modulation signals of 28 Gbaud/s. The driver output incorporates a CML
driver with a swing of 2.2 Vpp,d and features a programmable continuous-time
equalizer that can quantitatively adapt to different channel losses, providing up
to 6dB of pre-equalization. Performance measurements indicate a gain of 8dB
with a bandwidth of 25 GHz. In tests with PAM4 input signals, the output eye
diagram showed an eye opening of 288 mV and an eye width of 14.43 ps at 2.2
Vpp,d output. The driver exhibits low distortion, characterized by a THD of
5% at 2.2 Vpp,d. The circuit operates with a 3V power supply, a 1mA current

source, and has a power consumption of 506 mW.

Keywords: Mach-Zehnder, Laser driver, Optical communication, High-speed,
Transmitters, CMOS 65nm.






RESUMO

Este trabalho tem por objetivo o design e andlise de um laser driver utilizado
para transmissao de sinais 6pticos de alta velocidade. No decorrer deste trabalho,
serdo analisadas as topologias selecionadas, as decisdes de desenvolvimento ado-
tadas, trade-offs enfrentados, técnicas aplicadas para extensao de banda e os re-
sultados obtidos. O projeto é integrado com a tecnologia CMOS 65nm, visando
a transmissao de sinais de modulagdo PAM4 a 28 Gbaud/s. Em sua saida o
circuito incorpora um driver em légico de modo corrente com excursao de 2.2
Vpp,d , além de constar com um equalizador de tempo continuo programavel,
capaz de se adequar quantitativamente a diferentes perdas de canal, fornecendo
uma pré-equalizacao de até 6dB. As medigdes de desempenho indicam um ganho
de 8dB, com uma banda de 25 GHz. Em testes com sinais de entrada PAM4, o
diagrama de olho do sinal de saida apresentou uma abertura de olho de 288 mV
e uma largura de olho de 14.43 ps em 2.2 Vpp,d na saida. O driver possui baixa
distor¢ao, caracterizada por um THD de 5% a 2.2 Vpp,d. O circuito opera com
uma fonte de tensdo de 3V, fonte de corrente de 1mA e possui um consumo de
poténcia de 506 mW.

Palavras-chave: Mach-Zehnder, Laser driver, Comunicacao éptica, Alta ve-
locidade, Transmissores, CMOS 65nm.
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1 INTRODUCTION

1 Introduction

1.1 Motivation

In recent years, global data traffic has surged, with projections indicating sus-
tained and significant growth. This trend necessitates advancements in telecom-
munications networks to efficiently manage increasing data volumes. As tradi-
tional electrical I/O throughput approaches bandwidth limitations due to se-
vere high-frequency losses, optical communication emerges as a promising solu-
tion, offering energy-efficient, high-bandwidth, and cost-effective transmission.
Silicon-based high-speed integrated circuits, particularly for wired communica-
tions, have become essential for their cost advantages and seamless integration
potential, enabling high data rates within network backbones. The potential for
all-silicon fabrication is especially appealing due to its compatibility with stan-
dard CMOS technology, facilitating integration with large-scale digital signal
processing systems. In this context, optical communication has gained renewed
interest, driven by the widespread need for high-speed optical and electronic
components, circuits, and systems [1].

Optical systems, however, present unique challenges: achieving transmission
speeds in the tens of gigabits per second necessitates specialized circuit tech-
niques to manage the wide spectrum and random nature of data signals. Addi-
tionally, the extensive high-speed digital circuitry required for optical transceivers
can complicate full integration efforts.

In this context, a robust and efficient optical transmission system is crucial
as a foundational component in transmission circuits. This project seeks to ad-
dress some of these challenges by designing a Mach-Zehnder modulator driver
integrated into 65nm CMOS technology. The design includes a programmable
pre-emphasis circuit to adapt to varying channel loss specifications and incorpo-

rates a high-swing amplification circuit suitable for high-frequency applications

[1].

1.2 Related works and state of the art review

The article [2] introduces a low-power linear driver for coherent optical transmit-
ters, utilizing a stacked current-mode architecture to reduce power consumption
with a single supply voltage. This topology allows shared current across com-
ponents like the variable gain amplifier (VGA) and equalizer (VEQ), optimizing
energy without sacrificing signal integrity. By stabilizing the intermediate supply
node (VM) with constant current sources, the design reduces noise and main-
tains stable differential output. The driver achieves 2.25 mW /Gb/s efficiency at
80 Gb/s (PAM4) with a 2.9 Vpp swing at 50 Gb/s (NRZ), offering a efficient
solution for high-speed optical communication.

Paper [3] presents a high-speed, configurable distributed feedback (DFB)
laser diode driver (LDD) in 65nm CMOS, supporting 32Gb/s NRZ and 15GBaud /s
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PAM4 modulation. Using a balanced-input, single-ended-output topology with
active back-termination (ABT), it minimizes reflections and improves signal in-
tegrity in the presence of PCB-laser impedance mismatches. A tunable pre-
emphasis circuit and inductive shunt-peaking further boost bandwidth, achiev-
ing a 25.78Gb/s data rate. The driver consumes 550mW making it an efficient
option for long-reach fiber applications.

The article [4] describes a 65nm CMOS linear driver IC with a 48GHz band-
width and 225mW per-channel power consumption, designed for high data rates
beyond 400Gb/s in coherent optical transmitters. Using a stacked current-reuse
architecture, the driver reduces power demands. Bandwidth is extended from
7GHz to 48GHz through shunt and series multi-peaking with compact 3D induc-
tors, while integrated amplifiers and equalizers offer gain and emphasis control
along with temperature stability. The design minimizes total harmonic distortion
(THD) and crosstalk, achieving 64GBaud DP-32QAM modulation at 640Gb/s
and a power efficiency of 1.4mW /Gb/s, a leading performance metric for coherent
systems.

In the article [5], a power-efficient 32 Gb/s driver for Mach-Zehnder (MZM)
and electro-absorption (EAM) modulators, using a push-pull CML architecture
with a double cascode structure to handle over-voltage stress and achieve a 4 Vpp
differential swing is introduced. Compactly integrated shunt-peaking inductors
enhance bandwidth and maintain a stable group delay. Fabricated in 65 nm
CMOS, the driver reaches extinction ratios of 4.53 dB (MZM) and 4.17 dB
(EAM) with 201 mW power consumption, achieving 6.28 mW /Gb/s efficiency,
suitable for high-speed, silicon photonic applications due to its compact 0.086
mm? footprint.

A table summarizing key parameters from the selected articles is provided in
Table 21. While variations in topology, modulation formats, and some missing
parameters may limit direct comparisons, the table still allows for meaningful
performance assessment, offering valuable insight into how this project measures

up to the state of the art.

1.3 Dissertation organization

This dissertation is structured as follows: Chapter 2 covers essential topics for
understanding the design, operation, and implementation of the devices, cir-
cuits, and techniques used in this project. Key areas include optical communi-
cation systems, Mach-Zehnder Modulators (MZM), Current-Mode Logic (CML)
drivers, Programmable Continuous-Time Linear Equalization (CTLE), and var-
ious bandwidth extension techniques.

In Chapter 3, building on the theoretical foundations established in the pre-
vious chapter, the project design is detailed. This includes a focus on key equa-
tions, selected topologies, and design methodologies that underpin the approach,

culminating in a presentation and analysis of the simulation results.
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2 THEORETICAL BACKGROUND

2 Theoretical background

This chapter will focus on the essential theoretical foundation for understanding
the high-speed optical communication system that is designed and simulated in
this work. It begins with an overview of optical transmission systems and signal
modulation choices. The main topologies and devices that compose the project
are discussed, such as Mach-Zehnder modulators, along with the current-mode
logic (CML) driver and continuous time linear equalization.

Lastly, CMOS-compatible bandwidth extension techniques, including shunt
and series peaking, source degeneration, cascode amplification, and interstage
buffers, are presented to address high-frequency operation.

This background prepares the reader for design choices and performance

expectations in optical communication systems.

2.1 Optical transmission systems

Depicted in Fig. 1, a basic optical communication system relies on three core
components: an electro-optical transducer (such as a laser diode), which converts
electrical signals into optical signals; an optic channel (such as a fiber optic
cable), which transports the laser-generated light; and a photodetector (like
a photodiode), positioned at the channel’s receiving end, where it detects the

incoming light and reconverts it into an electrical signal.

N =

N —
Optic channel

Laser diode driver TIA

Figure 1: A basic optical communication system.

Source: Author

As light travels through the channel, it can experiences considerable attenu-
ation. Thus, the laser on the transmitter end must produce a high light intensity
to compensate for this loss. On the receiver side the photodiode must exhibit a
high sensitivity to light, and the electrical signal generated by the received light
on the photodiode typically requires low-noise amplification, often achieved with
a transimpedance amplifier (TIA), which is also used because the photodiode
output is a current signal. [1].

Direct drive systems, like the one exemplified above, modulate the light by
directly driving the laser diode with an electrical signal. This method simplifies

the overall design allowing for a more straightforward, compact setup. How-
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ever, directly modulating a laser diode presents limitations in achieving higher
data rates due to the diode’s limited bandwidth and non-linear response at high
speeds. Additionally, directly driven laser diodes can suffer from reduced signal
quality, such as increased chirp and degraded extinction ratio, which can impact
long-distance signal transmission.

Another way of electro-optical (E/O) conversion is the use of silicon pho-
tonic modulators which are employed to encode the desired information onto a
continuous-wave (CW) light source generated by an external laser. These mod-
ulators include Electro-Absorption Modulators (EAM), Ring Resonator Modu-
lators (RRM), and Mach-Zehnder Modulators (MZM), each with distinct oper-
ational characteristics and benefits.

Mach-Zehnder Modulators, which are the selected type of E/O for this project,
modulate light by introducing interference between two optical paths, controlled
by an applied voltage that changes the phase of light in each arm. MZMs are
highly valued for their wide optical bandwidth and thermal stability, making
them well-suited for high-speed, long-distance communications. Due to their
larger size and higher driving voltage requirements compared to EAMs and
RRMs, MZMs require robust driver circuits capable of delivering sufficient volt-
age swings for effective modulation.

This work focuses on the transmitter side of an optical communication sys-
tem. The primary objective is to adequatly drive the MZM, ensuring that the
emitted light intensity is strong enough to offset the attenuation that occurs as

it travels through the channel. Figure 2 represents a driver with a MZM load.

Linear Modulator

N Transmission Line
Driver

Optical
Waveguide

ransmission Line

Figure 2: MZM driver illustration.

Source: Zandieh, 2017 [6].

In optical communication, the choice of modulation format (the method used
to encode and decode data) is also important to system design. This format can
vary, with options including NRZ, DP-QPSK, DP-QAM, QAM, and PAM4, each
offering distinct advantages for different performance and transmission require-
ments.

For this project, PAM4 modulation is selected (Fig. 3) instead of other
modulation types like NRZ. The contrast of PAM4 to NRZ is that it employs four
distinct signal levels to represent data. Each symbol in PAM4 carries two bits,
corresponding to the logical states 00, 01, 10, or 11. This dual-bit-per-symbol

structure effectively augments the data rate in gigabits per second, enabling high
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data throughput even at lower frequencies. Consequently, PAMA4 facilitates high-
speed data transmission while operating at reduced high frequencies compared
to NRZ.

PAM4 modulation tends to require relatively high power consumption due
to the equalization and pre-compensation needed at both the transmitter and
receiver ends to reduce bit error rate (BER). Additionally, the closely spaced sig-
nal levels in PAM4 make it more vulnerable to noise , distortion, and dispersion
than other modulations, all of which contribute to intersymbol interference and
degrade signal quality.

11

10

01

00

Figure 3: PAM4 signal illustration.

Source: Author.

Having this in mind, the project must not only counteract the channel loss
within a high frequency range delivering a high-swing to the MZM, it need to

account for distortion due to the use of a PAM4 modulation and it’s sensitivity.

2.2 Mach-zehnder modulators

A Mach-Zehnder Modulator (MZM) operates by utilizing the electro-optic effect
to modulate light signals. The modulator splits incoming light into two paths, or
arms, and later recombines them. An applied electric field on one arm changes
the carrier density, inducing a phase shift in the light traveling through that arm.
This phase shift leads to constructive or destructive interference when the light
from both arms is combined, modulating the light’s output intensity.

If the phase shift between the two waves is 0°, maximum constructive in-
terference occurs, resulting in the highest output intensity. Conversely, if the
phase shift between the two waves is 180°, maximum destructive interference is
achieved, leading to the lowest output intensity. Assuming no loss and a perfect
50/50 splitter/combiner, the relationship between the output power (FPpyt) and
the input power (P,,) is given by:

P _ 1 + cos(Ag) (1)

P 2

where A¢ represents the phase difference between the two arms.
The structure and principle of operation of a Mach-Zehnder can be seen in

Figure 5. Due to the size of the Mach-Zehnder Interferometer (MZI), the electri-

cal signal is distributed to individual optical modulating elements using coplanar
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Figure 4: MZM structure and principle of operation.

Source: Analui, 2006 [7]

transmission lines of equal impedance. Each optical modulating element com-
prises a reverse-biased p-n junction integrated with a waveguide, which presents a
lumped capacitive load. To maintain impedance continuity and avoid reflections
that could disrupt the signal, numerous small modulating elements are uniformly
distributed along the transmission lines. The transmission lines’ dimensions are
optimized to achieve a desired characteristic impedance, also matching the dis-
tributed junction capacitance [7].

Ensuring the propagation velocity of the electrical signal aligns with the speed
of light in the waveguide is crucial for maintaining signal integrity. To prevent
inter-symbol interference (ISI) in the optical output caused by signal reflections,
dual termination can be employed. The modulator receives a continuous-wave
(CW) light beam from a laser, which is coupled into the on-chip waveguide,
enabling effective optical modulation.

This work will consider a travelling wave MZM with double 50 Ohms termi-
nation, tranmission lines with Zy = 5082 characteristics and shared VDD bias
with the driver as the load.

MZM Load Vo
Ry Ry
— =
Zo = 500
— )
"""""""""""""""" Ry, = 509

Figure 5: Equivalent circuit of the MZM load of this project.

Source: Author.
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2.3 Current-mode logic driver

What makes current mode logic driver a good candidate for a Mach-Zender mod-
ulator is that they provide high-speed operation, wideband impedance matching,
and ability to deliver large voltage swings.

Current mode drivers work by switching a constant current source of several
mA to produce an output differential voltage over a termination resistance. The
termination resistance can have several configurations, such as single-ended, dif-
ferential, parallel and series. Because of the expected configuration of the MZM
load, we will focus on a parallel single-ended double termination for the CML

driver topology, represented at the circuit on Figure 6.

Vbp Vbbp

RL% % Ry Rs Rs

Zo

V2 o——”: M, M; :“—

Tty b
c vBu,_”iM1 |

Figure 6: CML circuit with double parallel termination

Source: Author.

The topology of the circuit consists of a differential pair, where a cascode
structure is added in order to alleviate the over-voltage stress while achieving a
sufficiently large voltage swing. It also serves to enhance the circuit bandwidth

because of Miller Effect reduction, which will be discussed in section 2.6.

2.3.1 Output swing

One key parameter of this topology is the voltage swing provided by the current-
mode logic driver. The voltage swing can be calculated to understand the max-
imum variation in output voltage that the driver can achieve during operation.

The minimum voltage at the output is the needed voltage to maintain all
transistors in saturation, which is sum of the overdrive voltages of the stacked

transistors:
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Vout,min = Vovm1) + Vov(Mz,3) + Vov(Ma,5) (2)

Considering the common biasing voltage of the cascode transistor, Vpa, pro-
vides enough voltage to maintain M2 and M3 saturated, the minimum output

voltage equation can be rewritten in regards of this biasing condition:

Vout,min = (VB2 — Vasma,s)) + Vov(vas) (3)

The single-ended common mode voltage at the outputs is going to be the
output voltage at equilibrium, which is detoned as:
Iss

V;)ut,scm = VDD - 7RLHRS (4)

To calculate the voltage swing we can look at the extreme current steering
conditions of the CML. In the given circuit, the maximum current in one branch
occurs when the total bias current Igg flows entirely through one side , while the
other side has no current flowing through it, remaining at Vpp. This condition
results in the maximum voltage swing. The voltage drop across R; when Igg
flows through it is Vi = Igg - R;,. However, when considering the transmission
line termination with an impedance Rg, the effective load seen by Igg becomes
the combination of Ry, and Rg. Thus, the single-ended output voltage swing is

influenced by this configuration, leading to the equation

R Rg
_ 5
R; + Rg ( )

This relationship shows that the maximum swing is determined not only by

Vpp,s =Igs -

Iss and Ry but also by the impedance matching with Rg, which impacts the
voltage distribution at the output.
Considering a matched termination, the single-ended voltage swings becomes
Vops = Iss - %, making the differential output swing:
Ry
Vopd =2 Iss - 5 = Iss - Ry, (6)
So, for a desired V,p 4, we must assure there is enough voltage headroom at
the output to drive the modulator without changing the saturation condition of

any of the transistors, this condition is the equivalent to:
Vop.d
Vbp = —5 (VB2 — Vasvas)) + Vova,s) (7)

2.3.2 Power consumption

The analysis of the current-defined swing in the previous section highlights a
trade-off with power consumption in CML topologies, particularly when driving

high-swing loads. This can result in power inefficiency due to the requirement
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for a high supply voltage (Vpp) to maintain the necessary voltage headroom for
the output swing.

The power consumption of a CML driver is given by Powercyr, = Vpp - Iss,
by combining this with equations 3, 6 and 7, the power consumption can be

expressed in terms of the differential output swing::

Ry,

This equation illustrates a quadratic relationship between the differential

V. V,
POWGTCML — ( p2p,d + V;)ut,min) : 2P, (8)

output swing and power consumption, emphasizing that increasing the output
swing results in a significant rise in power usage [8]. This trade-off is visually

represented in Figure 7.
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Figure 7: CML driver trade-off between power consumption and differential
output swing (Rr, = 50€, Vout,min = 0.9).

Source: Author.

2.3.3 Current source biasing trade-offs

When designing the current source for biasing the CML differential pair, several
considerations must be taken into account.

Firstly, the choice of using a single-transistor (M1) current source provides
minimal headroom consumption of Vpg w1, which is advantageous for maintain-
ing the required high output swing. In contrast, more accurate current source
topologies often employ stacked transistors, which offer improved current mir-
roring accuracy and PSRR/CMRR but at the expense of increased voltage head-
room requirements. This trade-off impacts the overall accuracy of the output
swing, with single-transistor current sources prioritizing swing at the cost of
precision.

Additionally, as illustrated in Fig. 8, there are challenges related to switching
transients and voltage excursions at node P. There is a parasitic capacitance on
Cp at this node, and variations in Vp can arise from process variations and

dV;

mismatch. This can create a parasitic current defined by ic, = <% within Cp,

10
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Figure 8: Parasitic capacitance at CML current-source node

Source: Author.

which, when subject to significant voltage excursions, can lead to inter-symbol
interference (ISI) in the output signal.
To mitigate these issues, the current source should be designed to minimize

parasitic capacitances.

2.4 Continuous-time linear equalizer

At very high data rates, issues such as parasitic capacitances within circuits,
channel losses, and other inherent challenges can lead to intersymbol interference
(ISI) and significant signal attenuation at high frequencies. These factors degrade
performance and increase the bit error rate (BER) in communication systems,
presenting significant challenges for high-speed interfaces. To mitigate these
issues, equalization techniques are often employed in high-speed circuit design.

Various methods have been developed to counteract signal degradation along
transmission paths. To further extend transmission capabilities at multi-Gb/s
speeds, pre-drivers are typically used to equalize and reshape distorted signals,
ensuring that receiving devices meet BER specifications without failure.

Signal loss levels vary depending on the specific channel, such as the Mach-
Zehnder modulator channel, and other application-specific factors. Fixed-gain
Continuous-Time Linear Equalizers (CTLEs) are suitable for certain platforms
and specific loss levels, but programmable CTLEs offer greater versatility. These
equalizers can be adjusted to compensate for losses in different environments.

Most transmission channels exhibit low-pass filter characteristics, where low-
frequency signals experience minimal attenuation, while higher-frequency com-
ponents face significant attenuation. This behavior poses a major challenge in
high-speed applications, where the transmission of high-frequency signals is es-
sential. The primary function of an equalizer is to implement a transfer function

that effectively inverses the channel’s transfer function 1/H(s). By doing so,

11
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Figure 9: Channel equalization illustration

Source: Author.

the equalizer enhances the high-frequency components and creates a combined
flat response up to a specified frequency. This concept is illustrated in Figure 9.

In a CTLE, AC gain is defined as absolute high frequency peak gain with
respect to 0dB and DC gain is defined as low frequency gain with respect to
0dB. Peaking gain is defined as difference between AC gain and DC gain.

2.4.1 Conventional CTLE

In a traditional CTLE, peaking gain is achieved by lowering the DC gain and
introducing a zero at a frequency of interest that counteracts the circuit por-
tion responsible for this lowering. This means that more gain may be needed
elsewhere after that to compensate for the added DC loss.

A conventional Continuous-Time Linear Equalizer (CTLE) with first-order
capacitive source degeneration, depicted in Figure 10, provides one zero and two
poles in its frequency response. The source degeneration introduces peaking by
creating a low-frequency zero through the parallel capacitance, enhancing both
the linearity, because of the source resistance, and bandwidth of the differential
pair. The DC gain, zero, poles, and the transfer function of this CTLE can be

expressed as follows:

1
¥~ ReCs Q
1
- - 1
wpl RLCL ( 0)
1+ gmRs/2
= 11
p2 RsCyg (11)

12
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Figure 10: Conventional linear equalizer with source degeneration peaking

Source: Author.

ngL
Apo = —Imo2 12
b g Rs/2 (12)
14+ s/w,
H(s) = Apc / (13)

(1+ s/wp1)(1+ s/wp2)

When the condition w,; < (wp1,wp2) is met, peaking occurs, resulting in a
frequency response that facilitates signal equalization. The peaking frequency
is determined by the lower value between wy; and wyp2. A Bode plot, depicted
in Figure 11, can be used to approximate and provide insight into the circuit’s
frequency response behavior, offering a clear visualization of its performance
characteristics.

The source degeneration resistance Rg directly impacts the DC gain and
sets the zero frequency, w,, which also shifts with changes in Rg, leading to
variations in peaking behavior. Moreover, Rg influences the high-frequency pole
wp2, which also impacts the peaking behavior of the circuit, depending if wys is
lower or higher than wp;.

Capacitive source degeneration, defined by Cg, influences the location of the
zero frequency and the peak gain frequency.

The load resistance Ry, influences in the DC gain and peaking gain, as shown
by the equations 10, 12. An increase in Rj, can be beneficial for signal amplifi-
cation but impacts the peaking frequency wp1, limiting high-speed performance,
it also influences circuit biasing. This trade-off requires careful consideration to
maintain the desired gain without negatively affecting the bandwidth.

The load capacitance C7p, is typically not a design variable, as it is deter-

mined by the circuit layout and the components connected to it. Nevertheless,

13
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Figure 11: Bode magnitude plot of conventional source-degenerated CTLE fre-
quency response.

Source: Author.

it plays an essential role in defining the pole frequency w1, usually limiting the
high-frequency response of the CTLE. This constraint highlights the importance
of optimizing other design parameters, to achieve the desired circuit behavior
without relying on changes to Cf.

Designing this CTLE circuit involves balancing various trade-offs. A table

containing trade-off cenarious is presented at Table 2 .

Table 2: Source-degenerated CTLE design trade-offs

wp1 < Wp2
Increasing Apc App; Peak Freq. wpi
Ry, Increases Increases Decreases
Rg Reduces | No Change No Change
Cg No Change | Increases No Change
wWp2 < Wpl
Increasing Apc Api; Peak Freq. wp
Ry Increases Increases No Change
Rg Reduces Reduces Reduces
Cs No Change | Increases Reduces

Several design constraints need to be considered when working with this
CTLE circuit. The load capacitance Cp, is not a design parameter, making it
necessary to work within its limitations, as it limits the boost factor (Apx—Apc).
The selection of Ry, is influenced by factors such as the common-mode output
voltage (Vem,out), bias current, and targeted DC gain. Adjusting Rg and Cg
allows tuning of the CTLE response to balance peaking, gain, and bandwidth.

2.4.2 Programmable CTLE

Figure 13 illustrates the architecture of the implemented Programmable Continuous-

Time Linear Equalizer, which is designed with two parallel signal paths. The

14
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upper path is responsible for delivering low-frequency gain, commonly referred
to as the ’flat band’, and it exhibits a low-pass characteristic. In contrast, the
lower path contributes the peaking gain essential for the CTLE’s high-frequency
response, having the same characteristics of the upper path with the addition of
the peaking response. Both signals meet each other at a common node where

they are summed into the output.

+ e! Hy(s)
Vi ©
"o H—
(s)

11—« V)
%

Figure 12: Diagram of the programmable CTLE top architecture.

Source: Author.

To manage how much peaking is utilized a circuit, nominated the a-gen
circuit, controls how much of each signal passes through it’s path’s output. Al-

gebricaly, the output response of the block will be:

Vout
Vi

= aHj(s) + (1 — a)Hpy(s) (14)

where H¢(s) represents the flat gain path and H)p(s) denotes the peaking gain
path. By adjusting the weighting factors « and (1 — «), which control the
distribution of the signal between the two parallel paths, the CTLE’s peaking
gain can be programmed to vary from a flat band response to the maximum
peaking gain [9].

The choosen topology to create this programabble equalization is shown in
Figure 13. The circuit is composed of two Gilbert cells. Consider the following

composition of transistors for each Gilbert-cell stage:

¢ Transconductance stages: Transistors M1 to M4
e Switching stages: Transistors M5 to M12

¢ Load stages: Resistances Ry connected to the output

In the Gilbert cell responsible for the flat-band response, the transconduc-
tance stage is implemented using a simple differential pair with source degenera-

tion. The cell representing the peaking response incorporates source degeneration

15
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Figure 13: Programmable CTLE circuit topology.

Source: Author.

with capacitive peaking, introducing a zero to the response through the parallel
capacitance, as discussed in the conventional CTLE topology.

The programmable nature of this design is achieved by combining the switch-
ing stages of these Gilbert cells. The transistors connected to the positive control
voltage of one cell are paired with those linked to the negative control voltage
of the other. The two additional switching transistors are connected to a branch
leading to Vpp, ensuring that their current does not contribute to the output.

This arrangement allows modulation of the contributions from the flat-band
and peaking currents by adjusting the gate voltages of the switching transistors.
The voltage difference between vctrlp and vetrln controls the current steering
from the transconductance stages.

When the condition (vctrlp > vetrln) is true by a sufficient margin, the cur-
rent in the flat-band cell is predominantly directed to the branches connected to
the output, resulting in a response that emphasizes the flat-band characteristic.
Conversely, when (vctrln > vetrlp), the current in the peaking cell is steered to-
wards the output while the current in the flat-band cell flows to Vpp, enhancing
the peaking response. This mechanism provides programmable control over the
equalization characteristics of the circuit.

It is important to highlight a few considerations regarding the circuit design.
Firstly, resistances are included in the branches not connected to the output
(drains of M6, M7, M8, and M12). This is necessary to prevent significant mis-
matches in the Vpg of the switching transistors, which could otherwise result

in substantial variations in the Apc when adjusting the peaking response. Al-
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though some change in Apc is unavoidable, the inclusion of these resistances
mitigates the extent of such variations.

As the current distribution through each branch of the switching stage varies
from adjustments in the transistors gate voltages Vi, the source voltage Vg of the
switching transistors also changes. Considering the transconductance transistors,
whose gate voltage Vi and drain current Ip are fixed by the biasing conditions,
any alterations in their drain voltage(Vp—which corresponds to the source volt-
age Vg of the switching transistors—require changes in their own source voltage
to sustain the set Ip.

This, in turn, impacts the overdrive voltage V,, of these transconductance
transistors. Since the transconductance gain is defined by g, = 2‘/%’, fluctuations
in Vi lead to changes in the overall gain of the circuit. These variations in gain
are an inherent characteristic of the design and must be managed to ensure
consistent circuit performance.

To calculate the frequency response of the flat band and peaking cells, con-
sider the conditions where the output is fully composed by only one of the cells
and analyze the AC half-circuit of each one of them. To do this, the ideal current

sources will be replaced with a transistor that is mirroring the current.

(a) (b)
Figure 14: (a) Flat band cell AC half-circuit, (b) Peaking cell AC half-circuit

Source: Author.
Looking at Figure 14 (a) a pole-node approximation can be made to approxi-
mate the circuit’s frequency response. It is important to note that no capacitance

was added in the drain of M3, that is because the parasitics at that node are

not high enough to create a zero at a reasonable frequency.

17
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At the Vo node, the capacitance C, composed of the input capacitance
of the subsequent stage plus the parasitics of M5, and the parallel between the
load resistance Ry and the resistance seen looking at M5’s drain form a pole.
Because the resistance looking at the drain of M5 is very high, Ry, is the dominant

resistance in the association and renders a good approximation.

_ 1
_CL'RL

The capacitance C; also creates a pole with the parallel of the resistances

(15)

wp5

looking at M5’s source and M1’s drain.

1 gmb
~ 22 16
Cr L [[(gma 101 -Torg) ~ C1L (16)

" gms

Wp1 =

The DC gain, because of the cascode stage characteristcs of a current buffer,
can be approximated by using a degenerated common-source stage transconduc-

tance:

gmlRL
1+ gmlRS/2

In the technology being used, there is a isolated deep well in the bulk area

Apc,f = (17)

of the transistors, which will be used in all of them for gain enhancement, this
makes source-to-bulk capacitances short-circuited and thus not considered.
The capacitance Cf, can be decomposed by the association of the M1 para-

sitics and the load capacitance:

Cr. = Cpps + Caps + Cload (18)

The total capacitance C is roughly equal to:

C1 =2Cep1+ Cpp1 + Cass (19)

Considering matching between both circuits, by analogy, the poles and gain
of the peaking cell are:

1
Wpl = Wpl0 = Wps = S —
P P p C.R;

9ms
C

Wpe = Wp3 = Wp1 =

gmlRL
1+ gmiRs/2

The difference is in the zero that the peaking circuit introduces, which is

Apc = Apct = Apcp =

composed basically by the combination of the source degeneration resistance

Rg/2 and the parallel capacitance 2Cs

18
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1
" CgRg

Wz

(20)

Parameter | Formula
wp e
Wpe gclf
w; oaRs
Apc 1+%Tnllﬁg/ 2

Table 3: Programmable CTLE frequency response parameters and formulas.

Table 3 can be used as reference to design each of the following frequency

response equations:

1
Hyls) = doe i VT (0 + sjpe) 2D
Hy(s) = Apc - 11 s/ (22)

(1+ S/Wpl) +(1+ S/WPC)

2.4.3 «a-generator circuit

Gilbert cell switching stage

Figure 15: a-generator circuit topology.

Source: Author.

Figure 15 depicts the circuit used to precisely steer the current on the switch-
ing stages of the Gilbert Cell of the CTLE, for the sake of easier understanding
this block will be called "a-generator" regarding the generation of a so called «
in equation 14. The circuit works by utilizing two diode-connected transistors to
form translinear loops with the switching stage pairs of the CTLE. A translinear
loop is an analog circuit configuration that leverages the properties of MOSFETs
to create specific current and voltage relationships.

In a translinear loop composed of four NMOS transistors, which is the case

19
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for each CTLE switching pair when connected to this circuit, the transistors
are connected in such a way that their gate-source voltage drops (Vig) form a
continuous loop. The core principle of this configuration is that the sum of Vg
voltages in one direction around the loop must equal the sum of Vg voltages in

the opposite direction. Mathematically, this equilibrium is represented as:

Vasi + Vase = Vass + Vasa (23)

This condition ensures that the loop remains balanced in terms of voltage
drops.

The translinear principle also states that the product of the drain currents
flowing through the transistors in one direction around the loop must equal the
product of the currents flowing in the opposite direction. For a loop of four
NMOS transistors, this current relationship can be expressed, for a exponential

MOSFET operating region as:

Ip1-Ip2 =Ips-Ips (24)

For a quadratic MOSFET operating region, it can be expressed as:

VIp1+1Ips = Ips ++Ips (25)

This property allows the circuit to maintain a consistent relationship between
the currents, enabling precise current scaling.

When analyzing changes in such a loop, suppose Ip; decreases by a small
amount Alp and Ip4 increases by the same Alp. To maintain the voltage
balance, Vg1 will decrease while Vizg4 increases. Consequently, Viage and Viggs
must adjust to keep the overall sum of gate-source voltages consistent.

By understanding this principle of operation, the balancing characteristics
of these loops can be used to steer the current between the desired gilbert cell
branches by modifying Vigg1 and Vzg4 of the diode-connected transistors. This
modification can be achieved by introducing a unbalanced (Vgeltap — Vdeltan) signal
in the input of the differential pair, creating a difference in the current passing
through each branch. Because of the diode-connected characteristic of these
transistors, Vgs = f~!(Ip), these differences in the currents translate directly
to a Vg difference between the diode-connected transistors and provokes a pro-
portional difference in the switching transistors that respects their limitations,

making the current between them steer from one branch to another.

2.5 Bandwidth extension techniques for CMOS circuits

In high-speed circuits, any parasitic capacitance created by the devices used in
the circuit significantly reduce bandwidth, to counteract this bandwidth exten-

sion techniques must be used to the specified bandwidth can be achieved.
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2.5.1 Shunt-inductive peaking

Shunt peaking is a technique used to extend bandwidth by connecting an in-
ductor L in series with a load resistor R to shunt the output capacitance C.
This setup can be analyzed through the circuit in Figure 16, where the gain is
approximately given by the transconductance of the transistor multiplied by the

output impedance: H(s) = g, - Z(s).

T
ng

Vin o—, C ﬂi

O Vout

Figure 16: Shunted inductive peaking circuit.

Source: Author.

1 R+ sL
2(s) = (sC’) I (B+sL) = 1 Re v 210 (26)

Looking at the output impedance it shows that the inductor creates a zero in

Z(s), which increases impedance at higher frequencies, counteracting the falling
impedance of C and thereby broadening the bandwidth. Another way to under-
stand this bandwidth enhancement is through the concept of reduced rise-time:
the inductor temporarily delays current flow into the resistive branch, allowing

more initial current to charge C, thus reducing the rise-time [10].

2.5.2 Series-inductive peaking

In circuit designs where the drain parasitic capacitance is significant, achieving
an improved bandwidth can be accomplished through capacitive splitting. This
technique involves inserting an inductor L to divide the total load capacitance
into two separate components. To illustrate this effect, consider the circuit shown
in Figure 6. Looking at the load impedance Z(s) = (R||Zc,)||(Z1r + Zc2), the

formula is given by:

R+ s?RLCy

Z(s) = 2
(5) s3SRLC1Cy + s2LCH + sR(C1 + Cy) + 1 (27)

By separating the output capacitance C; from the input capacitance of the

next stage, Cs, an additional pole is introduced into the system, which can be
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Figure 17: Series inductive peaking circuit.

Source: Author.

confirmed by the numerator of Z(s).

To gain further understanding of the increased bandwidth provided by ca-
pacitive splitting, the charging scenario without the inductor L can be analyzed,
in this configuration the transistor charges the entire load capacitance C7 + Cs,
which can slow down the response. However, when L is included, it initially
delays the current flow to the main load capacitance C; + C5, causing only the
stage’s output capacitance C to be charged at first. This delay allows for a faster

rise time at the drain, effectively enhancing the bandwidth of the amplifier [10].

2.5.3 Source-degeneration and capacitive degeneration peaking

A well-known technique to speed up the input pole of a transistor is the use of
series feedback. A source degeneration resistance introduces a series feedback
which lowers the input capacitance of transistor by the virtue of Miller Effect.
Figure 18 shows how the parasitic capacitance Cgg, with the addition of the
source resistance Rg, is now susceptible to a gain between the nodes Viz and Vg,

because Vg is no longer connected to ground.

Figure 18: Degenerative resistance miller effect scenario.

Source: Author.
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The ‘%" gain is easily calculated equating Vg to the voltage drop on Rg.
9m(Ve — Vs)Rs = Vs

A:E:M
Vs 14 gnRs

The capacitance seen at the input of the transistor is now:

ngS
Cin=Cgs(l — ———
" GS( 1+ ngS
Simplifiying the terms we have:
Cas
Cra. — “Go 28
GS,in 1 +ngS ( )

This way, a degenerative resistance lowers the input capacitance of the driver
by a factor of (1 + g, Rg) improving it’s bandwidth.

Adding a capacitance in parallel to the degenerative resistance, as previous
analyzed in section 2.4.2, and depicted in Figure 14, adds a zero to the circuit

which can counteract the pole provided by the output capacitance [1].

2.5.4 Cascode amplifier

To reduce the influence of the C'gp capacitance on the bandwidth of a common-
source topolgy, the cascode configuration can be employed. The cascode ampli-
fier, illustrated in Figure 19 (b), can be interpreted as a common-source stage
with its output connected to a common-gate amplifier. The gain of the first
stage is determined by the transconductance g,,1 multiplied by the impedance

seen at the drain.

— Vout

Rp Vi o[ M,

Figure 19: (a) Common-source stage (b) Cascode stage.

Source: Author.
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This impedance is calculated as the impedance seen at the source of Ms. The
impedance seen at the source in this scenario can be approximated to 1/gme.

Compared to the gain A = % before the introduction of the cascode transis-
tor, which was A = —¢;,1 Rp, the new gain with the introduction of this cascode

transistors will be

A — _gml
gm2

Considering g1 &~ gmae, this will equate to A =~ —1. With this gain reduction,
the Miller effect in the common-source stage is significantly diminished. Conse-
quently, the capacitance seen at the input because of Cgp can be represented

as:

Caepin = Cap(1 — A) = +2Cep (29)

Which is lower than the capacitance of a pure common source stage, repre-

sented in Figure 19, granted that g,,Rp > 1.

Cepin = (1 4+ 9gmRp)Cap

Thus, the input capacitance is reduced compared to a single-transistor ampli-
fier. Also, because the cascode device acts as a buffer for current, the transcon-
ductance of the common-source stage travels to the output, making the amplifier
have the same simplified gain of —g,,1 Rp [1].

This technique can be combine with source-degeneration, making the gain
even lower. With a resistance at the source, the transconductance of the common-

source will equal to Gy, = gm1/(1 4+ gm1Rs), which will change the gain to

— _gml/ng
1 +gmlRS

This will reduce even more the contribution of the Cgp to the input

9m1
Cap.in = Cap(l — A) =C -<1+ ) 30
b, aol ) “p gm2(1 + gm1Rs) (30)

2.5.5 Capacitance suppresion by interstage buffers

Consider two consecutive stages as shown in Figure 20 (a). The total load ca-
pacitance seen by the first stage consists of two main components: the stage
self-loading output capacitance, Coyt,and the next-stage input loading capaci-
tance, Cy,. For simplicity, we ignore the interconnect capacitance in the following
analysis. This load capacitance determines the speed of the first stage’s output

pole(s). For example, if the first stage has a simple resistive load, the frequency
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of the output pole is about

1
27 - RD(Cin + C’out)

where Rp is the load resistor.

The next-stage loading can be reduced by inserting buffers in between the
stages. Figure 20 (b) shows how two stages can be decoupled with a source-
follower buffer. The buffer has an input capacitance, C}y, which is & times
smaller than the load capacitance, Cyy,, it is designed to drive:

i = S0,

(31)

Because the buffer’s input capacitance is a fraction of the load capacitance,
whereas (ideally) the input and output voltages are the same, the buffer can
be regarded as a capacitance transformer. But note that a change in the load
capacitance requires the resizing of the buffer to realize the corresponding change
in input capacitance (and to maintain the same buffer bandwidth). We can
conclude [11] that inserting the buffer increases the bandwidth due to the output

pole(s) to
1 + Cin’/cout

BW = :
1+ (Cin/cout)//f

BW (32)

=

Figure 20: (a) Two consecutive stages without interstage buffer (b) Two consec-
utive stages with interstage buffer

Source: Author.

In practice, the bandwidth gained by this technique is partially offset by the
bandwidth lost because of the finite buffer bandwidth and signal attenuation in
the buffer. In particular, there is a trade-off between the capacitance transfor-
mation ratio, k, and the buffer bandwidth, BWpg: a large source follower with
a large g,, has a high bandwidth but also a fairly large input capacitance and
thus a low k, whereas a small source follower, which is easily loaded down by
the output capacitance, has a low bandwidth but also a small input capacitance
and thus a high « [11].
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3 Design of a MZM driver with programmable continuous-

time linear equalizer on 65nm CMOS

This chapter presents the design of the MZM driver in 65nm CMOS technology,
detailing its operation and providing an in-depth description and mathematical
modeling of each block’s desired parameters, considerations and trade-offs. A
methodology is established to achieve the desired specifications, followed by a

discussion of the simulation results obtained.

3.1 Specifications and top-level topology

This project is a collaborative effort between Chipus Microelectronics and the
LRF (UFSC). Through joint discussions, an agreement was reached to design a
Mach-Zehnder Modulator (MZM) driver for high-speed optical communications,
utilizing 65nm CMOS technology. The project aims to meet the following agreed

minimum specifications displayed in Table 4.

Parameter Value
Modulation Format PAM4
Minimum Bandwidth (GHz) 23
Minimum Output Swing (Vpp,d) 1.2
Maximum THD (%) at Vpp,d 6
Minimum Voltage Gain (dB) 6.5
Maximum DC Power Consumption (mW) 650
Data Rate (Gbaud) 28
Data Rate (Gb/s) 56
Maximum Energy Efficiency (Consumption) (pJ/bit) 11.6
CTLE Min./Max. Peaking Gain (dB) 0-6
CTLE Maximum Peaking DC Gain Variation (dB) 0.4
Temperature Range (°C) 0-60
Voltage Source (V) 3
Current Source (mA) 1
Technology 65nm CMOS
Measurement Scope Simulated

Table 4: Minimum design specifications for the MZM driver with programmable
equalization.

Based on the topologies discussed in the previous sections, along with the
bandwidth extension techniques, a preliminary top-level circuit is evaluated as
a solution for driving a Mach-Zehnder modulator, with the added capability of
programmable equalization to achieve the wanted specifications. As shown in
Figure 21, the top-level circuit comprises of an input buffer, which maintains
matching between the signal-generating block and the driver through R;,, fol-
lowed by a programmable CTLE. Between these stages, a series inductor peaking
technique is used. This approach is particularly suitable because the input of

the CTLE contains four transistors, as seen in Figure 13. These transistors form
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the transconductance and gain of the block, meaning they are sizable and have
significant parasitic capacitances. Consequently, the highest capacitance in the
circuit is found at these nodes, making peaking an effective choice for bandwidth
extension.

Following the CTLE, an interstage buffer is used to reduce the capacitance
seen by the transistors. This is because the load resistance of the CTLE, to
achieve significant peaking and gain, must have a high value. Thus, it is advan-
tageous to suppress the capacitance at the CTLE output to ease its pole. Finally,
the driver circuit connects to the load, which is the equivalent circuit of a Mach-
Zehnder modulator. The driver’s output resistance R,,: should aim to match
the terminations of the Mach-Zehnder modulator for optimal signal transmis-
sion. Additionally, to counteract parasitic and channel capacitances, bandwidth
is further enhanced through inductive peaking in these resistors. Other tech-
niques, such as resistive and capacitive degeneration, can also be applied in the
driver to ensure high-speed operation and bandwidth stability.

This design provides a robust approach to address the established require-

ments and specifications.

N
R;
in ou Ry, Ry
p g mable ou

v m.,% ol

Driver

Input buffers Interstage buffers

Figure 21: Top-level circuit topology

Source: Author

3.2 Design of the source-follower buffers
3.2.1 Input buffer

The primary, and most critical, buffer serves two main purposes. First, it ensures
that the input maintains a buffered impedance close to 50 €2, thereby minimizing
reflections in the incoming PAM4 signal. Second, as previously mentioned, series-
inductive peaking is applied at the output of this buffer, as this node accumulates
the highest parasitic capacitance among the blocks due to its connection to the
CTLE. A source-follower topology was chosen for the buffer function.

It is important to note that the 65nm technology transistors have a maximum
voltage tolerance of 1.2V between their terminals. Therefore, to keep these tran-
sistors within their Safe Operating Area (SOA), voltage drops must be induced
to enable safe operation of the source-follower. Additionally, the technology in-
cludes an isolated well for the bulk, allowing it to be connected to the source,

which enhances gain by eliminating the body effect on Vrp.
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The circuit configuration is shown in Figure 22.

VB30

—
b, Viio]
Vi O—IE M,

Figure 22: Input buffer circuit

Source: Author

It is noted that the CTLE circuit’s biasing comes from the input buffer’s bias
voltage, Vg1, which must be selected to allow saturation of transistors M5 and
M6.

To analyze the frequency response of this circuit, we refer to Figure 23, where
the capacitances creating the dominant poles are shown. In the AC model,

transistors M2, M3, and M4 can be represented as resistances with values:

1
Rp pust = <|7“02> (33)
gm2
1
RS,buf‘f = (Hr03> + o4 (34)
9gm3

The source impedance of this circuit, denoted by Zg(s), is analogous to that

in equation 27. The gain A(s) is given by:

Vout _ gm1ZS(S)
VE 1+ gm1ZS(5)

Thus, the frequency response of the circuit, with a detailed derivation pro-

A(s) =

vided in Appendix A.1, is:

- g’mlRS (1 + SQLpCin)
1+ gm1Rs + sRg (Cin + Oout) + SQLpCin (1 + gmle) + 33R5Lp00ut0m

A(s) (35)

The zeros of A(s) occur when its numerator N(s) = 0, leading to:

gm1Rs (82Lp(]m + 1) =0
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RS buﬁi % out,buff % in,ctle

Figure 23: AC model of the input buffer circuit

Source: Author

Since g,,1 and Rg are positive constants, the zero occurs when:

1
L,Ciy

S’ LyCin +1=0= s = —
This indicates the presence of zeros at:

1
VL,Cm

At low frequencies (s — 0), higher-order terms can be neglected, resulting in

§=tjw,, wr= (36)

the low-frequency gain:

_— 37
1 +gm1RS ( )

At high frequencies (s — o), higher-order terms dominate, causing the gain

to roll off as:

gm C111’1
Anighs) ~ 5= (38)

The capacitances of interest, Ci, and Cyy, can be approximated as:

Cout = Cps1 + Cpp1 + Cpss (39)

Gm5/ 9m Cass
Cin=2-(C 1+ > + ) 40
( G5 ( 1+ gm5Rsctle 1 + ngRsctle ( )

This capacitance calculation assumes that the CTLE source resistance, Rgctle,
is the dominant resistance at the node. Consequently, the gains used in the
Miller effect analysis for calculating Cj, approximate the resistance to Rgctle-

Additionally, it is assumed that the inverse of the common-gate gain of transistor
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M7 is much less than one. This allows us to neglect the Miller effect on the drain-
source capacitances, as the gain factor (1 — %) = (1 — Wgamgam) ~ 1
results in the full presence of the drain-source capacitance at the source node.
Furthermore, it is assumed that the gain of the source-follower stage is suffi-
ciently close to unity, effectively minimizing the Miller effect at the output. This
can be further understood by examining the current through the gate-source

capacitance Cgg, given by:

) dvg dv5>

i =C, — - — 41

Cos — 768 ( at  dt (41)
Since, under small-signal operation, ‘Z’—f R dg—f, it follows that ic.s, ~ 0,

meaning that the gate-source capacitance Cgg has negligible effect on the output.

Note in the equation for the CTLE’s input capacitance how the use of cascode
transistors and degeneration resistance reduces the input node capacitance.

A couple tables summarizing key design equations, important design consid-
erations, and trade-offs associated with varying circuit parameters are presented.
These resources aim to assist in the systematic design of the input buffer cir-
cuit. Table 5 summarizes the key equations that can be used to approximate
the design parameters. Table 6 displays some of the considerations that should
be taken into account while designing this buffer, and Table 7 summarizes the

trade-offs of the design.

Table 5: Key design equations for Input Buffer design

Parameter Equation

1
Source Resistance of Buffer | Rgpug = < I 7“03) + Toa

9m3
(Rs bust)
. gmlRS

Low-Frequency Gain | A(0) = 1o o Re
( A(O)) 1"‘9m1 S
Zero Frequency (w,) Wy, = ————

VI.Cm

High-Frequency Gain Ap- | Apign(s) = Ym1&in
i i Scout
proximation

Input Capacitance (Cy) Cin ~2- (C’GD5 (1 + 1 JZZZQ %’:;16) + 1 +gicé%icue>

Output Capacitance (Cout) | Cout =~ Cps1 + Cpp1 + Cbps
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Table 6: Design considerations for the Input Buffer

Consideration

Description

Safe Operating Area
(SOA) Compliance

The 65nm technology transistors have a maximum
voltage tolerance of 1.2V between their terminals.
Voltage drops must be induced to keep transistors
within their Safe Operating Area (SOA).

Bulk Connection

The technology includes an isolated well for the
bulk, allowing it to be connected to the source.
This enhances gain by eliminating the body effect
on VTH-

Bias Voltage Vg,

The CTLE circuit’s biasing comes from the input
buffer’s bias voltage Vg1, which must be selected

to ensure saturation of transistors M5 and M6.

Table 7: Design Trade-offs for the Input Buffer design
Parameter Increasing Value Decreasing Value
Transconduc. Gain approaches unity; | Gain decreases; Band-
Im1 Bandwidth increases; | width decreases; Power

Power consumption or | consumption or parasitics

parasitics increases;.

decreases;

Inductance L,

Bandwidth extension via
inductive peaking; Poten-
tial peaking in frequency
response; Integration diffi-
culty due to size.

Reduced peaking effect;
Bandwidth may be limited;
Simplifies circuit integra-
tion.

Source Resis-
tance Rgpufr

Higher linearity; Lower

pole frequencies.

Lower linearity; Higher

pole frequencies;.

Transistor Siz-
ing (Width W)

Increases g¢,, and capaci-
tances; Improves gain and
bandwidth; Increases para-
sitic capacitance.

Decreases g, and capaci-
tances; Reduces gain and
bandwidth; Lowers para-
sitic capacitance.

Bias Current

Ip

Increases g,,; Higher power
consumption; Potential
thermal issues.

Lower
Re-

Decreases g
power consumption;
duced thermal stress.

3.2.2 Interstage Buffer

The interstage buffer, as discussed in Section 2.5.5, serves to present a lower load

capacitance to the CTLE stage than would be observed with a direct connection

to the driver. Like the input buffer, a source-follower topology is employed to

implement this buffer, adhering to the same considerations regarding the 1.2V

SOA limitation of the transistors. The source is connected to the bulk through

the isolated well available in the 65nm CMOS technology, allowing an increase

in the transistor’s g,, by eliminating the body effect in Vpp. Consequently, the

design of this buffer must focus on delivering a low capacitance at the input while

maintaining adequate bandwidth and minimizing any degradation of the overall

gain. The topology of this buffer is similar to the input buffer but does not
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employ inductive peaking, as shown in Figure 24. An important consideration
in this design is that the gate-source voltage Vg1 must be sufficient to maintain
the transistors M5 and M6 in saturation. Although the common-mode input
voltage of this circuit is not a design parameter of this block, beign a CTLE design

parameter instead, careful attention must be given to ensure proper biasing.

=

VB30

Viio]
VBQO—E M, L

Figure 24: Interstage buffer circuit
Source: Author
Two primary design differences exist in this buffer. First, rather than using a
diode-connected transistor to create the voltage drop between the source-follower
transistor and its current source, a resistor is employed. This simplifies the design
and nominally controls the source impedance of the amplifier, thereby facilitating

control over the capacitance at its input. Figure 25 shows the equivalent AC

model of the circuit, highlighting the capacitances of interest.

Rp puft

Viwo—fq M,

Cin,buff N

R i
S,buff _ Cout,buff Cin,drv

Figure 25: AC model of the interstage buffer circuit

Source: Author
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The relevant parameters of the circuit are given by:

1
Rp putt = (|) (42)
gm2
RS,buff = Rgp + 704 (43)

Analogous to the analysis of the input buffer, the frequency response of this

circuit can be approximated as:

. ngZ(S)
A(S) 1 + gle(s)

The source impedance, Z(s), is defined by

Z(s) = Rt ( ! )

S(Cout, buff + C’in7 drv)

By substituting and simplifying terms in both the numerator and the denom-

inator, we arrive at:

Im1Rs pusr
A(s)

s) = 44
1 4+ gm1Rspuft + 5 - Rgpuff - (Cout, bust + Cin, drv) (44)
The low-frequency (DC) gain A(0) as
R
A(O) o Im11T8 buff (45)

B 1+ gmlRS,buff

and the pole frequency w, as

W — 1+ gmlRS,buH (46)
P RS,buH(Cout, buff + C(in, drv)

The input capacitance of the buffer, Ci,, pusr, can be calculated as:

(Cas1 + Cepi) 9m1Rp putt
Cln, buff = — S T ZCBU 4 ooy (14 —ImiztDbuff 47
R Rs pust ap1 1+ gm1Rs bufr (47)

The input capacitance of the driver, Ci,, qrv, is given by:

(Cass + Caps)
1+ gm5derv

Since the transistor M5 provides the transconductance gain of the driver

C'in, drv = (48)

gm5/gm7 >
1+ gmlRSdrv

+ Ccps (1 +
and the current of this circuit is constrained by the swing specification so it
cannot be adjusted to modify the gain. The gain must instead be achieved by
increasing the width W of the driver’s amplifier transistor, which results in large
parasitic capacitances Cgass, Cans, and C'gps. Furthermore, the resistance Rgg,
is limited by the output impedance, which must approximate 5082 to match the
load receiving the driver. Thus, R4, cannot be extensively utilized to reduce

the capacitance Cjy,, 4rv, making this interstage buffer a good choice for lowering
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the input capacitance seen by the CTLE.

By analogy, the output capacitance Coyug pu of the interstage buffer can be

calculated similarly to the method used for the input buffer, applying the same

assumptions. This approach yields the following equation:

Cout, but = Cps1 + Cppi (49)

Table 8: Key design equations for Interstage Buffer design

Parameter

Equation

Drain Resistance of
Buffer (Rp pusr)

1
Rp puft = ( | 7”02>
9m2

Source Resistance of
Buffer (Rg puf)

RS,buff = Rgp + 704

R
Low-Frequency  Gain | A(0) = %
(A(O)) +fm1 S,b;ff
+ gm1Lis butt
Pole Frequency (w Wy = :
() P Rspuft (Cout.buff + Cindrv)
C C R
Input Capacitance of w + Cap1 <1 + M)
Buffer (Ciy putt) + gm1 s buft + gm14is buft
. Cass + CaBs g5/ Gm7
Input Capacitance of | ———————— + Caps (1 + )
1+ gmsRsdro 1+ gms Rsdro

Driver (Cin drv)

Output Capacitance of
Buffer (Cout bust)

Cout,buft = Cps1 + Cpg1

Table 9: Design considerations for the Interstage Buffer

Consideration

Description

Safe Operating Area
(SOA) Compliance

The 65 nm technology transistors have a maximum
voltage tolerance of 1.2V between their terminals.
The design must ensure voltage drops are within
this SOA limit.

Bulk Connection

The source is connected to the bulk via the iso-
lated well, eliminating the body effect in Vg and
increasing the transistor’s g,.

Gate-Source Voltage
Vasi

Vs1 must be sufficient to keep transistors M5 and
M6 in saturation.

Common-Mode
Voltage Biasing

Although the common-mode voltage is determined
by the CTLE, proper biasing is essential for correct
operation.
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Table 10: Design trade-offs for the Interstage Buffer design

Parameter Increasing Value Decreasing Value
Transconduc. Improves gain; Reduces | Reduces gain; Increases
gm1 input capacitance due to | input capacitance; Low-
higher g1 Rg pus; May in- | ers power consumption and
crease power consumption | parasitics.
and parasitic effects.
Source Resis- | Increases 9m1Rs pust, | Decreases gpmi1Rspug; In-

tance Rgpufr

improving linearity and re-
ducing input capacitance;

creases input capacitance;
Enhances bandwidth but

May lower bandwidth | may degrade linearity.
due to increased pole
frequency.
Transistor Increases ¢, and par- | Decreases g¢,, and para-
Width W asitic capacitances; Im- | sitics; Reduces gain; Can
proves gain; May decrease | enhance bandwidth by
bandwidth due to higher | lowering Ci, pufr-
Cin,buff-
Bias  Current | Increases ¢,,; Improves | Decreases g¢.,,; Reduces
Ip gain and reduces input ca- | gain and increases input

pacitance; Increases power
consumption.

capacitance; Lowers power
consumption.

Gate-Source
Voltage Vi1

Ensures transistors remain
in saturation; May require
adjustments in biasing; Af-
fects ¢,, and linearity.

Risk of transistors entering
triode region; Simplifies bi-
asing; May reduce g,, and
affect performance.

3.3 Design of the Mach-Zehnder modulator driver

The Mach-Zehnder modulator (MZM) driver will follow the CML architecture
discussed in Section 2.3. To ensure the required minimum operational band-
width, certain modifications will be introduced. In addition to cascode transis-
tors, a degeneration resistance will be added to reduce input capacitance and
increase linearity, along with two types of peaking. The first is a capacitive
degeneration peaking, achieved through a capacitor placed in parallel with the
degeneration resistor. The second is a symmetric inductor in the output resis-
tors, creating shunt-inductive peaking. The symmetric arrangement of both the
inductor and capacitor is important for minimizing the circuit’s area, as only one
device is needed to influence both branches within the frequency response. Ad-
ditionally, the isolated well in the bulk is used to increase the gain by mitigating
the body effect. The circuit schematic can be seen in Figure 26.

The output resistance, Ry, must match the load resistance Ry, for proper
matching with the load. Given that the MZM has a characteristic termination
of 5092, it follows that R,,; = Ry = 5012.

The bias voltage Vg must be chosen to keep transistors M1, M4, M5, and

M6 in saturation while maintaining the desired output swing.
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Vpp
Voo

L p
Rout Rout Ry Ry

Zo

Va2 °-_|E M, Mg E“‘

Figure 26: CML circuit design

Source: Author

As characterized in Section 2.3.1, the output swing of this circuit is given by
Ry
Vpp,d:2'ISS‘7ZISS'RL

The power consumption for a given V};, q is calculated as

Vop,d Vop,d
POWeI'CML = ( p2p, + %ut,min) ' Eipli

The frequency response of this circuit can be determined by analyzing the
half-circuit of the differential pair, illustrated in Figure 27.

Considering M4 as a current buffer, the circuit’s transconductance can be
defined as

G — . 9m
" 1+ngZS(5)

Thus, the frequency response of the circuit can be approximated by

gmlzout(s)

A(s) = GmZout(s) = — 1+ g Zs(s)

The source and output impedances, Zg(s) and Zy,:(s), can be expressed as

Zs() = (Rsll 55

Ry, L 1
Zols) = (5 + 52 ) 1o

2 2
This leads to the approximate frequency response

follows:
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t~
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L

Il

Figure 27: CML circuit AC equivalent

Source: Author

gml(RL + st) [1 +s- 2CSR5]

A(s) = —
() [(Rr + SLp)SCL +2][1+s-2CsRg + gm1Rs]

The zeros of this response are given by:

Ry,
Wzl = 7
Lp
B 1
wa2 = 2CsRgs

The low and high-frequency responses of A(s) are as follows:

For low frequencies (w — 0):

gmlRL
A0 % ———M—MM—
( ) 2(1 +gm1RS)

This represents a constant gain determined by the circuit parameters.

For high frequencies (w — 00):

Ahigh(s) ~ —%

(50)

(51)

(52)

(53)

(54)

The load capacitance, Cf,, can be expressed as a combination of the following

capacitances:

Cr =Cgps+Cpps+Cep,

(55)

In this calculation, it is assumed that the inverse of the common-gate gain
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of transistor M4 is significantly less than 1, thus allowing the full effect of these

capacitances to be considered at the load. Here, C,;, represents the capacitance
introduced by the MZM channel.

Some considerations are important in this design. First, the degeneration re-

sistances Rg must be relatively small, ideally much less than Ry, /2, to ensure that

the low-frequency gain is sufficient to meet the overall gain specification. Addi-

tionally, excessively large Rg values could introduce a significant voltage drop,

potentially driving the current source out of saturation. Furthermore, power

consumption must also be allocated within this block to achieve the required

output swing.

Table 11: Key design equations for the MZM Driver design

Parameter Equation
R
Output Swing (Vip.d) Vopd =2 Iss - TL =Iss- Rr
v V
Power Consumption | Powercyr, = ( p2p d + Vout,min> . Zppd
(POWGICML) L
. R 1
Zero Frequencies | w,; = T Wyo = 3C<Re
(w217w22) p SIS
R

Low-Frequency  Gain | — 219m1—LR
(A(0)) (14 gm1Rs)
High-Frequency  Gain —%

S
(Anigh(s)) 5
Load Capacitance (CL) | Caps+ Cpps + Cen

Table 12: Design considerations for the MZM Driver

Consideration Description
Output Resistance | The output resistance R,,; must match the load
Matching resistance Ry, for proper matching with the MZM

load (Royt = Rr = 509Q).

Bias Voltage Vgo

Vpo must be chosen to keep transistors in satura-
tion while maintaining the desired output swing.

Degeneration Resis-
tance Rg

Rg is added to reduce input capacitance, extend
the bandwidth and increase linearity; it must be
relatively small, ideally Rg < Ry /2 to maintain
good gain parameters and not take the current
source out of saturation.

Symmetric Arrange-
ment

Symmetric arrangement of inductor and capacitor
minimizes circuit area and ensures balanced influ-
ence on both branches.

Bulk Connection

Use of isolated well in the bulk to eliminate body
effect in Vrpy, increasing g, and overall gain.

Power Consumption
Allocation

High power consumption must be allocated to
achieve the required output swing.
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Table 13: Design trade-offs for the MZM Driver design

Parameter

Increasing Value

Decreasing Value

Degeneration
Resistance Rg

Reduces input capaci-
tance; Increases linearity;

Increases input capaci-
tance; Decreases linearity;

Decreases  low-frequency | Increases low-frequency
gain; May introduce volt- | gain; Less voltage drop,
age drop affecting current | ensuring current source
source saturation. remains in saturation.
Capacitor (s | Enhances bandwidth via | Reduces peaking effect;

(in parallel with | capacitive degeneration | Bandwidth may be lim-

Rgs) peaking;  Takes design | ited; Reduces design area.
area.

Inductor L, Extends bandwidth | Reduces peaking effect;
through  shunt-inductive | Bandwidth may be lim-
peaking; Can  cause | ited;  Simplifies circuit
overshoot or peaking in | design and reduces area.
time-domain response;

Increases circuit area.

Transconduc. Improves  low-frequency | Decreases gain; Reduces

Jm1 gain; Increase parasitic | parasitic capacitances; En-
capacitances; Lowers | hances bandwidth.
bandwidth.

Bias Current | Increases output swing; In- | Decreases output swing;

Iss creases power consump- | Reduces power consump-
tion; Increases gain tion; Decreases gain

Output Swing | Improves signal ; Re- | Worsens signal;  Allows

Vop,d quires higher Igg; In- | lower Igg; Decreases power
creases power consump- | consumption.
tion.

3.4 Design of the programmable continuous-time linear equal-

izer

The circuits that comprise the programmable CTLE were discussed in Sections
2.4.2 and 2.4.3. Little is changed in comparison to the circuits previously an-
alyzed. As in other stages, the bulk well of the transistors is connected to the
source in order to increase gain.

Several considerations should be made for this design. First, the resistance
Ry, ct1e, together with the operating currents, biases the stages cascaded with the
CTLE, so a sufficient voltage is needed to maintain saturation of the transistors
in the following stages. Additionally, the bias voltage Vs must be high enough
to ensure that the switching and transconductance transistors remain in their
proper operating region.

The peaking behavior, as covered in the theoretical background sections,
depends on Ry, ct1e and Rg ct1e, as does the gain. However, the biasing requirement
for the subsequent stages also relies on the voltage drop across Rp cie. One

approach to address this is to use a lower current, which opens up a wider range
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for resistance values and allows for better control of the peaking.

To mitigate DC gain variation, larger widths for the transconductance tran-

sistors can be employed. This comes with a trade-off of reduced bandwidth due

to increased parasitics because a larger transistor width reduces the variation

required in Vg to maintain the transistor’s fixed current.
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Figure 28: Programmable CTLE circuit design

Source: Author

The equations that parameterize this block are the same as shown previously,
namely equations 15, 16, 17, 18, 19, 22 and 21.

Table 14: Key design equations for the Programmable CTLE design

Parameter Equation
1
Frequency Response with- | H¢(s) = Apc -
out Zero (Hy(s)) ! (14 s/wp) + (14 s/wpc)
) 1+ s/w,
Frequency Response with | Hy(s) = Apc -
Zero (Hp(s)) " (1+s/wpi) + (1 + s/wpe)
1
Low-Frequency Pole (wp) | wp = Ci i,
High-Frequency Pole (wpe) | wpe & %
1
Zero F: =
ero Frequency (w,) Wy Cults ,
DC Cain (Apc) Ape = —ImitL
1 gmlRS
+ 2

Load Capacitance (CT,)

Cr, = Cpps + Caps + Cinpust

Total Capacitance (C1)

C1 =2Cgp1 +Cpp1 + Cass
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Table 15: Design considerations for the Programmable CTLE

Consideration

Description

Bulk Connection

The bulk well of the transistors is connected to
eliminate the body effect, increasing g,, and overall
gain.

Load Resistance R, ctle

Must provide sufficient voltage drop to maintain
saturation in subsequent stages; impacts gain and
peaking behavior.

Bias Voltage Vg3

Must be high enough to keep switching and
transconductance transistors in their proper oper-
ating region (saturation).

Operating Current

Using a lower current widens the range of viable
resistance values, aiding in peaking control and bi-
asing requirements.

Transistor Width (Siz-
ing)

Larger widths for transconductance transistors mit-
igate DC gain variation but increase parasitic ca-
pacitances, potentially reducing bandwidth.

Voltage Drop Across
RL,ctle

Must be sufficient to bias subsequent stages while
avoiding excessive voltage drops that could limit
the output swing.

Consistency with other
Stages

Design choices should ensure compatibility with
other stages to maintain system functionality.

Table 16: Design trade-offs for the Programmable CTLE design

When wy, < wp2

Parameter Increasing Value Decreasing Value
Load Resis- | Increases DC gain (Apc); | Decreases Apc and Apy;
tance Ry Increases peak gain (Ap); | Increases wp;; Enhances
Decreases peak frequency | bandwidth.
(wp1); May reduce band-
width.
Source Resis- | Reduces Apc; No change | Increases Apc; Potentially
tance Rg to Apr; No change to wpi; | reduces linearity; No
Improves linearity. change to Ay or wpi.
Source Capaci- | No change to Apc; In- | No change to Apg; De-

tance Cyg creases Api; No change to | creases Ap; Simplifies fre-
wp1; May introduce peak- | quency response.
ing in response.
When wp2 < Wpl
Load Resis- | Increases Apc and A,;; No | Decreases Apc and Apy;
tance Ry, change to peak frequency | No change to wy2; Easier
wp2; May affect biasing of | biasing conditions.
subsequent stages.
Source Resis- | Reduces Apc and A,; Re- | Increases Apc and Apy; In-
tance Rg duces wp2; Enhances lin- | creases wy2; Potentially re-

earity; May reduce band-
width.

duces linearity; Enhances
bandwidth.

Source Capaci-
tance Cg

No change to Apc; In-

creases Api; Reduces wy;

No change to Apc; De-
creases Apy; Increases wp;
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3.5 Design methodology

The design methodology of this project is based on setting initial values for device
parameters and transistor dimensions in each block, guided by the equations and
design considerations previously discussed. From these initial values, iterative
adjustments are made, considering trade-offs to achieve the target specifications.
The design environment used for this project was Synopsys software, specifi-
cally the Custom Compiler Design Environment for schematic design and PrimeSim

for performing simulations.

Table 17: Main design parameters affecting each specification - All blocks

Spec. Input Interstage | Program. | CML
Buff Buff CTLE Driver
Bandwidth | g1, Ly, | gm1, Cs, Rs, | Rs, Cs, L,
Rs bust Rs put, Ry, Cp
w
Output - - - Iss, Ry,
Swing
THD Rspuft; gm1 | Rspufts 9m1 | 9m1, Rs Rs,  gm,
Iss
Voltage 9m1, Rspuft | gm1, Bsputt | BLy  gmis | 9m1, Rs
Gain Rg
CTLE L, - Cg, Ry, | -
Peaking Cr, Rs
Gain
CTLE DC | - - W, Ip1 -
Gain Varia-
tion

The design process leverages this table along with other tables detailing de-
sign considerations and trade-offs specific to each circuit block. Since all blocks
are interconnected to form a comprehensive design, it is essential to understand
the implications of adjustments in one block on the others and to adapt ac-
cordingly, making it hard to achieve a good systematic functionality by only
theoretical analysis of each block. By conducting simulations and systemati-
cally varying specific parameters within each circuit, the design can be tuned to
meet the desired specifications. This iterative process relies on a foundation of
intuition and logic, informed by the analyses presented throughout this work.

The dimensions and values achieved for each device, as referenced in Figures
22, 24, 26, and 28, are presented in Table 18 for clarity. All the devices utilized
in this project, including capacitors and inductors, are from 65nm technology.
Additionally, this table does not list all transistor sizes, as other transistors are

matched to the dimensions of those shown.

42



3 DESIGN OF A MZM DRIVER WITH PROGRAMMABLE
CONTINUOUS-TIME LINEAR EQUALIZER ON 65NM CMOS

Table 18: Transistor dimensions and component values for each circuit block.

Component Input Interstage | CML CTLE
Buffer Buffer Driver
Mi1:
Vi;%%i“’ MI: MI: MI:
Mo: W = 75u, W = 396u, | W = 44.8u,
W = 1600 L = 60n L = 60n L = 60n
L — 60n ’ M2: M3: Mb5:
Transistor M3 W = 152u, | W = 480u, W = 30u,
Dimensions W — 2i6u L = 60n L =0.24u L = 60n
L — 60n ’ M4: M4 M13:
Ma: W = 144u, | W = 144u, | W = 180u,
W = 180u, L =0.24u L = 60n L =0.24u
L = 0.24u
RL =50 RL =125
Resistances - Rsb = 18
(2) Rs=5 Rs = 72
Capacitances | - - Cs =0.45p | Cs =0.35p
(F)
Inductances | Lp = |- Lp=0.96n | -
(H) 0.367n

3.6 Simulation results

For the simulations, since the design operates at high frequencies, capacitances
were added at the circuit nodes to simulate parasitic capacitances. An arbitrary
value of 10 fF was used for most nodes, while a larger capacitance of 50 fF was
considered for the input and output nodes. This approach is relevant because,
for this project, no layout was created to allow for extraction that would account

for these parasitic elements.

3.6.1 Frequency response

The frequency response of each circuit block was simulated. Since the overall
system operation depends on the performance of each block, the design choices,
such as zero placement and gain distribution, were made to minimize power con-
sumption in specific blocks while respecting trade-offs and constraints, including
inter-stage biasing.

In Figure 29, the frequency responses of the flat-band CTLE, the input buffer,
and their combination are shown. It can be observed that the zero is chosen to
maintain a peaking effect in this combined response, compensating for the poles
in subsequent circuits. Additionally, part of the overall gain is contributed by
this circuit combination.

Figure 30 shows the frequency response of the CML driver and the interstage
buffer. As the interstage buffer is situated between the operational stages of the

MZM driver, it experiences the greatest impact from parasitic capacitances. The
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Figure 29: Combination of CTLE and Input Buffer frequency response

Source: Author

zeros created in the CML driver block help to compensate for the high-frequency

attenuation caused by these parasitic capacitances.

20 dB
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-40 dB A

-60 dB

—— CML Driver + Interstage Buffer
—=- Interstage Buffer
----- CML Driver

-80 dB T T
100 MHz 1 GHz 10 GHz 100 GHz
Frequency (GHz)

Figure 30: Combination of CML Driver and Interstage Buffer frequency response

Source: Author

Figure 31 shows the final frequency response of the MZM driver, created
by combining the responses of all blocks. It can be noted that the peaking
effect maintained in the CTLE and input buffer combination contributes to the
required bandwidth, compensating for the responses of the remaining stages.

Finally, Figure 32 shows the isolated frequency response of the complete
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Figure 31: Combination of all blocks frequency responses

Source: Author

MZM driver, highlighting key parameters such as DC gain, -3dB frequency (cir-
cuit bandwidth), and peaking observed at high frequencies. In the flat-band
configuration, the driver achieves a voltage gain of 8 dB, a bandwidth of 25.2

GHz, and a high-frequency peaking of 8.85 dB, all meeting the specified design
requirements.

S-OédB 8;8;["5 —— MZM Driver
0dB - f-348
-20 dB
o
2
[=)
‘©
O .40 dB
-60 dB -
25.23 GHz
-80 dB ; ;
1 GHz 10 GHz 100 GHz

Frequency (GHz)

Figure 32: Complete MZM Driver frequency response

Source: Author

Another important metric is the group delay. The group delay (74) represents

the rate of change of the signal phase with respect to the angular frequency (w),
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mathematically defined as the derivative of the phase (¢(w)) with respect to
frequency: 7, = —%&‘)). A constant group delay implies that all frequency
components of a signal travel at the same speed, preserving the signal shape
over time. Therefore, examining the variation in group delay across different
frequencies is important for assessing this parameter’s quality, this metric can
be seen in figure 33.

The maximum group delay occurs at 23.1 GHz, near the frequency where
peaking is concentrated. Since most of the frequency components of PAM4
signals are at lower frequencies, this maximum variation of 25 ps is not critical,
as most signal components are unaffected by this higher delay. The variation
of less than 4.81 ps between 1 GHz and 10 GHz is more relevant for evaluating
this parameter. However, because there is no direct mapping between group
delay, eye diagram, and bit error rate, a more cohesive approach to evaluate the

project’s performance would be to observe the PAM4 eye diagram at the output.
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Figure 33: MZM Driver group delay

Source: Author

3.6.2 CTLE results

The results of the CTLE circuit can be observed in the figures below. Figure
34 shows the peaking behavior of the CTLE frequency response. A peaking
variation is observed, concentrated around the frequency of 23 GHz, which is
the specified operating frequency of the circuit.

Within the complete frequency response of the driver, illustrated in Figure
35, the peaking variation also remains concentrated at the frequency of interest
and assumes different values. This allows for the utilization of multiple channels

in the circuit load.
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Figure 34: Peaking tuning on CTLE frequency response
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Figure 35: Peaking tuning on MZM Driver frequency response

Source: Author

Figures 36 and 37, represent the graphs of relevant parameter variations
during CTLE peaking adjustments as a function of the control signal. In terms
of DC gain variation, a maximum variation of 0.15 dB was achieved, which is
within the specified limits.

Additionally, a peaking range between 0.86 dB (observed during flat opera-
tion of the circuit) and 6.29 dB was achieved, also meeting the specified require-

ments.

47



3 DESIGN OF A MZM DRIVER WITH PROGRAMMABLE
CONTINUOUS-TIME LINEAR EQUALIZER ON 65NM CMOS

8.02 dB

DC Change (dB)

7.88 87 dB

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Vde/tap - Vdeltan

Figure 36: CTLE DC gain change from peaking variation

Source: Author
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Figure 37: CTLE peaking value change

Source: Author

3.6.3 Distortion

For distortion measurement, the lowest frequency component of the PAM4 signal,
approximately 150 MHz, is used. This is because the lower frequency component
is more affected by harmonic distortions, as there are more fundamental multiples

within the operating bandwidth of the circuit. For the THD measurement, an
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input sine wave at 150 MHz was utilized to achieve the circuit’s maximum output
swing, approximately 2.2 V, pushing the circuit to its maximum stress margin.
Figure 38 shows the output sine wave of the circuit overlaid with the input sine

wave.

Input and Output waves
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Figure 38: Input vs Output sine wave

Source: Author

Figure 39 shows the harmonics of the circuit’s output sine wave, demonstrat-
ing distortion through the presence of non-fundamental harmonics. Note that
the Y-axis of this figure is in a logarithmic scale for better visualization of the

harmonics.
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Figure 39: THD: Harmonic values

Source: Author

The total distortion, calculated via software, results in a THD of 5%, which
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meets the project specifications. This is particularly noteworthy given that this

is the maximum distortion measurement achievable in simulation.

3.6.4 Transient operation

To evaluate the driver’s operation, considering the transmission speed require-
ments of 28 Gbaud or 56 Gb/s, a PAM4 signal with these characteristics was

applied to the circuit’s input, and the eye diagram of this signal was measured
at the output.

PAM4 Input and Output Signals
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Figure 40: Input and Output PAM4 signals
Source: Author
Figure 40 shows the PAM4 signal at the input and output of the circuit. It is

observed that the waveforms maintain a good shape, with the differential output

swing reaching 2.2 V.

Figure 41: Output signal PAM4 eye diagram

Source: Author
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By overlaying all waveform transitions, the eye diagram shown in Figure 41 is
obtained. The eye diagram demonstrates a clear eye opening, indicating effective
signal transmission.

The eye width is 14.43 ps, and the eye height is 288 mV, which in conjunction
with Fig 41 characterize a well defined eye morphology. The measurement of eye

width and height are done using the central eye as reference.

3.6.5 S-Parameters

The S-parameters, or scattering parameters, are fundamental in the analysis of
high-frequency circuits, as they describe how signals propagate between ports of
a circuit, particularly in high-frequency ranges where reflection and loss effects

are predominant.
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Figure 42: SDD11 scattering parameter

Source: Author

SDD11 represents the input reflection coefficient, indicating how much of
the signal is reflected back to the source at the input port, and it is essential for
assessing impedance matching and minimizing losses. As shown in Figure 42, the
circuit exhibits low reflection, which starts to become more prominent at higher
frequencies, reaching up to approximately -5 dB at the maximum operating
frequencies of the circuit. This happens because of the parasitic reactances
present at the input of the circuit.

SDD12, shown in Figure 43, represents the reverse isolation between the
input and output ports, quantifying the degree to which the output signal can
influence the input signal. This is an important metric for circuit stability. Low
dB values were found for this parameter, indicating excellent isolation between

the input and output.
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Figure 43: SDD12 scattering parameter

Source: Author
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Figure 44: SDD21 scattering parameter

Source: Author

SDD21 is the transmission gain, showing the amount of input signal trans-
mitted to the output port. As seen in Figure 44, this parameter aligns with the
AC gain of the circuit, as expected.

Finally, SDD22 is the output reflection coefficient, similar to SDD11 but
applied to the output port. This parameter is critical to ensure that the output
signal is transmitted adequately without reflections that could impact the overall

performance of the circuit. As shown in Figure 45, it provides a low reflection
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Figure 45: SDD22 scattering parameter

Source: Author

coefficient, which increases as it approaches the maximum operating frequencies,
reaching approximately -3 dB. This manly happens because in the output we
had to add an inductance to achieve the desired bandwidth, which changes the

output impedance in higher frequencies.

3.6.6 CMRR and PSRR

The PSRR (Power Supply Rejection Ratio) and CMRR (Common-Mode Rejec-
tion Ratio) are important parameters as they help ensure signal integrity and
immunity to external interference. The PSRR measures the circuit’s ability to
reject voltage variations in the power supply, preventing unwanted interference
in the supply from being amplified and impacting the output signal. The CMRR,
in turn, measures the circuit’s ability to reject common-mode signals, such as
noise equally picked up at the inputs of a differential amplifier, preserving the
quality of the differential signal. Together, PSRR and CMRR are fundamental
to achieving high precision and fidelity in high-frequency circuits, minimizing
noise and interference.

Figures 46 and 47 show both high PSRR and CMRR, thus providing good
rejection at least within the operating frequency range (up to 25GHz). Note that

this was a single measurement taken from the
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Figure 46: MZM Driver PSRR
Source: Author
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Figure 47: MZM Driver CMRR

Source: Author

3.6.7 Input and output noise

The input and output-referenced noise are critical parameters in high-frequency
circuit analysis, as they allow for a detailed understanding of how noise impacts
circuit performance. These measurements represent the extent to which inter-
nally generated noise by the circuit’s components is amplified or transferred to
the input or output signals.

From Figure 48, we observe favorable input noise results, showing low noise
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Figure 48: Input noise against frequency

Source: Author

spectral density values, particularly in the higher frequency ranges of interest.

The plot demonstrates that, for most frequencies, the noise level remains around

3-107°V/VHz.
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Figure 49: Output noise against frequency

Source: Author

The output noise result is also favorable, displaying low noise spectral density
across the analyzed frequency range. The graph shows that, for most frequencies,
the noise level is around 8 - 107 V/v/Hz, which is reasonable, especially given

the output signal’s magnitude.
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3.6.8 Process variation and mismatch

To evaluate the robustness of the circuit under process variations and component
mismatch, a Monte Carlo analysis was conducted with these two conditions
imposed within the schematic.

The -3dB bandwidth of the circuit remained within specifications for all sim-
ulated variations.

Similarly, the DC gain remained within expected ranges under process and
mismatch variations.

The THD value, measured at maximum V4, stayed within an acceptable
range, although some values approached the threshold of the specification.

The power consumption of the circuit also remained below the maximum
specification across all Monte Carlo simulations.

Finally, the eye diagram quality metrics remained stable across simulation

conditions, demonstrating adequate performance.
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Figure 50: -3dB Bandwidth histogram of process and mismatch variation via
Monte Carlo

Source: Author

o6



3 DESIGN OF A MZM DRIVER WITH PROGRAMMABLE
CONTINUOUS-TIME LINEAR EQUALIZER ON 65NM CMOS

175 % A
%
%
%
) %

Gain (dB)

Figure 51: DC gain histogram of process and mismatch variation via Monte
Carlo

Source: Author
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Figure 52: THD histogram of process and mismatch variation via Monte Carlo

Source: Author
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Figure 53: Power consumption histogram of process and mismatch variation via
Monte Carlo

Source: Author
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Figure 54: Eye width histogram of process and mismatch variation via Monte
Carlo

Source: Author
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Figure 55: Eye height histogram of process and mismatch variation via Monte
Carlo

Source: Author

3.6.9 Temperature variation

For temperature variation analysis, a current source with a Proportional To Ab-
solute Temperature (PTAT) characteristic and a variation rate of 3500 ppm/°C
was used, as illustrated in Figure 56. The purpose of a PTAT source in this cir-
cuit is to counteract the unwanted effects inherited by the MOSFETs in higher

temperatures by adding more current to the circuit.
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Figure 56: Reference current source (mA) vs Temperature

Source: Author

Some parameters, such as THD and gain, approach the specification limits

at temperatures of 0°C and 100°C. However, the circuit remains functional and
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Table 19: Parameter Variation as a Function of Temperature

Parameter 0°C 27°C 60°C 100°C
Bandwidth 25.7 25.2 24.7 24.7
(GHz)

Gain (dB) 8.4 8.0 7.4 6.5
Eye Height (V) 0.285 0.288 0.234 0.200
Eye Width (ps) | 14.16 14.43 13.38 13.53
Power Consump- | 462 506 552 589
tion (mW)

THD (%) 5.98 5.00 5.43 5.96

within acceptable performance at all tested temperatures, comfortably meeting
the 60°C corner.

3.6.10 Compliance table and state of the art comparation

With the simulations completed, a compliance table can be generated to compare
the measured results with the project specifications, verifying whether all require-
ments have been met. Additionally, these values can be contrasted with those
presented in state-of-the-art reference articles to assess relative performance and

design advancements.

Parameter Specification | Measured Compliance
Value

Modulation Format PAMA4 PAMA4 Yes

Minimum Bandwidth | 23 25.2 Yes

(GHz)

Minimum Output | 1.2 2.2 Yes

Swing (Vpp,d)

Maximum THD (%) at | 6 5 Yes

Vpp,d

Minimum Voltage Gain | 6.5 8 Yes

(dB)

Maximum DC Power | 650 506 Yes

Consumption (mW)

Data Rate (Gbaud) 28 28 Yes

Data Rate (Gb/s) 56 56 Yes

Maximum Energy Effi- | 11.6 9 Yes

ciency (pJ/bit)

CTLE Min./Max. | 0-6 0.86 - 6.29 Yes

Peaking Gain (dB)

CTLE Maximum Peak- | 0.4 0.15 Yes

ing DC Gain Variation

(dB)

Temperature Range | 0 - 60 0-100 Yes

(°C)
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Table 20: Compliance table for the MZM driver with programmable equalization.
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4 CONCLUSION

4 Conclusion

This work presented the design of a high-speed PAM4 Mach-Zehnder modulator
driver for optical communications, implemented using 65nm CMOS technology.
Through this design, we explored the trade-offs and interdependencies between
essential parameters, such as bandwidth, gain, and linearity, while optimizing for
total harmonic distortion (THD), gain, bandwidth and energy efficiency. The
design strategy included partitioning the circuit into four core blocks: the input
buffer, interstage buffer, CML driver, and programmable CTLE, each contribut-
ing uniquely to the overall performance.

A systematic approach to achieving high bandwidth was employed, with the
implementation of inductive peaking, capacitive degeneration, cascode topolo-
gies and source resistance tuning in each block. The programmable CTLE
block was particularly instrumental in controlling the peaking response, allow-
ing fine-tuning of the frequency response to maintain bandwidth across a range
of operational conditions. The design also demonstrated the importance of
impedance matching, especially between the driver and the Mach-Zehnder mod-
ulator (MZM) load, to minimize reflections.

Results showed the circuit achieving a bandwidth of 25 GHz, with a voltage
gain of 8 dB with good eye-diagram characteristics. A THD of 5% was measured,
meeting the specifications for high-speed optical modulation without excessive
distortion. Additionally, the design achieved a power consumption of 506 mW
and an energy efficiency of 9 pJ/bit, well within the target specification.

Monte Carlo simulations indicated robust performance across process and
mismatch variations, with all key parameters—bandwidth, gain, THD, and power
consumption—remaining within acceptable limits. Temperature variations from
0°C to 100°C showed deviations in a few characteristics, notably in gain and
THD, yet the driver continued to perform within specification boundaries.

Compared to state-of-the-art designs, this driver offers competitive band-
width with good output-swing and gain, achieved through a topology which
works for different channel loss specifications.

Future work could focus on the complete layout design to capture parasitic
effects accurately, further improving the accuracy of simulations and enabling
a path to physical implementation. Additionally, exploring an automatic gain
control technique for the driver could enhance system sensitivity across varying
input levels, potentially improving both linearity and adaptability under dynamic

operational conditions.
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