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Chapter 1

Introduction

1.1 Optical communication

The continues growth of data traffic has stimulated the demand for high capacity
information networks. Data needs to be transmitted at high speed, low power con-
sumption and low cost. Fiber-optic communication is one of the communication
technologies. It transmits information by sending modulated light through an optical
fiber. The fiber-optic link has many advantages, which include tremendous available
bandwidth, very low transmission loss and immunity to electrical disturbance.

Optical communication systems have been a mainstream information transmission
technology in the past decades. A global map of the undersea optical fiber network
is shown in Fig. 1.1(a). Thousands of optical fibers transmit enormous amounts of
data over thousands of kilometres across the globe. In the optical backbone network,
data centers are the key elements, for data exchange and distribution [1]. A data
center network is shown in Fig. 1.1(b). Data centers exchange and transmit data
through fiber networks between themselves and with various end users, e.g. base
stations, radios and fixed cable communication networks. Therefore, high speed,
high bandwidth and low latency are demanded. In data centers, optical transceivers
exchange signals between the electrical and optical domain. An optical transceiver
contains an optical transmitter and an optical receiver, which convert an electrical
signal into an optical signal and vice versa.

In an optical transmitter or an optical receiver, the basic building blocks can be
divided into two categories: photonic circuits and electronic circuits. Photonic circuits
such as lasers, modulators, photo detectors and waveguides can be implemented into a
single photonic integrated chip (PIC), which is usually fabricated in a III-V material,
such as InP [2][3]. Electronic circuits such as driver amplifiers, biasing circuits, digital
control circuits, limiting amplifiers and trans-impedance amplifiers (TIA) can also be
implemented into a single electronic integrated chip (EIC), which commonly uses
silicon based technology [4][5].

1. Introduction 3



As 5G and cloud services are rolling out, the data traffic will continue to grow, which
demands larger bandwidth for higher data rate and higher capacity connections from
data centers. To meet the demand of high speed optical communication, research of
electrical-optical co-integration has become a highly relevant topic in recent years.
Although the best solution for increasing communication capacity is still under dis-
cussion, different approaches have been proposed: silicon photonics [6], monolithic
integration in III-V semiconductors [7] and wafer scale packaging [8]. In this thesis,
research on optical modulator driver ICs in wafer scale packaging technology and
electronic-photonic co-design are the main focus.

(a) (b)

Figure 1.1: (a) Undersea optical communication network [9], (b) Data center network
[10].

1.2 Problem statement

To meet the ever increasing demand for higher datarate and capacity, the IEEE
400 Gb/s Ethernet Task Force (400 GbE) has set standards for inter-data center
interconnects at distances of 500 m, 2 km and 10 km over standard single mode fibers
(SSMF) [11]. Optical transceivers need to meet this standard for future data center
applications. In order to maximize the link capacity of optical transceivers, there are
3 main directions:

• Higher bandwidth per channel

Higher bandwidth will increase the achievable baud rate, thus increasing the
data rate per channel. The bandwidth of electronic circuits and photonic cir-
cuits should be increased at the same time to achieve a higher electro-optical
bandwidth. Recently, high speed modulators (100 GHz bandwidth) [12][13] and
high speed electronic circuits (100 GHz bandwidth) [14][15] have been reported.
The interconnection between EIC and PIC becomes a limiting factor to achieve
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higher bandwidth. Therefore, high speed interconnection technologies, such as
flip-chip and wafer scale packaging, are necessary for higher bandwidth optical
transceivers.

• Higher number of channels in parallel

Integrated multiple optical transceiver channels in parallel can directly increase
the total data throughput. A 48 channel transmitter array has been reported
[16]. From the system level perspective, it requires a wavelength division mul-
tiplexing (WDM) fiber and lasers/modulators to support various wavelengths.
Moreover, an N channels transceiver means N times the chip size and N times
higher power consumption. It is a challenge to integrate multiple transceiver
channels into an Small Form-factor Pluggable (SFP) optical transceiver, shown
in Fig. 1.2, within the size, power and thermal budget. Cross-talk between
multiple channels is an issue for electronic circuit design. The PIC and EIC size
mismatch is another problem. EICs usually have lager chip size per channel
compared to PICs. However, in multi-channels wavelength division multiplexed
(WDM) PIC, the arrayed waveguide grating (AWG) occupies a large area, which
may be larger than a multi-channel EIC. Thus PICs and EICs are required to
be co-designed in order to have similar size.

• Higher order modulation schemes

Higher order modulation schemes, e.g. PAM-4, PAM-8, can be chosen to in-
crease the data rate. The PAM-4 modulation scheme can double the data rate of
NRZ, while PAM-8 results in 3 times the data rate of NRZ. Optical modulator
drivers with higher modulation schemes up to 64 Gbaud PAM-8 have been re-
ported [17][18][19][20]. Higher order modulation schemes increase the data rate
at the cost of larger jitter and smaller eye opening, which increases the symbol
detection difficulty at the receiver. Moreover, higher order modulation schemes
also require a linear amplification and transmission of the optical transceiver
system. In an optical transmitter, a linear optical modulator driver is required
to keep the eye diagram undistorted at the cost of lower power efficiency.

To meet the data capacity, all three directions will be employed in optical transceivers
to achieve an overall optimum performance. As data traffic continues to grow,
electronic-photonic integration and co-design will be the future trend. Thus, elec-
tronic circuit design and photonic circuit design should no longer be two separated
fields. Optical transceiver design should optimize across the electronic and photonic
technology interface. On the other hand, electronic-photonic integration aggravates
the thermal issue, since heat sources are closely integrated. Power efficiency becomes
a key parameter in electronic-photonic integrated optical transceivers. In short, how
to utilize the advantages of electronic-photonic integration to design a high speed,
high power efficiency optical transceivers becomes the question for future designers.
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Figure 1.2: A picture of an SFP optical transceiver [21].

1.3 Aim of the thesis

The thesis aims to carry out research of the electronic circuit and layout options of a
multi-channel optical driver array to achieve high data rate communication in a wafer
scale electro-optic integration technology. It includes 4 sub-goals:

• Research on the optical modulator driver for higher order modulation schemes
with constraint power dissipation.

• Research on the RF performance of passive components in the 3D electronic-
photonic wafer scale packaging.

• Research on the optical modulator driver design in electronic-photonic integra-
tion technology and exploration of the limitations and advantages, especially
on using different E/O interface impedances and DC coupling biasing schemes
for electro-absorption modulators.

• Research on fully integrated optical transmitters including dedicated electro-
absorption modulator drivers for the 3D electronic-photonic wafer scale pack-
aging to enable high speed, high efficiency optical communication.

1.4 Scope of the thesis

This thesis will focus on the optical modulator driver design for 3D wafer scale packag-
ing. The research on the driver circuit will focus on the electronic-photonic co-design,
which is the main advantage of 3D wafer scale packaging. This research focuses on
the electronic-photonic interface, and proposes different versions of EAM drivers for
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better performance. The electronic circuits in the optical receiver and digital pro-
cessing blocks are not in the scope. The electronic circuits in the transmitters are
not designed to compensated the instrinic non-linearity of optical modulators like
[22], similar compensation can be done by signal processing. The electronic circuit
in this thesis are designed for linear RF signal amplification which is applicable for
the majority of optical modulators. In this thesis, electronic circuits are designed in
a 0.25 µm BiCMOS technology, which is not as fast as designs in smaller technology
nodes, e.g. 55 nm BiCMOS technology from IHP. Therefore, electronic circuits don’t
focus on achieving state-of-the-art bandwidth/speed due to this technology limita-
tion. The driver circuits are optimized for low power consumption in order to achieve
high power efficiency for electronic-photonic co-design.

1.5 Outline of the thesis and own contributions

The thesis is organized as follows:

• Chapter 2 introduces the basic building blocks for electronic-photonic co-
design. 3D wafer scale packaging for electronic-photonic integration is intro-
duced, the RF performance of through polymer vias is simulated and com-
pared to different interconnection technologies. The RF performance of coplanar
waveguide (CPW) transmission lines in a 3D wafer scale package is discussed.
Electro-absorption modulators (EAMs) are introduced with a focus on their
biasing, RF coupling methods and their equivalent circuits.

• Chapter 3 introduces the topologies and trade-offs of optical modulator drivers.
The key performance specifications are discussed. The design of a linear optical
modulator driver is described and the measurement results are presented. It
has a 3dB bandwidth of 28 GHz and reaches 56 Gb/s 4 Vpp eye diagram.

• Chapter 4 proposes a new single-ended DC coupled EAM driver. The driver
uses a DC coupling scheme for the EAM to avoid a bias-T, in order to facilitate
3D wafer scale packaging. The driver has an optimized output impedance for
the EAM to reduce the power consumption. The driver is measured with a
3dB bandwidth of 31.5 GHz, 56 Gb/s 4 Vpp eye diagram and 6.5 pJ/bit power
efficiency.

• Chapter 5 compares the performance of the AC coupling and the DC coupling
scheme for the EAM-driver optical transmitter module. Based on a schematic
level analysis and RF simulation of AC coupling and DC coupling schemes are
analysed and compared. Two driver-EAM modules for AC coupling and DC
coupling are assembled. The driver-EAM assemblies with 40 Gb/s NRZ optical
eye diagrams are measured.
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• Chapter 6 proposes a new differential DC coupled EAM driver with tunable
DC biasing output. A negative impedance broadband matching technique is
proposed and explained. The driver employs a differential DC coupling scheme
for the EAM to reduce the power consumption. The driver also provides a
tunable DC biasing for the EAM without extra biasing circuit, which is suitable
for 3D wafer scale packaging. The driver is measured with 3dB bandwidth of
51.5 GHz, 100 Gb/s data rate, maximum 2 Vpp voltage swing and 2.6 pJ/bit
power efficiency. The driver is measured with tunable DC output from -0.2 V
to -2 V.

• Chapter 7 concludes this thesis and provides the recommendations for future
research.

8 1. Introduction



Chapter 2

Electrical-optical Co-design

In chapter 2, the basic building blocks for electronic-photonic co-design are discussed.
3D wafer scale packaging for electronic-photonic integration is introduced, the RF
performance of through polymer vias 1 are simulated and compared to different inter-
connection technologies. The RF performance of coplanar waveguides (CPW) trans-
mission lines in 3D wafer scale packaging is discussed. Electro-absorption modulators
(EAMs) are introduced with a focus on their biasing, RF coupling methods and their
equivalent circuits.

Part of the content in this chapter has been published at the Mediterranean Microwave
Symposium (MMS) 2018 conference [23].

1The through polymer vias (TPVs) which are used in the analysis and measurement in this
chapter are developed and processed by Marc Spiegelberg and Arezou Meighan from the TU/e PhI
group.
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2.1 Introduction

In an optical transceiver, the basic building blocks can be divided into two categories:
electronic circuits and photonic components. The electrical circuits transmit/receive
electrical signals and provide the biasing voltages for the optical components. The
optical components are used for generating and sensing optical signals. Most photonic
devices are fabricated in III-V semiconductor materials such as InP, while electronics
are mostly silicon based. Although some III-V technology, e.g. InP, can be used
for the integration of electronics on wafer scale. The cost of III-V based electronics
is higher than for Si-based processes, especially at large volumes. As photonic and
electronics are fabricated in different technologies, in an optical transceiver, external
interconnections are required for connecting PICs and EICs. As the communication
speed is constantly increasing, the interconnection between electronics and photonics
has become a critical factor in broadband systems. There are two main strategies to
integrate electronic circuits and photonic devices: wire bonding and flip-chip.

• Wire bonding Wire bonding is a widely used technology of making intercon-
nections between two ICs or an IC to its packaging. Thin metal wires which
are made of different materials, e.g. copper, aluminium and gold, are used for
connecting pads on ICs to the outside world. Wire bonding is one of the most
cost-effective and flexible interconnect technologies, which is used to assemble
the vast majority of semiconductor packages [24].

The main disadvantage of wire bonding is the bandwidth limitation. As the
bonding wires are very thin and have a relatively long length compared to their
diameter, the bonding wires can be modelled as an inductor. As a rule of thumb,
an 1 mm bonding wire has 1 nH inductance, which will lead to losses at high
frequency and limit the bandwidth [25].

• Flip-chip Flip-chip is another interconnection technology for IC packaging. In
a flip-chip process, a semiconductor die is attached bond pad side down to a
substrate or carrier. The electrical connections are made through conductive
bumps on the die bond pads. The flip-chip assembly is much smaller than wire
bonding. The flip-chip bumps are also much smaller than bonding wires, which
greatly reduces the inductance and allows high speed signal transmission. High
speed flip-chip interconnect technologies have been reported up to 500 GHz
[26][27][28][29].

On the other hand, the locations of the flip-chip bumps are controlled, in order
to keep the upper die mechanically balanced. To enhance the reliability of a
flip-chip, underfill is usually used to redistribute the thermo-mechanical stress
created by the Coefficient of Thermal Expansion (CTE) mismatch [30].
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Aluminium wires

Silicon die

(a) Wire bonding (b) Flip-chip

Figure 2.1: (a) Wire bonding (b) Flip-chip [31].

Silicon photonics

Silicon photonics is the study and application of photonic systems which use silicon
as an optical medium [32][33]. Instead of connecting the silicon electronic IC and
III-V photonic ICs, silicon photonics is aiming to implement optical components on a
silicon based substrate. In silicon photonics technology, the optical components, e.g.
laser, modulators and waveguides, are integrated on the same silicon substrate as the
electronic circuits, therefore electronics and photonics can be integrated into one IC
without using any external interconnections. However, there are still some limiations
for silicon photonics. Silicon is not an ideal material for electro-optic devices. Due
to the indirect band structure of silicon, the conduction and valence bands do not
occur at the same value of crystal momentum [6]. It is difficult and costly to integrate
lasers, PDs and electronics in one technology. Additional packaging is still required
if external components are used.

In the H2020 project WIPE [8] a new approach for the integration of PICs and EICs
is explored, as will be described in the next paragraph.

2.2 Electronic-photonic 3D wafer scale packaging

A new electronic and photonic wafer scale integration technology has been proposed
in the H2020 EU project WIPE. The research presented in this thesis is a part of the
WIPE project. In this technology, an InP photonic wafer is bonded to a BiCMOS
electronic wafer at the wafer scale [8]. The proposed 3D wafer scale packaging for InP
photonic wafers and silicon electronic wafers is shown in Fig. 2.2. The InP photonic
wafer is bonded on top of the silicon electronic wafer by a polymer bonding layer.
By etching through the polymer layer and subsequent metallization, through polymer
vias (TPVs) are created to connect electronics and photonics. Two heat sinks are
attached to the InP layer and the BiCMOS layer for cooling. The polymer layer also
works as a heat isolation layer to reduce thermal coupling between the InP and the
BiCMOS layers. In this technology, two mature electronics and photonics platforms
are combined, which has several advantages:

2. Electrical-optical Co-design 11



1. Both electronic circuit and optical components have optimized performance and
are cost-effective.

2. The polymer layer helps to mechanically support the InP layer on top, which
enables tiny TPVs without constraints on their location and on the number of
vias.

3. TPVs can be as small as a few µm in length, which is smaller than commer-
cial flip-chip bumps. Small inductance further improves the bandwidth of this
interconnect.

4. The electronic-optical (E/O) interface becomes an internal interface in the pack-
age, which is no longer limited to 50 Ω reference impedance. The E/O interface
impedance becomes a design choice which enables electrical-optical co-design.

The challenges of 3D wafer scale package are:

1. Stronger influence/coupling (thermal, EM, mechanical) between EIC and PIC.

2. Different simulation tools of electronics and photonics. Lack of electronic and
photonic co-simulation tool.

3. High process difficulty, high process risk. µm alignment accuracy between PIC
and EIC is required.

Figure 2.2: Cross-section of a 3D wafer-to-wafer bonded photonic-electronic module,
showing the Silicon electronics layer and the InP photonic layer [8].
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2.3 Through polymer vias

The through polymer vias play a prominent role in 3D wafer scale packaging. They
connect the InP layer and the BiCMOS layer, which has a large impact on signal
transmission and speed limitations. A microscope photo of the fabricated TPVs is
shown in Fig. 2.3. The TPVs are designed to cover the metal pads on the BiCMOS
and InP wafers and to connect them with a metal trace. The TPVs are made of 3
µm thick gold traces with 40 µm width in order to cover most of the pads and have
only 7 µm height [34].

Figure 2.3: Fabricated through polymer vias (TPVs)[34].

(a) Through polymer vias (b) Flip-chip interconnect

Figure 2.4: a) Through polymer vias (TPVs) with 40 µm width and 7 µm height and
b) Flip-chip with 50 µm and 80 µm diameter bump are simulated in CST.

Optical communication demands broadband interconnects with flat group delay. This
requirement does not allow optimization of the RF performance in certain bands.
Small interconnects with low parasitics are therefore required for high speed optical
links. For RF and mm-wave frequencies the performance of the interconnects over fre-
quency can be described with S-parameters. The TPVs in Fig. 2.4 (a) are simulated
in CST (CST Microwave studio Frenquency Domain Solver) with Ground-Signal-
Ground (GSG) configuration with 125 µm pitch. Two GSG flip-chip interconnections
with typical bump size of 30 µm height and 50 µm diameter on 65 µm pads and 80
µm diameter on 95 µm pads in Fig. 2.4 (b) are also simulated in CST. Two bond
wires with length of 0.5 mm and 1 mm are simulated with the ADS (Advanced Design
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System) bond wire model for comparison. The cross-section of simulated TPVs and
flip-chip interconnects are shown in Fig. 2.5.

The simulated S-parameters are shown in Fig. 2.6. From the S-parameters, it is ob-
vious that the electronic performance of bond wires drops quickly as length increases
from 0.5 mm to 1 mm. The S11 of 1 mm and 0.5 mm bond wire reaches -10 dB at 8
GHz and 20 GHz, respectively. The S21 of 1 mm and 0.5 mm bond wire reaches -0.5
dB at 8.5 GHz and 25 GHz, respectively.
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Figure 2.5: Cross-section of simulated (a) TPV (b) Flip-chip.

Figure 2.6: S-parameter simulation of bond wire, flip-chip and through polymer vias.

Both flip-chip and TPVs reach a significantly larger bandwidth than bond wires. The
-10 dB S11 point of flip-chip with 50 µm and 80 µm bump are at 60 GHz and 110
GHz while that of the TPVs is at 150 GHz. Flip-chip bumps have larger parasitic
capacitance than TPVs. The S21 of flip-chip with 50 µm and 80 µm bump and the
TPVs reaches -0.5 dB at 60 GHz, 110 GHz and 145 GHz, respectively. The flip-chip
bump is higher than the TPVs, resulting in higher parasitic inductance. From the
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S-parameter simulation, flip-chip has low reflection and loss below 110 GHz, while
the TPVs show low insertion loss, less than 0.5 dB up to 145 GHz. Moreover, the
TPVs have more than 50 µm extra metal traces on both InP and BiCMOS, which
flip-chip does not have in this simulation. S-parameter of the TPVs can be further
improved by reducing the trace length.
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Figure 2.7: Simulated post-layout eye diagram at 30 GBaud PAM-4 with different
interconnects. (e) shows the eye diagram output of the driver stand-alone for com-
parison.

To compare the interconnects’ performance in terms of their effect on the eye dia-
gram, an optical modulator driver, presented in Chapter 3, is used for the simulation.
The interconnects are added at the output of the optical modulator driver, the eye
diagrams through the interconnects are simulated. The simulated eye diagrams of
the a driver with different interconnects are shown in Fig. 2.7. The bond wire eye
diagrams in Fig. 2.7 (a) and Fig. 2.7 (b) show obvious degradation with larger jitter
and smaller eye size. The eye diagram degradation is due to the higher insertion loss
of the interconnects at high frequency and large group delay variation. In Fig. 2.7 (c)
and (d) the eye diagrams after the TPV and flip-chip interconnect has much cleaner
eye diagram as compared to Fig. 2.7 (a) and (b). It is clear that the bond wire will
be a limiting factor for optical links above 30 GBaud, thus TPVs and flip-chip should
be employed. From the mechanic perspective, TPVs have a polymer layer to support
the InP structure, which allows high density vias and small via size. With via size to
be scaled down, TPVs have large potential to support even higher baud rate signals.
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As for flip-chip, mechanic stability is one of the limitations for the bump to be scaled
down.

2.3.1 TPV test chip and measurement

The wafer to wafer bonded TPV test chip is shown in Fig. 2.8(a). A BiMCOS wafer
and an InP wafer are bonded by a polymer layer in this chip. There are in total
8 different TPV test cells, which are labelled 1 - 8. 1A and 1B are the same test
cell which are repeated twice on the chip. Each TPV test cell contains three parts:
BiCMOS test chip, InP test chip and TPVs. In the bonding process, the InP wafer
and the BiCMOS wafer present a 40 µm alignment mismatch. In order to compensate
the alignment mismatch, additional 40 µm long gold lines are used for connecting the
TPV pads on the InP wafer and the BiCMOS wafer.

Figure 2.8: (a) 3D Wafer to wafer bonded TPV test chip, showing an InP test chip
layer is bonded on the top of a BiCMOS test chip layer. (b) BiCMOS test chip layout.

The BiCMOS test chip is shown in Fig. 2.8(b). On the BiCMOS test chip, 8 TPVs
test cells are designed. The TPV test cell contains three parts: (1) input GSG pads
and taper for probing , (2) 100 µm transmission line, (3) output GSG pads and taper
for TPV. All the 8 TPV test cells have the same standard 65 µm GSG pads with 125
µm pitch as input and the same 100 µm transmission line. Only the output TPV pad
size and taper are different among the 8 TPV test cells. On the InP chip, a mirrored
counterpart structures are designed, which will also have a standard GSG footprint for

16 2. Electrical-optical Co-design



probe measurement. Note that the dimension of the fabricated TPVs and simulated
TPVs are not exactly the same. The pad dimensions and the polymer thickness are
different, which is due to the design limitation of the BiCMOS technology and design
choices made in the bonding process. 20 µm polymer layer was used in the bonding,
to compensate for the uneven surfaces of the BiCMOS wafer and the InP wafer.

In each BiCMOS TPV test cell, the two ground pads are connected with the lowest
metal layer in the BiCMOS stack, which is referred to as “metal 1” and typically used
for shielding. As such, the 100 µm transmission lines between the GSG pads also use
metal 1 strips as shielding. Among all 8 BiCMOS TPV test cells, there are 4 TPV
pad sizes (65 µm, 50 µm, 40 µm and 20 µm) and 4 TPV pitch distances (125 µm, 95
µm, 60 µm and 45 µm) in order to test the performance and precision of the TPVs,
which are shown in Fig. 2.9 and Fig. 2.10.

Figure 2.9: BiCMOS test cells with TPV pads of 125 µm pitch with 65/50/40/20 µm
pads.

Figure 2.10: BiCMOS test cells with TPV pads of 95/60/45 µm pitch with 65/40/20
µm pads.

TPV S-parameter measurement

The S-parameters were measured with an Agilent PNA-X N5247A vector network
analyzer with measurement frequency range up to 67 GHz. Two GSG probes with
125 µm pitches are used for probing the input pads and output pads of the TPV test
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cells. The structure of the TPVs test cells are shown in Fig. 2.11. The measured
S-parameter of TPVs includes the input/output pads, short transmission lines on
BiCMOS and InP, TPVs and 40 µm long gold line which are used for compensation
of the alignment mismatch.

���

���

Figure 2.11: (a)TPV measurement and characterization method. (b) Die photo of
TPV 5.

• TPV 1A and 1B: 65 µm Pad size with 125 µm pitch

The S-parameter measurement results of TPV 1A and 1B are shown in Fig.
2.12. S21 of TPV 1A and 1B show -1 dB at 35 GHz and becomes reach around
-2.3 dB at 67 GHz. The transmission 3 dB bandwidth of TPV 1A and 1B
are larger than 67 GHz. The reflection coefficient S11 and S22 of TPV 1A and
1B are below -10 dB up to 60 GHz, showing good input and output matching
property up to 60 GHz. Moreover, the S-parameter of TPV 1A and 1B are
consistent showing a small process variation between these two TPVs. Further
tests are required to assess the repeatability.

• TPV 2 and TPV 3: 50 µm/ 40 µm Pad size with 125 µm pitch

The S-parameter measurement results of TPV 2 and TPV 3 are shown in Fig.
2.13. S21 of TPV 2 and TPV 3 show -1 dB at 35 GHz reaching -2 dB and -2.5
dB at 67 GHz, respectively. Thus, TPV 2 and TPV 3 show a 3 dB bandwidth
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Figure 2.12: S-parameter measurement results of (a) TPV 1A and (b) TPV 1B: 65
µm Pad size with 125 µm pitch.

over 67 GHz. The reflection coefficient S11 and S22 of TPV 2 and TPV 3 are
below -10 dB up to 50 GHz and 43 GHz, receptively.

Figure 2.13: S-parameter measurement results of (a) TPV 2: 50 µm Pad size /125
µm pitch (b) TPV 3: 40 µm Pad size / 125 µm pitch.

• TPV 5: 40 µm Pad size with 95 µm pitch

The S-parameter measurement results of TPV 5 are shown in Fig. 2.14. S21 of
TPV 5 shows -1 dB at 39 GHz while reach -2.3 dB at 67 GHz. The reflection
coefficient S11 and S22 of TPV 2 and TPV 3 are below -10 dB up to 43 GHz.
Thus, TPV 5 shows a 3 dB transmission bandwidth over 67 GHz.

• TPV 4 and 7: 20 µm Pad size with 125 µm/ 45 µm pitch

Due to the pad size of 20 µm are too small, the passivation layer on pads cannot
be removed in the process. Thus, the TPV 4 and 7 are not connected.

• TPV 8: 40 µm Pad size with 60 µm pitch
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Figure 2.14: S-parameter measurement results of TPV 5: 40 µm Pad size / 95 µm
pitch

As the small pitch size of 60 µm, the GSG TPVs of TPV 8 are short-circuited
after processing.

Conclusion

S21 of TPV 1, TPV 2, TPV 3 and TPV 5, show good RF performance with low loss
less than 3 dB, up to 67 GHz. S21 of different TPVs are very similar with highest
0.5 dB loss difference at 67 GHz. The TPV 2 has the lowest S21 loss of -2 dB at
67 GHz. By comparing S11 and S22 of TPV 1, TPV 2, TPV 3 and TPV 5, one
can conclude that S11 and S22 are worse when the pad size is smaller. The TPV 1
has the best S11 and S22, which are matched up to 60 GHz. The smallest TPV pad
size is 40 µm in this test chip. 20 µm pads are too small to process. The smallest
TPV pitch size in this test chip is 95 µm. Pitch size of 60 µm causes a short circuit
between GSG TPVs. Compared with TPVs simulation results presented before, the
TPVs measured bandwidth is much smaller, which has three reasons. Firstly, the
dimension of the fabricated TPVs and the simulated TPVs are not exactly the same.
Secondly, the measured fabricated TPVs include extra transmission lines and taper
structures for probe measurement which adds extra loss. Thirdly, the results are
limited by the maximum frequency range 67 GHz of the measurement equipments.
Thus the TPVs bandwidth will be larger if the limitations of extra probing structures
and measurement equipment are removed.

2.4 Transmission lines in 3D wafer scale packaging

Transmission lines are widely used in integrated circuit design. They are also used for
transmitting RF signals from the circuit to the outside world with low distortion. Both

20 2. Electrical-optical Co-design



transmission lines are implemented as long metal lines on the IC, whose performance
is dependent on their electromagnetic field distribution. In 3D wafer scale packaging,
the InP photonic layer is on the top of the BiCMOS electronic layer, which will have
an impact on the EM field of electronic circuit elements, especially for transmission
lines. In this section, the impact of 3D wafer scale packaging on the electromagnetic
properties of transmission linesis studied.

2.4.1 Transmission lines

Important parameters of transmission lines are their characteristic impedance Z0,
propagation constant β and attenuation α . For the design of broadband ampli-
fiers, the frequency dependence of these parameters is of relevance to reduce signal
distortion and unwanted reflections. There are many types of transmission lines in
IC design. The most prominent ones are: microstrip lines and grounded coplanar
waveguides (GCPW).

• Microstrip line
Microstrip is a type of transmission line which consists of a metal line above a
ground plane. It consists of a conducting strip separated from a ground plane
by a dielectric layer known as the substrate.

• Grounded coplanar waveguide
A grounded coplanar waveguide (GCPW) consists of a metal line with two
coplanar ground lines at its two sides and a ground plane below, which is shown
in Fig. 2.16(a). Due to the ground lines, the distance between signal and ground
is fixed which results in an improved confinment of the EM field between the
signal line and the ground. Below the signal and ground lines, the ground lines
extend deeper as two ground walls and are connected by many floating strips.
The floating strips act as an effective electric shield between the CPW line and
the substrate, which can reduce the power loss in the substrate [35].

The equivalent circuit model of a transmission line is shown in Fig. 2.22. A transmis-
sion line can be represented by an infinite number of small transmission line sections
∆Z. In each ∆Z, it can be represented as an RLCG network [36].

• ∆R is the series resistance of the transmission line. (Unit Ω/m)

• ∆L is the series inductance of the transmission line.(Unit H/m)

• ∆C is the shunt capacitance between the transmission line and ground. (Unit
F/m)

• ∆G is the shunt conductance between the transmission line and ground. (Unit
S/m)
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Figure 2.15: Transmission line equivalent circuit model.

The characteristic impedance Z0 is defined in Eq. (2.1). For simplicity the ∆ will be
omitted.

Z0 =

√
R + jωL

G+ jωC
(2.1)

At high frequency the contribution of R and G are small compared to ωL and ωC,
the characteristic impedance Z0 at high frequency can be approximated by Eq. (2.2)

Z0 =

√
L

C
(2.2)

The propagation constant γ is defined in Eq. (2.3)

γ = α + jβ =
√

(R + jωL)(G+ jωC) (2.3)

, where α and β are the attenuation constant and the phase constant, respectively.

The quality factor Q is the ratio of the energy stored to the energy loss per cycle,
which is defined in Eq. (2.4)

Q =
β

2α
(2.4)

Q '
ωL

R
(2.5)

Thus, the quality factor is proportional to the
L

R
ratio. A low loss transmission line

will have a higher quality factor. A loss low transmission line are desired in optical
modulator driver design.

2.4.2 3D EM simulation

To analyse the impact of the additional layer in 3D wafer scale packaging on the
characteristic parameters of transmission lines in silicon technology electromagnetic
simulations in ADS Monmetum are performed. Identical transmission lines are sim-
ulated in two scenarios:
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• BiCMOS technology BiCMOS technology with only air on top, which is
shown in Fig. 2.16(a).

• 3D wafer scale packaging On the top of BiCMOS wafer, an InP layer and
a polymer layer are added, which is shown in Fig. 2.16(b). A 20 µm thick
polymer layer with εr = 2.65 and a 1 µm InP layer with εr = 12.5 are used in
the simulation.
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Figure 2.16: GCPW cross-section in (a) regular BiCMOS technology (b) 3D wafer
scale packaging.

Several GCPW transmission lines are used for the simulation. In GCPW transmission
lines, the middle signal line is implemented on the top metal layer M6, while the two
side ground lines use all metal layers combined together (M1 to M6). Metal strips
shielding is implemented on the bottom metal layer M1 to reduce the transmission
line loss. The width of the signal line, the ground line and the metal strips are 12 µm,
6 µm and 1 µm, respectively. The gap between the signal line and the two side ground
lines is 9.8 µm. Three GCPW transmission lines with length of 100 µm, 300 µm and
500 µm are simulated. The simulation results are plotted in Fig. 2.17 and Fig. 2.18.
The dotted lines represent the simulation results of the regular BiCMOS technology
without the InP and polymer layer. The solid lines represent the simulation results
of the 3D wafer scale package, which has the regular BiCMOS technology with the
polymer and the InP layer on top. In Fig. 2.17(a), the shunt capacitance C of
different GCPW lines is plotted. One can observe that the GCPW line in the 3D
wafer scale package has larger shunt capacitance C than in the regular BiCMOS
technology. The average difference is 0.017 fF/µm. In 3D wafer scale packaging, the
100 µm GCPW line has the largest shunt capacitance of 0.165 fF/µm. The 500 µm
GCPW line has the smallest 0.153 fF/µm, while 300 µm GCPW line is 0.158 fF/µm.
The shunt capacitance C is defined by Ctotal/length, thus edge capacitance at the
GCPW line’s ends is more obvious in short lines. As the GCPW line becomes longer,
this edge capacitance will be divided by the long line length and becomes negligible.
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Figure 2.17: Extracted GCPW lines (a) shunt capacitance C (b) series inductance L.
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Figure 2.18: Simulated GCPW lines (a) characteristic impedance Z0 (b) quality fac-
tor.

In Fig. 2.17(b), the series inductance L of different GCPW lines is plotted. It is clear
that the inductance of the GCPW lines is the same between the regular BiCMOS
technology and 3D wafer scale packaging.

In Fig. 2.18(a), the characteristic impedance Z0 of different GCPW lines are plotted.
It is clear that Z0 of 3D wafer scale packaging is smaller than Z0 of the regular
BiCMOS technology. As mentioned in Eq. (2.2), Z0 is reverse proportional to the
shunt capacitance C. Thus, larger C in Fig. 2.17(a) leads to smaller Z0. The Z0 in
3D wafer scale package is 2.3 Ω smaller than its in the regular BiCMOS technology
in average.

The quality factor Q of different GCPW lines is plotted in Fig. 2.18(b). One can
observe that the quality factor does not change with different technologies. Since Q
is related to L and R, Eq. (2.4), L in Fig. 2.17(b) shows good agreement with the
quality factor.
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In conclusion, it is clear that the 3D wafer scale package has impact on the char-
acteristic impedance Z0 of the transmission lines. For the implemented 50 Ohm
lines the characteristic impedance Z0 reduces 2.3 Ω on average in the 3D wafer scale
package which is due the increasing shunt capacitance C. For other layouts of the
transmission line, e.g. for higher impedance lines, the impact will be larger. The
series inductance L and quality factor Q do not show a clear difference between the
regular BiCMOS technology and the 3D wafer scale package. To compensate the
increasing shunt capacitance C and maintain 50 Ω characteristic impedance Z0, the
GCPW geometry should be adapted to increase the series inductance L or decrease
the shunt capacitance C, e.g. reducing the width of signal line.

2.5 External optical modulators

In optical communication, modulators with small size and small modulation voltage
are desired. Small modulation voltage can reduce the power consumption and thermal
budget of the driver circuit. Smaller footprint will help with package miniaturization
and multi-channel integration.

There are two commonly used external modulators: Electro-Absorption Modulators
(EAM) and Mach-Zehnder Modulators (MZM).

• Electro-absorption modulator

An electro-absorption modulator (EAM) is a semiconductor device which can be
used for modulating the intensity of a laser beam via an electric voltage. When
a negative voltage is applied to an EAM, it will absorbs light and generate a
photo current. When zero voltage is applied, the EAM shows low absorption.
Thus, an optical amplitude modulation can be achieved by applying different
voltages.

• Mach-Zehnder modulator

A Mach-Zehnder modulator (MZM) uses an electric voltage to control the phase
of an optical wave. The input waveguide is split into two waveguide interfer-
ometer arms. If an electric voltage is applied across one of the arms, a phase
shift is induced for the wave passing through that arm, compared to the other
arm. When the two arms are recombined, the phase difference between the two
waves is converted to an amplitude modulation by interference.

In general, EAMs have advantages of smaller footprint and smaller driving voltage
over MZMs. MZMs have the advantages of larger extinction ratio and differential
driving. Latest research shows further improvement on EAM’s DC biasing voltage
and modulation voltage. Some work explores a dual-depletion region and an undercut
etch technique, demonstrating that the EAM DC voltage can be reduced to -1V
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[37][38]. Other work focuses on optimizing the modulation voltage which is reduced
to as low as 0.8 V [39][40]. With the advantages of small footprint, small modulation
voltage and small DC bias voltage, the electro-absorption modulator is a suitable
candidate for low-power short-reach optical transmitters.

2.5.1 Electro-absorption modulator

An EAM consists of a p-doped layer, an n-doped layer and an active semiconductor
layer as an isolation layer, forming a p-i-n junction. The active semiconductor layer
usually is structured as Multiple Quantum Wells (MQWs) [41], providing a stronger
field dependent absorption effect (known as the quantum-confined Stark effect)[42],
which is shown in Fig. 2.19(a).

An Electro-absorption Modulated Laser (EML) consists of a Continuous Wave (CW)
Distributed Feedback (DFB) laser diode followed by an EAM, as shown in Fig.
2.19(b). Both the laser and the EAM can be integrated monolithically on the same
InP substrate, leading to a compact design and low coupling losses between the two
devices. Note that the DFB laser and the EAM share the same n-doped layer as a
common ground.
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Figure 2.19: cross-section of (a) EAM (b) EML.

The relationship between the optical transmission and applied modulation voltage of
an EAM is described by the transfer curve. An EAM transfer curve together with
the achievable excitation ratio (ER) for a given input electrical signal V (t) is shown
in Fig. 2.20. The DC biasing voltage VDC is usually chosen at the middle of the
transfer curve to achieve a maximum ER. The modulation voltage ∆V switches the
modulator from the on state to the off state. The input electrical signal V (t) can be
expressed as Eq. (2.6). The modulation voltage ∆V typically is in the range of 1.5
to 4 V, and the dynamic ER usually is in the range of 11 to 13 dB [43][44].

V (t) = VDC + ∆V (2.6)
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Figure 2.20: Electro-absorption modulator transfer curve.

The ER is defined as the power difference between Tmax and Tmin, which can be
expressed as Eq. (2.7).

ER = 10 log(Tmax/Tmin) (2.7)

Since the EAM transfer curve is not a linear curve, for multi-level modulation, e.g.
PAM-4, PAM-8, the input electrical signal is typically applied only in the quasi-
linear range of the transfer curve. Thus, the modulator voltage and ER become
smaller compared to NRZ. One mitigation is to pre-distort the input electrical signal
such that it will compensate the non-linearity of the transfer curve. It increases the
ER of the EAM at the cost of more complex digital processing and comes at a power
penalty. Another mitigation is optimizing the system of the EAM driver and the EAM
together to achieve an overall linear transfer curve. It requires an EAM driver with
a dedicated non-linear amplification which exactly compensates the non-linearity of
the EAM, to achieve a system-level linear transfer function.

2.5.2 DC biasing on choice of EML/ EAM

An EAM is a single-ended device, which usually has three access pads in Ground-
Signal-Ground (G-S-G) configuration. Two coupling schemes are commonly used in
optical transmitters: AC coupling and DC coupling, which are shown in Fig. 2.21 (a)
and Fig. 2.21 (b). In the AC coupling scheme, a bias-T is used for coupling the RF
signal and to provide the DC biasing voltage. It is the most commonly used coupling
scheme. In the DC coupling scheme, the RF and DC biasing voltage are provided
by previous circuits, which required that the previous circuit supplies the correct DC
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Figure 2.21: EAM driving and coupling schemes:(a) Single-ended driven AC-coupling
(b) Single-ended driven DC-coupling (c) Differential driven DC coupling.

level. Both Fig. 2.21 (a) and Fig. 2.21 (b) use a single-ended driving, as the EAM
cathode connects to ground and the anode connects to the RF signal. In Chapter 4,
an EAM driver with a new single-ended DC coupling scheme is reported. Besides to
single-ended driving, the EAM can also work with differential driving, which is shown
in Fig. 2.21 (c). Two differential RF signals with two different DC levels, VDC1 and
VDC2 are connected to the EAM cathode and anode. The DC biasing voltage is
provided by the voltage difference between VDC1 and VDC2. Differential driving can
be applied to EAMs. In an EML, the DFB laser requires a constant DC biasing for
continues optical wave generation. However, the DFB laser and EAM share the same
ground, thus the DFB laser will be modulated by the RF signal. Thus, an isolation
is needed between the DFB laser and the EAM in order to use differential driving.
In Chapter 5, an EAM driver with new DC coupled differential driving scheme is
reported.

2.5.3 EAM equivalent circuit model

A equivalent circuit model of optical modulator is one of the key inputs for optical
modultar driver design. The electric properties and frequency response of an EAM
can be represented by an equivalent circuit model [45], which is shown in Fig. 2.22.
The EAM equivalent electrical circuit model can be extracted from the input reflection
S11 measurement [46]. The EAM model consists of an extrinsic region and an intrinsic
region. The extrinsic region includes the contact pads and taper structure, while the
intrinsic region includes the EAM waveguide.

In the extrinsic region, the contact pads and taper are represented as an RLGC-
network similar to a transmission line model. Rpad and Gpad represent the conductive
and dielectric loss. Cpad and Lpad represent the pad capacitance to ground and the
inductance of the trace. Since the pad taper structure is very small, Rpad, Gpad and
Lpad are small. Thus, Cpad plays an important role for the frequency response.
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Figure 2.22: EAM equivalent circuit model [45].

The intrinsic region can be modelled as a series resistance Rm, junction capacitance
Cm and photogenerated carriers resistor Rf . The series resistance Rm represented the
resistance of the doped layer. The junction capacitance Cm is the capacitance of the
depletion region when a reverse bias is applied, which can be expressed in Eq. (2.8).
Note that the junction capacitance Cm will change as a function of the different bias
voltages.

Cm =
ε0εrWL

d
(2.8)

, where εr is the permittivity of the intrinsic region, W and L are the waveguide width
and length and d is the intrinsic region thickness. Thus, Cm scales with the size of the
waveguide. It is difficult to use lumped elements to accurately model photocurrent
generation. This is because of the photocurrent being input light power dependent
and having intrinsic non-linearity. In a simplified model, Rf represents the photo
current generation when the light is absorbed, which can be expressed as Eq. (2.9).

Rf = ∆V/Iphoto (2.9)

, where ∆V is the voltage applied across the p-n junction and Iphoto is the generated
photo current. Since the photo current is related to the input optical power, Rf will
also change with the input optical power level. Rf can be specified for a given input
optical power level. As the photocurrent is usually in the range of a few mA and
the applied voltage ∆V is a few volts, Rf usually has a large resistance, in the range
of few hundred Ω to few kΩ. Thus, when an EAM is connected in parallel with a
50 Ω, e.g. a matching resistor or the output impedance of the driver circuit, the
overall impedance will always be closed to 50 Ω. Large resistance of Rf has limited
impact on the overall impedance. Therefore, when Rf is much larger than 50 Ω, the
non-linearity effect of photocurrent generation can be neglected in circuit simulation.

2.6 Conclusion

In this chapter, the 3D wafer scale packaging technology has been introduced and
compared to other packaging technologies. The 3D wafer scale package has advan-
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tages of short interconnect vias, mechanical reliable bonding which enables in-depth
electronic-photonic co-integration. The TPVs have been simulated and compared to
other bonding technologies, and show the ability to support over 100 GHz bandwidth.
The fabricated TPVs in 3D wafer scale packaging, including extra transmission lines
and taper structures for probe measurement, are measured with 3dB bandwidth over
67 GHz. The TPVs bandwidth will be even larger if the limitations of extra structures
and measurement equipments are removed.

EM simulation of transmission lines has been performed and compared to regular
BiCMOS technology. For the same metal line dimensions, the effective dielectric con-
stant of a transmission line increases resulting in a reduced characteristic impedance.
The inductance and quality factor of the transmission lines do not show a significant
change. The EAM has also been introduced. Its biasing method and equivalent model
have been discussed, in order to provide insight for the EAM driver circuit design.
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Chapter 3

PAM-4 Optical modulator driver

In chapter 3, the topologies and trade-offs of optical modulator drivers are introduced.
The key performance specifications for optical modulator drivers are discussed. The
design of a linear optical modulator driver is described and the measurement results
are presented1.

Part of the contents of this chapter has been published at the Mediterranean Microwave
Symposium (MMS) 2018 conference [23].

1Author wants to acknowledge Dr. O. Raz and Dr. C. Li for providing eye diagram measurement
facilities for the measurement presented in this chapter.
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3.1 Optical driver considerations

The optical driver is one of the key components in an optical communication system.
Fig. 3.1 shows the block diagram of an optical transmitter system. The function of a
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Figure 3.1: Optical driver functionality diagram.

modulator driver is to provide the required voltages for an external optical modulator.
It has high-speed operation and a large drive voltage swing to ensure a sufficiently
large extinction ratio of the the external modulators, such as electro-absorption mod-
ulators. Furthermore, the external modulators are inherently nonlinear devices with
input impedance depending on the operating conditions. In order to prevent multiple
reflections, which can affect both extinction ratio and jitter, the output impedance of
the driver should match to the input impedance of the modulator. There are a few
key aspects for an optical driver:

Bandwidth

Different from amplifiers in RF communication, a broadband amplification is essential
for an optical driver. Because of the wide spectrum of digital signals, the optical driver
bandwidth should cover the range from KHz to tens of GHz. In Fig. 3.2, an NRZ
data signal in time domain with a period of Tb and its frequency domain spectrum are
shown. The majority of the power (94% of the total power) in random NRZ data is
contained in the spectrum between the frequencies of 0 ∼ 0.75 1/Tb [47]. Therefore, to
properly amplify the digital signal, the high cut-off frequency of the driver bandwidth
should be determined by the digital signal data rate. A rule of thumb is that the
driver bandwidth should be larger than 3/4 of the digital data rate [48].
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Figure 3.2: (a)NRZ data (b) The spectrum of NRZ data.

Output voltage swing

In order to properly drive the optical modulator (EAM), the output voltage swing
needs to be large enough to reach the maximum extinction ratio of the EAM. De-
pending on the technology, an EAM requires a voltage swing between 1 to 3 V [49].
A higher voltage swing will consume more power in the modulator driver. Although
higher voltage swing may increase the EAM’s extinction ratio, it will push the EAM
into its non-linear range, which causes eye diagram distortion in multi-level modu-
lation schemes, e.g. PAM-4, PAM-8. Lower voltage swing will reduce the EAM’s
extinction ratio and the signal-to-noise ratio (SNR), thus increases the design diffi-
culty at the optical receiver side.

Linearity

In multi-level modulation schemes, the linearity of the optical driver is also important.
In these schemes, e.g. PAM-4, it is important to keep all three eyes at equal height.
Non-linearity will distort the eye diagram and increases the bit error rate. The Level
Separation Mismatch Ratio, commonly referred to as RLM , is a measurement of
symbol level mismatch. Using PAM-4 as an example, the four voltage levels of PAM-4
are V0, V1, V2 and V3, shown in Fig. 3.3 [50], respectively. The mid-range level Vmid
is defined in Eq. (3.1).

Vmid =
V0 + V3

2
(3.1)

The mean signal levels are normalized and offset adjusted so that Vmid corresponds to
0, V0 to -1, V1 to -ES1, V2 to ES2 and V3 to 1. The effective symbol separations ES1
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Figure 3.3: PAM-4 eye diagram.

and ES2 are defined in Eq.(3.2). For an ideal PAM-4 eye diagram, ES1=ES2=1/3.

ES1 =
V1 − Vmid
V0 − Vmid

ES2 =
V2 − Vmid
V3 − Vmid

(3.2)

The RLM is defined in Eq. (3.3).

RLM =
3 ∗min(V1 − V0, V2 − V1, V3 − V2)

V3 − V0
(3.3)

The value of RLM is between 0 and 1. For an ideal eye digram, RLM equals to 1. The
closer RLM is to 1, the better the linearity. According to the IEEE 100 GbE 802.3bj
standard, the RLM > 0.92 is required for a PAM-4 modulation scheme.

Group delay variation

To reconstruct an amplified data signal at the output, the time required of various
frequency signals passing through the driver circuit should be the same across the
whole bandwidth. A large time delay variation will cause data distortion and increases
the inter-symbol interference (ISI) [51]. Group delay is the time delay of the amplitude
envelopes of the various sinusoidal components of a signal passing through a device
under test, which is defined in Eq. (3.4).

τg(ω) = −
dφ(ω)

dω

≈ −
∆φ

2π∆f

(3.4)

Where ∆φ is the phase difference between two frequency points ∆f . In Fig. 3.4,
a linear phase shift is plotted as a dashed line, the phase shift ∆φ is constant over
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Figure 3.4: Phase shift and group delay.

frequency, thus its group delay τg(ω) is also a constant value across the frequency
range. For a non-linear phase shift, a solid line in Fig. 3.4 is plotted, the phase shift
∆φ changes over frequency. Hence, the group delay τg(ω) is no longer a constant value,
resulting in ripples in the group delay. The group delay variation ∆τ is defined as the
difference between the maximum and the minimum of the group delay. According
to [48], a group delay variation ∆τ of less than ± 10% of the bit period (± 0.1
unit interval UI) over the specified bandwidth is required to limit the generation of
data-dependent jitter.

Power efficiency

Amplifiers in the driver circuit are usually power hungry devices. The power efficiency
of a driver circuit is defined as the total power consumption divided by the total data
rate, which is expressed as in Eq. (3.5) and typically measured in pJ/bit.

Power efficiency =
Power consumption

Data rate
[pJ/bit] (3.5)

The power consumption of a single channel driver can be as high as 1 W [15][52].
High power consumption also generates a lot of heat, the rising temperature will
deteriorate the driver performance. Extra cooling is needed for lowering the tem-
perature which increases packaging cost. Moreover, in the 3D wafer scale packaging
approach, photonic components in the InP layer are directly on top of the electronic
wafer. In the InP layer, the laser also consumes a lot of power and generates heat,
which will increase the thermal issues. In future optical transceivers, the photonics
and electronics will be integrated closely together with multiple parallel channels in
a small form factor. Without system level optimization and careful circuit design,
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thermal issues will be a big challenge. Therefore, power efficiency is one of the key
parameters in optical modulator driver design.

3.2 Optical driver topologies

3.2.1 Pre-driver and driver

The pre-driver and driver topology is commonly used in optical modulator driver
design. Fig. 3.5 shows its block diagram. This topology can be divided into two parts:
pre-driver stage and driver stage. The pre-driver stage functions as an input buffer
and provides pre-amplification. It provides input impedance matching to the signal
source and drives the succeeding driver stage. The driver stage typically consists
of one or several cascode differential amplifiers to reach the desired output voltage
swing. Emitter followers usually are inserted between the amplifier stages for DC level
shifting and increased bandwidth. DC coupling is used for every stage to maintain
low frequency signal transmission.
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Figure 3.5: Pre-driver and driver block diagram.

3.2.2 Distributed amplifier

In Fig. 3.6, the block diagram of a distributed amplifier is shown. The distributed
amplifier consists of a number of identical amplifier cells which are connected between
an input transmission line and an output transmission line. The input signal is fed to
the amplifiers through the input transmission line. Amplified signals are summed up
in the output transmission line, then transmitted to the output. By using the input
and output transmission line structure, the parasitic capacitance of the amplifiers
is absorbed into the transmission line, which reduces the RC bandwidth limitation
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at the input and output of the amplifier cells. The characteristic impedance of the
transmission lines is expressed in Eq. (3.6).

Z0 =

√
R + jωL

G+ jω(C + Cpara/l)
(3.6)

where Cpara is the parasitic input capacitance of the amplifiers and l the length of
one section. By careful design of the transmission line geometry, the characteristic
impedance Z0 can be matched to the input source and the output load. Therefore, the
distributed amplifier can achieve high voltage gain/voltage swing and high bandwidth
at the same time. On the other side, the input and output transmission lines are
usually long, which makes the total chip size quite large. To compensate the Cpara in
Eq. (3.6), a larger L is need, which is commonly achieved by increasing the length of
the transmission line. Therefore, the chip sizes are usually larger in older technology
nodes.

���������	


���

���������	


���

���������	


���

�����

������

��������	�
��

�������

���������	�
��

��������

Figure 3.6: Distributed amplifier block diagram.

In Table 3.1, an overview of state-of-the-art optical modulator drivers is given. The
optical modulator drivers are divided based on their topologies: distributed amplifier
and Pre-driver+driver. With an advanced technology node, distributed amplifiers
can achieve a bandwidth of 70-108 GHz and output voltage swings of 4-6 V at the
same time. The bandwidth to ft ratio is from 20% to 35.4%. The chip size of the
distributed amplifiers are mostly larger than 1 mm2. Only in [14] a 0.3 mm2 chip size
is reported, thanks to its small technology node and meandered transmission line.

For the pre-driver+driver topology, the bandwidth and output voltage swing are
smaller than in distributed amplifiers with the same technology node. The bandwidth
can achieve 30 to 57.5 GHz with an output voltage swing of 2 V∼4.8 V. Hence,
the bandwidth to ft ratio are around 12.5% to 17.9%. The chip size are between
0.37 mm2 to 0.72 mm2. In terms of the power consumption, the distributed amplifiers
have higher power consumption than the pre-driver+ driver topology. However, on
the topology level, the higher power consumption of distributed amplifiers does not
necessarily mean that it is less power efficient than the pre-driver+driver topology.
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Distributed amplifiers have higher power consumption as they are often designed for
high output voltage applications.

Technology
ft

(GHz)
Bandwidth

(GHz)
Output swing

(V)

Bandwidth

ft

chip size
(mm2)

Power
(mW)

Distributed amplifier

RFIC’17 [15]
55-nm SiGe

BiCMOS
320 70 4.8 21.9% 1.34 1100

JSSC’17 [52]
0.13-um SiGe

BiCMOS
200 <40 6 20% 3 1920

ISSCC’19 [14]
45-nm
RFSOI

305 108 4.5 35.4% 0.31 N.R.

IMS’17 [20]
0.13-um SiGe

BiCMOS
300 90 4 30% 1.2 550

Pre-driver+driver

IMS’17 [17]
55-nm SiGe

BiCMOS
320 57.5 4.8 17.9% 0.64 820

VLSI’17 [4]
65-nm
CMOS

200 33 2.9 16.5% 0.72 180

ASSCC’15 [53]
65-nm
CMOS

200 <25 3.3 12.5% 0.72 480

JLT’19 [54]
55-nm SiGe

BiCMOS
320 41 2 12.8% 0.37 61

N.R.= Not reported

Table 3.1: The state-of-the-art optical modulator drivers.

Therefore, one can conclude that:

• Distributed amplifiers have advantages of high voltage swing and bandwidth,
at the cost of large chip size.

• The pre-driver + driver topology has advantages in small chip size at the expense
of lower bandwidth and voltage swing.

In this thesis, the optical modulator drivers are designed for EAMs, which require 2
V voltage swing and over 25 GHz bandwidth. Both these two topologies can meet the
requirements of EAMs. On the other hand, in 3D wafer scale packaging, small chip
size and low power consumption are desired. Thus, the pre-driver + driver topology
is chosen for the EAM driver designs.
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3.3 Optical driver schematic

The proposed optical modulator driver IC is designed in a 0.25 µm SiGe:C BiCMOS
technology. In this technology, the fmax and ft are 200 GHz and 180 GHz, respectively.
The optical modulator driver consists of two parts: an emitter follower pair as an
input stage and a differential cascode pair as an output stage. The driver schematic
is shown in Fig. 3.7.

3.3.1 Input stage

The input stage consists of an emitter follower pair Q1 and Q2, which buffers the input
differential signal to the next stage. It also works as a voltage level shifter to provide a
DC bias for the lower bipolar transistors of the cascode pair. The 100 Ω resistor at the
input is used for broadband matching to the differential input transmission line. Due
to the large current of 80 mA in the output stage, the transistors are also big to handle
the current, resulting in a large input capacitance. By adding an emitter follower with
small transistors and small current, the input capacitance is decreased significantly
compared to the output stage, thus improving the input matching S11. The emitter
follower is supplied by 2 V VDD2 for low power consumption. The emitter follower
is current biased by a current source so that it has nearly unit voltage gain and fast
switching speed.

3.3.2 Output stage

Since the input stage has no gain, the output stage should provide enough gain to
deliver sufficient voltage swing for the optical modulator. To amplify an input PAM-4
digital signal without distortion, the output stage needs to be broadband, linear and
have a flat group delay.

Bandwidth, output voltage swing and power consumption

There are two widely used amplifiers: a common emitter stage (CE) and a cascode
stage. Compared to the CE, the cascode transistors reduces the Miller effect at
the input transistor, which improves the overall bandwidth. Moreover, the cascode
topology also helps to improve the isolation between output and input, thus improves
stability. The output stage employs a cascode topology to achieve both large voltage
swing and wide bandwidth. The cascode stage requires a higher voltage supply for
extra headroom for the cascode transistor. Thus, the cascode stage has the advantages
mentioned above at the cost of higher power consumption.

The driver uses a load resistor RL of 50 Ω, which aims for a good matching with a
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Figure 3.7: Schematic of the optical modulator driver.

100 Ω differential output transmission line. The output voltage swing Vout can be
expressed as:

Vout = ic ∗RL (3.7)

ic = gmvi (3.8)

gm =
qIC
kT

(3.9)

, where ic is the small signal current of the output stage, vi input RF signal, gm the
transconductance. In order to achieve a high output voltage swing, a high transistor
current IC is required. Hence, the transistor size is large to hold such high current and
maintain a correct current density for high speed. This not only leads to a high power
consumption, but also has a large parasitic capacitance which limits the bandwidth
at the input and the output node of the output stage. Therefore, there is a trade-off
between output voltage swing and bandwidth.

PAM-4 Linearity

The PAM-4 modulation scheme has four voltage levels, which requires the driver to
amplify the input signal linearly with the same level spacing. Non-linearity of the
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driver will lead to an unbalanced eye diagram. To increase the linearity, a degenera-
tion resistor Re is inserted between the emitters of the transistors Q3 and Q4, which
is shown in Fig. 3.8(b). Due to the differential operation, the center of Re is a virtual
RF ground, which is equivalent to Re/2 in series with the transistors Q3 and Q4,
which is shown in Fig. 3.8(a). The benefit of a shunt resistor is that the DC current
will not flow through the degeneration resistor Re, which means no voltage headroom
is consumed by Re and less power is consumed compared to a series resistor emitter
degeneration. Moreover, the parasitic capacitance of Re can also help to improve the
bandwidth.
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Figure 3.8: (a) series resistor emitter degeneration (b) shunt resistor emitter degen-
eration.

On the other hand, a degeneration resistor Re improves the linearity at the cost of
reducing the gain of the output stage. In order to keep the same output voltage swing,
the current Ic and the transistor size will increase accordingly. In other words, the
linearity is increased at the cost of higher power consumption. Due to this trade-off
between linearity and power consumption, an optimum point is achieved by using a
5 Ω degeneration resistor.

3.3.3 Current mirror

In the output stage and the input stage, the DC level of the transistors are DC
coupled. AC coupling contains DC block capacitors which have low frequency lim-
itations. Because the RF path in multi-stage broadband amplifier has to cover the
frequency range down to KHz, it is not possible to apply AC-coupling with capacitors
between the stages. Therefore, it is very difficult to achieve a correct voltage bias
while maintaining a stable operating point for all stages. Thus, an accurate current
biasing is essential for the driver circuit. Current mirrors are used for current biasing
in this design. The schematic of the current mirror circuit is shown in Fig. 3.9. The
current mirror can copy and multiply the reference current and apply it to the driver
circuit.
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Figure 3.9: Schematic of the current mirror.

Due to the voltage difference between the emitter of Q1/Q2 in the input stage and
Q3/Q4 in the output stage Fig. 3.7, a cascode current mirror topology is used for
biasing the input and the output stage. The cascode transistors QC1 are added to lift
up the voltage for the emitter followers. The emitters of QC1 are connected so that the
emitter followers are working at full differential mode. The cascode transistors QC1
can be implemented with a smaller transistor size than QC2 to reduce the parasitic
capacitance at the emitter followers. The equation of the current copy and multiply
function can be expressed in Eq. (3.10).

Vbe2 = VT ln
IC2

IS2
= Vbe1 = VT ln

IC1

IS1
(3.10)

, where IC1 is the input reference current and IC2 is the output mirrored current. Vbe1
and Vbe2 are the base-emitter voltage of the input and output transistor, respectively.
IS1 and IS2 are the base currents of the input and output transistor, respectively.
Assume Vbe1 = Vbe2, when the transistor size is the same, IS2 = IS1 thus IC2 = IC1.
When the output transistor is N times larger than the input transistor, the IS2 =
N ∗IS1 thus IC2 = N ∗IC1. In this design, the reference current Iref of 2 mA is copied
and multiped by 10 times (2*5) and 40 times (2*20) to 20 mA and 80 mA for the
input stage and the output stage, respectively.

Current mirror resistor degeneration

In order to ensure the correct current to be copied, it is essential that Vbe1 = Vbe2
in Eq. (3.10). This is achieved by connecting all the transistor bases together and
connecting all emitters to ground. However, the ground plane in the layout is not
necessarily all zero voltage. Depending on the physical distance in the layout, the
voltage difference can be few mV, which makes Vbe not identical, resulting in an
inaccurate output mirrored current. Moreover, due to the parasitic coupling and
metal traces coupling, the RF signal may be coupled into the ground plane. The
coupled RF signal becomes a noise signal on the ground plane, which will further
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reduce the accuracy of the output mirrored current. One can add a degeneration
resistor at the transistor emitter to reduce the impact of a voltage difference across
the ground plane. The resistor degeneration works as local negative feedback. When
the ground voltage is high, Vbe reduces, thus IC reduces. Lower IC2 will reduce the
voltage drop across the degeneration resistor, thus increases Vbe. In this design, a
50 Ω resistor is used as a degeneration resistor in the current mirror reference. To
keep the same Vbe, 5 degeneration resistors in parallel and 20 degeneration resistors
in parallel are used for the input stage current mirror and the output stage current
mirror. The voltage difference can be reduced to 1 ∼ 2 mV after using degeneration
resistors.

3.4 Measurement results

The die photo of the optical modulator driver is shown in Fig. 3.10. The dimension
of the driver IC is 1.1 mm × 0.84 mm, with the active area of only 100 µm × 60 µm.
All the measurements were performed on-die with wafer probes. The power supply
VDD1 and VDD2 are 4.5 V and 2 V, respectively. Two bias-T’s were added at the
input to provide 2 V DC bias for the input transistors. The current sources were set
at 20 mA and 80 mA for the emitter follower and cascode driver stage.

Figure 3.10: die photo of the optical modulator driver.

3.4.1 S-parameter measurement

The differential S-parameters were measured with a vector network analyzer PNA-
X N5247A from Agilent with frequency range up to 67 GHz. From the differential
S-parameter measurement, the driver has differential gain Sdd21 of 15 dB with 3 dB
bandwidth of 24 GHz. The group delay variation is less than 5 ps across the whole
bandwidth.
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Figure 3.11: (a) S-parameter measurements and (b) group delay measurement.

3.4.2 Eye diagram measurement

The eye diagrams were measured with both NRZ and PAM-4 from 20- to 28-GBaud
with an ML4004-PAM time domain analyzer from Multilane, which has both PRBS
signal generation and sampling functions. In Fig. 3.12, the eye diagram measurement
setup is shown.
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Figure 3.12: (a) Schematic of the eye diagram measurement setup.(b) Photo of the
setup.

The ML4004-PAM generates 600 mV PRBS signal and feeds it into the driver’s input.
Two bias-T’s are used at the input, which block the DC from the signal source and
feed 2 V biasing voltage for the input stage. Two DC-block capacitors and two 10 dB
attenuators were used at the output to protect the equipment. There are two different
cables used in the setup: K connector RF cables (up to 40 GHz) and V connector RF
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cables (up to 67 GHz). Although V connector RF cables have larger bandwidth, they
also have larger loss. It is wise to choose short RF cables with enough bandwidth
to minimize the loss. Hence, the V connector RF cables are only used between the
bias-T’s and the input probe (shown as a green line in Fig. 3.12(a)), since both of
them have V connectors. The K connector RF cables are used for the rest of the
RF connections, which are shown as a blue line. Note that, to keep the same time
delay and phase delay between the two differential signals, all components used in the
signal path should be identical, e.g. two identical bias-Ts’ and identical RF cables
with the same length.

(a) 25 Gb/s NRZ (b) 28 Gb/s NRZ

(c) 24.3 GBaud PAM-4 (d) 28 GBaud PAM-4

Figure 3.13: Measured NRZ and PAM-4 eye diagrams.

The NRZ eye diagrams are shown in Fig. 3.13 (a) and (b) for 25 Gb/s and 28 Gb/s.
The NRZ eye diagram reaches a voltage swing of 2 Vppd for a 375 m Vppd input signal.
Both 25 Gb/s and 28 Gb/s eye diagrams are wide open with 51.2% cross point. The
25 Gb/s eye diagram has higher SNR of 12.16 dB than the 28 Gb/s eye diagram with
an SNR of 9.45 dB. The PAM-4 eye diagrams are shown in Fig. 3.13 (c) and (d)
for 24.3 GBaud (48.6 Gb/s) and 28 GBaud (56 Gb/s). With 600 mVppd input signal
level, the PAM-4 eye diagram with 3.2 Vppd voltage swing is measured. In the PAM-
4 eye diagrams of 24.3 GBaud and 28 GBaud, all three eyes are open with correct
voltage levels. Note that 28 GBaud PAM-4 reaches the maximum speed of the signal
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generator. The total power consumption of the driver IC is 400 mW, resulting in a
FOM of 8 pJ/bit.

3.5 Conclusion

In this chapter, the optical modulator driver has been introduced. The key aspects
of an optical modulator driver including bandwidth, output swing, linearity, group
delay and power efficiency have been discussed. Linearity is important for multi-level
modulation schemes. Power efficiency becomes even more important in 3D wafer
scale packaging to achieve energy saving and to reduce thermal issues. Two driver
topologies have been introduced and compared. The pre-driver and driver topology
has advantages such as small area and lower power consumption which are preferred
in 3D wafer scale packaging. The design of an optical modulator driver using pre-
driver and driver topology is presented. The design considerations and trade-offs have
been discussed. The driver is measured with 24 GHz 3dB bandwidth and PAM-4 eye
diagram of 56 Gb/s.
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Chapter 4

Single-ended DC coupled EAM
driver with optimized driver-EAM
interface

Chapter 4 presents a new single-ended DC coupled EAM driver. A new EAM coupling
method for 3D wafer scale packing is presented. The driver uses a DC coupling
scheme for the EAM to avoid a bias-T, in order to facilitate 3D wafer scale packaging.
The driver employs an optimized output interface with the EAM, which increases the
output voltage swing by 53% while keep the same bandwidth and power consumption.
The driver has 13.7 dB of gain with a 3 dB bandwidth of 31.5 GHz, which delivers 3
Vppd at 56 Gb/s PAM-4 and consumes 364.5 mW per channel, resulting in a figure
of merit of 6.5 pJ/bit1.
The contents of this chapter has been published in Asia-Pacific Microwave Conference
(APMC) 2018 conference paper [55].

1Author wants to acknowledge Dr. O. Raz and Dr. C. Li for providing eye diagram measurement
facilities for the measurement presented in this chapter.

4. Single-ended DC coupled EAM driver 47



4.1 Introduction

With the fast increasing number of connected devices and ultra-high data rate wire-
less networks, continuously increasing data rates as available in optical communication
are required. IEEE indicates that the next generation of data center communication
demands optical interconnects supporting 400 Gb/s and beyond. Multi-level modula-
tion schemes and parallel channels will be used to achieve such high data rate. High
level integration between electronics and photonics is one of the research directions
explored in recent years. Next to a high integration level of electronics and photonics,
low energy consumption per bit is a key performance parameter for opto-electronic
transceivers. A new 3D wafer scale packaging technology has been presented in the
H2020 EU project WIPE [8] (Fig. 4.1). By using the polymer adhesive bonding tech-
nique, Silicon Electronic Integrated Circuits (EICs) bond to InP Photonic Integrated
Circuits (PICs) on the wafer scale. Through polymer vias (TPVs) connect EICs to
the PICs, which allows high data rate communication, high density integration and a
new design freedom at the EIC-PIC interface. High speed optical drivers reported so
far [56][57][58] are all optimized for 50 Ω output impedance. In this paper we demon-
strate that optimizing the output impedance of the driver to the electro-absorption
modulator leads to a significant decrease in power consumption. As a second point,
we use a DC biasing scheme for the EAM that allows to leave out the bulky bias-T’s
at the interface between the driver and the EAM. Thereby, wafer-scale integration
without external components is enabled.

Figure 4.1: Cross-section of a 3D wafer-to-wafer bonded photonic-electronic chip,
showing the Silicon electronics layer and the InP photonic layer [8].
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4.2 Single-ended DC coupling scheme

As mentioned in Chapter 2, an EAM needs an RF signal and a DC biasing voltage
as its input. The RF signal transmits data and modulates the light signal. The DC
biasing voltage keeps the EAM working at the chosen reverse biasing level. Fig. 4.2
shows two EAM biasing and coupling methods. AC coupling is widely used as EAM
biasing method. In this case a bias-T is inserted between the driver and the EAM,
which provides a DC voltage for the EAM and enables the broadband RF signal from
the driver amplifier to pass. A 50 Ω termination resistor RT is connected in shunt with
the EAM to improve the matching to the output impedance of the RF driver amplifier.
However, in 3D wafer scale packaging, PIC and EIC are connected only through tiny
TPVs. For AC coupling, the bias-T needs to be realized on the EIC, which consumes
a large silicon area and loads the driver circuit with a shunt capacitance. In highly
integrated photonic-electronic integration technologies the integration of the bias-T is
a bottleneck. For 3D wafer scale packaging, a new DC coupling scheme is proposed,
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Figure 4.2: EAM coupling methods: (a) AC coupling and (b) DC coupling.

which is shown in Fig. 4.2(b). By using DC coupling, the bias-T is not required.
The P terminal of the EAM is connected to the RF driver amplifier output, while
the N terminal is connected to the power supply VDD. Therefore, the EAM DC bias
voltage is equal to the DC voltage drop across RL. By reverse connecting the EAM,
the required negative DC bias is achieved without a bias-T. DC coupling requires less
voltage headroom at the driver load, thus the power consumption is reduced compared
to AC coupling. Moreover, the photo current generated by the EAM will be re-used
in the driver output stage which further reduces the overall power consumption of
the driver-EAM module.
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4.3 Output impedance matching for EAMs

In Fig. 4.3(a), a simplified schematic of a driver - EAM module is shown.
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Figure 4.3: (a) Simplified schematic of the driver-EAM module. (b) Small signal
schematic in conventional packaging technology. (c) Small signal schematic in wafer-
to-wafer bonding packaging technology. TPV: Through polymer via.

The driver has a load resistor RL, which generates an output signal vout = RL ∗ i.
In this figure the biasing circuit is omitted for simplicity. Depending on the pack-
aging technology which combines the driver and the EAM into a photonic-electronic
module, the interconnect between them will have a specific layout and an associated
impedance. The voltage that will be present at the electrodes of the EAM will depend
on the choice of the packaging technology. This becomes increasingly important as
the bandwidth of the signal increases. The interconnect can consist of RF connec-
tors at each side and a 50 Ω coaxial cable. If wirebonding is chosen as interconnect
technology a higher integration level is achieved. In this case the interconnect can be
modelled as a high impedance transmission line. On the side of the EAM, typically a
resistor RT is connected in parallel to the the diode to improve impedance matching
and thereby reduce reflections. Some EAMs have a 50 Ω resistor integrated on chip
for the same purpose [59][60].
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For a conventional 50 Ω interface system, the small signal schematic can be repre-
sented by Fig. 4.3(b). As a 50 Ω transmission line is chosen, the load resistor RL
and the termination resistor RT have to be 50 Ω as well in order to achieve matching
and thereby minimize the reflection. From previous chapters, a capacitor is used as
a simple EAM equivalent circuit, representing the diode capacitance in reverse bias
and the bondpad capacitance. The load network of the amplifier therefore consists
of a capacitor in parallel with a 25 Ω resistor. In wafer scale packaging, the physical
distance between the driver and the EAM is very small, the TPV can be as small as
a few µm in length. Therefore, the TPV and the EAM can be considered as lumped
element. The small signal schematic with wafer scale packaging is shown in Fig.
4.3(c).

In the wafer scale packaging technology, the interface between the driver and the
EAM becomes an internal interface, which is no longer bound to the 50 Ω impedance
standard. Thus, the load resistor RL and the termination resistor RT can have a
different impedance value and still remain matched. Therefore the equivalent circuit
of the load network of the amplifier in wafer scale packaging is equivalent to a capacitor
shunted with an equivalent resistor Req of RT ‖RL .

From the circuit theory, we know that this RC network behaves as a low pass filter,
which has high gain at low frequency and a gain roll-off as frequency increases. The
cut-off frequency can be expressed as:

fc =
1

2πReqC
(4.1)

The capacitance C is intrinsic to the EAM’s junction and pad capacitance. To increase
the bandwidth of the module Req can be optimized. The effect of different termination
resistor RT on the voltage swing at the EAM is shown in Fig. 4.4. An EAM with a
capacitance of 200 fF is used in the simulation. It is clear that when RT is increased,
VEAM increases and the bandwidth reduces. When RT is 90 Ω, the voltage swing
is 1.3 V at low frequency with 25 GHz bandwidth. When RT is 30 Ω, the voltage
swing is 0.75 V at low frequency with 45 GHz bandwidth. Thus, there is a trade-off
between the voltage swing and the bandwidth.
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Figure 4.4: Circuit simulation of the EAM voltage swing with different termination
resistor RT. The equivalent input capacitance of the EAM in this simulation is 200
fF. RL=50Ω.

EAM driver bandwidth enhancement.

To break the trade-off between the voltage swing and the bandwidth, a high frequency
gain peaking technique can be used in the driver circuit design. This technique is
illustrated in Fig. 4.5. As discussed above, the voltage on the EAM rolls-off as the

Figure 4.5: Illustration of the gain peaking technique to enhance the bandwidth of
the driver module.

frequency increases. To compensate for this, the driver is designed with a gain peak
in this frequency range. By combining the driver and the EAM, both high voltage
swing and high bandwidth can be achieved. There are several ways to generate the
peaking, inductor peaking is one of them. In inductor peaking, an inductor L is added
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to the load of the driver. The reactance of the inductor L is given by:

Z = jωL (4.2)

As the reactance increases with frequency, this results in a higher gain at high fre-
quency. The equivalent circuit is shown in Fig. 4.6(a). In this figure, the EAM is
represented as a capacitor only. As the focus now is on optimizing the voltage swing
at the EAM diode, the additional termination resistor RT is not required anymore
and therefore omitted in Fig. 4.6(a). The input impedance Zin of this RLC network
can be expressed as:

Zin = (Req + sL)||1/sC

=
s2CLReq +Req − s2C2Req − sCR2

eq

s4C2L2 + 2s2CL+ 1− s2C2R2
eq

(4.3)

The peaking frequency can be approximated as:

fpeak ≈
1

2πReqC
(4.4)

Where C = Cpara + CEAM is the combination of parasitic capacitance of the driver
transistor Cparaand the equivalent input capacitance CEAM of the EAM. In Fig.
4.6(b), the simulated inductor peaking effect is plotted. The peaking effect increases
as the inductance L increases. Thus, by carefully choosing the Req and L, a higher
driver-EAM bandwidth can be achieved. In this method, the driver is optimized for
voltage swing at the EAM instead of conventional the power matching.
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Figure 4.6: (a) Inductor peaking: Equivalent circuit. (b) Inductor peaking: Simulated
EAM voltage swing.
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4.4 Circuit design

The EAM driver consists of two parts: an emitter follower pair as an input stage
and a differential cascode pair as an output stage. The driver schematic is shown in
Fig. 4.7. The typical differential input signal voltage is 600 mVppd. The single ended
output voltage swing required for the EAM in this project is 2 V peak to peak.

VDD2

VDD1

Q1 Q2 Q3 Q4

Q5 Q6

Rin

100 �

R1 R2

Re

L1 L2

EAM

Imod ImodIss/2 Iss/2Ief/2 Ief/2

TPV

TPV

Input stage Output stage

IN

VDD2

Dummy

EAM

TPV

TPV

0.4×19.1 0.4×20.7×2

0.4×20.7×2

Figure 4.7: EAM driver schematic.

4.4.1 Input stage

The input stage consists of an emitter follower pair Q1 and Q2, which buffers the
input differential signal to the next output stage. It also works as a voltage level
shifter to provide a DC bias for the lower bipolar transistors of the cascode pair. The
100 Ω resistor Rin at the input is used for broadband matching to the differential
input transmission line. Due to the large current in the output stage, the transistors
are also large to handle the current, resulting in a large input capacitance. By adding
an emitter follower with small transistors and small current, the input capacitance
is decreased significantly compared to the output stage, thus improving the input
matching S11. The emitter follower is supplied by 2.5 V VDD2 for low power con-
sumption. The emitter follower is current biased by a current source so that it has
nearly unit voltage gain and high switching speed.
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4.4.2 Output stage

The output stage employs a cascode topology to achieve both large voltage swing and
wide bandwidth. The cascode transistors reduce the Miller effect and improve the
overall bandwidth. Moreover, the cascode topology also helps improve the isolation
between output and input, thus improves stability.

The driver is supplied with 4.5 V VDD1 and the cascode transistor is biased at 2.5 V
VDD2. To increase the linearity, a 5 Ω degeneration resistor Re is inserted between the
emitters of the transistors Q3 and Q4. Due to the differential operation, the center of
Re is virtual ground, which is equivalent to Re/2 in series with the transistors Q3 and
Q4 without additional voltage headroom consumed by Re. However, a degeneration
resistor Re will reduce the gain of the output stage. In other words, the power
consumption is increased when the same voltage swing at the output is delivered.
Due to this trade-off between linearity and power consumption, an optimum point is
achieved by using a 5 Ω degeneration resistor. While a differential driver amplifier is
designed, the EAM requires a single ended output. Therefore one of the differential
outputs has to be terminated. In this design a dummy EAM is used in place of a
resistor. This improves the balance of the differential driver. In the envisaged 3D
wafer scale packaging technology with tiny though polymer vias this option is readily
available and does not require additional wirebonding. Therefore, a dummy EAM is
a better choice than the conventional 50 Ω resistor to achieve circuit symmetry.

The driver uses a pair of load resistors R1 and R2 of 40 Ω and peaking inductors
L1 and L2 of 166 pH, which aims for a good matching with the EAM alone without
using an extra 50 Ω termination resistor RT. The peaking inductors compensate the
high frequency loss in the EAM and improve the overall bandwidth. In Fig. 4.8(a),
the simulated driver output voltage on the EAM with different loading methods is
presented.

Compared to a design with the conventional 50 Ω load RT in parallel to the EAM
diode, this design has higher voltage gain and keeps the same bandwidth. From the
eye diagram simulation in Fig. 4.8(b), one can observe an increase in output voltage
swing. Compared to the case with a 50 Ω resistor RT, the eye diagram has larger
voltage swing of 4 Vppd compared to 2.6 Vppd with larger vertical eye opening. The
voltage swing on the EAM increases by 53 % while maintaining the same bandwidth
and power consumption. Therefore, taking the advantage of 3D wafer scale packaging
and tiny TPVs, the driver output is designed to match with the EAM directly, thus
further reducing the power consumption by eliminating power dissipated on resistor
RT. The current source draws 71 mA from VDD1 to deliver a single-ended 2 V voltage
swing on the EAM. A pair of curent sources Imod are used for tuning the DC biasing
of the EAMs.
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Figure 4.8: Simulated output voltage on the EAM with different loading methods:
(a) Output voltage versus frequency (b) Eye diagrams at 20 GBaud PAM-4.

4.5 Measurement results

The die photo of the dual-channel EAM driver is shown in Fig. 4.9. The dimension
of the chip is 1.87 mm × 1.69 mm, with an active area per channel of only 350 µm
× 230 µm. The position of the driver and the total size of the chip is optimized for
wafer-to-wafer bonding to the InP photonic wafer with the optical devices as well as
optical waveguides. All the measurements were performed on-die with wafer probes.
Two bias-T’s were added at the input to provide 2 V DC bias for the input transistors.

4.5.1 S-parameter measurement

The differential S-parameters were measured with a vector network analyzer PNA-X
N5247A from Agilent. The S-parameters were measured with Iss of 80 mA and Ief of
20 mA. Fig. 4.10(a) shows the measured S-parameters. The driver has a differential
gain Sdd21 of 13.7 dB with a 3 dB bandwidth of 31.5 GHz. The input reflection
Sdd11 reaches -10 dB and -5 dB at 9.5 GHz and 16 GHz, respectively. The output
reflection Sdd22 reaches -10 dB at 13.5 GHz. In Fig. 4.10(b), the differential group
delay is presented. The differential group delay has ±7.5 ps variation across the 3 dB
bandwidth.
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Figure 4.9: (a) Die photo of the dual channel differential driver amplifier. (b) Detailed
photo of one of the channels of the dual channel driver amplifier chip.
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Figure 4.10: (a) S-parameter measurement results (b) Measured differential group
delay.
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4.5.2 Eye diagram measurement

The eye diagrams were measured with both NRZ and PAM-4 modulation on a 100
Ω differential load at 28-GBaud with an ML4004-PAM time domain analyzer from
Multilane. The NRZ and PAM-4 eye diagrams are shown in Fig. 4.11. The NRZ
eye diagram with voltage swing of 3 Vppd was measured at 28 Gb/s with 48.9% cross
point and peak to peak jitter of 6.46 ps. The PAM-4 eye diagrams at 28 GBaud (56
Gb/s) with 3 Vppd voltage swing was measured with VEC (Vertical eye closure) of
9.98 dB. The output stage draws 71 mA from a 4.5 V DC source and the input stage
draws 18 mA from a 2.5 V DC source. The total power consumption per channel of
the driver IC is 364.5 mW, resulting a FOM of 6.5 pJ/bit. Table 4.1 compares the
realized driver IC with other state-of-the-art drivers. The driver has one of the lowest
power consumption and high efficiency amongst the state-of-the-art EAM driver ICs.
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Figure 4.11: Measured NRZ and PAM-4 eye diagrams.
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4.6 Conclusion

In this chapter, a dual-channel 2 × 56 Gb/s low power PAM-4 EAM driver for 3D
wafer scale photonic-electronic packaging is presented and measured. A new DC
coupling method is proposed to bias the EAM, optimized for high density integration
in a 3D wafer scale packaging technology. A new driver-EAM bandwidth enhancement
technique is proposed in 3D wafer scale packaging. The driver output impedance is
optimized for the voltage swing on the employed EAM. By using this technique, a
more than 50 % increase of voltage swing on the EAM is achieved, while maintaining
the same bandwidth and power consumption. The driver is measured with 3 dB
bandwidth of 31.5 GHz, which delivers 3 Vppd 56 Gb/s PAM-4 eye diagram on the
EAM. The driver consumes 364.5 mW, resulting in a FOM of 6.5 pJ/bit.
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Chapter 5

Electronic-photonic transmitter
module

While the previous chapters focussed on the design of electrical driver amplifier, this
chapter presents measurements of assembled electronic-photonic transmitter module.
The module consist of the electronic driver of chapter 4 and a high speed EAM1. The
goal of this work was to compare the optical performance of two module that differ
only in the way the EAM is biased: one module use AC coupling while the other
module uses DC coupling. To study the pros and cons of AC/DC coupling method, a
schematic level analysis and RF simulation are presented. The optical eye diagrams
up to 36 Gb/s of two prototypes have been measured and compared.
Part of the contents in this chapter has been published at European Conference on
Optical Communication (ECOC) 2019 conference.

1The high speed EAMs which used in this chapter are designed by Marija Trajkovic from TU/e
PhI group. The modules are assembled by III-V lab in France.
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5.1 Introduction

With the fast increasing data traffic and number of connected devices, short reach
highly power efficient optical transceivers are required for data center applications.
Electro-Absorption Modulators (EAMs) with compact size and low driving voltage
are suitable candidates for short reach (<2 km) optical communication in data centers
[62]. High speed EAMs with over 100 Gb/s have been reported [63].

In an EAM based optical transmitter, an electronic driver is combined with an EAM
modulator into one module. Electronic driver circuits are fabricated as Electronic In-
tegrated Circuits (EICs) in Silicon based technologies, e.g. SiGe, while EAMs/EMLs
are fabricated as Photonic Integrated circuits (PICs) in III-V technologies, e.g. InP.
Therefore the choice of the packaging technology is crucial for the performance.

For an EAM driver IC package, there are two different electronic coupling schemes:
AC coupling and DC coupling. In the AC coupling scheme, the EAMs are usually
biased through an external biasing circuit, typically through an off-chip bias-T be-
tween the EIC and the PIC, Fig. 5.1(a). The bias-T seperates the DC level between
the driver IC output and the EAM input and feeds an external bias voltage to the
EAM. The bias-T capacitor and inductor are large to reach a low cut-off frequency
so as to reduce DC level shifting for long sequences of ”0” or ”1”. Due to the large
value and size of the capacitor and the inductor, the bias-T is difficult to integrated
on chip, thus usually used as an off-chip component. In the DC coupling scheme,
e.g. [55][64] Fig. 5.1(b), the bias-T is omitted by connecting the driver output to
the cathode of the EAM. To achieve a correct DC bias voltage across the EAM, the
anode of the EAM is connected to the bias voltage Vbias, the difference between Vbias
and the driver DC output voltage is the DC biasing level.

In this chapter, the AC coupling and DC coupling scheme are compared and anal-
ysed. Two driver-EAM prototype of AC/ DC coupling scheme are produced and
measured. The prototypes use the driver IC presented in Chapter 4, and combine
it with InP EAM chips in a generic integration platform from Smart Photonics. By
using the same driver IC and EAM, the performance of the two coupling schemes can
be experimentally verified and compared.

5.2 Driver-EAM module prototype analysis

5.2.1 Packaging effect analysis of AC coupling and DC cou-
pling interconnects

In AC coupling packaging, two bond wires are used to connect the driver and the
EAM: one from the driver to the bias-T input and the other one from the bias-T
output to the EAM. In DC coupling packaging, only one bond wire is needed to
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Figure 5.1: System diagram of (a) AC coupling and (b) DC coupling method between
the EAM and the driver amplifier.

connect the driver to the EAM. To compare these two coupling schemes, a simulation
of the RF performance of AC coupling and DC coupling has been performed. In the
simulation, an ADS model [65] has been used for the bond wires. Bond wires of 500
µm are used for representing their typical length in prototypes.

Figure 5.2: Simulated S21 of interconnect loss between DC coupling and AC coupling.
The length of bond wires are 500 µm.

Fig. 5.2 shows the S-parameter simulation results of the two coupling schemes. The
AC coupling interconnect consists of two bond wires and a bias-T while DC coupling
consists of only one bond wire. In this simulation, an ideal bias-T is used. In reality,
the bias-T will have a low frequency cut-off, which may cause level shifting. Moreover,
the high value inductor will also become resonant at very high frequency. From the
simulation, we can see that the DC coupling interconnect leads to much lower loss at
high frequency. The AC coupling scheme has 0.9 dB higher loss compared to the DC
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coupling scheme at 30 GHz, and this difference increase to 2.4 dB at 60 GHz. It is
clear that AC coupling introduces higher insertion loss at high frequency. Thus the
DC coupling scheme has a larger bandwidth compared to the AC coupling scheme.

To compare the AC and DC coupling scheme for an EAM-driver module in measure-
ment, two prototypes have been implemented, one for AC coupling and one for DC
coupling.

5.2.2 EAM characteristic

The electro-absorption modulator in the InP generic integration platform was inte-
grated with passive waveguides and electrical isolation sections (Fig. 5.3(a)). The
EAM cross section uses the available p-i-n InP active layer stack in the multi-project
wafer run offered by SMART Photonics through the JePPIX service, fabricated in
an experimental run on a semi-insulating substrate. A compromise between its E/O
bandwidth and extinction ratio (ER), presented in [66], gives the EAM length of
150 µm. Its static extinction ratio is 12 dB (Fig. 5.3(b)), and the bandwidth is 32
GHz (Fig. 5.3(c)) when measured directly on-chip (bare-die) with a 50 Ω parallel
termination inside the RF probe.

Figure 5.3: (a) Photonic integrated chip comprising of an electro-absorption modu-
lator (EAM), passive waveguides and electrical isolation sections. (b) 12 dB static
extinction ratio of a 150 µm-long EAM, and its (c) E/O bandwidth of 32 GHz [66].
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5.2.3 AC/DC coupling prototypes

The schematics of the two prototypes are shown in Fig. 5.4(a) and Fig. 5.4(b). In

Figure 5.4: (a) DC coupling prototype and (b) AC coupling prototype.

the AC coupling prototype, the driver output is wirebonded to the bias-T submount,
then ribbon-bonded to the EAM submount. The bias-T submount is shown in grey
in Fig. 5.4 and consists of a 10 nF capacitor and an 0.8 µH inductor, which is used
for feeding DC bias voltage Vbias to the EAM. The EAM submount is shown in
yellow in Fig. 5.4. It consists of an EAM and a termination resistor. As the driver
IC is not designed for matching with this EAM chip, a termination circuit is needed

5. Electronic-photonic transmitter module 65



to improve matching. A 100 pF DC-block capacitor and a 50 Ω termination resistor
are used to match to the driver output impedance, thus increase the E/O bandwidth
and reduce reflections. The EAM ground (G) and termination ground are connected
to the driver ground. The dimensions of the AC coupling prototype is 2.7 mm * 6.9
mm.

In the DC coupling prototype, the driver IC is directly wirebonded to the EAM signal
pad (S), while the EAM ground (G) is wirebonded to the broadband bias circuit for
feeding the bias voltage. Since the EAM signal pin is directly connected to the driver
output (S), the voltage Vs is the same as the driver DC output. A bias voltage VDC
is applied to the ground pad of the EAM, resulting in a voltage drop across the EAM
namely VS - VDC . By choosing proper VDC higher than VS, the reverse biasing DC
voltage for the EAM is established. The DC power supplies for the driver and VDC
are connected to the common ground to insure a correct DC voltage reference.

To reduce the noise and the ripples from the power supplies, VDC is fed though a
broadband bias circuit, which acts as a filter. The broadband bias circuit consists of
two stages: 1) two 50 pF capacitors are used to decouple high frequency ripples 2) a 5
Ω resistor and a 100 nF capacitor as a RC network to decouple low frequency ripples.
Since it is not in the RF signal path between the driver and the EAM, it will not
impact the bandwidth and data rate of the driver-EAM module. The dimensions of
the DC coupling prototype is 1.8 mm * 3.7 mm, which is on 35% of the AC-coupling
prototype. By using the DC coupling scheme, the package does not need a bias-T
between the driver and the EAM, resulting in a compact and less complex package.

Figure 5.5: Simulated voltage swing across the EAM between DC coupling and AC
coupling(a) dB scale (b) linear scale.

To compare the performance of the two prototypes, simulations have been performed
combining the interconnect models of Section 5.2.1 and the measured S-parameters
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of the driver and the EAM. The simulated voltage swing on the EAM is shown in
Fig. 5.5. The voltage swing difference between AC and DC coupling scheme appears
above 10 GHz and reaches 1 dB at 25 GHz, which is consist with the interconnect
simulation from Fig. 5.2. Due to the bandwidth limitation of the driver, the voltage
swing quickly rolls off and reaches the 3-dB bandwidth at 32 GHz and 33 GHz for
AC coupling and DC coupling, respectively. If the driver bandwidth is much higher,
the bandwidth limitation effect of interconnects will become more serious.

The packaging difference between the AC coupling prototype and the DC coupling
prototype are summarized in Table 5.1. Compared to the AC coupling prototype, the
DC coupling prototype has advantage of less complexity and smaller size.

Number of
lumped components

Number of
wire bonds

prototype size
(mm2)

AC coupling
prototype

4 3 18.63

DC coupling
prototype

2 (w/o biasing circuit)
9 (w/ biasing circuit)

2
5

6.66

Table 5.1: Packaging comparison between AC coupling prototype and DC coupling
prototype.

5.3 Prototype measurement

5.3.1 Measurement setup

The optical measurement setup is shown in Fig. 5.6. A commercial external laser
(ID Photonics) is set at 1590 nm wavelength with 13 dBm output power, for 40 nm
detuning from the EAM bandgap. A polarization controller is used to control the
input TE polarization. Both input and output of the photonic integrated chip are
edge-coupling to an anti-reflection coated lensed fibre, introducing 4 dB loss at each
facet. The EAM on-state insertion loss (VDC = 0V) is 3 dB. An erbium-doped fibre
amplifier (EDFA) operating in C + L band is used at the output fibre to amplify the
optical signal. A bandpass optical filter (Santec OTF-320) is also used to suppress
the amplified spontaneous emission from the C-band.

A PRBS generator (SHF 12100B) provides the differential data signal to the driver
IC with an 10 to 40 Gb/s adjustable data rate, with a sequence length of 231-1, and
a single-ended amplitude of 230 mV. The driver provides a single-ended signal to the
EAM by terminating the second output. The optical signal is fed to the oscilloscope
photodiode (HP-83480A) and an SHF11100B error analyzer is used for eye-diagram
and BER testing in back-to-back configuration. All the measurements are performed
at room temperature without a thermoelectric cooler.
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Figure 5.6: Optical measurement setup.

5.3.2 Measurement results

The measured eye diagram of the AC and DC prototype are shown in Fig. 5.7. In
the AC coupling prototype, the measured dynamic extinction ratio is 6 dB at 10
Gb/s, and 3.9 dB at 36 Gb/s. In the DC coupling prototype, the measured dynamic
extinction ratio is 4.7 dB at 10 Gb/s, and 3.4 dB at 36 Gb/s. An open eye-diagram
is observed up to 36 Gb/s. The EAMs used in the prototypes need 4 V voltage swing
to achieve maximum 12 dB extinction ratio, while the driver IC can only deliver 2 V
swing single-ended. Therefore, the extinction ratio of the eye diagrams are relatively
small. Moreover, the EAMs are fabricated in an experimental platform, thus the
process variation is not well control. Thus, the performance of the EAMs may also
be slightly different in the two prototypes.

5.4 Conclusion

Two different coupling schemes (AC and DC) for driver-EAM modules have been
analysed and compared. The AC and DC coupling scheme shows similar optical per-
formance up to 25 GHz. For higher frequencies, the DC coupling scheme shows lower
loss, resulting in a bandwidth enhancement over the AC coupling scheme. Driver-
EAM modules for both coupling schemes have been assembled and measured. From
the eye diagram measurement, both modules have open eyes at 36 Gb/s. With sim-
ilar performance to the AC coupling prototype at relatively low data rate, the DC
coupling prototype with less components in the RF-path, smaller size, lower packag-
ing complexity and high bandwidth potential is suitable for high speed EAM based
optical transmitters.
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Figure 5.7: Optical eye diagram measurement results.
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Chapter 6

Differential DC coupled EAM
driver with tunable DC output
voltage

This chapter proposes a new differential DC coupled EAM driver with tunable DC
basing output. A negative impedance broadband matching technique is proposed and
implemented. The driver employs a differential DC coupling scheme for the EAM to
reduce the power consumption. The driver also provides a tunable DC basing for the
EAM without extra biasing circuit, which is suitable for 3D wafer scale packaging. The
driver is measured with 3dB bandwidth of 51.5 GHz, 100 Gb/s data rate, maximum
2 Vpp voltage swing and 2.6 pJ/bit power efficiency 1. The driver is measured with
tunable DC output from -0.2 V to -2 V.

Part of the contents of this chapter has been published at BiCMOS and Compound
Semiconductor Integrated Circuits and Technology Symposium (BCICTS) 2019 con-
ference.

1Author wants to acknowledge Dr. O. Raz, Dr. C. Li and Prof. J. Bauwelinck for providing eye
diagram measurement facilities for the measurement presented in this chapter.
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6.1 Introduction

Applications like short-reach data centers and high performance computing require
high speed, high efficiency and low cost optical communication. Electro-Absorption
Modulators (EAMs) with compact size, high speed and good extinction ratio at
small driving voltage are a suitable candidate for such applications. In recent years,
photonic and electronic integration has become an important topic for future opto-
electronic modules. A 3D wafer level photonic and electronic integration technology
with short interconnects has been proposed [55], Fig. 6.1(d), which can achieve higher
E/O bandwidth and reduce packaging cost. By using the polymer adhesive bonding
technique, silicon Electronic Integrated Circuits (EICs) bond to the InP Photonic
Integrated circuits (PICs) on the wafer scale.

In an optical transmitter, the driver amplifies the digitally modulated signal and
applies it to the laser or the modulator. The optical modulators are biased through
an external biasing circuit, typically through an off-chip bias-T, Fig. 6.1(a). When
the EIC and the PIC are closely integrated, the bias-T can not be integrated due
to the large size and high value of the inductor and capacitor. In [55][64] a single-
ended DC coupling scheme, Fig. 6.1(b), has been proposed to omit the bias-T by
applying the bias voltage Vbias directly to the cathode of the EAM. A disadvantage of
this scheme is that the EAM only uses half of the output differential signal, while the
other half is dissipated in a termination resistor. Therefore, a differential DC coupling
scheme, Fig. 6.1(c), that employs the differential signal to drive the EAM has been
proposed [54]. It can reduce noise, common mode distortion and power consumption
of the driver. However, the EIC needs to provide a DC offset at the output to
properly bias the modulator. The required biasing voltage of EAMs depends on the
process and furthermore changes with temperature and process variations. Thus, the
driver should provide an on-chip tunable DC biasing for EAMs. In this paper, a new
differential DC coupling driver is proposed. Different from [54], this driver employs
an asymmetric load to achieve a tunable DC offset across the differential output with
a range from -0.2 V to -2 V. This chapter is organized as follows: In section 6.2,
a negative impedance broadband matching technique is proposed and explained. In
section 6.3 and 6.4, the new differential driver circuit for DC coupling is explained
in detail. Section 6.5 presents the driver circuit measurement results. Section 6.6
presents the conclusions.

6.2 Broadband input matching

In wireline and optical communication systems, broadband amplifiers are widely used.
Due to the characteristics of digital signals, the Fourier transform of a time domain
digital signal has an infinite frequency spectrum. In Nyquist information theory, the
sampling frequency should be at least half of the discrete signal frequency. Nowadays,
for data rates of tens of Gb/s, the amplifier needs large enough bandwidth which
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Figure 6.1: (a) Single-ended AC coupling, (b) Single-ended DC coupling, (c) Differen-
tial DC coupling, (d) Cross-section of a 3D wafer scale packaged photonic-electronic
chip.

covers a few MHz to tens of GHz, in order to represent the digital signal with sufficient
accuracy. The cut-off frequency of the amplifier band is usually chosen as 2/3 to 3/4
of the data rate, higher than the Nyquist sampling frequency. To achieve a large
overall bandwidth, broadband input and output matching are required. In optical
transmitters, optical modulators do not necessarily have a 50 Ω input impedance.
Thus, the output impedance of the modulator driver should be adapted to those
specific loads. The input matching is more generic, because the source is usually an
electronic circuit block which has a 50 Ω interface.

6.2.1 Resistive matching network

In this section, the basic theory to achieve broadband input matching for optical
drivers will be discussed and a broadband matching circuit will be proposed. Due
to the broadband property of digital signals, LC based matching networks, that are
commonly used in RF circuits, are not suitable for optical communication. Moreover,
LC matching networks will affect the propagation velocity in different bands, resulting
in a large group delay variation across the whole bandwidth. Thus, in broadband
amplifier input matching, it is common to use a shunt 50 Ω resistor for input matching,
which has almost constant impedance and phase delay across the entire frequency
band. It is a very good matching at low frequency, because the parasitic capacitance
of the transistor can be neglected. When the frequency increases, it gets less effective
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as parasitic capacitance becomes dominant. In Fig. 6.2, a resistive input matching
network is shown: a 50 Ω resistor is connected in shunt with Zi. Zi represents the
input impedance of an amplifier circuit. The input impedance Zi has a real part Ri
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Figure 6.2: Input matching network.

and an imaginary part Xi. The impedance of Zi in shunt with a 50 Ω resistor can be
expressed as:

ZA = 50//(Ri + jXi)

=
50
(
Ri

2 + 50Ri +Xi
2
)

(Ri + 50)2 +Xi
2

+
2500Xi

(Ri + 50)2 +Xi
2
j

(6.1)

In order to have a good matching to 50 Ω, the real part needs to be close to 50 Ω,
while the imaginary part should be close to 0, which can be expressed in the following
equation:

Re(ZA) =
50(Ri

2 + 50Ri +Xi
2)

(Ri + 50)2 +Xi
2

= 50Ω

Im(ZA) =
2500Xi

(Ri + 50)2 +Xi
2

= 0Ω

(6.2)

It is clear to see that if |Xi| is much larger than |Ri + 50|, the latter can be neglected,
thus the real part is 50 Ω and imaginary part is 0. Vice versa, If |Ri + 50| is much
larger than |Xi|, the conclusion is the same. Another special case is when Ri=-50
and Xi=0, a singular point will occur. Both numerator and denominator of Re(ZA)
and Im(ZA) will be zero, resulting in an infinite impedance.

S-parameter simulations have been done with varying Ri and Xi. Both Ri and Xi

have been swept from -300 Ω to 300 Ω. Fig. 6.3 shows the real part of the input
impedance shunted with a 50 Ω resistor. The real part of the input impedance Re(ZA)
is shown as a function of Xi, where every line represents a different value of Ri. In
Fig. 6.3, it is clear that when Xi is far away from 0, Xi � 0 and Xi � 0, the real
part of the input impedance Re(ZA) is close to 50 Ω for all values of Ri. Re(ZA)
converges to 50 Ω as |Xi| increases. When |Xi| ≥ 300 Ω, the Re(ZA) is in the range
of 45 Ω ≤Re≤55 Ω. When Xi is close to 0, the Re(ZA) differs significantly from 50
Ω as |Ri + 50| becomes smaller. Only large |Ri| can keep the Re(ZA) around 50 Ω.
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Figure 6.3: Simulated real part Re(ZA) with various load impedances Zi. (Both Ri

and Xi vary from -300 Ω to 300 Ω.)

The imaginary part of the input impedance Im(ZA) is plotted in Fig. 6.4. From Fig.
6.4, the Im(ZA) shows similar results as the Re(ZA). For all Ri, when |Xi| � 0, the
imaginary part Im(ZA) is close to 0 Ω. Im(ZA) converges to 0 Ω as |Xi| increases.
When Xi is close to 0, Im(ZA) differs significantly from 0 Ω as |Ri + 50| decreases.
When |Ri + 50| is large, the imaginary part Im(ZA) is close to 0 for all Xi. The

Figure 6.4: Simulated imaginary part Im(ZA) with various input impedance Zi.(Both
Ri and Xi varies from -300 Ω to 300 Ω.)

S11 of the input impedance is plotted in Fig. 6.5. In Fig. 6.5 (a), S11 is plotted as a
function of Xi, while in Fig. 6.5(b) S11 is plotted a function of Ri. Choosing S11 ≤
-10 dB as the criterion for good matching, it is clear that the network is well matched
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Figure 6.5: Simulated S11 of ZA with various input impedance Zi.(a) as a function of
Xi (b) as a function of Ri.(Both Ri and Xi varies from -300 Ω to 300 Ω.)

when one of the following conditions is meet:

|Ri + 30| ≥ 80Ω (6.3)

|Xi| ≥ 81Ω (6.4)

Condition Eq. 6.3 |Ri + 30| ≥ 80 Ω is fulfilled for positive impedance Ri ≥ 50 Ω and
for negative impedance Ri ≤ -110 Ω.

Condition Eq. 6.4 |Xi| ≥ 81 Ωcan be fulfilled when Xi ≥ 81 Ω, which means the
input impedance is inductive. The admittance of an inductance is given by:

Xi = ωL,
ω = 2πf

(6.5)

For a constant inductance L, Xi scales with frequency f . It is easy to have a large Xi

in the high frequency band. However, it requires a very large inductance to meet the
requirement when the frequency is low, e.g. 0.8 µH at 100 MHz. It is very difficult
to implement such high inductance on chip. Furthermore, such an inductor will have
a self-resonance frequency which will limit the bandwidth. Thus, for a broadband
amplifier which requires a low cut-off frequency, it is not a feasible choice.

Eq. 6.4 can also be fulfilled for Xi ≤ -81 Ω, it means the input impedance is capacitive.
According to the capacitor equation:

Xi =
1

ωC
,

ω = 2πf
(6.6)
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For a constant capacitance C, Xi approaches 0 Ω as the frequency f increases. In
contrast to an inductive impedance, it has a high frequency limitation instead of low
frequency limitation. To achieve S11 ≤ -10 dB, the maximum capacitance C is 39
fF and 28 fF for 50 GHz and 80 GHz, respectively. Such a capacitance usually
comes from the parasitics of transistors, which scales with the size of the transistors.
Therefore the maximum value of capacitance C limits the size of the transistor suitable
for the design.

6.2.2 Circuit topology comparison

In this section we will apply the matching conditions derived in the previous section
and compare different circuit topologies. First, we look at a common-emitter (CE)
amplifier and a cascode amplifier. The simulated input impedance of a CE amplifier
and a cascode amplifier with the same transistor size are shown in Fig. 6.6. The size
of the transistors is 14.7 µm * 0.4 µm, which is a typical transistor size for an optical
modulator driver in the 0.25 µm BiCMOS technology .
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Figure 6.6: Simulated Re(Zin) and Im(Zin) of a common-emitter amplifier and a
cascode amplifier. (The transistors size is 14.7 µm * 0.4 µm)

The Re(Zin) of the CE and the cascode amplifier start very high, with a few hundred
ohms, at sub-GHz frequency. At a few GHz frequency, they reduce to a few tens
of ohms and remain nearly constant through the rest of the frequency band. On
the other hand, the imaginary part Im(Zin) follows a similar trend, it is negative few
thousand at sub-GHz frequency, and increases to negative few hundred, then increases
gradually. By using the conditions from the previous paragraph, we can find that the
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Re(Zin) does not meet the matching condition Xi ≥ 50 Ω after few GHz. The Im(Zin)
can not meet the condition |Xi| ≥ 81 Ω beyond 30 GHz. Thus, it is clear that the
input matching of the CE and cascode amplifier depends on the Im(Zin). Since
Im(Zin) comes from the parasitic capacitance of the transistor and scales with the
transistor size, smaller transistors are needed for higher input matching bandwidth.
On the other hand, smaller transistors can increase Re(Zin) and reduce Im(Zin) to
improve input matching, but at the cost of lower voltage gain and driving ability.
Thus, there is a trade-off between input matching bandwidth and voltage gain. This
is a fundamental limit for the CE and cascode amplifies.

Emitter follower and negative impedance

From the discussion above, it is clear that the input matching of the CE and the cas-
code amplifier is dominated by the input parasitic capacitance, as the input resistance
Ri is below 50 Ω in the high frequency band. A method to break this limitation is to
introduce negative impedance. From the conditions from the previous discussion, we
know that if Ri ≤-110 Ω, the input matching condition can be fulfilled regardless of
the value of Xi. The negative impedance can be realized by using an emitter-follower
(EF) with a capacitive load [67]. In Fig. 6.7, there is an EF with a capacitive load C
at the emitter in order to generate a negative impedance at the base. The transistor
Q1 transforms the capacitor at the emitter to an impedance at the base of Q1, which
looks like a capacitor CL in parallel with a series negative resistance and negative
capacitance [67]. α0 is the common-base current gain from collector to emitter, and
τT is the reciprocal of the transistor cut-off frequency.

Rneg = −τT/CL (6.7)

Cneg = −α0CL (6.8)

τT =
Cπ

gm
(6.9)

These equations are derived from the small-signal model of the emitter follower. As
shown in Eq. (6.7), the negative impedance Rneg is proportional to τT and inverse
proportional to the load capacitor CL. In Eq. (6.9) , τT is proportional to Cπ and
inverse proportional to the transconductance gm. The base-emitter capacitance Cπ
scales with the transistor size while gm scales with the bias current I. In Fig. 6.8, the
total input impedance looking into the base of the EF can be express as Eq. (6.10).

Zin(s) = Rb + Re + gm(Rb +Rπ||
1

sCπ
)Re +Rπ||

1

sCπ
+

1

sC
||(−τT/CL −

1

sα0CL
)

= Rb + Re + gm(Rb +Rπ||
1

jωCπ
)Re +Rπ||

1

jωCπ
−

gm

ω2CLCπ
(6.10)
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Figure 6.7: (a) An emitter follower with a capacitive load C (b) Negative impedance
generated by the capacitive load CL [67].
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Figure 6.8: The impedance looking into the base of an emitter follower with a capac-
itive load C [67].

In Eq. (6.10), it is clear that the negative impedance Rneg needs to be large enough
to compensate Rb,Re and Rπ||Cπ in order to show a total negative impedance at Zin.
To analyse Eq. (6.10) only based on mathematical equations is very difficult, thus by
using computer simulations, the following conclusions are drawn:

Zin has larger negative impedance

• when the EF transistor size is smaller (strong relation) and smaller bias current
(weak relation).

• when the load capacitance CL is larger (strong relation).

In practice, to implement this negative impedance technique can be realized by using
an EF stage as the input, which is followed by a CE or cascode stage as shown in Fig.
6.9 (a). In Fig. 6.9 (b), the input resistances RL and capacitance CL representing the
CE or cascode stage will contribute as the load of the EF. Thus, the actual impedance
being transformed consists of an RC network rather than an ideal capacitance C.

6. Differential DC coupled EAM driver 79



� �

��

���

��

���

���

I
��

�

��

���

���

���

I

�

��

�	

��

Figure 6.9: (a) An emitter follower with a cascode stage. (b) An emitter follower is
loaded with an RC network.

To study the impact of the load RC network on the input impedance of an EF,
simulations of Zin with RC network RL and CL are shown in Fig. 6.10. The input
impedance ReZin with different CL is plotted in Fig. 6.10(a). CL from 1 fF to 100
fF is chosen for the simulation, which covers the majority of input capacitances of
transistors used in optical driver amplifier applications. CL shows a big effect on
Re(Zin) in the low frequency range. Larger CL results in larger negative impedance.
In the high frequency range, the impact of CL on Re(Zin) quickly fades away, due to
1/jωCL scaling down and becoming negligible as frequency increases.

In Fig. 6.10(b), the input impedance Re(Zin) with RL from 0 Ω to -300 Ω is plotted.
From Fig. 6.10(b), RL has very limited impact on Re(Zin) in the sub-5GHz range,
while RL has large impact in the high frequency range. When RL=-77 Ω, Re(Zin)
has the largest negative impedance and the curve is flattest across the frequency
band. There is an optimal RL which makes the best negative impedance for the
input matching.

From the equation, the optimal RL is associated with Cπ and Rπ, thus scales with
the transistor size. The optimal RL based on simulations for different transistor size
and their Re(Zin) is summarized in Table 6.1.

Transistor size (µm) RL opt (Ω) Re(Zin) (Ω) (sub-5 GHz)
12 -27 -13
10 -33 -21
8 -41 -33
6 -52 -67
4 -73 -154
2 -151 -800

Table 6.1: RL opt and Re(Zin) for different transistor size.CL=50 fF.

As expected, the optimal RL scales with the transistor size, which is -151 Ω for 2 µm
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Figure 6.10: (a) Simulated input impedance Re(Zin) with CL from 1 fF to 100 fF,
RL=0. (b) Simulated input impedance Re(Zin) with RL from 0 Ω to -300 Ω,CL= 50
fF.

to -27 Ω for 12 µm. The input impedance Re(Zin) also scales with the transistor size.
A smaller transistor has larger negative impedance. Thus, to have a good matching,
a small transistor is needed, for example the transistor size of 4 µm. However, a
4 µm emitter-follower requires an optimal RL of -73 Ω, which is far from the input
impedance of a CE or a cascode stage. To solve this impedance mismatch, a cascaded
EFs topology is introduced. The schematic of a cascode stage with cascaded EFs is
shown in Fig. 6.11. By inserting one or more EF stages with larger transistor size as
intermediary stages, the impedance mismatch can be reduced. The Re(Zin) of stage
i should be close to the RL opt of stage i-1, so that a flat negative impedance can be
achieved.

In reality, the input impedance and parasitic capacitance of an EF or a cascode stage
will not be a constant value over frequency as plotted in Fig. 6.10. The performance
will decrease as frequency increases, due to the input impedance and the equivalent
parasitic capacitance changes with frequency. Thus, the implementation of this tech-
nique requires simulations taking the whole bandwidth into account. In Fig. 6.11, a
cascode stage with one, two or three cascaded EFs is shown. To compare the input
impedance matching for different numbers of cascaded EFs, the input impedance sim-
ulation of the cascode stage only, a cascode stage with one EF stage (1EF), a cascode
stage with two EF stages (2EFs) and a cascode stage with three EF stages (3EF) are
performed. In the real use case, the cascode stage is usually pre-designed for a cer-
tain gain and bandwidth. Thus, to only compare impedance matching improvement
from the cascaded EFs, the same cascode stage is used for all the different topology
simulations. The transistor size of the EFs are chosen such that the previous stage
is half of the size of the next stage. For example, in 3EFs topology, the transistor
size ratio is 1:2:4:8 for the first EF Q1, the second EF Q2, the third EF Q3 and the
cascode stage Q4. The current ratio is the same as the transistor ratio to make all
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Figure 6.11: Schematic of a cascode stage with cascaded EFs.

the transistors have the same optimum current density. The simulation results are
presented in Fig. 6.12.

Figure 6.12: Simulated input impedance Re(Zin) and Im(Zin) of different topologies.

In Fig. 6.12 (a), Re(Z11) of the cascode stage, 1EF, 2EFs and 3EFs are shown.
Similar to the previous simulation, the cascode stage has a low positive impedance
(below 50 Ω) after a few GHz. The EFs all show a negative impedance. From 1EF
to 3EFs, the negative impedance becomes larger due to the transistor size is scaling
down. The input impedance of 1EF Re(Z1EF ) starts below -110 Ω before 5 GHz and
then approaches to 0 as frequency increases. The input impedance of 2EF Re(Z2EF )
starts at -60 Ω and decrease to -150 Ω then increase gradually to zero. Note that the
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Re(Z11) of stage i is the load of stage i-1, e.g. Re(Z1EF ) of the 1EF stage Q3 is the
load of the 2EF stage Q2. Thus, Re(Z2EF ) is a function of Re(Z1EF ), which can be
expressed as:

Re(Z2EF ) = f [Re(Z1EF )]
Re(Z2EF ) = [Re(Z2EF )]min,when Re(Z1EF ) = RL opt(Q2)

(6.11)

The minimum point of Re(Z2EF ) is around 20 GHz, which is because the -50 Ω of
Re(Z1EF ) at 20 GHz reaches the RL opt of the EF Q2 (4.7 µm). Therefore, Re(Z2EF )
becomes a 2nd order curve. And 2EFs has much larger bandwidth below -110 Ω than
1EF.

For the 3EFs, the input impedance Re(Z3EF ) starts at -225 Ω before 15 GHz, then
drops below -300 Ω and then increase gradually to zero. Similar to previous one,
Re(Z3EF ) is a function of Re(Z2EF ). The transistor size Q1 is 2.3 µm, according to
the table 6.1, RL opt of a 2.3 µm transistor is around -130 Ω. As Re(Z2EF ) equals to
-130 Ω at 15 GHz and 30 GHz, two turning points of Re(Z3EF ) at 15 GHz and 30
GHz are presented. The large negative impedance of Re(Z3EF ) between 15 GHz to
40 GHz is due to two reasons :

1. Re(Z2EF ) of -110 Ω to -150 Ω is close to RL opt -130 Ω.

2. The parasitic capacitance of 2EFs increases a lot when the frequency increases
from 20 GHz to 30 GHz. Based on Im(Z2EF ) in Fig. 6.12 (b), the equivalent
parasitic capacitance C at 30 GHz is 1.4 times higher than it is at 20 GHz.

Therefore, the 3EFs topology has the largest bandwidth which meets the matching
condition among all 4 topologies.

In Fig. 6.12 (b), Im(Zin) of the cascode stage, 1EF, 2EFs and 3EFs are shown.
The Im(Zin) of the 4 topologies show the same trend. According to the equation
1/jωC, Im(Zin) increases from negative infinity to zero as frequency increases. From
the cascode to 3EFs, Im(Zin) reduces due to less parasitic capacitance of smaller
transistors.

The input impedance of the cascode stage, 1EF, 2EFs and 3EFs shunted with a 50
Ω resistor is shown in Fig. 6.13. As mentioned in Eq. 6.2, Re(Zin) = 50Ω and
Im(Zin) = 0 are desired for input matching. As expected, from the cascode to 3EFs,
the Re(Zin) becomes flatter around 50 Ω. Although 3EFs has the largest bandwidth,
it has limited improvement over 2EFs. On the other hand, the cascode stage has
the smallest Im(Zin) over frequency. The Im(Zin) of 1EF, 2EFs and 3EFs at high
frequency differs significantly from 0. In Fig. 6.14, the input reflection coefficient
S11 of the 4 topologies is plotted. Similar as Re(Zin) in Fig. 6.13 (a), although S11

of 3EFs has largest bandwidth among all topologies, it only improves with a very
limited margin compared to 2EFs.
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Figure 6.13: Simulated input impedance Re(Zin) and Im(Zin) of different topologies
shunted with a 50 Ω resistor.
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Figure 6.14: Simulated input reflection coefficient S11 of different topologies shunt
with a 50 Ω resistor.

On the other hand, cascading EFs will require an increased supply voltage, thus
increasing the power consumption. Therefore a 2-stage emitter follower topology is
chosen as the optimum point. It has a large bandwidth improvement compared to
the cascode and 1 EF, while it does not require as high supply voltage as 3EFs. To
compensate the Im(Zin) of 2EFs at high frequency, a series inductor can be added
at the input of 2EFs. In Fig. 6.15 shows that the imaginary part of the driver’s
input impedance can be flattened by adding a series inductor. By choosing a suitable
inductor, it is possible to achieve a flat Im(Zin) of 2EFs.
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Figure 6.15: Inductor compensation for broadband matching with 2 stages of EFs.

In conclusion, in this section, the resistor matching network with 4 input circuit
topologies has been analysed. The CE and a cascode stage suffers from low real
impedance and high parasitic capacitance, which limit the input matching bandwidth.
By adding an EF stage in font of a CE or a cascode stage a negative input impedance
can be generated, which can improve the input matching. Cascading more than one
EF stage can further improve the input matching bandwidth. By carefully choosing
the transistor size of the EF stage and the number of cascaded EF stages and adding
a series inductor for high frequency compensation, a broadband input matching can
be achieved.

6.3 Differential DC coupling scheme for EAMs

In Fig. 6.16, the schematic of (a) a single-ended DC coupling scheme and (b) the
proposed differential DC coupling scheme are presented. By using differential driving,
the differential voltage swing can be reduced by a factor of two, e.g. from 4 Vpp to 2
Vpp. Thus, for the same voltage swing on the EAM, with the same load resistor, the
total current Id that flows in the driver can be reduced by a factor of two. Moreover,
the voltage swing reduction also relaxes the requirement of the voltage headroom
which makes a reduction of the supply voltage possible. In theory, by using differential
driving, the power consumption can be reduced by maximum 60% of the total power
compared to the single-ended driving.

6.4 Circuit design

The proposed EAM driver IC is designed in a 0.25-µm SiGe:C BiCMOS technology.
In this technology, the fmax and ft are 200 GHz and 180 GHz, respectively.

6. Differential DC coupled EAM driver 85



Figure 6.16: (a) Single-ended DC coupling output stage; (b) Proposed differential DC
coupling output stage.

6.4.1 Differential output stage with tunable DC offset

The proposed driver circuit is shown in Fig. 6.17. The driver input stage uses 2
stages of EFs to improve the input matching bandwidth. Two inductors of 120 pH
are added at the input of the EFs to compensate and improve the input matching at
high frequency, which are implemented by the input transmission lines. The driver
output stage consists of a conventional differential amplifier Q5-Q8. The cascode
transistors reduce the Miller effect and improve the overall bandwidth. Moreover, the
cascode topology also helps to improve the isolation between output and input, thus
improves stability. A degeneration resistor Re of 8 Ω is used to improve the linearity
of the driver to achieve PAM-4 operation.

Because the DC level at OUT+ is higher than at OUT-, an extra cascode transistor
Q9 is added to share the voltage and make sure Q7 and Q8 are working at similar
Vce. Vb and Vb2 are biasing voltages for Q7, Q8 and Q9. To have a DC offset, on
the other branch, a transistor Q10 is added on top of the load inductor and resistor
to reduce the DC level of OUT-. To keep the same gain in the two branches, the
resistor R2 is set to be smaller than R1 to compensate for the internal resistance of
Q10. Therefore, the DC offset between OUT+ and OUT- is equal to:

VDC offset = Vt − Vbe(Q10) − V DD1 (6.12)

where Vbe(Q10) is the base emitter voltage of Q10. By controlling the bias voltage Vt,
the voltage level OUT- is changed and thus a tunable DC offset at the differential
output is achieved. The maximum and minimum of Vt are limited by Vbc of Q10
and Vce of Q8. In simulation, the driver can provide DC offset in the range of 0 V
∼ -1.4 V with 4.4 V VDD1, the range can be further extended to 0 V ∼ -2 V by
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Figure 6.17: Schematic of proposed differential EAM driver.

increasing VDD1 to 5V. In Fig. 6.18, the simulated differential Sdd21 with various Vt
is presented. It shows that the change in Sdd21 due to a change in Vt is less than 0.2
dB within the whole Vt tuning range.

Figure 6.18: Post-layout simulated Sdd21 of the proposed driver with various of Vt
with VDD1=5V.

The proposed output stage uses a single voltage supply, rather than a dual voltage
supply approach, as proposed in [54], due to the reason that the two power supplies
need to be fed directly from off-chip or be generated on chip by DC-DC conversion.
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In the first case, the two off-chip voltage sources need to have a good on-chip AC
ground for differential amplifier operation, which requires a large on-chip decoupling
capacitor. A biasing voltage Vt only needs a small decoupling capacitance which is
easier to realized. In the second case, a tunable on-chip DC-DC converter is required,
which increases the complexity of the circuit and has a trade-off between conversion
efficiency and tunability.

6.5 Measurement results

The die photo of the dual-channel EAM driver is shown in Fig. 6.19(a). The di-
mension of the driver IC is 1.44 mm × 2.94 mm, with the active area per channel of
only 400 µm × 110 µm. The dedicated photonic IC for this driver is designed within
the H2020 project WIPE, including the required photonic components: laser, EAM,
photo detector and optical wave-guides. The floor plan is shown in Fig. 6.19(b). In
between the two EAM driver channels, the photonic DC connection lines and pads
are used for feeding DC biasing to the photonic components. The layout is optimized
for overall shortest interconnections and compact PIC/EIC size. The area on top of
the EIC active area is left blank intentionally, so that the inductors are not influenced
by the photonic components.

Figure 6.19: (a) Die photo of the proposed EAM driver. (b) Photonic IC layout
overlay the proposed EAM driver (EIC) pinout.
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6.5.1 Output DC offset measurement

As mentioned above, the proposed circuit can provide a tunable output DC offset
which can be used for the EAM DC biasing. Thus, the tuning range and accuracy
of the output DC offset has been measured. The output DC offset measurements
are shown in Fig. 6.20. The measurement results are shown in solid lines while
simulation results are shown in dashed lines. The DC output ranges are -0.2 V ∼ -
2 V and -0.2 V ∼ -1.4 V when VDD1 is 5 V and 4.4 V, respectively. Measurement
and simulation are well-aligned with only 0.1 V difference at low Vt. When Vt is
close to its maximum, a large base current occurs at Q10. Therefore, measurements
have been done till Vt = 5 V and Vt = 5.6 V respectively. The Sdd21 and differential
group delay were measured with maximum 0.2 dB and 1 ps variation within whole
range of Vt.

Figure 6.20: Output DC offset with various of Vt and VDD1.

6.5.2 S-parameter measurement

The differential S-parameters were measured with an Agilent PNA-X N5247A vector
network analyzer with frequency range up to 67 GHz. The S-parameter measurements
are shown in Fig. 6.21. The measurement results are shown in solid lines while
simulation results are shown in dashed lines.

From the differential S-parameter measurement, the driver has a differential gain Sdd21
of 9.4 dB with a 3 dB bandwidth of 51.5 GHz. The input reflection Sdd11 reaches -10
dB at 52 GHz. The Sdd11 drops below -15 dB around 40 GHz, which is due to the
matching inductor Lin compensates the input parasitic capacitance, thus improves
the input matching at high frequency. The output reflection Sdd22 reaches -10 dB and
-7 dB at 28 GHz and 49 GHz, respectively.

The differential group delay GDD21, shown in Fig. 6.23, is flat over the frequency
with ± 7ps variation over the whole 3 dB bandwidth. The group delay measurements
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and post-layout simulations show good agreement. The single-ended group delay
GD21 and GD43 of two differential branches are plotted in Fig. 6.22. The single-
ended group delay GD21 and GD43 tracking each other closely with maximum 2
ps difference, showing the good symmetry of the differential amplifier even with an
asymmetric load.
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Figure 6.21: Differential S-parameter measurements with Vt=4.2 V. VDC offset=-1 V.
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Figure 6.22: Single-ended group delay measurement with Vt=4.2 V. VDC offset=-1 V.
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Figure 6.23: Differential group delay measurement with Vt=4.2 V. VDC offset=-1 V.
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6.5.3 Eye diagram measurement

56 Gb/s measurement

The eye diagrams were measured with both NRZ and PAM-4 modulation with a
28-GBaud ML4004-PAM time domain analyzer from Multilane. Two bias-T’s were
added before the input probe to provide 2.7 V DC bias for the input transistors. Two
DC-block capacitors and two 6 dB attenuators were used at the output to prevent
overloading the equipment. The driver was measured with two GSGSG RF probes
for input and output. Two 30 cm SMA 40 GHz cables are used for connecting the
RF probes and the equipment. DC supplies of 4.4 V and 2.7 V are used for VDD1
and VDD2. The output stage draws 40 mA current from a 4.4 V VDD1 while the
input stage draws 16 mA current from a 2.7 V VDD2. In Fig. 6.24 (a), a 28 Gb/s
NRZ eye diagram with voltage swing of 2 Vppd was measured with 7 ps jitter. In Fig.
6.24(b), an open eye at 56 Gb/s NRZ was measured with 1.2 Vppd. It was measured
with ML4004E 53GBd time domain analyzer. The PAM-4 eye diagrams are shown
in Fig. 6.24(c) and (d) for 25 GBaud (50 Gb/s) and 28 GBaud (56 Gb/s) with 2 Vppd
voltage swing. The VEC (Vertical eye closure) are 6.9 dB and 10 dB for 25 GBaud
and 28 GBaud PAM-4 eye diagram.

Figure 6.24: Measured (a) 28 Gb/s, (b) 56 Gb/s NRZ and (c) 50 Gb/s, (d) 56 Gb/s
PAM-4 eye diagrams with Vt=4.2 V. VDC offset=-1 V.
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100 Gb/s measurement

The second measurement setup is build for higher data rate measurements. The
driver IC is mounted on a PCB board with all DC pads wire-bonded to pin headers.
3.3 nF capacitors are used between bonding wires for DC voltage decoupling. PRBS
signals were generated by a Keysight M9502A Arbitrary waveform generator (AWG)
and output signals were captured by an Agilent DCA-X 86100D oscilloscope with 50
GHz bandwidth. Two DC-block capacitors and two 10 dB attenuators were used at
the output to prevent overloading the equipment. The setup is shown in Fig. 6.25.
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Figure 6.25: Eye diagram measurement setup.

In Fig. 6.26, 50 Gb/s to 70 Gb/s NRZ eye diagrams and 80 Gb/s to 106 Gb/s PAM-4
eye diagrams are presented. NRZ eye diagrams of 50 Gb/s, 60 Gb/s and 70 Gb/s
were measured with 1.6 Vppd, 1.4 Vppd and 1.2 Vppd The 50 Gb/s and 60 Gb/s NRZ eye
diagrams show a clear eye opening. The 70 Gb/s NRZ eye diagram has more noise
and jitter, but is still able to present an open eye.

PAM-4 eye diagrams at 80 Gb/s, 100 Gb/s and 106 Gb/s are measured with 1.6 Vppd,
1.4 Vppd and 1.3 Vppd. The 80 Gb/s and 100 Gb/s PAM-4 eye diagrams show clear
3 eye opening. 106 Gb/s PAM-4 eye diagram presents a clear 4 levels, however the
eyes are very small. Note that the top eye in the PAM-4 eye diagrams is smaller than
the middle and bottom eye. One ground pin of a GSGSG RF probe cannot properly
touch the pad due to the tilted chip surface on the PCB. The setup does not allow to
tilt the probe arm. The output stage draws 47 mA current from a 4.4 V DC source
while the input stage draws 20 mA current from a 2.7 V DC source. The total power
consumption per channel of the driver IC is 260.8 mW, resulting a FOM of 2.6 pJ/bit.
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Figure 6.26: Measured 50∼70 Gb/s NRZ and 80∼106 Gb/s PAM-4 eye diagrams
with Vt=4.2 V. VDC offset=-1 V.

Eye diagram at different output DC offset

As mentioned before, the EAM DC biasing voltages are usually between -1 V to -2
V. In order to show the eye diagrams with different DC offsets, 50 Gb/s NRZ eye
diagrams are measured to show the impact of different output DC offset on the eye
diagram performance. In Fig. 6.27, the eye diagrams at 50 Gb/s NRZ with output DC
offset from -0.2 V to -2 V are presented. All four eye diagrams have the same voltage
swing showing that the gain remains the same for all DC offsets, which is consistent
with the simulation results in Fig. 6.18. It is clear that the eye diagram at VDC offset=-
1 V has the lowest overall jitter and noise. It is because when VDC offset=-1 V, the
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collector-emitter voltage of the cascode transistor Q8 is the same as its counterpart
Q7. Thus, the cascode differential pair in the output stage is fully balanced. The eye
diagrams at VDC offset=-1.5 V and -2 V are very similar to VDC offset=-1 V, and have
only slightly more noise. The eye diagram at VDC offset=-0.2 V has more distortion
at level 0, which is because the collector-emitter voltage of the cascode transistor Q8
is 0.8 V higher than its counterpart Q7.
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Figure 6.27: Measured 50 Gb/s NRZ with different output DC offset voltages.

6.6 Conclusion

In this chapter, a 51.5 GHz bandwidth differential electro-absorption modulator
(EAM) driver with on-chip tunable output DC biasing is presented. A negative
impedance broadband matching technique is proposed and implemented. The neg-
ative impedance of the EFs are studied and analysed. A 2-stage EFs with a series
inductor have been implemented in the design to increase the input matching band-
width. The EAM driver applies the differential output swing across the EAM and
thereby reduces the required voltage swing by a factor of two and reduces the power
consumption. The EAM driver with an asymmetric load supplies a tunable -0.2 ∼ -2
V DC offset at the output for EAM biasing without requiring an extra off-chip bias-T.
This significantly reduces the packaging complexity and cost between EIC and PIC.
The EAM driver was measured with 3 dB bandwidth of 51.5 GHz, 9.4 dB gain, and
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a flat group delay with ± 7 ps group delay variation over the entire bandwidth. Up
to 100 Gb/s PAM-4 electronic eye diagrams with maximum 2 Vppd were measured,
resulting in a FOM of 2.6 pJ/bit.

Table 6.2 compares the realized driver IC with other state-of-the-art SiGe BiCMOS
drivers. This driver has the highest bandwidth of 51.5 GHz in 0.25-µm BiCMOS
technology, which is similar to the drivers in advanced 55-nm BiCMOS technology.
This driver also has the largest tunable DC output range with differential DC coupling
which enables low power, high efficiency optical communication amongst the state-
of-the-art driver ICs. This EAM driver is designed for a simpler and more efficient
electronic and photonic integration, which is suitable for low power and low cost
optical links in data center application.
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Chapter 7

Conclusions and outlook

7.1 Conclusions

The next generation of optical communication requires high speed data transmission
to support versatile applications like 5G and cloud services. Furthermore, it requires
optical transceivers with a small form factor and low power consumption in order
to achieve compact devices and high power efficiency. In this thesis, optical modu-
lator drivers have been studied for electronic-photonic co-design for 3D wafer scale
packaging. The conclusions of the thesis are as follows:

• By comparing with other packaging technologies, 3D wafer scale packaging tech-
nology has advantages of short interconnect vias and mature InP/BiCMOS
technology, which enables in-depth electronic-photonic co-integration. The RF
simulations of TPVs have shown the ability to support very high data rate (over
100 Gbaud). Transmission lines in the 3D wafer scale packaging do not differ a
lot compared to regular BiCMOS technology. For the same metal line dimen-
sions, the effective dielectric constant of a transmission line increases resulting
in a reduced characteristic impedance. The inductance and quality factor of the
transmission lines do not show a significant change between these two technolo-
gies. Thus, the transmission line design in 3D wafer scale packaging requires
extra EM simulation.

• The optical modulator driver requires large bandwidth, enough output swing,
linearity, small group delay variation and high power efficiency. Linearity is
required for multi-level modulation schemes. In 3D wafer scale packaging, power
efficiency becomes even more important. Because of the compact size of 3D
wafer scale packaging and heat sources in both the InP layer and the BiCMOS
layer, low power is the key to reduce thermal issue. The pre-driver and driver
topology has advantages such as small area and lower power consumption which
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are preferred for EAMs in 3D wafer scale packaging. The design of an optical
modulator driver using pre-driver and driver topology is presented.

• The electronic-photonic (E/O) interface leads to a new design challenge for the
biasing of the photonic components in the 3D wafer-scaled integration tech-
nology. Conventional bias-Ts are too bulky to be integrated into ICs. A DC
coupling scheme is a solution to solve this problem. A new single-ended DC
coupling method is proposed to bias the EAM and Electro-absorption Modu-
lated Laser (EML) in 3D wafer scale packaging. Moreover, the conventional
50 Ω E/O interface limits the design freedom of an optical transceiver. A new
driver-EAM bandwidth enhancement technique is proposed. The driver output
impedance is optimized for the voltage swing on the employed EAM instead of
using a 50 Ω impedance. By using this technique, a more than 50 % increase of
voltage swing on the EAM is achieved, while maintaining the same bandwidth
and power consumption.

• To further reduce the total power consumption, a new differential DC coupling
EAM driver with on-chip tunable output DC biasing is proposed, which ap-
plies the differential output swing across the EAM and thereby reduces the
required voltage swing by a factor of two. The driver circuit is proposed with
an asymmetric load to supply a tunable -0.2 ∼ -2 V DC offset at the output for
EAM biasing without requiring an extra off-chip bias-T. To improve the input
matching bandwidth, a negative impedance broadband matching technique is
proposed and implemented. A high speed EAM driver with differential DC
coupling has been demonstrated. It was measured with 3 dB bandwidth of 51.5
GHz, 9.4 dB gain, and a flat group delay with ± 7 ps group delay variation over
the entire bandwidth. Up to 100 Gb/s PAM-4 electronic eye diagrams were
measured, resulting in a FOM of 2.6 pJ/bit.

• The proposed single-ended DC coupling driver is suitable for EMLs or PICs with
a common ground between the EAM and the laser. The proposed differential
DC coupling driver is suitable for standalone EAMs or PICs with the isolated
ground between the EAM and the laser. These two proposed DC coupling
drivers are not limited to 3D wafer scale packaging, but can be applied to
various integration and packaging technologies: silicon photonics, monolithic
integration and flip-chip.

• DC coupling schemes and AC coupling schemes have been experimentally tested
and compared. Driver-EAM modules for both coupling schemes have been as-
sembled and measured. From the eye diagram measurements, both modules
have open eyes at 36 Gb/s. With similar performance to the AC coupling
prototype at relatively low data rate, the DC coupling prototype with less com-
ponents in the RF-path, smaller size, lower packaging complexity and high
bandwidth potential is suitable for high speed EAM based optical transmitters.

• By using a customised E/O interface for each employed modulator and applying
suitable DC coupling schemes, it can benefit the optical transceiver performance
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in some of following aspects: E/O bandwidth, power consumption and applied
voltage swing/extinction ratio.

Based on the results and studies mentioned above, electronic circuits design
towards electronic-photonic co-integration and co-design has shown promising
results for future optical transceivers design in optical communication networks.

7.2 Outlook

This thesis focuses on the research of optical modulator driver design for electronic-
photonic co-integration, which has three key aspects: packaging analysis, optical
modulator modelling and dedicated optical modulator driver design. Based on the
obtained results, further research towards future optical transceiver co-design im-
provement is suggested.

• 3D wafer scale packaging analysis

In this thesis, the TPVs and CPW transmission lines have been simulated and
analysed in the proposed 3D wafer scale packaging. As following steps, devel-
oping the equivalent circuit model of TPVs and analysing the RF performance
with different TPV dimensions and different BiCMOS/InP stacks are interest-
ing for the packaging optimization. Moreover, EM analysis of electronic circuits
under different photonic devices/circuits are also important. Analysing the RF
coupling between electronic circuits and photonic circuits and the impact of
the polymer layer thickness will provide insight and guide on electronic circuit
design and layout.

• Large-signal dynamic model of optical modulators

Due to the lack of large-signal dynamic models of optical modulators, small-
signal models of the optical modulator have been used in the optical modulator
driver design. However, the small-signal model which is extracted from static S-
parameters cannot fully represent the characteristics of the modulator under the
large-signal swing. The variations of the input impedance, parasitics and non-
linearity of the optical modulator are not fully represented in the small-signal
model. It is controversial to use a linear resistor to represent the non-linear
photo-current generation in the EAM model. Therefore, research on large-
signal dynamic models of optical modulators is necessary which will improve
the overall E/O simulation accuracy.

• High speed optical modulator driver

To achieve higher data rate per channel, it requires the optical modulator drivers
with a larger bandwidth. On the other hand, with increasing baud rate, the
signal period is becoming smaller, which also reduces the group delay variation
tolerance across DC to maximum bandwidth of the driver. Small group delay
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variation will become a challenge as the driver has larger bandwidth. Thus,
research on reducing group delay variation of high bandwidth optical modulator
drivers is an interesting topic.

• Dedicated optical modulator driver for electronic-photonic co-design

Chapter 4 and chapter 6 present two EAM driver examples for electronic-
photonic co-design, showing a customized E/O impedance interface and an
EAM differential driving scheme that can reduce power consumption and im-
prove power efficiency. The applied DC coupling scheme shows reduced packag-
ing complexity. Similar approaches can be applied on other optical modulators
such as MZMs and ring modulators. By using the advantages of 3D wafer scale
packaging, higher density and more complex electronic-photonic circuits can be
realized without extra cost, which opens a door for more creative electronic-
photonic co-designs.
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Appendix A:
Negative impedance of an Emitter
follower

We have an BJT emitter follower shown in Fig. 7.1. The EF is loaded with a cascode
stage, whose input impedance can be represented by a RC network CL and RL. The
equivalent small signal model of this emitter-follower can be drawn as Fig. 7.2.
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Figure 7.1: (a) An emitter follower with a cascode stage. (b) Negative impedance
generated by the RC network.

�

�

��

��

��

��

������ �����

��

��� �

�

���

Figure 7.2: Equivalent small signal model of an emitter-follower loaded with a RC
network.
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From the small signal model, we can have two equations:

Vbe = (Rb +Rπ||
1

sCπ
)Ib (A1)

Vin = Vbe + (Ib + gmVbe)(Re +RL +
1

sCL
) (A2)

Put Eq. (A1) into Eq. (A2) and replacing Vbe, we get

Vin = (Rb +Rπ||
1

sCπ
)Ib + [Ib + gm(Rb +Rπ||

1

sCπ
)Ib](Re +RL +

1

sCL
)

= Ib[gm(Rb +Rπ||
1

sCπ
)(Re +RL +

1

sCL
) + (Re +RL +

1

sCL
) + (Rb +Rπ||

1

sCπ
)]

(A3)
Thus, the input impedance Rin can be expressed as:

Rin =
Vin

Ib

= gm(Rb +Rπ||
1

sCπ
)(Re +RL +

1

sCL
) + (Re +RL +

1

sCL
) + (Rb +Rπ||

1

sCπ
)

= gm(Rb +Rπ||
1

sCπ
)(Re +RL) + gm(Rb +Rπ||

1

sCπ
)

1

sCL
+ (Re +RL +Rb

+Rπ||
1

sCπ
+

1

sCL
)

(A4)

Due to Rπ||
1

sCπ
present servel times in the equation, we first calculate it.

Rπ||
1

sCπ

= 1/(
1

Rπ

+ sCπ)

= −
Rπ

s2C2
πR

2
π − 1

+
sCπR

2
π

s2C2
πR

2
π − 1

(A5)

Since we only interested in the real impedance, Eq. (A4) can be simplified as:

RT = Re +RL

Rin = gm(−
Rπ

s2C2
πR

2
π − 1

)RT + gm(
sCπR

2
π

s2C2
πR

2
π − 1

)
1

sCL

+[RT (1 + gmRb) +Rb +Rπ||
1

sCπ
+

1

sCL
+
gmRb

sCL
]

(A6)

The Rin C is a part of Rin which associate with CL.

Rin C = gm(
sCπR

2
π

s2C2
πR

2
π − 1

)
1

sCL
+

1

sCL

= gm(
sCπ

s2C2
π − 1/R2

π

)
1

sCL
+

1

sCL

(A7)
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The Rin R is a part of Rin which associate with RL.

Rin R = gm(−
Rπ

s2C2
πR

2
π − 1

)RT + [RT (1 + gmRb) +Rb + (−
Rπ

s2C2
πR

2
π − 1

)]

= gm(−
1/Rπ

s2C2
π − 1/R2

π

)RT + [RT (1 + gmRb) +Rb + (−
1/Rπ

s2C2
π − 1/R2

π

)]

(A8)

At high frequency

When |s2C2
π| >>

1

R2
π

, eqn(A7) can be simplified to

Rin C = gm
1

sCL

1

sCπ
+

1

sCL

=
1

sCL
||(−

τT

CL
− α0

1

sCL
)

(A9)

When α0 = 1. It is shown in Fig. 6.7(b).

Eq. (A8) can be simplified to

Rin R = gm(
1

ω2C2
πRπ

)RT + [RT (1 + gmRb) +Rb + (
1

ω2C2
πRπ

)]

= (
1

ω2C2
πRπ

)(gmRT + 1) +Rb(gmRT + 1) +RT

(A10)

When gmRT + 1 = 0, Rin R = RT . Thus, Rin R is independent of frequency.Thus, we
have

RL opt = −
1

gm
−Re (A11)

At low frequency

When |s2C2
π| <<

1

R2
π

, eq. (A7) can be simplified to

Rin C = gm(
sCπR

2
π

s2C2
πR

2
π − 1

)
1

sCL
+

1

sCL

= gm(
CπR

2
π

CL
) +

1

sCL

(A12)

Eq. (A8) can be simplified to

Rin R = gm(−
Rπ

s2C2
πR

2
π − 1

)RT + [RT (1 + gmRb) +Rb + (−
Rπ

s2C2
πR

2
π − 1

)]

= RT (1 + gmRb + gmRπ) +Rb +Rπ

(A13)
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Because of gm << 1 and Rπ is usually very large(over kΩ), thus Rin R is dominated
by Rπ in low frequency.
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Appendix B:
Optical driver simulations

• S-parameter

S-parameters (the elements of a scattering matrix or S-matrix) describe the elec-
trical behaviour of linear electrical networks when undergoing various steady-
state stimuli by electrical signals. Many electrical properties of networks may
be expressed using S-parameters, such as gain, return loss, reflection coefficient
and amplifier stability [69]. For the driver circuit, the S-parameter can pro-
vide the following insights of the circuit: amplifier gain (S21), input/output
reflection coefficient (S11 and S22), Stability factor and group delay.

• Periodic Steady-State Analysis

S-parameter is a small signal, steady-state analysis, it has advantages of fast sim-
ulation and accuracy gain/loss. However, the driver circuit usually experiences
a large signal and variable working-state, thus only S-parameter simulation is
not enough.

Periodic Steady-State Analysis (PSS analysis) computes the periodic steady-
state response of a circuit at a specified fundamental frequency, with a simu-
lation time independent of the time-constants of the circuit. The PSS analysis
also determines the circuit’s periodic operating point which is required starting
point for the periodic time-varying small-signal analyses: PAC, PSP, PXF, and
Pnoise [70]. PSS is very useful in voltage swing simulation on various nodes,
voltage gain with various frequencies ,large-signal phase delay (group delay) and
signal distortion (linearity).

• Transient analysis

The transient analysis is the calculation of a networks response on arbitrary
excitations in time domain. The transient analysis will provides the network
quantities (branch currents and node voltages) as a function of time. By adding
an PBRS signal as the input, the bit streams in the circuit can be simulated.
The eye diagrams can be extracted from transient analysis, which is an essential
simulation for optical driver circuit.
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Summary

With the ever increasing rate of data traffic, the demand for data communication
is growing accordingly. The next generation of optical communication requires high
speed data transmission to support versatile applications like 5G and cloud services.
Furthermore, it requires optical transceivers with a small form factor and low power
consumption in order to achieve compact devices and high power efficiency.

Optical transceivers converting electrical signals into optical signals and vice versa are
the key building blocks in optical communication networks. An optical transceiver
consists of electronic circuits and photonic devices, which are usually fabricated in
different technologies. Most photonic devices are fabricated in III-V semiconductor
materials such as InP, while electronics are mostly silicon based. Therefore, in an
optical transceiver, external interconnections are required for connecting PICs and
EICs. As the communication speed is constantly increasing, the interconnection be-
tween electronics and photonics has become a critical factor in broadband systems.
A new 3D wafer scale integration technology has been proposed, which enables in-
depth electronic-photonic co-design and has high bandwidth interconnects: Through
Polymer Vias (TPVs). This thesis focuses on research of optical modulator drivers
for electronic-photonic co-design in 3D wafer scale packaging.

As the basic building blocks of electroic-photonic co-design, this thesis first discusses
on 3D wafer scale packaging technology and compares it with other packaging tech-
nologies. The 3D wafer scale package has advantages of short interconnect vias and
mature InP/BiCMOS technology. The TPVs have been simulated and compared to
other bonding technologies, and show the ability to support very high data rate sig-
nals with 100 GBaud. Transmission lines in the 3D wafer scale packaging technology
have also been simulated and compared to regular BiCMOS technology. For the same
metal line dimensions, the effective dielectric constant of a transmission line increases
resulting in a reduced characteristic impedance. The inductance and quality factor of
the transmission lines do not show a significant change between these two technolo-
gies. Electro-absorption modulators’ (EAM) biasing method and equivalent model
have been discussed, which provides a relevant insights for the EAM driver circuit
design.

Secondly, the optical modulator driver has been introduced with the key aspects
including bandwidth, output swing, linearity, group delay and power efficiency. Lin-
earity is important for multi-level modulation schemes. Power efficiency becomes
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even more important in 3D wafer scale packaging to achieve energy saving and re-
duce thermal issues. Two driver topologies have been introduced and compared. The
pre-driver and driver topology has advantages such as small area and lower power
consumption which are preferred for EAMs in 3D wafer scale packaging. The design
of an optical modulator driver using pre-driver and driver topology is presented. The
design considerations and trade-offs have been discussed. An optical modulator driver
IC with 24 GHz 3dB bandwidth and PAM-4 eye diagram of 56 Gb/s is presented.

For EAMs and Electro-absorption Modulated Lasers (EMLs), a new single-ended
DC coupling method is proposed, which does not require a bias-T and can be fully
integrated on-chip. A new driver-EAM bandwidth enhancement technique is proposed
in 3D wafer scale packaging. The driver output impedance is optimized for the voltage
swing on the employed EAM instead of using a 50 Ω standard impedance. By using
this technique, a more than 50 % increase of voltage swing on the EAM is achieved,
while maintaining the same bandwidth and power consumption. The driver IC was
measured with 3 dB bandwidth of 31.5 GHz and 3 Vppd PAM-4 eye diagram at 56
Gb/s speed. The driver IC consumes 364.5 mW, resulting in a FOM of 6.5 pJ/bit.

Two different coupling schemes (AC and DC) for driver-EAM modules have been
analysed and compared. The AC and DC coupling scheme shows similar optical per-
formance up to 25 GHz. For higher frequencies, the DC coupling scheme shows lower
loss, resulting in a bandwidth enhancement over the AC coupling scheme. Driver-
EAM modules for both coupling schemes have been assembled and measured. From
the eye diagram measurement, both modules have open eyes at 36 Gb/s. With sim-
ilar performance to the AC coupling prototype at relatively low data rate, the DC
coupling prototype with less components in the RF-path, smaller size, lower packag-
ing complexity and high bandwidth potential is suitable for high speed EAM based
optical transmitters.

To further reduce power consumption, a new differential DC coupling EAM driver
with on-chip tunable output DC biasing is presented. A negative impedance broad-
band matching technique is proposed and implemented. The negative impedance of
the EFs is studied and analysed. A 2-stage EFs with a series inductor has been im-
plemented in the design to increase the input matching bandwidth. The EAM driver
applies the differential output swing across the EAM and thereby reduces the required
voltage swing by a factor of two and further reduces the total power consumption.
The driver circuit is proposed with an asymmetric load to supply a tunable -0.2 ∼ -2
V DC offset at the output for EAM biasing without requiring an extra off-chip bias-T.
This significantly reduces the packaging complexity and cost between EIC and PIC.
The driver IC was measured with 3 dB bandwidth of 51.5 GHz, 9.4 dB gain, and a
group delay with ± 7 ps group delay variation over the entire bandwidth. Up to 100
Gb/s PAM-4 electronic eye diagram with maximum 2 Vppd was measured, resulting
in a FOM of 2.6 pJ/bit. The proposed differential DC coupling driver is suitable for
standalone EAMs or PICs with an isolated ground between the EAM and the laser.

The two proposed DC coupling drivers are not limited to 3D wafer scale packaging, but
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can be applied to various integration and packaging technologies: silicon photonics,
monolithic integration, flip-chip and even wire-bonding. Instead of using standard
50 Ω interface impedance, customised driver output impedance to each employed
modulator can benefit the optical transceiver performance in some of the following
aspects: E/O bandwidth, power consumption and applied voltage swing/extinction
ratio. The electronic circuit design towards electronic-photonic co-integration and
co-design has shown promising results for future optical transceivers design in optical
communication networks.

Summary 119



120 Word of thanks



Word of thanks

When I am writing this, my 4 years PhD journey has come to an end. I am happy
and excited that I have accomplished my PhD degree. At the same time, I also feel
sorry to leave our IC group which has given me a lot of good memory. PhD is not a
easy task, it gave me a lot of challenges as well as a lot of successes. At this moment,
I would like to express my attitudes to everyone who has helped me during my PhD
journey.

First of all, I would like to thank my supervisor Marion Matters-Kammerer, who leads
my way into the field of scientific research. She has been my supervisor for almost
7 years since my master internship in 2012. In the past 7 years, she always gave me
the support I need and the space to choose my research directions. During my PhD
journey, her knowledge and advices also helped me a lot. I am very happy to have
her as my supervisor and very much enjoy working with her.

I want to thank partners of my PhD project, Marc Spiegelberg, Victor Dolores
Calzadilla, Arezou Meighan, Jos van der Tol, Kevin Williams, Gertjan Coudyzer
and Johan Bauwelinck. Thank them for their kind help and contributions to my PhD
project.

I also want to thank my collogues from the PhI group and the ECO group, Weim-
ing Yao, Marija Trajkovic, Chenhui Li, Teng Li and Oded Raz for their valuable
discussions and kind support during my PhD.

I want to thank everyone in our IC group. I have spent the last 7 years in our
IC group, which is a precious memory. I am very proud to be a part of this big
family. My attitudes go to Arthur van Roermund, Peter Baltus, Margot van den
Heuvel and Rainier van Dommele who are always so kind and ready to help for any
difficulties I have encountered. My thanks also go to my office mates, Kevin Pelzers,
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