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Abstract

Modeling, Design and Optimization of
Si Photonic Transmitters

Jinsoo Rhim
Dept. of Electrical and Electronic Engineering
The Graduate School
Yonsei University

Optical interconnect is attracting a lot of research interest as it can
provide higher bandwidth and energy-efficient solution to many
interconnect applications than is possible with existing electrical
interconnects. Specifically, Si photonics is very attractive for realizing
optical interconnects as it is capable of providing high-performance
integrated photonic components in a very cost-effective manner with
existing Si processing technologies, infrastructures and ecosystems.

x

Furthermore, with Si photonics, it is possible to integrate photonic
components and Si electronics on the same Si platform, with which
new and more powerful integrated solutions can be realized than is
possible with photonics or electronics alone.
In realizing such electronic-photonic integrated circuits (EPICs), it is
extremely important to co-simulate photonic components and electronic
circuits on a single simulation platform in the design stage. Although
there are many design and simulation tools that can provide accurate
result for electronics and photonics, respectively, they are often based
on completely different platforms and, consequently, not compatible
with each other. For this reason, there are growing research interests in
developing simulation platform that can handle both photonic
components and electronic circuits.
This dissertation focuses on modeling, designing and optimizing Si
photonic transmitters based on the standard electronic design
environment. In particular, we take an approach in which behavior
models for photonic components are implemented in high-level
electronics-friendly behavioral language. The characteristics of any
photonic component can be modeled in the behavior level as long as
the values of model parameters can be accurately determined. Our
approach is particularly useful in designing large-scale EPICs as it

xi

allows co-simulation of the entire EPIC in the standard electronic
design environment.
A depletion-type Si ring modulator is first investigated, which is
expected to play an important role for high-speed small-footprint
optical interconnect systems. The behavior model for the ring
modulator is derived from the coupled-mode equation and implemented
with Verilog-A. The accuracy of the model is confirmed with
measurements. Then, design procedures for two different Si photonic
transmitters, hybrid and monolithic, based on ring modulator are
described in detail. For the hybrid transmitter, ring modulator and
transmitter circuits are realized with 220-nm SOI photonics technology
and 65-nm standard CMOS technology, respectively, and wire-bonded.
On the other hand, monolithic transmitter is implemented with photonic
BiCMOS technology. A circuit-level co-simulation of the complete
transmitter is done with conventional electronic design environment
and, finally, ring modulator is optimized with this co-simulation
method.

Keywords: Si photonics, ring modulator behavior model, circuit-level
co-simulation, Si photonic transmitters

xii

1.

Introduction

1.1.

Optical interconnect

Interconnection between systems has been one of the most
important issues in communication for the past decades. Distances of
such interconnection can be anywhere between more than thousands of
kilometers for cross-continent telecommunication and less than a
millimeter for intra-chip communication as illustrated in Fig. 1-1. Such
vast gap in the distances between interconnections requires different
approaches and, presently, electrical and optical interconnects are
properly deployed to different distances where each can be more
advantageous. Optical interconnect based on optical fibers has
dominated long-distance applications for years and revolutionized the
telecommunication and networking industries as it can be especially
advantageous due to its broad bandwidth, immunity to electro-magnetic
interferences, and low attenuation over long distance [1]. On the other
hand, electrical interconnect based on copper wires has dominated
short-distance applications as it is area and cost effective and, more
importantly, compatible with integrated circuits (ICs) [2].
The boundary of two different interconnection approaches was once
1

formed around hundreds of meters targeting local network applications
in the past but is now rapidly moving toward shorter-distance
applications like board-to-board, chip-to-chip and even intra-chip level
as illustrated in Fig. 1-2 [3]. Such dramatic shift has come after the
huge success of smartphones and rapid propagation of cloud computing
as well as data centers that explosively increased the amount of data to
be processed, stored, transmitted and received daily. The mobile
internet and cloud traffic is expected to increase 10-fold from 2014 to
2019 and will reach annual run rate of 292 exabytes according to [4],
which is increasing too fast for conventional electrical interconnect to
keep up with. Consequently, many copper wires in shorter-reach
applications have been replaced by optical fibers to meet speed and
data capacity requirements [5].
However, when optical interconnects penetrate into shorter-distance
applications, the number of photonic components exponentially
increases and it is almost impossible for III-V materials-based optics to
compete with Si electronics in the aspect of cost and productivity as the
wafer-scale fabrication technology for III-V materials is years behind
those for Si [6]. Therefore, Si-based optical interconnects are attracting
tremendous amount of research interests in recent years.

2

Fig. 1-1. Interconnection between systems in different distances.
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Penetration of the optical interconnect into shorter-distance

applications [3].
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1.2.

Si photonics: opportunities and challenges

Si is the most important semiconductor in electronics and has been
most vigorously investigated in the history of mankind. In recent years,
it has shown its possibility to become a promising material for
photonics as well [7]. Si is very attractive material for realizing optical
waveguides as it is transparent around the wavelengths of 1300 nm and
1550 nm, which are commonly used for optical telecommunication
applications and also has a high refractive index contrast with its own
oxide which allows high confinement of light within very compact
dimension, less than 500 nm, and sharp bends with a radius of a few
micrometers.
But the major opportunity of Si photonics comes from the fact that
it is based on the same material and can share the platform with Si
electronics, one of the most mature technologies that have ever been
developed before, which eliminates the risk of developing process.
Consequently, Si photonics can realize photonic components with the
existing fabrication techniques in a very cost-effective way and be
realized together with complementary metal-oxide-semiconductor
(CMOS) circuits, which allow more complex and smarter electronicphotonic integrated circuits (EPICs) as illustrated in Fig 1-3 [8].

5

Fig. 1-3. Monolithically-integrated EPICs on Si wafer [8].
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However, despite many advantages, Si photonics has not been
actively deployed to practical applications yet due to several drawbacks.
Si may be an excellent material for realizing optical waveguides but it
is inappropriate for active photonic components as photodetectors or
lasers [9]. As a result, there should always be an additional light source
and detector realized with different materials as III-V semiconductors
for a complete optical link and, therefore, additional cost for packaging
is always accompanied. Moreover, photonic components cannot be just
simply implemented with existing Si processing technologies without
any kind of modification and, even if it could be, the performance
would be very poor [10]. This is quite obvious and natural that Si
processing technologies are optimized only for electronics, not for
photonics, and the Si electronics foundries are not willing to change
their processing technology in order to accommodate photonics.
Although such challenges have not been clearly tackled yet, the
importance of Si photonics as a solution for interconnect bottleneck
problem that conventional electronics face today cannot be
underestimated. Thanks to many industry and academic efforts, Si
photonics now allows many key optical functions with prominent
performances at reasonable cost and leading the change of paradigm in
the photonics research area.

7

1.3.

Paradigm change in photonics research

As pointed out in the previous chapter, Si photonics is very
appealing to the Si electronics industry as it allows large-scale
integration of high-performance photonic components with existing Si
processing technologies, infrastructures, and ecosystems [11]. For the
success of Si photonics, it is extremely important to develop reliable
foundry services and standardized designed process as is the case for
conventional Si electronics. Thanks to many recent efforts, several Si
photonics foundry services have become commercially available as
summarized in table 1-1 [12, 13].
Recently, challenges in developing design flows in Si photonics
have been addressed by numbers of groups [14, 15]. To fully take
advantage of the Si electronics platform, it is very natural to adopt
electronic design automation (EDA) approach to photonics research,
which completely changes the paradigm in photonics research. For this,
photonic components are described with behavioral models in addition
to existing electronic device models and such extension minimizes the
need for additional interfaces with other tools.

8

TABLE 1-1
SUMMARY OF SI PHOTONICS FOUNDRY SERVICES.

*

IME

IMEC

CEALETI

IHP

Lithography

248 nm

193 nm

193 nm

248 nm

Wafer size

200 mm

200 mm

200 mm

200 mm

SOI etch
depth

60, 130,
220 nm

70, 130,
220 nm

70, 130,
220 nm

70, 120,
220 nm

# of doping
levels

3

3

2

2

# of metal
layers

2

1

-

5

Photodetector

Ge vertical
pn

Ge vertical
pin

Ge lateral
pn

Ge lateral
pin

Modulator

Si MZ,
Si Ring

Si MZ
Si Ring

Si MZ

Si MZ

Electronics

-

-

-

0.25-μm
BiCMOS

Price

1800-2200
USD/mm2

1330-1550
EUR/mm2

1400-2500
EUR/mm2

2000*
EUR/mm2

Photonics only
9

1.4.

Outline of dissertation

This dissertation focuses on modeling, designing and optimizing Si
photonic transmitters with the conventional design platform widely
used in Si electronics. The main contribution of this work is
establishing unified design platform for both photonics and electronics
by developing accurate model for photonic components, which allows
simultaneous design and simulation of the entire EPIC. The photonic
component of interest is a carrier depletion-type ring modulator, which
is expected to play a major role in optical interconnect applications, but
this approach can be expanded to any other photonic components. The
remainder of this dissertation is organized as follows:
Chapter 2 introduces an accurate behavior model that describes
complete electro-optical characteristics of a Si ring modulator. The
behavior model is derived from the coupled-mode equations, a classic
way of describing resonance structures, and implemented in Verilog-A,
one of the most widely-used electronics-friendly hardware description
language. The accuracy of the behavior model is confirmed with
measurements in three different ways: DC characteristics with optical
power spectrums, AC with frequency responses, and transient with step
responses, respectively.

10

Chapter 3 shows demonstration of two Si photonic transmitters
implemented in two different ways with detailed descriptions on design
procedures. For hybrid Si photonic transmitter, the ring modulator and
transmitter circuits are implemented separately with 220-nm SOI
photonics technology and 65-nm standard CMOS technology,
respectively, and wire-bonded. On the other hand, the monolithic Si
photonic

transmitter

is

implemented

with

photonic

BiCMOS

technology based on 220-nm SOI for ring modulator and 0.25-μm
BiCMOS for electronic circuits. With the behavior model developed,
implemented and verified in chapter 2, circuit-level electro-optical cosimulations of the complete transmitter including ring modulator and
transmitter circuits are done in conventional electronics design platform.
Chapter 4 describes the design optimization of Si photonic
transmitters. A trade-off between electro-optic bandwidth and optical
modulation amplitude in ring modulators is investigated in detail and
design considerations for the transmitter are discussed for the energy
efficiency optimization. Finally, chapter 5 summarizes this dissertation
with discussions and conclusions.

11

2.

Si Ring Modulator Modeling

In designing large-scale EPICs, it is extremely important to cosimulate photonic components together with electronic circuits.
Unfortunately, conventional simulators provide accurate simulations
only for either photonic components or electronic circuits and they are
often not compatible with each other. Therefore, in many cases,
photonic components and electronic circuits are designed separately
with different simulators, which is highly undesirable for realizing
large-scale EPICs. For this reason, many research efforts are focusing
on developing unified design platform capable of co-designing
photonic components with electronic circuits and, as one of possible
approaches, behavior modeling of photonic components is very
attractive and has been actively investigated [16].
In this chapter, an accurate and easy-to-use behavior model for Si
ring modulator is derived, implemented, and verified with measurement.
The behavior model is derived from the coupled-mode equations with
some approximations and implemented with Verilog-A, which is fullycompatible with conventional EDA-tools. Circuit-level simulations are
performed and the results are compared to the measurements for
verifying the accuracy of the behavior model.
12

2.1.

Si Optical Modulators

In optical communication systems, light sources are modulated
either directly or externally as each way provides its own advantages
and disadvantages. Direct modulation can be more compact and costeffective but suffers from low bandwidth, noise due to frequency chirp
and limited extinction ratio [17]. On the other hand, external
modulation using modulator can achieve larger bandwidth and higher
extinction-ratio without introducing frequency chirp noise and,
furthermore, is capable of feeding multiple channels with single optical
source via individual optical modulators [18].
Unfortunately, Si is not a good material for making high-quality
light sources like laser as it has indirect bandgap and, up to now, it is
common in Si photonics to integrate light source in a hybrid way [19],
[20]. For this reason, an external modulation using additional optical
modulator is preferred in Si photonics and, therefore, high-performance
Si optical modulators have been actively investigated for the past
decades [21], [22].
Electro-absorption

modulators

(EAMs)

have

been

actively

investigated based on III-V materials for long-distance optical
communication applications. Although Si does not absorb light at 1300-

13

or 1550-nm wavelength, Ge-on-Si EAMs have been successfully
developed that can operate at very high speeds with small power
consumption [23]. However, as of yet, the required epitaxial growth
steps for Ge-on-Si EAM cannot be easily incorporated within the
standard Si processing technology.
Mach-Zehnder interferometer (MZI) modulator, or MZM, is one of
the most traditional and widely-used optical modulator structures that
can be relatively easily realized on SOI wafers with the standard Si
processing technology [24]. Fig. 2-1 shows the structure and the
operation principle of MZM. The incident light is divided into two at
the input and they propagate respectively along the waveguides and
experience different amount of phase shifts, 1 and  2 . When
they are combined back to one at the output, the interference can be
either constructive or destructive depending on the phase difference,
 2  1 . By changing the phase on one or both arms of the MZI,

intensity modulation can be expected. and the transfer curve of a MZM
with modulation voltage is given in Fig. 2-2.
While MZMs implemented with LiNbO3 or other III-V compound
semiconductors achieved huge success in many conventional optical
communication applications, Si MZMs are not that successful yet as
they usually suffer from weak electro-optic effects inside Si. Therefore,

14

Si MZMs generally have large footprint around several millimeters,
which result in large electrical parasitic components, or requires driving
voltage much higher than the nominal supply voltage of the driver
circuits to achieve sufficient modulation efficiency. Consequently,
many research efforts are focusing on developing high-performance Si
MZMs with enhanced modulation efficiency at smaller footprint and
driving voltage.
Utilizing resonant structures, such as Fabry-Perot cavity or ring
resonator as described in Fig. 2-3, can be an alternative way of
realizing an optical modulator in Si. For the past years, Si ring
modulators have been actively investigated [25-27] as they can
effectively reduce the device size. The light inside the ring resonator
experiences optical path close to infinity when it continuously
circulates and, therefore, even a very small device having only few
micrometers of footprint can effectively demonstrate very long optical
path. Such small size also implies smaller electrical parasitic
components as well as less power consumed by the driver and, for this
reason, Si photonic transmitters that aim for enhancing energyefficiency utilize ring modulators rather than other types of optical
modulators [28], [29].

15

Unfortunately, ring modulators have not been employed to practical
applications yet for its major weakness: temperature and wavelength
sensitivity. Although ring modulator can greatly reduce the size and
power of optical modulator and the transmitter, it is very sensitive to
temperature and wavelength drift and, consequently, it always needs
additional structures as heater for tuning purpose and electronic circuits
for stabilizing its operation, which consumes significant amount of
power and area [30], [31].
In Table 2-1, performances of state-of-the-art Si optical modulators
are summarized and compared with each other. Ge EAMs are very fast
and energy efficient but need complex processing technology as they
need additional steps for growing epitaxial Ge layer. Si MZMs are fast
and easily realized in Si but their very large footprint results in large
power consumption due to large electrical parasitic components. Si
MRMs are fast and energy efficient as they drastically reduce device
size but very sensitive to temperature and wavelengths which
necessitates smart electronic circuits for stable operation.

16
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Fig. 2-1. MZM structure and operation principle.
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(b) ring-resonator modulator
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TABLE 2-1
PERFORMANCE SUMMARY OF
STATE-OF-THE-ART SI OPTICAL MODULATORS

Ge EAM
[32]

Si MZM
[33]

Si MRM
[34]

Footprint
[ μm2 ]

~40 x 10

~3000 x 500

~10 x 10

Wavelength
[ nm ]

1610

1300

1550

Driving
Voltage
[V]

2.0

2.2

1.5

Extinction
Ratio

3.3

3.4

3.0

Energy
Efficiency
[ fJ/bit ]

10

450

9

30

25

50

44

3dB EO
Bandwidth
[ GHz ]
Maximum
Data rate
[ Gb/s ]

> 50

56
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2.2.

Ring Resonator

Modeling of the ring modulator behavior should be preceded by the
analysis on ring resonators as both static and dynamic behavior of the
ring modulator stem from the resonance characteristics. The ring
resonator structure of our interest is illustrated in Fig. 2-4 (a). It
consists of a ring resonator and a bus waveguide closely located to
form a ring-bus coupler where Ei and Eo indicate optical field
entering into and exiting from the bus waveguide, respectively. The
interaction at the ring-bus coupler can be expressed using two
coefficients: one is the through coefficient,  , which represents the
ratio between optical fields entering into and exiting from the bus
waveguide at the coupler. The other one is the coupling coefficient,  ,
which represents the ratio between optical fields entering into the bus
waveguide and coupled into the ring waveguide. At the coupler, 90°
phase shift is introduced and, therefore, the coupling coefficient should
be  j .
The optical field circulating inside the ring waveguide experiences
loss and phase shift every round-trip and it can be described as

  exp   aL / 2  and    L 

2 eff



L,

(2.1)

where  and a represent round-trip loss and attenuation constant,
20

 ,  , L and  indicate round-trip phase shift, propagation
constant circumference of the ring waveguide and the input wavelength,
respectively. The coefficients used in the ring resonator are described in
Fig. 2-4 (b).
The output optical field amplitude Eo is the summation of optical
fields that experience different amount of loss and phase shift after
multiple round-trips and can be described as
Eo   Ei   2 exp   j  Ei   2  exp   j   Ei  .
2

(2.2)

The summation of such geometric series is given as

   exp   j 
n
Eo
,
    2   n 1  exp   j   
1   exp   j 
Ei
n 1

(2.3)

if the coupler is assumed to be lossless (  2   2  1 ). By squaring Eq.
(2.3), we can obtain the optical power transmission T as
E
T o
Ei

2



 2   2  2 cos 
.
1   2 2  2 cos 

(2.4)

The resonance occurs at the points   2 m , where m is an integer
value that indicates the number of standing waves within the round-trip
length of the resonator and can be described as
m

 eff L
, where m  1, 2, 3...
res

(2.5)

Here,  eff , res and L indicate effective refractive index of the ring
21

waveguide, resonance wavelength in free-space and round-trip length
of the ring resonator, respectively. At res , T becomes

   
T
2
1   
2

.

(2.6)

When the loss inside the ring waveguide is equal to that of the coupler
(    ), no optical field comes out from the resonator and this
condition is called critical-coupling. The resonator can also be under(    ) or over-coupled (    ). The optical power spectrum for each
coupling case of the ring resonator is illustrated in Fig. 2-5.
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Fig. 2-4.

(a) Ring resonator structure. (b) Ring resonator coefficients

for round-trip analysis: Loss and coupling coefficients.
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Fig. 2-5.

Optical power spectrum of the ring resonator based on

round-trip analysis: (a) Critically-coupled. (b) Over- and under-coupled.
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Ring resonators can be described in the other way by viewing it as a
lumped oscillator, which is commonly known as coupled-mode
approach [35]. If we assume that there is an ideal lossless ring resonator
oscillating in phase at the angular frequency of 0 , energy amplitude
inside the resonator, a(t ) , can be described with the following
differential equation:

d
a(t)  j0 a(t) .
dt

(2.7)

When the ring resonator is coupled to external bus waveguide with
incident optical field Ei (t ) and experience loss at the ring waveguide
and the coupler as shown in Fig. 2-6, Eq. (2.7) can be rewritten as

d
1

a(t)   j0   a(t )  j  Ei (t ) .
dt



(2.8)

Here,  is a decay-time constant due to loss satisfying

1


where  l

and  e



1

l



1

e

,

(2.9)

indicate decay-time constants for the ring

waveguide and the coupler.  represents mutual coupling coefficient
satisfying

2 

2

e
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.

(2.10)

The optical field entering into and exiting from the bus waveguide
can be expressed with the following equations:

Ei (t )  E0 exp  jt  , and

(2.11)

Eo (t )  Ei (t )  j  a  t  .

(2.12)

 and E0 indicate angular frequency and amplitude of optical field.
A general solution for Eq. (2.11) is superposition of the homogeneous
and steady-state solution as

1 

a(t )  P exp  j0t  t   Q exp( jt ) ,
 


(2.13)

where P and Q are arbitrary coefficients for each solution. At

1 

steady-state, t   , the homogeneous solution, P exp  j0t  t  ,
 

diminishes and then Eq. (2.13) becomes

a(t )  Q exp( jt ) .

(2.14)

Substituting Eq. (2.14) into Eq. (2.11) and Eq. (2.12) results in

Q

Eo  t  

 j
j   0  
j   0  
j   0  
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1

E0 , and

(2.15)


1

l
1

l




1

e
1

e

Ei  t  .

(2.16)

By squaring Eq. (2.16), we can obtain the optical power transmission
T as
2

1 1
   0     
l e  .

2
1 1
2
   0     
l e 
2

E
T o
Ei

2

(2.17)

The resonance occurs when   0 and, at resonance,
2

1 1
  
 e 
.
T l
2
1 1
  
l e 

(2.18)

No optical power is transmitted at the resonance when decay-time
constant of the ring waveguide is equal to that of the coupler (  l   e )
and it is called critical-coupling condition, similar to the previous
round-trip approach. The optical power spectrums of the ring resonator
based on coupled-mode approach is illustrated in Fig. 2-7.
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Fig. 2-6.

(a) Ring resonator structure. (b) Ring resonator decay-time

constants for coupled-mode analysis: round-trip loss (  l ) and coupling
loss (  e ).
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Fig. 2-7. Optical power spectrums of the ring resonator based on
coupled-mode analysis: (a) Critically-coupled. (b) Over- and undercoupled.
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Round-trip and coupled-mode approach describe the ring resonator
behavior in its own way and, understandably, the parameters used in
each approach should be compatible. Round-trip loss coefficient,  ,
and through coefficient,  , used in round-trip approach are related to
decay-time constants in the ring waveguide,  l , and at the coupler,  e ,
used in coupled-mode approach, respectively, in the following manner:

l 

2eff L

1    c
2

and  e 

2eff L

1    c
2

.

(2.19)

Fig. 2-8 compares two transfer curves based on round-trip (solidlines) and coupled-mode (circles) approach, respectively.   0.980
and   0.985 , which correspond to  l  21.2 ps/rad and  e  28.1
ps/rad, are used for Fig. 2-8(a) and   0.980 and   0.985 , which
correspond to  l  21.2 ps/rad and  e  28.1 ps/rad, are used for Fig.
2-8(b), respectively. It should be noted that round-trip and coupledmode approach show similar results for large  and  values but
coupled-mode approach becomes erroneous with smaller coefficients.
This is due to the fact that coupled-mode approach assumes small loss.
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Fig. 2-8.

Ring resonator transmission curves based on round-trip

(solid-line) and coupled-mode (circles) analysis: (a) less-coupled case
(b) more-coupled case
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2.3.

Resonance Modulation

The most common modulation method for the ring modulator is
resonance modulation based on the plasma dispersion effect [36]. The
carrier concentration in Si optical waveguide can be changed by either
injecting or removing carriers from the waveguide. The amount of
effective refractive index ( neff ) and absorption coefficient (  )
variation at the wavelength of 1.55-μm due to changes in free-carrier
concentration is given as
neff   5.4  1022  N 1.011  1.53  1018  P 0.838  , and

(2.20)

  8.88 1021  N 1.167  5.84 1020  P1.109 .

(2.21)

where N and P indicate carrier density variation of freeelectrons and free-holes, respectively. As can be known from Eq. (2.20)
and Eq. (2.21), neff is larger than  at given N and P and,
therefore, effective refractive index modulation can be more efficient
than absorption modulation for Si optical modulators.
As mentioned, the refractive index of the waveguide can be
modulated in two different ways: one is carrier-injection and the other
is carrier-depletion. For carrier-injection type modulator, PIN diode is
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implemented at the ring waveguide and the forward electric field is
applied. For carrier-depletion type modulator, PN diode is implemented
at the ring waveguides and the reverse electric field is applied. Fig. 2-9
and Fig. 2-10 illustrate N , P at different bias voltages and
corresponding neff and  for waveguide with carrier-depletion
PN junction. Fig. 2-11 and Fig. 2-12 illustrate N , P at different
bias voltages and corresponding neff and  for waveguide with
carrier-injection PIN junction. Such refractive index variation results in
phase shift of the optical signal inside the waveguide and, therefore,
intensity modulation can be achieved by modulating the resonance or

neff of the ring resonator with the electrical voltage. The operation of
resonance modulator ring modulator is illustrated in Fig. 2-13.
Carrier-injection can be much more efficient rather than carrierdepletion in the aspect of changing neff due to large intrinsic region.
However, in the aspect of modulation bandwidth, carrier-injection is
much slower than carrier-depletion as its bandwidth is dominated by
slow minority-carrier diffusion [37]. Consequently, carrier-injection
and carrier-depletion ring modulators are deployed in different
applications to maximize its own advantages.
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Fig. 2-9.

Electron (left) and hole (right) concentrations in carrier-

depletion PN junction at different bias voltages.
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neff and  values for carrier-depletion PN junction at

different bias voltages.
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Fig. 2-11. Electron (left) and hole (right) concentrations in carrierinjection PIN junction at different bias voltages.
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Fig. 2-12.

neff and  values for carrier-injection PIN junction at

different bias voltages.
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Fig. 2-13. Resonance modulated ring modulator.
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1555.8

1555.9

2.4.

Dynamics Modeling

When the ring modulator is modulated by the electrical voltage,

v  t  , the amount of phase-shift that the light inside the ring
experiences every round-trip changes and the resulting output optical
field is modulated accordingly. The electro-optic dynamics of the ring
modulator can be described based on the round-trip approach as
Eo   Ei   2 exp   j1  Ei   2  exp   j 2   Ei  
2




    2   n n 1 exp   j n   Ei .
n 1



(2.22)

Although such round-trip approach is a straightforward and an accurate
way of describing ring resonator dynamic behavior, it is rather
complicated and burdensome as it accompanies significant amount of
calculation. For this reason, we try to analyze ring modulator dynamics
with coupled-mode equations with some approximations for compact
model.
The parameters describing ring modulator as eff ,  l ¸  e changes
with the applied voltage v  t  and then a  t  as well as Eo  t 
changes dynamically according to coupled-mode equations given as Eq.
(2.8) and Eq. (2.12). In order to describe such electro-optic dynamics of
the ring modulator, the coupled-mode equations should be solved. An
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analytic solution for coupled-mode equations cannot be derived easily
but, instead, can be numerically calculated based on proper
assumptions and approximations.
For numerical calculation, the modulation voltage can be
approximated to a stepwise function having sufficiently small time-step
as illustrated in Fig. 2-14 and can be expressed as

v0  v  t  , t0  t  t1.

v  v  t  , t1  t  t2 .
v t    1



v  v  t  , t  t  t .
k
k 1
 k

(2.23)

Then, a  t  for each time-step is written as



1 
 a0  t   P0 exp  j0,0t  t   Q0 exp  jt  , t0  t  t1.
0 





 a1  t   P1 exp  j0,1t  1 t   Q1 exp  jt  , t1  t  t2 .
a t   
1 
(2.24)







1 
ak  t   Pk exp  j0,k t  t   Qk exp  jt  , tk  t  tk 1.
k 


As an initial condition, we assume that the ring modulator is at the
steady-state and then we can determine P0 and Q0 as

j
P0  0 and Q0 

2

 e,k

j   0,k  
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1

 l ,k



1

 e,k

E0 .

(2.25)
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Fig. 2-14.
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Input modulation voltage approximated to stepwise

function and the correspondingly calculated energy amplitude inside
the ring modulator.
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a1  t  can be determined with corresponding coefficients, P1 and Q1 .
Since Q1 is the steady-state coefficient, it should have the same
expression as Eq. (2.25) with corresponding parameter values as

j
Q1 

2

 e,1

j   0,1  

1

E0 .

(2.26)

1

The energy amplitude inside the ring should be continuous at each
boundary of time-steps and, therefore, ak 1  tk  should be equal to

ak  tk  . Therefore, P1 can be determined at t  t1 as


1 
P1  a0  t1   Q1 exp  jt1   exp   j0,1t1  t1  .
1 


(2.27)

Above process can be repeated for higher index values, P1 , and the
following iterative equation can be achieved:

j
Qk 

2

 e,k

j   0,k  

1

E0 .

k


1 
Pk   ak 1  tk   Qk exp  jtk   exp   j0,k tk  tk  .
k 
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(2.28)

(2.29)


1 
ak  t   Pk exp  j0,k t  t   Qk exp  jt 
k 



1
  ak 1  tk   Qk exp  jtk   exp   j0,k    t  tk   (2.30)
k 


Qk exp  jt  .

For very small time-step, t , ak  t  for tk 1  t  tk

can be

approximated to a constant value, Ak , as

Ak  ak  tk   ak 1  tk 

1  
 ak 2  tk 1   Qk 1 exp  jtk 1   exp  j0,k 1 
 t 

k

1

 

 Qk 1 exp  jtk 

1  
  Ak 1  Qk 1 exp  jtk 1   exp   j0,k 1 
 t 
 k 1  

 Qk 1 exp  jtk  .
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(2.31)

2.5.

Model Implementation

In the aspect of compatibility with circuit simulators, Verilog-A is
an excellent candidate for implementing the behavior model. Verilog is
one of the most popular hardware description languages (HDLs) used
in many different research fields and Verilog-A is an extended version
of Verilog specialized for handling analog signals. Verilog-A is fullycompatible with many conventional circuit simulators and, therefore,
allows a complete circuit-level simulation of the entire transmitter
including both photonic components and electronic circuits.
The behavior model implemented in Verilog-A is shown in Fig. 215. It is an event-driven calculator which calculates the numerical
solution of the coupled-mode equation we derived as Eq. (2.31). At
every rising-edge of the clock signal (vclk), the parameters and
corresponding numerical solution is calculated. More accurate
simulation is possible with faster vclk at the expense of simulation time.
Parameters like input wavelength (vlambda) and ring modulator
parameters (vn, valpha, vgamma) are given as a voltage signal. Since
Verilog-A does not support imaginary numbers, the real and imaginary
parts of the solution are calculated separately.
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// VerilogA for MODELING, MRM_BEHAVIOR, veriloga
`include "constants.vams"
`include "disciplines.vams"
module mrm_va(vin,vlambda,vn,valpha,vgamma,vclk,vout);
electrical
real
real
real

vin,vlambda,vn,valpha,vgamma,vclk,vout;
in,lambda,n,alpha,gamma,out;
Rq,Iq,Ra,Ia,Ra_temp,Ia_temp,Rout,Iout;
t,w,n,te,tl,m,alpha,gamma,r,eff;

//Global parameters
parameter real c=299792458;
parameter real pi=3.141592;
parameter real dt=400e-15;
parameter real dn=59.8221e-6;
parameter real m=86;

//index modulation efficiency

analog begin
@(cross(V(vclk), +1)) begin
in = V(vin); lambda = V(vlambda); n = V(vn);
alpha = V(valpha);
gamma = V(vgamma)
w = 2*pi*c/lambda;
n= dn*in + n;
te=(2*n*2*pi*r)/((1-pow(gamma,2))*c);
tl=(2*n*2*pi*r)/((1-pow(alpha,2))*c);
Ra_temp = Ra; Ia_temp = Ia;
Rq = (-1*n*sqrt(2/te))*(w*n-m*c/r) / (pow(n/te+n/tl,2)+pow(w*n-m*c/r,2));
Iq = (n/te+n/tl)*(-1*n*sqrt(2/te)) / (pow(n/te+n/tl,2)+pow(w*n-m*c/r,2));
Ra = exp(-1*(1/te+1/tl)*dt)*((Ra_temp-Rq*cos(w*t)+Iq*sin(w*t))*cos(m*c/r*dt/n)
- (Ia_temp-Iq*cos(w*t)-Rq*sin(w*t))*sin(m*c/r*dt/n))
+ Rq*cos(w*(t+dt))-Iq*sin(w*(t+dt));
Ia = exp(-1*(1/te+1/tl)*dt)*((Ra_temp-Rq*cos(w*t)+Iq*sin(w*t))*sin(m*c/r*dt/n)
+ (Ia_temp-Iq*cos(w*t)-Rq*sin(w*t))*cos(m*c/r*dt/n))
+ Rq*sin(w*(t+dt))+Iq*cos(w*(t+dt));
Rout = cos(w*t) + sqrt(2/te)*Ia_temp;
Iout = sin(w*t) - sqrt(2/te)*Ra_temp;
out = pow(Rout,2)+pow(Iout,2);
t=t+dt;
end
V(vout) <+ Pin*out;
end
endmodule

Fig. 2-15. Verilog-A code for the behavior model.
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2.6.

Model Verification

The accuracy of the behavior model is verified by comparing the
measurement results of the fabricated device with the simulation results
of the behavior model in three different ring modulator characteristics:
optical power spectrum for DC, frequency response (S21) for AC, and
step response for transient.
The device used for the verification is fabricated with Si photonics
process through IME foundry multi-project wafer (MPW) service. It
has 220-nm thick Si layer on 2-μm thick buried oxide layer and the Si
layer is etched to 90-nm for rib waveguides. The ring waveguide has 8μm of radius and the gap distance between ring and bus waveguides at
the coupler is 300-nm. Both ring and bus waveguides are implemented
with 500-nm wide rib waveguide. Four different doping concentration
levels are used where 2 x 1018 /cm3 for P+, 3 x 1018 /cm3 for N+, 1 x
1020 for both P++ and N++, respectively. The microphotograph and the
cross-sectional view of the fabricated device are illustrated in Fig. 2-16.
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Fig. 2-16.

Fabricated device for the verification: (a) Microphotograph

(b) Cross-sectional view
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Measurement setup for the verification is illustrated in Fig. 2-17.
The tunable laser source (Agilent 81689A) provides light into the ring
modulator through grating coupler. The optical power spectrum is
observed with optical spectrum analyzer (ANDO AQ6317B) and DC
supply is used for applying bias voltages. Frequency response is
observed with RF spectrum analyzer (HP 8563E) and the optical
receiver (Newport 1414 and 1422) where the modulation voltage is
given by RF signal generator (Anritsu 68177C). Step response is
observed with the oscilloscope (Tektronix CSA8000B) and the optical
receiver where the modulation voltage is given by pulse-pattern
generator (Anritsu MP1800A). Optical power used for such
measurements is minimized to avoid unwanted self-heating effects,
which requires amplification of output optical signal with a fiber
amplifier (Keopsys).
The behavior model is simulated with EDA tools as illustrated in
Fig. 2-18 and the simulation results are compared with measurement to
confirm the accuracy. For fair comparison, the measurement condition
should be accurately accounted for. Therefore, the rising/falling time of
the PPG and the frequency response of optical receiver is measured and
reflected in the simulation. Optical amplifier is not considered as it
does not influence the dynamics of measurement.
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Fig. 2-17. Measurement Setup
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Fig. 2-18. Simulation Setup
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Frequency
Response
Step
Response

As the first step of model verification, electrical components of the
ring modulator should be investigated. For this, an equivalent circuit
model for the carrier-depletion ring modulator illustrated in Fig. 2-19 is
used. It consists of series resistances of the rib waveguide in PN
junction ( Rs , N , Rs , P ), depletion capacitance of the PN junction ( C j ),
series resistance of the bulk Si ( RSi ), capacitance through the oxide
layer ( Cox ), and parasitic capacitance of RF pads for signaling ( C p ).
The values of each component are extracted by fitting the simulated S11
parameter of the equivalent circuit model to the measured S11 data of
the fabricated device. Fig. 2-20 shows the measured (circles) and
simulated by ADS (solid-lines) magnitude and phase responses,
respectively, and the extracted values are summarized in Table 2-2.
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Fig. 2-19.

An equivalent circuit model for carrier-depletion ring

modulator.
TABLE 2-2
VALUES OF ELECTRICAL COMPONENTS FOR SI RING MODULATOR
Component

Description

Value

Cp

Parasitic capacitance of the signal pads

13.4 fF

Rs,N

Series resistance of the PN junction (N)

57 Ω

Rs,P

Series resistance of the PN junction (P)

154 Ω

Cj

Depletion capacitance of the PN junction

RSi

Series resistnace of bulk Si

Cox

Capacitance through oxide layer
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Fig. 2-20.

Measured S11 data with fitted simulation results: (a)

magnitude response (b) phase response
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For the next step, optical parameters of the ring modulator, such as

eff ,  l , and  e , are extracted. eff can be determined from the
resonance condition of the ring modulator given as Eq. (2.13) if res ,

L , and m is known. However, different eff values are possible with
different m and, for this reason, the ratio between two values rather
than each value is used for extraction as

eff
m



res
L

.

(2.32)

Since res is easily known from the measured optical power spectrum
of the ring modulator and L is a known parameter as well, such ratio
can be easily determined.
Figure 2-21 (a) shows optical power spectrums at different bias
voltages and, from this, resonance wavelengths and corresponding

eff
m

values are extracted. For an accurate model, the voltage-

dependence of eff should be described with the plasma-dispersion
effects given as Eq. (2.20) but approximated to a linear relation in the
behavior model for simplicity. Fig. 2-21 (b) shows extracted
values and the linear trend-line for voltage dependence of eff .
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Fig. 2-21. (a) Measured optical power spectrums for different bias
voltages. (b) Extracted

eff
m

values and the linear trend-line.
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The values for decay-time constants,  l and  e , are determined by
fitting the simulated optical power spectrum to the measured one.
However, it should be noted that there are two pairs of decay-time
constant values that minimizes the error between measured and
simulated optical power spectrum as the interchange of decay-time
constants in Eq. (2.17) provides the same result and, therefore, voltage
dependency of the optical power spectrum should be observed as well
to complete the fitting process [38].
Fig. 2-22 shows the measured (circles) and simulated (solid-lines)
optical power spectrums with the extracted decay-time constants for
different bias voltages. With increasing bias voltage, the optical power
spectrum shifts to the right as eff increases.  l also increases with
the bias voltage since larger depletion region reduces the loss inside the
ring.  e is independent from bias voltage as the coupler is doped
neither with N nor P type semiconductor. The extinction ratio and
insertion loss of the ring modulator for 2-V modulation voltage are
illustrated in Fig. 2-23.
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Fig. 2-22.

Measured and simulated optical power spectrums at

different bias voltages: (a) 0 V (b) 1 V (c) 2 V.
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Fig. 2-23.

Static performances of the ring modulator for 2-V

modulation: (a) extinction ratio (b) insertion loss.
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It should be noted that optical parameters of the ring modulator are
dependent on the wavelength and our model should be valid for
different resonance wavelengths. To show the validity, optical power
spectrum within the entire C-band, wavelength range from 1530 nm to
1570 nm, are measured as illustrated in Fig. 2-24 and, for this
measurement, a broadband erbium-doped fiber amplifier (EDFA) is
used as a light source. Three resonance wavelengths are observed in Cband and the values are 1539.617 nm, 1551.937 nm and 1564.500 nm,
respectively, where the values for m at each resonance are 85, 84 and
83, respectively. The wavelength range between two resonances or
free-spectral range (FSR) of the ring modulator is approximately 12 nm.
The values for extracted optical parameters, eff ,  l , and  e , at
different resonance wavelengths are shown in Table 2-3, which
decreases with the increasing wavelength.
Although values for optical parameters vary with wavelength, DC
characteristics, represented by optical power spectrum, of the ring
modulator at different resonance wavelengths are accurately described
with our model by using each set of optical parameters as illustrated in
Fig. 2-25. Therefore, it can be concluded that our model is valid for
different wavelength ranges when optical parameter values are
accurately extracted at the given resonance wavelength.
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Fig. 2-24. Measured optical power spectrums in C-band.

TABLE 2-3
VALUES OF EXTRACTED OPTICAL PARAMETERS OF RING MODULATOR
AT DIFFERENT RESONANCES IN C-BAND

res

1539.617 nm

1551.937 nm

1564.500 nm

m

85

84

83

eff

2.603742

2.593731

2.583515

l

24.323 ps/rad

22.854 ps/rad

21.648 ps/rad

e

18.785 ps/rad

18.104 ps/rad

17.887 ps/rad

57

Translmission [dB]

0
-5
-10
-15
-20

Measured

(a)

Simulated

-25
1539.4

1539.5

1539.6

1539.7

1539.8

Transmission [dB]

0
-5
-10
-15
-20

Measured

(b)

Simulated

-25
1551.7

1551.8

1551.9

1552.0

1552.1

Transmission [dB]

0
-5
-10
-15
-20

Measured

(c)

Simulated

-25
1564.3

1564.4

1564.5

1564.6

1564.7

Wavelength [nm]

Fig. 2-25. Measured and simulated optical power spectrums in Cband: (a) 1539.617 nm (b) 1551.937 nm (c) 1564.500 nm.
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The electro-optical (EO) dynamics of the ring modulator can be
accurately characterized as well with the behavior model and, for
verification, the dependence on the operating wavelength in EO
frequency response is observed. Fig. 2-26 shows measured (circles) and
simulated (solid-lines) EO frequency responses (S21) at different input
wavelengths. For This measurement, ring modulator is biased at 1 V
(reverse) and sinusoidal input having -10-dBm of RF power is used as a
modulation voltage. The DC gain of EO frequency responses are
normalized to 0 dB in order to clearly show the differences in peaking
frequencies and amplitudes. The resonance wavelength of the ring
modulator at 1 V bias voltage is 1551.585 nm and both frequency and
amplitude of the peaking in EO frequency responses varies with
different input wavelengths from 1551.550 nm to 1551.450 nm. The
frequency of the peaking increases with the wavelength detuning, the
difference between resonance and operating wavelengths in the
frequency domain, or

D    0  2 c

1

in



1

res

.

(2.33)

Such tendency is observed in the measurement and the behavior model
accurately describes it as illustrated in Fig. 2-26.
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Fig. 2-26.

Measured and simulated frequency responses at different

input wavelengths: (a) 1551.55 nm (b) 1551.50 nm (c) 1551.45 nm.
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Such wavelength dependency affects large-signal behavior as well
and it can be observed in the step responses. For the step response
measurement, a voltage from 0 to 2 V having 20-ps of rise-time is
applied to the ring modulator by PPG. Input wavelengths used for step
response measurement are the same as those for frequency response
measurement. Fig. 2-27 illustrates measured (circles) and simulated
(solid-lines) step responses for different input wavelengths and
confirms that the behavior model is accurate. The ringing in the
transient signal increases with larger detuning values in the same
manner as frequency response.
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Fig. 2-27.

Measured and simulated step responses at different input

wavelengths: (a) 1551.55 nm (b) 1551.50 nm (c) 1551.45 nm.
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2.7.

Small-signal analysis

The dynamics of the ring modulator was investigated based on the
small-signal analysis in [39] and [40], which can be simpler and more
intuitive way of understanding ring modulator dynamics. The transfer
function of the critically-coupled ring modulator in the s-domain is
given as

s

H (s)  G

2

1



s  sD 
2

2



1

G

2

s  n
,
s  2n s  n 2
2

(2.34)

where G , D , n and  indicate transfer function gain, wavelength
detuning in the frequency domain, natural frequency and damping ratio
and each can be given as

G
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,
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1
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n

D 
2

1

.

(2.36)

2

Eq. (2.34) is a well-known transfer function of a second-order system
that has two complex-conjugate poles and a zero. Here, the values of

D and

1



determines the frequency response of the ring modulator as
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they change the location of poles and a zero as well as transfer function
gain. Fig 2-28 illustrates measured (circles) ring modulator EO
frequency response (S21) compared with simulations (solid-lines) based
on the small-signal model with different D values. In order to show
the transfer function gain change with the values of D , DC gains for
frequenct responses are normalized to the case of D  2 14 GHz .

As can be seen in the figure, the modulation bandwidth, location and
amplitude of the peaking as well as transfer function gain changes with

D and the small-signal model accurately describes the tendency.
Fig. 2-29(a), 2-29(b) and 2-29(c) illustrate the modulation
bandwidth, location and amplitude of the peaking in frequency
response, respectively, with different D values. The modulation
bandwidth increases with larger D and

1



values. However, the

location and the amplitude of the peaking in the frequency response
depends on the values of D and
frequency response for D 

1



. There is no peaking in the

1
1
and, when D 
, the peaking starts
2
2

to affect the frequency response and the location and amplitude of the
peaking increases with larger D values. Such peaking can enhance
the modulation bandwidth of the ring modulator [41].
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Fig. 2-28.

Measured (circles) and simulated (solid-lines) ring

modulator EO frequency responses (S21) based on the small-signal
model at different wavelength detuning values.
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Fig. 2-29. Simulated ring modulator characteristics based on smallsignal model: (a) Modulation bandwidth (b) Peaking location (c)
Peaking amplitude.
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2.8.

Summary

An accurate behavior model describing electro-optic characteristics
of a ring modulator is derived with coupled-mode approach, which
simplifies the dynamics of a ring modulator with approximation. The
behavior model is implemented with Verilog-A, which allows circuitlevel co-simulation of a ring modulator with electronic circuits in
conventional electronic circuit design platform. The accuracy of the
behavior model is confirmed with measurements. The ring modulator is
fabricated with 220-nm SOI photonics technology. DC, AC, and
transient characteristics are verified with optical power spectrums,
frequency and step responses at different wavelength detuning values.
With this model, it is possible to design and optimize the complete Si
photonic transmitter including ring modulators and the transmitter
circuits for the given specifications.
However, it is very important to point out that this model excludes
dependency on the temperature, which was pointed out as the most
critical issue in utilizing ring modulator, and, therefore, this model
needs to be improved in the future. As one of the efforts, self-heating
effect in the ring modulator was investigated with an accurate model
describing such phenomenon [42].
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3.

Si Photonic Transmitter Design

In this chapter, design procedures for two different types of Si
photonic transmitters are described in detail. The first transmitter is
implemented in a hybrid way by realizing ring modulator and
transmitter circuit separately with different technologies and wirebonding those two chips. On the other hand, the second transmitter is
implemented in a monolithic way with the EPIC technology.
In designing both transmitters, the behavior model derived,
implemented and verified in chapter 2.4, 2.5 and 2.6 is used. The ring
modulator and transmitter circuits are designed to satisfy the target
specifications, such as data-rate and OMA, and then the complete
transmitter is co-simulated with conventional EDA tools with parasitic
components from hybrid packaging. The accuracy of such cosimulation was confirmed with measurement. For this, the ring
modulator and transmitter circuits are separately fabricated with SOI
photonics technology and standard CMOS technology for hybrid
transmitter and with photonic BiCMOS technology for monolithic
transmitter.
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3.1.

Si photonic transmitters

Si photonic transmitters are realized either in a hybrid way or a
monolithic way as each approach provides its own advantages. A
hybrid integration approach separately realizes photonic components
and electronic circuits with different processing technologies and interconnects two chips while monolithic integration approach realizes both
parts with the same processing technology and, therefore, no additional
efforts are needed for interconnection.
The major advantage of hybrid integration approach is that it can
utilize different processing technologies optimized for its own purpose.
As described in the previous chapter, it is very difficult to just realize
photonic components with existing processing technologies optimized
for electronic circuits without any modification and, even if it is
possible, the performances are very poor. However, when integrated in
a hybrid way, the photonic components and electronic circuits can be
realized and optimized by utilizing proper processing technologies for
each part, which should bring performance enhancements.
In exchange, hybrid integration approach necessitates additional
efforts for interconnecting two chips, one for photonic components and
the other for electronic circuits. There are many ways of inter-
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connecting the chips and wire-bonding is considered as the easiest but
somewhat brutal way. Since wire-bonding requires relatively large
signaling pads which results in large parasitic capacitance and
introduces unwanted peaking or bandwidth limit to the transmitter due
to its inductance, it is not suitable for high speed applications [43].
Flip-chip bonding or 3D integration [44] can be another way that
greatly reduces the parasitic components by omitting the wire-bond
itself and reducing the signaling pad size [45]. The state-of-the-art flipchip bonding technology has been reported, which allows less than 1.0Ω of resistance and 20-fF of capacitance for each bonding site [46].

Compared to the hybrid integration, monolithic integration
approach needs no such additional efforts for interconnection. As a
result, there are no parasitic components resulting from the
interconnection and, therefore, the speed of the transmitter can be
enhanced. However, monolithic integration is possible only with the
special EPIC technology which is usually much more expensive.
Moreover, EPIC technology is based on less advanced technology node
for the electronics and, compared to advanced processing technologies
used in the hybrid approach, the performance of the electronic circuits
should be inferior. In this dissertation, two different Si photonic
transmitters are designed in each approach.
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3.2.

25-Gb/s hybrid Si photonic transmitter

A 25-Gb/s hybrid Si photonic transmitter is demonstrated in this
chapter. For this, two different processing technologies are used, 220nm SOI photonics technology from IME foundry service for ring
modulator and 65-nm standard CMOS technology from TSMC foundry
service for transmitter circuits, respectively. Fig. 3-1 illustrates blockdiagram of the transmitter which consists of a carrier-depletion Si ring
modulator, modulator driver and on-chip PRBS generator. The
following chapters focus on illustrating the design procedures for the
ring modulator and the transmitter circuits, describing the effects of
hybrid-integration, running circuit-level co-simulation of the complete
transmitter and, finally, presenting measurement results.
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Fig. 3-1. Block diagram of 25-Gb/s hybrid Si photonic transmitter.
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3.2.1. Ring modulator design

For 25-Gb/s operation, a carrier-depletion type ring modulator is
designed for the transmitter. The first step of the design is to determine
the location of PN junction that maximizes neff which represents the
efficiency of a ring modulator. It has been investigated in the previous
chapter that neff modulation is achieved from the plasma dispersion
effect and its amount depends on N and P . However, it is
noteworthy that neff also depends on the PN junction location as it
changes the amount of light that experiences N and P . In the
designer’s perspective, N and P values are provided by the
foundry service and, therefore, the PN junction location is the only
design parameter that determines neff .
Fig. 3-2 shows the cross-section of a PN junction at different bias
voltages and the optical intensity profile in the ring modulator. xP and

xN represent the width P-type and N-type region in PN junction and
xD represents the width of depletion region when the reverse bias
voltage is applied. The PN junction is located exactly at the optical
intensity profile peak for Fig. 3-2 (a) while slightly shifted by
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  xP  xN for Fig 3-2 (b). neff is determined by the over-lapping
area of the optical intensity profile with PN junction depletion region. It
was pointed out that P is dominant over N for neff according
to Eq. (2.20) in chapter 2.3 and, therefore, neff can be maximized
with proper  value to make the optical intensity profile peak is fully
overlapped with P-type region. For this, neff values are simulated for
500-nm width waveguide by Sentaurus Process from Synopsys for
different  values as illustrated in Fig. 3-3. In this simulation, neff
represents the neff difference between 0 V and 2 V reverse bias
voltage. It can be known from the simulation that is neff maximized
when the P region width is larger than of N region by 50 nm
(   50 nm ), as expected. It should be noted that optimum  slightly
varies with the waveguide width or the radius of the ring as the optical
intensity profile changes with the waveguide structure and the
curvature.
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Cross-section of a PN junction at different reverse-bias

voltages and optical intensity profile: (a) xP  xN (b) xP  xN .
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Fig. 3-3. Simulated neff for different  values.
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100

Once the PN junction location is fixed,  of a ring modulator for
different radii can be determined by simulation. The total loss of a ring
modulator is a sum of propagation and bending loss,  prop and  bend ,
and is expressed by
 a 

 b



 prop  exp   L  and  bend  exp   1 Lb 
 2 
 2

2

(3.1)

where a is an attenuation constant and L is the round-trip length,
respectively. b1 and b2 are fitting parameters used for  bend . The, the
total loss of a ring waveguide can be expressed by
 a   b



 total   prop   bend  exp    L     1 Lb   .

 2   2
2

(3.2)

Fig. 3-4 illustrates simulated and fitted curves using Eq. (3.1) for

 bend (red circles and solid line),  prop (blue squares and solid line)
and the resulting  total (black triangles and solid line) for different
radii.  total is mainly affected by  bend for small radii and by  prop
for large radii. The total loss of a ring modulator is minimized at 12-μm
radius and the resulting  total is 0.983.

 is determined independently from  with the gap distance at
the coupler and can be simulated for different gap distances and radii as
illustrated in Fig. 3-5. Consequently, the geometry of a ring modulator
for specific  and  value can be determined.
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 prop ,  bend and the resulting  total for different radii.
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 for different gap distances and radii.
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340

The next design step is to choose proper  and  values for the
target transmitter bandwidth and, for this, the speed of a ring modulator
should be investigated. The electro-optic modulation bandwidth, f3dB ,
has been commonly represented with the following equation [28]:

1
f3dB

2



1
f optical



2

1
f electrical 2

.

(3.3)

Here, f optical and f electrical represent optical and electrical bandwidth
of a ring modulator, respectively, and each can be expressed by

1
f optical

  2 photon  and
2

2

1
f electrical

  2 RC  ,
2

2

where  photon is a cavity photon lifetime given as  photon 

(3.4)

resQ
and
2 c

RC is a time-constant that comes from the electrical components of a
ring modulator. Q is a classic dimensionless parameter that represents
the sharpness of the resonance spectrum relative to its resonance wavelength and can be defined as

Q

FWHM

res



eff L 
,
res 1   

(3.5)

where FWHM indicates full-width at half maximum. With eff value
estimated by the simulation (  2.5), res around 1550 nm and under
the critical-coupling condition,    , Q can be directly determined
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from the radius of a ring modulator as illustrated in Fig. 3-6 and,
consequently, the complete geometry of a ring modulator is determined
when the target Q is fixed.
For 25-Gb/s transmitter, f3dB should be larger than or at least
equal to 25 GHz and, if f electrical is assumed to be much faster than the
target bandwidth, Eq. (3.4) determines the maximum  photon as 6.4 ps
and the corresponding Q is 7500. Therefore, the radius of the ring
waveguide and the corresponding gap distance at the coupler can be
determined as 8 μm and 300 nm, respectively, and the resulting 
(   ) and Q values are 0.981 and 6700, respectively. The optical
power spectrum for the corresponding ring modulator is shown in Fig.
3-7.
It is noteworthy that the optical bandwidth of a ring modulator is
not determined only by Q but also with D as briefly investigated in
chapter 2.6 and, therefore, Eq. (3.4) is insufficient for describing the
complete electro-optic dynamics of a ring modulator. Even so, it gives
rough estimation for the minimum bandwidth of a ring modulator as a
starting point of ring modulator design. Design optimization for a ring
modulator with an accurate model is to be introduced in chapter 4.1.
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Fig. 3-6. Q values for different radii under critical-coupling condition.
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Fig. 3-7. Optical power spectrum of the designed ring modulator.
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The ring modulator is fabricated with 220-nm SOI photonics
technology through IME foundry service and the micro-photograph of a
fabricated ring modulator is illustrated in Fig. 3-8. For carrier-depletion
type operation, the driving voltage is applied to the P region in PN
junction and the N region is grounded. The dummy signaling pad is
used to make the differential modulator driver output symmetry. The
heater is implemented as well in order to tune the resonance of the ring
modulator to the target wavelength.
Fig. 3-9 illustrates measured (circles) and simulated (solid line)
optical power spectrum of a fabricated ring modulator. The target  ,

 and Q values in the design stage was 0.981, 0.981 and 6700,
respectively, while the extracted values from the measurement are
0.978, 0.980 and 6000, respectively.

81

to grating coupler

Heater

Ring Modulator

VSS

Signal

VSS

Dummy

VSS

Fig. 3-8. Microphotograph of a fabricated ring modulator.
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Fig. 3-9. Measured (circles) and simulated solid lines) ring modulator
optical power spectrum.
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3.2.2. CMOS driver and transmitter circuit design

The modulator driver should provide large modulation voltage to
the ring modulator in order to achieve sufficient optical modulation
amplitude (OMA). Such large modulation voltage comes from small

eff of the carrier-depletion type ring modulator and is the major
challenge in the modulator driver design as the supply voltage scales
down with the advanced processing technology [47, 48]. It is
sometimes necessary to use supply voltage higher than the nominal
value for the modulator driver and, therefore, a careful design should be
associated.
For this reason, it is very important to estimate the modulation
voltage required for the target ring modulator. The minimum driving
voltage of the modulator driver is bounded by the signal to noise ratio
(SNR), and the resulting bit-error rate (BER), at the receiver. The signal
power of the transmitter is determined by OMA, difference between
optical power levels for “on” state and “off” state, and the noise power
by relative intensity noise (RIN) of the laser source and noise
equivalent power (NEP) of the optical receiver. Based on the equipment
used for the measurement, OMA value required for error-free data
transmission, or BER > 10-12, can be determined.
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RIN of a laser source (Agilent 81689A) and the NEP of an optical
receiver (Newport 1414) is 140 dB/Hz and is 30 pW/Hz1/2, respectively,
and, considering the optical receiver bandwidth of 25 GHz, the
resulting noise power can be calculated as 20.5 μW. Therefore, the
OMA value needed for BER less than 10-12 can be calculated from the
following equation:

1
OMA
 OSNR 
BER  erfc 
where OSNR 
.

 on   off
2
 2 

(3.6)

Fig. 3-10 illustrates the BER curve with different OMA values and
BER less than 10-12 is achieved with OMA value larger than 0.3 mW.
Fig. 3-11 shows OMA values of the ring modulator for driving
voltages at different detuning values. It should be noted that the driving
voltage required for 0.3 mW of OMA changes with detuning as the
modulation efficiency is wavelength dependent. The ring modulator has
the lowest modulation efficiency when the detuning is 0 and, at this
point, 2-Vpp driving voltage is needed for 0.3-mW OMA. Therefore, it
can be concluded that the modulator driver should be able to provide
maximum 2-Vpp driving voltage to achieve BER less than 10-12 with the
given laser source and optical receiver.
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The schematic of modulator driver and the replica circuit used to
provide bias voltages to the driver circuit is illustrated in Fig. 3-12. For
modulator driver, 3-V supply voltage is used so that it can provide 2-V
driving voltage to the ring modulator for achieving sufficient OMA.
However, 3-V is much higher than the nominal supply voltage of
advanced CMOS technology and such high supply voltage can threaten
transistor reliability. For this reason, the current-mode logic (CML)
topology with a cascode stage is used. The input transistor pair (M1,
M2) is implemented with low-threshold voltages transistors in order to
maximize the transition speed. On the other hand, high-threshold
voltage transistors (HVT) are used for the cascode stage (M3, M4) in
order to withstand the overdrive voltage. Since HVT transistors in the
cascode stage limit the modulator driver bandwidth, shunt-peaking
inductors are used for bandwidth extension.
The replica-bias circuit consists of two feedback loops, one for
controlling the output swing and the other for regulating overdrivevoltage. Each of two feedback loops forces Vx to be equal to Vref,sw and
Vy to Vref,ov, respectively. With 1-V Vref,sw and 1.2-V Vref,ov, the
modulator driver output swing is fixed at 2 V and the modulator driver
input stage has VDS fixed at 1.2 V.
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An on-chip pseudo-random binary sequence (PRBS) generator is
integrated with the driver circuit. Fig. 3-13 shows the structure of
PRBS generator. A parallel PRBS generator [48] having eight channels
of 3.125-Gb/s data is custom designed and serialized throughout three
2:1 serializer stages, each of which is a double-edge triggered flip-flop
with an additional latch for half-rate delay, for producing 25-Gbps
PRBS data. The implemented PRBS generator can produce both PRBS
27-1 and 231-1 patterns and they can be selected externally according to
the test purpose. Such an internal PRBS generator allows simple
transmitter testing configuration.
Fig. 3-14 illustrates 25-Gb/s eye-diagram for PRBS 27-1 and 231-1
patterns from the post-layout transient simulation of the CMOS
transmitter circuits including on-chip PRBS generator, serializer and
modulator driver. The parasitic capacitance for the signaling pads is
estimated as 80-fF and 400-pH shunt-peaking inductor is used for the
modulator driver.
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Fig. 3-14. Transmitter 25-Gb/s eye diagram (post-layout simulation):
(a) PRBS 27-1 pattern (b) PRBS 231-1 pattern.
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The transmitter circuits are fabricated with 65-nm standard CMOS
technology through TSMC foundry service and the microphotograph of
the fabricated chip is illustrated in Fig. 3-15. The modulator driver
consumes 120-mW of power with 3-V supply voltage and on-chip
PRBS generator consumes 60-mW of power with 1.2-V supply voltage,
respectively. The transmitter occupies 200-μm by 600-μm of area.
Fig. 3-16 illustrates the measurement setup. 12.5-GHz differential
clock signal and DC bias voltages are provided by pattern generator
(Anritsu MP1800A) and DC supply, respectively, and the data outputs
are observed with a sampling oscilloscope (Tektronix 11801C). The
measured 25-Gb/s eye diagrams for PRBS 27-1 and 231-1 patterns are
given in Fig. 3-17.
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(a)
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Fig. 3-17.

Measured 25-Gb/s eye diagram of the fabricated

transmitter: (a) PRBS 27-1 pattern (b) PRBS 231-1 pattern.
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3.2.3. Hybrid integration

For hybrid integration, two chips, each containing ring modulator
and transmitter circuits, are mounted on FR4 PCB and wire-bonded.
Fig. 3-18 shows the microphotographs of the 25-Gb/s hybrid Si
photonic transmitter from the top and side, respectively. An alloyed
aluminum wires are wedge-bonded and such bonding method requires
at least 60 x 60 μm2 of area for the stability issue. Therefore, the size of
signaling pads for CMOS transmitter and ring modulator chip are 75 x
75 μm2 and 75 x 75 μm2, respectively, and the resulting parasitic
capacitances for each chip are approximately 80-fF and 15-fF,
respectively.
The inductance of the bonding-wire greatly affects the transmitter
performance and its value should be estimated in the transmitter design.
A very good rule of thumb to calculate the partial inductance of a
bonding wire having 1.25 mil of diameter is 0.9 nH/mm, which is also
the value achieved from most of the 3D quasi-static electro-magnetic
solvers. With this value, the inductance of the bonding-wire can be
estimated as 1.1 nH, as the length of the bonding-wire inferred from the
Fig. 3-18 (b) is approximately 1.2 mm.
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Fig. 3-18.

Microphotographs of the hybrid 25-Gb/s Si photonic

transmitter: (a) Top view (b) Side view.
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Fig. 3-19 illustrates an equivalent circuit model for the packaging
which consists of capacitors representing parasitic capacitances of the
signaling pads, Cpad, CMOS for CMOS transmitter chip and Cpad, SOI for
SOI ring modulator chip, respectively, and the inductor (Lb) and resistor
(Rb) representing the bonding wire. Such series inductance introduces
amplitude peaking at the frequency response as illustrated in Fig. 3-20
which results in unwanted signal distortion.
However, such amplitude peaking at high frequency can be used as
an equalizer when the transmitter suffers from bandwidth limit. It has
been pointed out that the modulator driver uses slow HVT transistors
which limit the driver bandwidth in order to withstand high supply
voltage. In this case, it is possible to enhance the driver bandwidth by
utilizing the bonding-wire inductance as an equalizer. Fig. 3-21 shows
25-Gb/s eye-diagrams with and without hybrid packaging. It should be
noted that the transmitter with hybrid packaging achieves better eyeopening performance (0.86 UI vertical, 0.85 UI horizontal) even for
larger parasitic capacitances that comes from the ring modulator and
hybrid packaging compared to one without hybrid packaging (0.74 UI
vertical, 0.67 UI horizontal). This is due to the frequency peaking
achieved from bonding wire inductance.
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Fig. 3-19. An equivalent circuit model for the transmitter with hybrid
packaging.
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Fig. 3-20. Frequency response of the hybrid packaging with a ring
modulator equivalent circuit model.
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Fig. 3-21. 25-Gb/s eye diagrams and eye-openings for PRBS 231-1
pattern: (a) without hybrid packaging (b) with hybrid packaging
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3.2.4. Co-simulation and measurements

With the ring modulator and the transmitter circuits designed in the
previous chapters, a circuit-level co-simulation for the complete Si
photonic transmitter including hybrid-packaging is possible and, with
this simulation, electro-optic characteristics of the transmitter can be
accurately captured.
Fig. 3-22 illustrates simulated (left) and measured (right) eye
diagrams for different data rates from 12.5 to 25 Gb/s. By changing the
data rate, electrical characteristics of the transmitter can be examined.
When the data rate increases, the transmitter suffers more from the
bandwidth limit and the resulting eye diagram degrades as can be
accurately captured by the circuit-level co-simulation.
Fig. 3-23 shows the similar comparison between the simulation
(left) and measurement (right) for the wavelength detuning which
represents the optical characteristics of the transmitter. With the input
wavelength at the linear point of the ring modulator resonance
spectrum, larger OMA with less duty-cycle distortion is achieved.
However, when the input wavelength is at the non-linear point of the
ring modulator resonance spectrum, the OMA starts to degrade with
more duty-cycle distortion.
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3.3.

25-Gb/s Monolithic Si photonic transmitter

A 25-Gb/s monolithic Si photonic transmitter is designed and
simulated with photonic BiCMOS technology (IHP). The transmitter
consists of a carrier-depletion type ring modulator, pseudo-differential
modulator driver and on-chip PRBS generator.
Fig. 3-24 illustrates the block diagram of 25-Gb/s monolithic Si
photonic transmitter designed in this chapter. The following chapters
focus on the design procedures for the ring modulator and the
modulator driver circuit. The circuit-level co-simulation of the
complete transmitter based on the behavior model is performed as well
with conventional EDA tools.
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Fig. 3-24.

Block diagram of 25-Gb/s monolithic Si photonic

transmitter.
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3.3.1. Ring modulator design

A carrier-depletion type ring modulator is designed for 25-Gb/s
monolithic transmitter along with the same procedure described in
chapter 3.2.1. As shown in Fig. 3-25, the PN junction location is
optimized to maximize neff

with the simulation by changing

difference between P and N-type region width within 500-nm
waveguide width. and, as can be seen in Fig. 3-26, neff is maximized
when   50 nm . However, it should be noted that the maximum

neff value is reduced from 64 x 10-6 /V with IME’s SOI photonics
technology to 52.5 x 10-6 /V with IHP’s EPIC technology, which is
mainly due to relatively low doping concentration levels.
With the optimized PN junction location,  and  values for a
ring modulator are simulated. In determining  value, the bending,
propagation and the corresponding total loss of a ring modulator for
different radii are simulated and fitted according to Eq. (3.1) and Eq.
(3.2) as illustrated in Fig. 3-27. As can be seen, the propagation loss is
dominant over bending loss for available radii from 8 μm to larger
values and such large propagation loss limits the maximum of  to
0.980 at 8 μm radius, which is the minimum loss that can be achieved
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from the given technology.  is simulated as well for different gap
distances and radii of the ring modulator as illustrated in Fig. 3-28.
Once  and  values at given radius is known, it is possible to
design the ring modulator for the target data rate. The 25-GHz ring
modulator is needed for 25-Gb/s Si photonic transmitter and the
corresponding Q is 7500 when the electrical bandwidth of a ring
modulator can be neglected. Fig. 3-29 illustrates the Q values at
different radii under the critical coupling condition and, from this, the
radius of a ring modulator and the gap distance can be determined as 12
μm and 260 nm (     0.974 ), respectively. The optical power
spectrum for the ring modulator is illustrated in Fig. 3-30.
The target ring modulator is fabricated with photonic BiCMOS
technology from IHP foundry service in order to verify the design. Fig.
3-31 shows the microphotograph of a fabricated device. Fig. 3-32
illustrates measured (circles) and simulated (solid line) optical power
spectrum of a fabricated ring modulator. The target  ,  and Q
values in the design stage was 0.974, 0.974 and 7520, respectively,
while the extracted values from the measurement are 0.971, 0.973 and
6925, respectively.
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3.3.2. BiCMOS driver and transmitter circuit design

The transmitter circuits including modulator driver and on-chip
PRBS generator are designed for the target ring modulator and
implemented with 0.25-μm BiCMOS (SG25H1) technology. In order to
determine the driving voltage of the modulator driver, OMA of the
designed ring modulator for different driving voltages should be
investigated and, assuming the same measurement setup used for the
hybrid transmitter, 0.3-mW of OMA is required for achieving BER less
than 10-12. Fig. 3-33 illustrates OMA values for different driving
voltages and 2.5 Vpp of driving voltages achieves the target OMA value
(0.3 mW) for the worst case, zero detuning.
In order to provide 2.5-Vpp driving voltage to the ring modulator, a
pseudo-differential driver configuration is used as illustrated in Fig. 334. Differential input signals (Vinp and Vinn) are first amplified by two
cascode common-emitter amplifiers and then one of the two outputs is
shifted to the lower level by the following emitter-follower stage which
makes pseudo-differential driving voltages with different commonmode levels. The output having higher common-mode level (Voutn) is
connected to the anode (N-type region) of the PN junction (diode) and
the other one with lower common-mode level (Voutp) to the cathode (P-
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type region), respectively, to apply bias voltage in a reverse direction to
the target carrier-depletion type ring modulator. The modulator driver
provides 2.5 Vpp differential driving voltage where Voutp swings from
1.0 V to 2.5 V and Voutn swings from 1.5V to 0.5 V, respectively. The
replica-bias circuit is designed to provide bias voltage to the commonemitter stage in order to maintain the output swing level to 1.5 V. An
on-chip PRBS is implemented in the same configuration as the hybrid
transmitter, 8-channel parallel PRBS generator with 3-stages of 2:1
serializers, as illustrated in Fig. 3-35.
The post-layout transient simulation for 25-Gb/s data rate is
performed and pseudo-differential output signals and corresponding
eye diagram are illustrated in Fig. 3-36. The transmitter consumes 150mW of power with 2.5-V supply voltage where the on-chip PRBS
generator and modulator driver consume 72 and 78-mW of power,
respectively.
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3.3.3. Co-simulation

With the ring modulator and the transmitter circuits designed in the
previous chapters, a circuit-level co-simulation for the complete Si
photonic transmitter is possible and, with this simulation, electro-optic
characteristics of the transmitter can be accurately captured.
Fig. 3-37 illustrates simulated eye diagrams of PRBS 231-1 pattern
for different data rates from 12.5 to 25 Gb/s. By changing the data rate,
electrical characteristics of the transmitter can be examined. When the
data rate increases, the transmitter suffers more from the bandwidth
limit and the resulting eye diagram degrades as can be accurately
captured by the circuit-level co-simulation.
Fig. 3-38 shows simulation eye diagrams of PRBS 231-1 pattern for
different detuning values which represents the optical characteristics of
the transmitter. The transmitter operates well with proper detuning
value (6 GHz) and the performance degrades with decreasing detuning
value as the ring modulator becomes more non-linear and, therefore,
introduces severe duty-cycle distortion to the eye diagrams.
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Fig. 3-37. Simulated transmitter eye diagrams for different data-rates:
(a) 12.5 Gb/s (b) 20 Gb/s (c) 25 Gb/s.
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3.4.

Summary

Design procedures for two different Si photonic transmitters consist
of ring modulators and modulator driver circuits are described in detail.
In the design stage, the behavior model is fully-utilized at every step
and it can be concluded that the behavior model is very accurate. The
circuit-level simulation of the entire transmitter is done with existing
EDA tool and the results are confirmed with measurements. Such an
accurate and easy-to-use circuit-level simulation is extremely important
in realizing large-scale EPICs where various electronic circuits are
utilized to assist photonic components.
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4. Si Photonic Transmitter Optimization

Transceivers in optical communication systems are typically
required to satisfy certain level of performance standards such as data
rate, lane wavelength, OMA, extinction ratio, insertion loss, average
optical power, sensitivity, footprint, energy efficiency, etc. Those
performance indices are usually not independent but coupled to each
other and, consequently, there is always a trade-off between them. For
example, optical transmitter having shorter MZM arms can reduce the
footprint and the power consumption effectively but suffers from
reduced extinction ratio. Consequently, designers should wisely decide
which performance metric to optimize depending on which metric is
the most important for the overall performance. In this chapter, the
trade-off between OMA and modulation bandwidth is investigated.
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OMA is one of the most important performance metrics of the
transmitter that determines the SNR and the corresponding BER as
introduced in chapter 3.2.2. With the given noise level at the target
receiver, OMA directly determines the SNR and BER performance
according to Eq. (3.6) and, therefore, transmitter having larger OMA is
always preferred unless it exceeds the overload power given by the
receiver.
An efficient ring modulator achieves larger OMA value at given
modulation voltage and this efficiency is enhanced when the ring
modulator has sharp resonance spectrum. Such sharpness is represented
by Q value of a ring modulator and Fig. 4-1 illustrates OMA values of
the ring modulator with modulation voltages for different Q values. It is
clearly described in the figure that the OMA of a ring modulator
increases with the driving voltage and the ring modulator with larger Q
achieves larger OMA.
However, large Q limits the modulation bandwidth according to
Eq. (3.4) as cavity photon lifetime increases with Q . Specifically, the
modulation bandwidth of a ring modulator is determined not only by

Q but also by D , the wavelength detuning, according to the smallsignal model in Eq. (2.33) and, therefore, careful investigation on the
ring modulator dynamics is needed.
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Fig. 4-2 illustrates frequency responses of ring modulators having
different Q values, Q  6000 for Fig. 4-2 (a) and Q  12000 for
Fig. 4-2 (b), respectively. In the figures, solid lines indicate the
frequency response with D  2  9.9 GHz while dotted lines without
detuning. It is clearly shown in Fig. 4-2 that the dynamics of a ring
modulator is determined by both Q and D values. Specifically, ring
modulator having large Q value has amplitude peaking in frequency
response, which can introduce unwanted signal distortion in the
transient responses.
Such effect can be observed in the eye diagrams from the timedomain simulation. Fig. 4-3 illustrates eye diagrams of ring modulators
with different Q values, Q  6000 for Fig. 4-3 (a) and Q  12000
for Fig. 4-3 (b), respectively, where both eye diagrams are simulated
with the same D  2  9.9 GHz . It is clearly shown in the figure that
amplitude peaking in frequency response introduces signal distortion in
the transient response which results in inter-symbol interference (ISI).
To sum up, it can be concluded that the ring modulator with large Q
achieves larger OMA values at the expense of signal distortion when

D is considered. Therefore, the ring modulator should have large Q
value to maximize OMA but only with proper D value and those
values can be determined with the simulation using the behavior model.

121

Frequency Response [dB]
(Normalized S21)

2
0
-2

9.9 GHz

-4
-6

D = 2π x 9.9 GHz
Without detuning

-8
10M

100M

1G

10G

100G

Frequency [Hz]
(a)

Frequency Response [dB]
(Normalized S21)

2
0
-2

9.9 GHz

-4
-6

D = 2π x 9.9 GHz
Without detuning

-8
10M

100M

1G

10G

100G

Frequency [Hz]
(b)

Fig. 4-2. Frequency responses of ring modulators with (solid-lines)
and without (dotted-lines) detuning ( D  2  9.9 GHz ) for different Q
values: (a) Q  6000 (b) Q  12000 .
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Fig. 4-3.

25-Gb/s eye diagrams of ring modulator with the same

detuning ( D  2  9.9 GHz ) for different Q values: (a) Q  6000 (b)

Q  12000 .
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Consequently, it is possible to design the ring modulator that has
the maximum OMA value at given data-rate with the circuit-level
simulation using the behavior model. With this simulation, Q and D
values of the ring modulator is determined and then the radius and the
gap distance of the ring modulator can be determined correspondingly.
As a design example, optimum ring modulators having maximum
OMA values at given data rate are investigated with the simulation and,
for this, the ring modulators are implemented with 220-nm SOI
photonics technology.
Fig. 4-4, Fig. 4-6 and Fig. 4-8 illustrate the simulated normalized
OMA values for different Q and D values at 25, 32 and 40-Gb/s
data rates, respectively. D values are given as wavelengths rather than
frequencies in these simulations and modulator drivers are assumed to
have 50-Ω output impedance with 25, 32 and 40-GHz bandwidths for
25, 32, 40-Gb/s data rates, respectively. The ring modulator having

Q  14000 achieves the largest OMA value at D  50 pm and the
corresponding 25-Gb/s eye diagram is illustrated in Fig. 4-5. The ring
modulator having Q  12000 and Q  10000 achieves the largest
OMA value at D  60 pm for 32-Gb/s and D  80 pm for 40-Gb/s
data rate, respectively. Corresponding eye diagrams are illustrated in
Fig. 4-7 and Fig. 4-9, respectively.
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Fig. 4-4. Normalized OMA values for different Q and D values at
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Fig. 4-5. 25-Gb/s eye diagrams of the optimum ring modulator.
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Fig. 4-6. Normalized OMA values for different Q and D values at
32-Gb/s data rate.
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Fig. 4-7. 32-Gb/s eye diagrams of the optimum ring modulator.
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Fig. 4-8. Normalized OMA values for different Q and D values at
40-Gb/s data rate.
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Fig. 4-9. 40-Gb/s eye diagrams of the optimum ring modulator.
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5. Conclusion

In this dissertation, Si photonic transmitter based on the ring
modulator is investigated and, specifically, the circuit-level simulation
method for the complete transmitter is developed. For this, the behavior
model for the ring modulator is first derived from the coupled-mode
equations, which is numerically solved with assumptions. The behavior
model is implemented with Verilog-A in order to facilitate simulation
based on electronic design environment. The accuracy of the behavior
model is verified by comparing the simulated DC, AC, and transient
ring modulator characteristics with measurements.
With this model, two different Si photonic transmitters are
implemented. For the hybrid transmitter, the ring modulator and
transmitter circuits are fabricated with 220-nm SOI photonics
technology and 65-nm standard CMOS technology, respectively, and
wire-bonded. For the monolithic transmitter, both ring modulator and
transmitter

circuits

are

implemented

with

photonic

BiCMOS

technology. In designing such transmitters, circuit-level co-simulation
of the complete transmitter including ring modulator and the transmitter
circuits are fully utilized and, with this simulation, the transmitters can
be optimized for given specification.
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Such simulation method should be very useful for designing EPICs
as conventional design tools for photonic components and electronic
circuits are separately implemented based on completely different
platform. With this method, any photonic components can be modeled
in the behavior level as long as the values of model parameters can be
accurately determined. This approach is highly valuable as it allows
accurate simulation of EPICs without much burden in the wellestablished electronic design environment and the importance of such
compatibility cannot be over-emphasized.
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Abstract (In Korean)

실리콘 기반 광 송신기의
모델링, 설계 및 최적화

광

인터커넥트

기술은

기존의

전기적

인터커넥트

기술보다

효율적으로 고속 인터커넥트를 구현할 수 있다는 장점을 가지고 있어
인해 많은 관심을 끌고 있다. 특히나 실리콘 기반 광 기술은 기존의
실리콘 공정기술뿐 아니라 관련 산업생태계를 활용하여 고성능의 광
소자들을 저가로 구현할 수 있기 때문에 매우 매력적이다. 뿐만
아니라, 실리콘 기반 광 기술을 활용하면 광 소자들을 실리콘 기반의
전기적 회로와 함께 구현할 수 있고, 이로 인해 기존의 전자회로
또는 광 소자 각각이 가지는 한계를 극복할 수 있는 새롭고 강력한
기술로 인정받고 있다.
전자-광자 집적회로 (EPICs)를 구현하는데 있어 광 소자와 전자
회로를 하나의 통합된 시뮬레이션 환경에서 동시에 시뮬레이션 하는
것은 설계 관점에서 매우 중요하다. 기존의 다양한 시뮬레이션
툴들이 전자 회로 또는 광 소자 각각을 정확하게 시뮬레이션할 수
있지만, 그들은 대게 아주 다른 기반에서 구현되어 있기 때문에
상호간 호환이 불가능하다. 이런 이유로, 광 소자와 전자회로를
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하나의 통합된 기반에서 시뮬레이션 하는 것이 매우 중요한 연구
주제로 떠오르고 있다.
본 논문은 사용이 쉽고 간단한 시뮬레이션을 통해 실리콘 기반 광
송신기를

모델링,

설계하고

및

최적화하는

연구에

집중한다.

구체적으로, 광 소자의 행위 모델을 상위 레벨 언어로 구현하는
방법을 사용하였다. 어떤 광 소자라도, 그 특성을 나타내는 모델의
변수 값만 정확히 결정할 수 있다면 이러한 행위 수준 모델이
가능하다. 이러한 방법은 광자-전자 집적회로 설계에 매우 유익한데,
그 이유는 이러한 행위 수준 모델을 활용하면 전자 회로와 광 소자의
통합적인 시뮬레이션을 기존의 전기적인 설계 환경에서 쉽게 구현할
수 있기 때문이다. 이러한 호환성을 확보하는 것은 향우 실리콘 기반
광 기술을 성숙한 실리콘 기반 전자 기술의 범주 안에 포함시키는데
매우 큰 역할을 할 것으로 기대된다.
본 논문에서는 우선 실리콘 기반 공핍형 공진기 기반 광 변조기에
대한 연구를 진행하였는데, 이 소자는 매우 작은 크기에도 불구하고
고속의 광 신호를 변조하는데 용이하기 때문에 다양한 광 인터커넥트
관련 응용분야에서 각광받고 있다. 광 변조기의 행위 수준 모델은
coupled-mode

방정식으로부터

도출되었으며

Verilog-A

언어를

활용하여 구현하였다. 이 행위 수준 모델의 정확도는 실험적으로
검증되었다. 그 다음으로, 이 모델을 사용하여 공핍형 공진기 기반
광 변조기에 기반한 두 가지 광 송신기를 구현하였고 그 설계 과정을
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구체적으로 기술하였다. 혼성 집적 방식으로 구현된 광 송신기의
경우, 광 변조기와 송신기 회로는 각각 200-nm SOI 광 소자 공정과
65-nm 표준 CMOS 공정을 활용하여 제작하였으며, 와이어 본딩을
활용하여 집적하였다. 단일 집적 방식으로 구현한 광 송신기는
photonic BiCMOS 공정을 활용하여 하나의 칩으로 구현하였다. 두 광
송신기들은 회로 수준의 통합 시뮬레이션을 통하여 설계되었고, 이
결과를 활용하여 공진기 기반 광 변조기의 최적화 관련 연구 또한
진행되었다.

핵심 단어: 실리콘 기반 광 기술, 공진기 기반 광 변조기, 행위
수준 모델, 회로 수준 통합 시뮬레이션, 실리콘 기반 광 송신기
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