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Abstract

Co-design of Electronic and Silicon Photonic Integrated Circuits for Microwave

Photonics and Data-Center Communications
by

Navid Hosseinzadeh

Silicon photonics offer a low-cost platform for large-scale optical systems, and find
applications in data-centers, long-haul optical networks, LiDAR, and RF /microwave pho-
tonics. RF photonic systems offer interference-tolerant, wideband radio systems in RF
and millimeter-wave bands. This is feasible through analog optical links that take ad-
vantage of low loss and immune to electromagnetic interference fiber optical cables. Per-
formance of such systems is characterized by spur-free dynamic range (SFDR). Most of
current RF Photonic systems are based on LiNbO3 Mach-Zehnder (MZM) modulators,
which are expensive and difficult to fabricate in large volume. Silicon phonics, on the
other hands, offer low cost low large scale integration, however the performance is below
what LiNbOj technology offers.

In this work, fundamental sources of nonlinearity in Silicon photonics MZMs are an-
alyzed and characterized, and methods and techniques are proposed to overcome the
limitations in order to design high SFDR silicon photonic based optical RF receivers.
First, A SiGe low-noise distributed driver is co-designed for the SiP MZM to linearize
and extend the bandwidth over which the SFDR remains high, by focusing on improving
NF of the receiver. The RoF transmitter achieves 1-20 GHz bandwidth and an SFDR of
109 dB-Hz*? at 11 GHz. This is the highest SFDR demonstrated for a SiP technology
without incorporating predistortion. Next, a distributed silicon-germanium (SiGe) HBT-

based low-noise amplifier (LNA) is co-designed for linearization with a Silicon phonics

X



MZM for a broadband RoF link. The SiGe LNA incorporates a distributed, tunable
predistortion scheme that is inherently wideband and improves the third-order intercept
point over an 18 GHz range. The assembled SiGe LNA and SiP MZM prototype demon-
strates an SFDR as high as 120 dB-Hz?/® at 9 GHz, a 14 dB improvement over previous
SiP RF components or RoF links, and a record among Silicon photonic MZM based RoF
systems.

In the next part of dissertation, integration strategies of silicon photonics are com-
pared for compact and efficient integrated optical transmitters with CMOS drivers, to be
used in coherent intra-data center optical link. An integrated optical transmitter, based
on a CMOS driver and a silicon photonic segmented MZM with travelling wave, that
operates to 50 Gb/s is designed. The MZM consists of 4 traveling wave segments along
a 3.2 mm length in a 90-nm Silicon Photonic technology. The broadband distributed
amplifier is a pseudo-differential design with 3-stack driver stages to deliver sufficient
voltage swing in a 45nm CMOS SOI technology. The optical eye is open to 50 Gb/s and
indicates error-free operation to 30 Gb/s. The total circuit consumes 480 mW. Next,
A fully integrated optical transmitter with 90-nm CMOS driver is presented. The novel
design, based on a distributed amplifier merged in a travelling wave Mach-Zehnder mod-
ulator, maximizes area and bandwidth efficiency. Open optical eyes are measured up to

30 Gbps for the first run implementation.
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Chapter 1

Introduction

The exponential expansion of mobile communication networks, result of their continuous
growth in both number of users and bandwidth per user, has led to increase in demand
for more efficient usage of available spectrum. Wireless communication networks, gener-
ation after generation, evolve around maximizing spectrum efficiency to address growing
number of applications and bandwidth requirements. For example, based on the annual
report by Cisco, global Wi-Fi’s average connection speed is predicted to increase by 200%
to 91.6 Mbps in 2023, from 30.3 Mbps in 2018. For Mobile networks this jump is even
larger than 200%, and it is projected average connection speed will get to 43.9 Mbps
in 2023, compared to 13.2 Mbps in 2018 |1|. These all require drastic changes in how
frequency spectrum is used, and also pushes networks toward higher frequencies where
more bandwidth is available. Systems with wider bandwidth can be designed at higher
frequencies, as required fractional bandwidth is smaller as we move upper on the fre-
quency axis. The next generation of wireless communication systems rely on wideband
signals, and at higher carrier frequencies than what current generation uses. Multiple
antennas are required in such systems to achieve spatial multiplexing, beam forming and

supporting multiple frequency bands [2-4]. Emerging millimeter-wave networks based
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on multi-input multi-output (MIMO) systems are more distributed than current RF sys-
tems and require transceivers at different locations to cover a small cell environment with
wireless signal. This is due to higher path-loss and higher frequencies, which dictates to
increase number of transceivers in order to get the same coverage as what current RF
frequency system do without increasing transmitter power level, and nature of line of
sight communications as any physical object can block the signal. RF signal distribution
in such multi-antenna environments at high-frequencies is challenging considering the
high signal path loss and packed frequency spectrum.

On the other end of networks, data centers are facing a constant increasing power
consumption as they are expanding rapidly to adapt with higher data storage/processing
demand. In addition, cloud computing has increased data centers power consumption
as growing number of applications are turning toward using cloud power for computing.
Date centers’ electricity usage is projected to increase 15-fold by 2030, which will be
8% of global electricity demand by the time [5]. A lot of efforts have been made to
keep electricity usage in data centers constant. New generation of computing servers has
played a big role so far. Another part that researchers and industries are working on
is to find more efficient intra-data center communication networks. As data demand is
increased, a higher portion of data transmission are happening inside data-centers rather
than between servers and users. Traditionally, electrical connections are used for short
distances and optical links, due to much lower loss of fiber optical links compared to
electrical cables, are used for distant servers. So far, the increased data traffic in data
centers has been addressed by faster wire-line links. At some point, however, required
bandwidth and demand for low power consumption has pushed networks to consider
using fiber optical links to maximize efficiency, even for short-range communications.

Integration of electronics and photonics, feasible through recent and ongoing advances

in silicon photonics technology, has paved the way for novel efficient wired and wireless

2
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communication systems. The applications ranges from highly efficient optical links for
intra-data center communication, to LiDAR systems for autonomous vehicles and imag-
ing, and to microwave photonics and Radio-over-Fiber systems for 5G communication
links and low loss RF signal distribution. Advances in silicon photonics, aimed to fol-
low the same path as the silicon based electronics toward achieving large scale low cost
production of highly integrated systems, has lead to novel electro-optical systems that
are capable of challenging traditionally used expensive and bulky III-V and LiNBOj
based photonics. Most reported high performance Radio-over-Fiber (RoF) links, in both

academia research and industry, are predominantly based on LiNBOj3 technology.

1.1 RF Photonic Systems

RF photonic systems find applications in antenna remoting and beam forming for
phased-array systems and can be used for signal distribution in millimeter-wave networks.
Fig. shows an example environment with different type of users in a wireless network.
RF signal distribution can be enhanced by using RF photonic based network systems.
RoF link can be used as the connecting link between two wireless network towers, or to
distribute internet connection to an entire building using a single wireless connection for
all.

RF photonic systems based on silicon photonics (SiP) enable low-cost high-yield inte-
grated optical links. Mach-Zehnder Modulator (MZM) is widely used as the modulator in
both analog and digital optical links mainly due to its wide bandwidth and simple design.
The key challenge in RF photonic link design is the limited spurious-free dynamic range
(SFDR) defined by and shown in Fig, [6] which is due to intrinsic nonlinearity of
MZM. SFDR is defined by:
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;?T

Figure 1.1: RF signal distribution using RF photonic links for wireless communications
networks.

2
SFDR =3 (HP3 +174— NF —10log BW), (1.1)

where NF is the noise figure, and IIP3 is the third order input intercept point.

Another application for microwave photonic links is in MIMO and beamforming sys-
tems for radar imaging and tracking. At high frequencies with the goal of being
immune to electromagnetic interference, signal distribution and collection to support
large number of antennas is only possible with fiber optics. Fig. [I.2] and example MIMO
imaging system based on optical interconnects. The optical links here collect the sig-
nals from receiver and transfer them for processing and control to the central processing

block. Here Mach-Zehnder modulator is used to convert the electrical signals to optical
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Figure 1.2: Illustration of a millimeter-wave electro-optical MIMO imaging system.

Noise Floor

Figure 1.3: Spurious-free dynamic range (SFDR) of an RF system limited by third
order nonlinearity
and on the receiving side of the link, photo-receivers are used to perform the opposite
conversion.

As 5G wireless networks operate over a larger range of frequency bands, more em-
phasis is placed on utilizing multiple bands and not only sub-6 GHz bands but also
microwave/millimeter-wave bands. The RF loss of distributing signals from antennas
to signal processing receivers increases at higher frequency and higher directionality in
mm-wave signals increases the potential for blockage. RoF links were initially developed

for optical-domain RF signal distribution in phased-array antennas [8] due to advan-
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Figure 1.4: Illustration of three methods for RF signal distribution: traditional elec-

trical link based on coaxial cables, digital optical link based on amplitude modulation

(NRZ, PAM4), and RoF link as a low loss method for multi-band RF signal distribu-

tion
tages for lossless signal distribution over a wide frequency range. In a RoF system, an
electro-optical modulator converts the microwave signal to optical which is transmitted
over optical fibers. Here, an RF signal is narrowband and multiple signals, depending
on linearity and bandwidth of the optical modulator, can be carried over a single fiber
simultaneously as shown in Fig. [1.4, This figure also compares the analog optical link
against a simple electrical link and and also a digital optical link. At high frequencies,
interference sensitive applications, and for long distance communications, the electrical
link will not support the needs anymore. Digital optical links, widely used in fiber optical
communication systems, work well if the goal is to get base band signal at the end of
the link. However, that’s not the case for signal distribution to multiple antennas in a
low power way. The wideband RoF' link is proposed to capture and distribute signals
from different cellular and satellite frequency bands in a multifunctional receiver. In the
presence of strong blockers, such a wideband receiver demands high linearity and low
noise figure as characterized with SFDR.

The RoF link illustrated in Fig. has a low-noise amplifier to receive the RF signal
6
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Figure 1.5: Illustration of RoF transmitter based on Mach-Zehnder modulator and
driven by a low noise driver

from the antenna and drive the modulator to produce the electro-optic (E/O) conversion.

The signal is distributed to a photodetector where the optical carrier produces an RF

current that is linearly proportional to the input RF signal. The SFDR of RoF links is

limited by nonlinearity in the E/O and O/E conversions and noise [9]. An LNA improves

the noise figure of the RoF but requires a wideband, high linearity circuit design.

1.2 Coherent Optical links

There is a growing interest in using coherent optical communication for intra-data
center communications. A simple block-diagram of a coherent optical link, consisted of
a dual polarization transmitter and receiver, is illustrated in Fig. [10]. Compared
to traditionally used direct detection based links, coherent optical links are scalable to
higher data rates through higher-order modulation formats and orthogonal polarization,
have lower link power due to additional link budget, adapt with the loss of active photonic
switching without requiring additional optical gain blocks, have a more relaxed optical
crosstalk requirement between channels due to higher selectivity, are lower in power and
complexity compared to current digital coherent technology that relies heavily on digital

signal processing (DSP), and take advantage of Optical Phase Lock Loop (OPLL) to

7
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perform carrier recovery rather than power hungry DSP [11,[12]. As shown in Fig. ,
by using orthogonal modulation we can increase the bit-rate per fiber. In the figure,
QPSK modulation is utilized and bit is doubled per fiber. This can be further increased
by using higher order modulation formats, but that will increase sensitivity and linearity
requirements of the system. Another degree of freedom that can be employed to double
the bit-rate is using orthogonal polarization on the electromagnetic beam. This can
be done by using Polarizations Beam Combiner (PBC) and Polarization Beam Splitter
(PBC), as is shown in Fig. . Further increase of bandwidth per fiber possible by using
Wavelength Division Multiplexing (WDM) [11].

Silicon photonics (SiP) offer a low-cost platform for large-scale optical systems used
in data centers. However, high-speed electro-optical (E/O) modulation requires separate
electronic and photonic device technologies. The SiP Mach-Zehnder Modulator (MZM) is
constructed with p-n junction phase shifters that produce a 180 degree phase shift at the
V. voltage. Due to the relatively low V. L product for SiP MZMs (71.5 V-cm), the driver
should produce around 3-5 Vpp differential voltage swing. All of these considerations
prompt to co-design electronic and photonics and take advantage of the flexibility within

the co-design approach.

1.3 Contributions and Organization

In this dissertation, novel electro-optical systems are developed for both RF photonic
and coherent optical systems. First, sources of nonlinearity in MZM are analysed and
a frequency dependent nonlinear model for MZM is developed for the first time. First
integrated silicon photonic MZM and SiGe driver is reported. A wideband photonic RF
receiver is designed to achieve high SFDR by co-designing a SiGe low noise driver and

a silicon photonic MZM. Next, an analog predistortion method is proposed to linearize

8
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Figure 1.6: Illustration of a simple block-diagram of a coherent optical link, consisted

of a dual polarization transmitter and receiver
the MZM. The predistorter driver in co-designed with the Silicon Photonic MZM and
achieves record SFDR among reported silicon photonic MZMs, with BW extending to 20
GHz.

Next, for coherent optical systems, a distributed CMOS driver is co-designed with a
silicon photonic segmented MZM with novel architecture, for the first time. Finally, a
novel architecture for fully integrated optical transmitters is proposed and a prototype
is designed and implemented in 90 nm CMOS technology. The novel monolithically
integrated optical transistor is based on a distributed amplifier merged in a travelling-
wave Mach-Zehnder modulator. The organization of this dissertation is as follows.

Chapter [2|analyzes the underlying source of nonlinearity in SiP Mach-Zehnder Mod-
ulator (MZM) and demonstrates fundamental limitations on intermodulation distortion.
First operation of MZM is mathematically analyzed with having the goal of deriving a

frequency dependent nonlinear model in mind. Subsequently, a nonlinear model is de-
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veloped for the MZM for the first time that includes three major source of nonlinearity.
Using cascade analysis for cascaded nonlinear blocks, ITP3 and SFDR as a function of
frequency and different MZM design parameters are found. These results are used in
next chapters to design an RF photonic receiver with an enhanced SFDR.

Chapter (3| discusses design of the novel SiGe driver for co-integration with a seg-
mented MZM is silicon photonics. It presents detailed design steps taken to maximize
bandwidth and dynamic range. The driver is based on a distributed amplifier in 130 SiGe
BiCMOS technology. Next, measurement results are presented for the assembled SiP
MZM and SFDR of the RoF link is characterized. It shows comparable dynamic range
to bulky LiNbO3 and III-V MZM. Maximum SFDR of 120dB-Hz*/? is measured with
bandwidth of 1-20 GHz.

Chapter [4] demonstrates a distributed silicon-germanium (SiGe) HBT-based low-
noise amplifier (LNA) co-designed for linearization with a SiP MZM for a broadband
RoF link. A novel linearization technique is proposed and utilized to further extend the
dynamic range of the MZM. The SiGe LNA incorporates a distributed, tunable predis-
tortion scheme that is inherently wideband and improves the third-order intercept point
over an 18 GHz range. The assembled SiGe LNA and SiP MZM prototype demonstrates
an SFDR as high as 120 dB-Hz*/? at 9 GHz, a 14 dB improvement over previous SiP RF
components or RoF links.

Chapter [5| presents an integrated optical driver and MZM that operates to 50 Gb/s.
The MZM consists of 4 traveling wave segments along a 3.2 mm length in a 90-nm Silicon
Photonic (SiP) technology. The broadband distributed amplifier is a pseudo-differential
design with 3-stack driver stages to deliver sufficient voltage swing in a 45nm CMOS SOI
technology. The optical eye is open to 50 Gb/s and indicates error-free operation to 30
Gb/s. The total circuit consumes 480 mW.

Chapter [6] Discusses design and implementation of a high-speed fully differential
10
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driver and MZM using a co-design approach in 90nm 9WG technology. A novel architec-
ture is proposed that merges a distributed amplifier into a travelling wave Mach-Zehnder
modulator. Driver has a differential input and drives a transmission line, which is also

anode terminal for p-n junction phase shifters. It achieve open eyes up to 30 Gbps.

1.4 Permissions and Attributions

The content of chapter [2, chapter |3] and chapter [4] were partially presented and
published in the proceeding of IEEE International Microwave Symposium (IMS) 2019
[13] © 2019 IEEE and expanded in the IEEE Transactions on Microwave Theory and
Techniques (TMTT) in December 2019 [14] © 2019 IEEE. The content of chapter [2/and
chapter 4] has been previously presented and since has been appeared in the IEEE Radio
Frequency Integrate Circuits Symposium (RFIC) 2019 (©) 2019 IEEE and an expanded
paper has been submitted to IEEE Journal of Solid State Circuits (JSSC). Chapter |5| is
partially based on materials published previously in the IEEE International Microwave

Symposium (IMS) 2020 [15] © 2020 IEEE.
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Chapter 2

Sources of Nonlinearity in

Mach-Zehnder Modulator

2.1 Introduction

Silicon photonics (SiP) offer a low-cost platform for large-scale RF system integration.
Yet, the SFDR of a SiP Mach-Zehnder modulator (MZMs) is significantly worse than
LiNbOs or InP modulators [16]. SiP devices are characterized by a relatively weak electro-
optic plasma dispersion effect and the parasitics associated with long devices. Generally,
a SiP MZM has a V. L product of around 1.5 V-cm, suggesting that relatively long devices
are required to achieve high RF gain. However, long devices result in reduced third-order
input intercept point (ITP3) and significant parasitics to drive the long traveling-wave
electrode. In this chapter, underlying sources of nonlinearity in MZM are analyzed and

characterized and a frequency dependant nonlinear model for the MZM is derived.

12
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2.2 SFDR of Mach-Zehnder Modulators

Dynamic range of a system is an important metric that shows how the system handles
different input signal levels. For narrow-band systems where inter-modulation compo-
nents from out-of-band or in-band limit the dynamic range, SFDR is used. High SFDR
demands achieving minimum NF with the highest ITP3. The SFDR of an RF circuit is

characterized by
SFDR = g([[PB—MDS), (2.1)

where M DS is the input minimum detectable signal, M DS = —174+ N F +10log(BW),
for a receiver noise figure (NF) and bandwidth (BW). To normalize the SFDR for a
given signal, the bandwidth is assumed to be 1 Hz and SFDR will have units of dB-Hz?/3.

Improving the SFDR requires improving the ITP3 while reducing the NF.

2.3 RF Modulation of an MZM

The optical power transmission through an MZM with arms of length L, labeled
A and B in Fig. [2.1] can be found assuming each arm has a propagation constant,
YaB = ap + jBap, where o is the attenuation per unit length and (3 is the phase
per unit length. If we assume the propagation constant has a linear dependence on
the applied voltage, then a = ag + a1V and g = by + b;V. The applied voltage can be
considered as a DC and RF signal, V4 g = V5 (4,5)£v; generated from an input resistance

R;. The electric field in a fiber can be written as:

En(t) =/ fo" (1% cos(wn) (2.2)

13
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Figure 2.1: Simplified model of the Mach-Zehnder modulator (top), Cross sectional
view of the p-i-n junction phase shifter (bottom left), and normalized simulated E-field
intensity of the p-i-n junction phase shifter.

where P,,; is the laser power. The following equation can be found for the power received

by photo diode:

(2.3)

out

A 1
Pout = 5(%)§EoutE*

Considering a heating phase shift ¢y, the optical transmission through the MZM can
be found by the adding electric fields at the output of each arm, shown in Fig. 2.1 Fyy,

can be found at the output of MZM:

E;
V2

B = =2 (eI 4 e701) (2.4)

Then corresponding optical power can be found from ([2.4)):

—apclL
Pout . e “re

P, 2

(cosh(2a1LvZ-) + cos(2by Lv; — gzﬁDc)), (2.5)

14
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where the optical DC attenuation is apc = 2a¢+ a1(Vy, + Vi, ) and phase change is
¢pc = ¢ —bi(Voa — Vo).
The cosine term in (2.5)) is modulated by an RF signal v; = V cos(wt) and is simplified

with a Jacobi-Anger expansion.

cos(2b;Lv; — ¢pc) =[Jo(20,V L) + 2 Z )" Jon (261 V L) cos(2nwt)] cos ¢ pe

n=1

+ [2 Z )" Jon—1(2b1V L) cos((2n — 1)wt)] sin ¢ pe (2.6)
n=1

where J,(z) is the n-th Bessel function of the first kind. The single tone input generates

odd harmonics in the optical power of the MZM.

Vv
P2n71 = PineiaDcLJQn,1<27Tv) sin ngc. (27)

s

Note, the coefficients in (2.6]) indicate that even harmonics are eliminated at the quadra-

3

ture bias, i.e. ¢pc =~ 7.

2.3.1 E/O Gain

From ({2.5)), The electro-optical (RF) gain of MZM is approximated using a small-

signal approximation of the Bessel function and characterizing the modulation of the

optical power with the applied RF voltage. i.e. Gpo = % prmt

Gro = Pne Pt Lsin ¢pe (2.8)

The MZM achieves maximum gain near the quadrature bias and is set with the heating

phase ¢y. The ¢pc might not be exactly 7 due to fact that the nonlinear absorption and

phase shift are related in the PN junction (e.g. 2a;v; o< A¢) [17]. When the attenuation
15
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loss is low, the gain is approximately Ggo = P;,b1 L ~ W% where we characterize the

MZM modulation efficiency by b;V,L = 7 or the voltage required to induce a m phase
shift.

2.3.2 O/E Gain

We will assume a linear receiver is available that converts the optical signal to an
electrical voltage through an ideal photodetector (PD) with responsivity $ in units of
A/W [18].

Gor = RR, (2.9)

R, is the output resistance of the PD. The product of GgoGog is the RoF link gain, i.e.

Gror = WIDgwRO el where Ipe = PR is the DC current of the PD. For a low-loss
SiP MZM with V. of 10 V and PD biased at 1 mA both terminated in 50 €2, the RoF
gain is around -24 dB. The VL product of SiP is around 1.5 V-cm suggesting that a

reduction in V. requires long integrated devices. Therefore, an RF amplifier is useful to

compensate for the low RF gain in a SiP process.

2.3.3 Two Tone Analysis

To calculate the third-order intermodulation distortion (IM3), two tones are applied,

v; = V(cos(wit) + cos(wst)). Using (2.5, the cosine term can be rewritten as:

16
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cos(2b; Lv; — ¢pc) = cos(2b; LV cos(wit)) cos(2by LV cos(wat)) cos(ppe) (2.10)
— sin(2by LV cos(wqt))sin(2b; LV cos(wat)) cos(épe)
— sin(2b; LV cos(wit)) cos(2b; LV cos(wst)) sin(¢ppe)

— cos(2b; LV cos(wit)) sin(2by LV cos(wat)) sin(¢pc)

and applying the Jacobi-Anger expansion, this can be expanded as:

cos(dpp — da — b)) = | Jo(26,V) + 2 Z )" Jon (2by )cos(2nw1t)) (2.11)
Jo(20,V) + 22 )™ Jan (2by )COS(QTLOJgi)) cosfp
- 22 )" Jan—1(2b1V) cos((2n — 1wyt) | x (2.12)
22 )" Jon—1(2b1V) cos((2n — 1)wst) | cos Oz
+ 22 )" Jon_1(201 V) cos((2n — D)wst) | x (2.13)

Jo(20,V) + 2 Z )" Jan (204 )cos(2mu2t)) sinfpg

+ | Jo(20,V —1—22 )" Jon (201 )Cos(2nw1t)> X (2.14)

2 Z )" Jon—1(2b1V) cos((2n — 1)w2t)> sinfp

17
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Using equation above, the power of the IM3 tone at 2wy — w; can be found as:

V V
P]Mg = Pine_aDCLJ2<27Tv)J1(27Tv) sin(@D(;) (215)

™ m

Consequently, the ITP3 of the MZM is determined when Pry3 = Pp from (2.7)).

Therefore,

2V,
11P3p = Y2Ve. (2.16)
T

Notably, the IIP3y p is around 20 dBm for a V, of 10 V. The OIP3=IIP3 Ggo of the

MZM is an optical power and is v/2P,,.

2.3.4 Noise Figure of the RoF Link

In the absence of an LNA, the noise factor of an RoF link has been previously derived

in [18].
V2 kT 2q
F=1 i ( JN) 2.1
+ 7T2R7;]€T I%CRO + IDC * R ( 7>

where R; is the input resistance, k is Boltzmann’s constant, ¢ is the charge of an electron,
T is temperature, and RIN is the relative intensity noise of the laser. The first term in
parenthesis is the thermal noise contribution of R,. The second term is the shot noise of
the PD. The third term is the contribution of laser noise. When the RoF link is limited

by R,, the F'is approximated as

1 R,

F =~ —
GZROF Rl

(2.18)

In this limit, the noise figure (NF = 10log(F')) increases with reduced RoF link power

gain and long modulators with lower V, have lower NF.
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Figure 2.2: Model of nonlinear distortion in the SiP MZM

2.3.5 SFDR of RoF Link

As has been demonstrated, the design of an MZM trades IIP3 and NF. For the R,-

limited NF, the SFDR can be found from (2.18) and using SFDR = (2L£3 )2/3, where

Nout BW

Nyt 18 noise power spectrum at PD output:

IIP3% 70 Ghor )2/3

SFDR~ (=122

: (2.19)

The product of I1P3y;7) from (2.16) and the RoF link gain is independent of V. Most
importantly, this predicts that the SFDR is constant over frequency.

However, experimental measurement of SFDR in integrated MZMs reveals reduction
at high frequency. Moreover SiP technologies do not offer similar SFDR as III-V materi-
als. In the following section, we discuss the frequency dependence of SFDR of the MZM
as well as the reasons for reduced SFDR in SiP devices.

The relatively low RF gain and high NF of the SiP MZM suggests that an LNA

should offset the gain of the RoF link and compensate the contribution of RoF noise.
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Figure 2.3: Chip micro-photograph of the 1 mm long p-i-n diode in AIM silicon
photonics process with anode and cathode labeled (top), and micro-photograph of an
unbalanced MZM in the same technology (bottom).

2.4 SFDR of Silicon Photonic MZM

Silicon photonic (SiP) devices generate optical phase shift through plasma dispersion
introduced at a reverse-biased p-i-n junction. The carrier density in the waveguide causes
a nonlinear phase and amplitude shift. Therefore, the linearity of the depletion region
and its optical phase shift is a further I[IP3 limitation beyond the MZM response found
in (2.16]). Here, we will consider the nonlinear capacitance as a function of voltage (C-V)
and the linearity of the optical phase and attenuation as a function of voltage [19].

Fig. illustrates an RF model for a SiP device that extends the result from ([2.5)
where distortion was generated based on the sum of contributions from the attenuation
(cosh(aL)) and phase shift (sin(5L)). In these paths, the attenuation and phase constant
is a nonlinear function of the junction charge, ();. Furthermore, the applied RF voltage
modulates the junction voltage of the p-i-n junction of the optical waveguide to change

Q;. In the following subsections, we analyze the contribution of each mechanism.
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2.4.1 C-V Nonlinearity

We develop a Volterra series, assuming an RC' time constant limit, to characterize

the nonlinearity of a p-i-n diode [20]. The junction capacitance of the diode is :

Co
1—Vap/Vi)™

C(v) = ( (2.20)

where C) is the zero-bias junction capacitance, Vj; is the built-in potential, and m is the
grading coefficient of the junction. The capacitance can be expressed as a polynomial in

terms of the junction voltage.
C(U) = C() + Cﬂ)j + OQU? + ... (221)

where Cy = C'(Vp), C1 = —C) and Cy = C’O(m% Given the source

m
=Vo/Ve ™1 Vo Vo)™ 2"

resistance, R; of the MZM, the junction voltage is given by the model in Fig. and

can be found using a Volterra analysis [20]. The junction voltage is

vj = A1 (jwa) 0 v; + As(jwa, jws) o v}

+ A3(jWas Jwp, jwe) © v + ... (2.22)

The calculation for the Volterra coefficients are provided in Appendix A. The Volterra
series introduces a frequency dependence to the IM3. For w, = wp, = wy, w. = —ws, and

W1 =~ Wa,

_ §|A3(jw1,jw1, —jwa)|

IM3 = : , V2
4 |A1(jwr) | A1 (jwo)|
3 1+ w?R2(E 4 2C,)?
— %R, L (52 ; Oi V2 (2.23)
4 1+ bwiR;C§ + 4w R; C;
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Figure 2.4: Normalized measured capacitance of a 1-mm long p-i-n diode in Silicon
Photonics process and curve fit.

The IIP3 of the CV nonlinearity is found from |IM3| = 1.

4 1+ 5w?R2C? + 4wiRCH
[IP3yc =/ = TG T (2.24)
BwftiCa\| 14+ wIR3(E +2Cy)?
At low frequency, the IIP3 decreases with frequency according to o Pi-cg' At high

frequency, the IIP3 approaches a lower limit at

8C2
IIP = o 2.2
Svees \/ 3(C2 4 2C,Ch) (2:25)

Most notably, the IIP3 at high-frequency is independent of the source resistance and

MZM length. Comparing this limit to [/P3yp in (2.16]), reducing the length of the
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MZM to increase V, would not result in an IIP3 improvement. The critical L would be

reached when I1P3yvp = I1P3y .

V2

=" 2.2
b1 [ I P30y oo (226)

Lsgc

This insight is the primary motivation for the use of a segmented structure for the MZM
and a corresonding segmented modulator driver. If the critical length of the segment is
chosen from , the number of segment is determined by bandwidth or power con-
sumption constraints. Estimating 1Py allows us to characterize the optimal segment

length.

IIP3 (dBm)

N
o

10 - - -
0 5 10 15 20

Frequency (GHz)

Figure 2.5: Calculated ITP3 of the RC network using Volterra series for different diode
lengths.

To accurately characterize the nonlinearity of the capacitance, we designed a p-i-n

diode test structure. The diode was fabricated in the SiP process as shown in Fig. [2.3]
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The measured data and extracted fit for the data is illustrated in Fig. At a nominal
reverse bias voltage of -4 V| the capacitance per unit length is about 0.8 pF/mm. The
coefficients for C} will be used in subsequent analyses.

The IIP3 of the C-V junction is plotted in Fig. 2.5 At low-frequency, the TIP3
increases to more than 30 dBm. At high frequency, the IIP3 for all junction lengths
approaches around 20 dBm based on the capacitance parameters extracted in Fig. [2.4]
Using by = 1/15 V-mm for a SiP process, the optimal MZM length is around 1.5 mm
from since the ITP3 would become dominated by the CV nonlinearity. While the
asymptotic limit does not depend on the generator resistance, a lower resistance improves
IIP3 at low frequency leading to shorter devices. For 50 €2 and 20 €2, the I[IP3 as a function

of device length and frequency is plotted in [2.5

2.4.2 Phase Section Nonlinearity

The complex refractive index in silicon waveguides changes with carrier density [21]
and underlies the operation of ring [22], electro-absorption, and MZM modulators. The
carrier density is controlled through either carrier depletion or injection. However, carrier-
injection modulators are typically limited by carrier recombination in bandwidth and
modulation speed [17].

The Drude model describes the dielectric constant of a solid as a function of minority
carrier density and frequency [23]. Based on experimental results, Soref and Bennett [24]
found that refractive index exhibits some nonlinearity with AN, and AN}, the change in
the electron and hole density. Later, Nedeljkovic developed an empirical model for both

Aa and An, where coefficients and powers of AN, and AN, are wavelength-dependent
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Figure 2.6: Measured effective refractive index change (An.ys) as a function of reverse
bias DC voltage

[25]. For A = 1550nm, Aa and An are

Aa =89 x 1072 ANMT 458 x 1072 AN} (2.27a)

An = —5.4 x 1072AN!M — 1.5 x 1078 AN#, (2.27b)

Effective refractive index change (Ancss(V')) can be found numerically for different
propagating modes from the refractive index in the material, as well as free-carrier ab-

sorption as a function of bias voltage (a(V)) [26]:

_ [ B (y)-An(y, V)E(y)dy dn

Anegs(V) [E()Ely)dy  dne

(2.28)
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(V) = [ E*(y).Aa(y, V)E(y)dy
IE*(y)-E(y)dy

(2.29)

where n,, is silicon refractive index, and E(y) is the 1D field profile [26]. Since
the electron and hole concentrations can be related to the charge in the junction, i.e.
AN, = ﬂ% where [wh are the length, width, and height of the depletion region, the
nonlinear change of refractive phase can be estimated as a polynomial function of charge.

Referring the index change to a change in the phase constant, AfS = QT’TAne i

AB(Q) = —Aneff ~ 2T anQ’“ (2.30)

The ITP3 for the nonlinear phase shift is

1
I1P3g; = gﬂ (2.31)

ng

While this ITP3 value is expressed in terms of charge, the equivalent voltage is found
from I1P3qgs = ColIP3yp.

A SiP test structure constructed from an asymmetric MZM is shown in Fig.
to extract the index change and attenuation of a SiP phase shifter constructed from a
shallow-etch silicon waveguide with rib width = 500nm, rib thickness = 220nm, and slab
thickness = 100nm. The measurement is done by sweeping wavelength and varying bias
voltage on the asymmetric MZM. From free spectral range (FSR), change of effective
refractive index as a function of voltage is measured. The measued An.s; with the

applied reverse bias voltage is plotted in Fig.
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Table 2.1: GAIN AND IIP3 FOR EACH SOURCE OF NONLINEARITY

‘ V- Q Q - B 5 - Pout
Gain OQAl (](.U) = —1_‘_].5?%1_60 2%711 eiaDCLPmL
2 (1+5(wRiCo)2+4(wRiC'o)4
IIP3 VwR; C2 (L/ l+w2R12(200+%102)2 §|Z_3| \/ﬁ%

Ga Gg Ge
IIP; 5 IIP; g IIP; ¢

Figure 2.7: Representation of a system formed by three cascaded nonlinear blocks and
characterized by a third-order polynomial.

2.4.3 Cascade Analysis

Linearity metrics for a system comprised of cascaded block can be written in terms of
linearity of each block. A representation of such system is shown in Fig. Assuming
each block can be modeled by a third order polynomial, for example Y4 = a1 X +asX? +

a3 X3, II P of the system can be found from:

1 1 CL12 a12b12 3 (05} a%bg + Cbgbl

z ¥ T1P3> + §<IJP23 I1P2¢

4 2.32
IIP32 [IP3,%> IIP3p ) (2:32)

From the prior analysis, we return to Fig. [2.2]to model the cascaded nonlinear blocks.
Since the attenuation path primarily produces even-order distortion from , we will
ignore the contribution of attenuation nonlinearity. A summary of the gain and nonlinear
distortion is shown in Table I. First, the applied RF voltage generates distortion due to
C-V nonlinearity. The resulting charge generates a nonlinear change in the refractive
index charge. Finally, MZM produces a power variation with the phase change which is

the last nonlinear block in the path of signal.
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Figure 2.8: TIP3 as a function of MZM length found from cascaded analysis in the
absence of C-V variation and behavioral simulation for two different cases of linear
phase shifters and nonlinear phase shifters.
To develop an expression for the ITP3 that incorporates the individual sources of I1P3,

cascade foruma for IIP3 can be used.

The total IIP3 (in voltage) due to the cascade is

L AP AP | JAPG )

IIP3* [IP3yc*  IIP3qs° 11P33p*
3 Cilal | ClA(Sima) + Cil el (i), (2.33)
2 T1P2qg 11P2sp . |

The nonlinear terms are found from ([2.21)), (2.22)), and (2.30)). Note that the role of
IIP2 is expected to be weak since I1P23p is large. The cascaded IIP3 is plotted in Fig.

while ignoring C-V nonlinearity (/1 P3y¢c = 00) to understand the role of the index

nonlinearity. Clearly, the ITP3 decreases as %; the longer MZM has a lower V; and
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Figure 2.9: OIP3 as a function of MZM length found from cascaded analysis and

behavioral simulation at different frequencies including C-V variation.
therefore a lower ITP3. The nonlinear phase shift becomes a dominant source of ITP3 for
modulators with length under 1 mm.

Fig. [2.9 compares the RoF OIP3 at different frequencies to illustrate the high-
frequency OIP3 limitation. The higher frequency devices see a significant reduction
in OIP3 for relatively short devices due to the high voltages that are required across the

junction of the optical waveguide.

2.5 Conclusion

Three main sources of nonlinearity in MZM are found as junction capacitance non-
linearity, phase shifter nonlinearity, and cosine transfer function of MZM. A frequency

dependant nonlinear model was developed for the MZM and, by using cascade analysis,
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ITP3 of the overall system was found. It shows that at low frequencies cosine transfer
function of the MZM is the dominant source of nonlinearity, while at high-frequencies

C-V nonlinearity limits the ITP3 furthermore.
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Chapter 3

An Integrated RF Photonics
Receiver in SiGe and Silicon

Photonics

3.1 Introduction

2/3 is required [27].

For wireless communication networks, SFDR of better than 110-Hz
This put silicon photonic based MZMs in a tough spot, as linearity of these modulators
is limited at high frequencies. Here, co-design of a low-noise distributed driver (LNDD)
integrated with a SiP MZM, as shown Fig. [3.1], is discussed. The RF photonic receiver’s
bandwidth works over 1 - 20 GHz to cover sub-6GHz 5G for cellular networks, X-band
and Ku-band for space communications [2§].

In Section segmented design for MZM to improve SEDR is discussed. To com-
pensate the SiP SFDR, the LNDD is proposed based on a broadband LNA and an
active-balun with a high-voltage swing driver. In Section [3.4] circuit simulations of the
SiGe LNDD is discussed. In Section [3.5] measurements of the LNDD and MZM are
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Figure 3.1: Illustration of a conventional RoF link and the proposed low-noise dis-
tributed driver

presented. The RoF transmitter achieves a 1-20 GHz bandwidth and a SFDR of 109
dB-Hz*/? at 11 GHz.

Recent published work has investigated linearity improvement of commercial MZMs
using systematic techniques and linearity improvement using novel optical modulators
[29-50]. External predistorters improved the SFDR of LiNbO3 modulators for a 20-km
analog photonic link to an SFDR of 108.4 dB-Hz?/? in a 1-Hz bandwidth [29].

In a traveling-wave MZM, return loss, electrical and optical group delay matching,
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and high RF gain are difficult to simultaneously achieve. For high-speed data communi-
cations, segmented MZMs have been proposed. Hybrid integration of an InP segmented
MZM and BiCMOS driver [51], and monolithic integration of segmented MZM and driver
in SiGe:C BiCMOS platform [52] are reported. For 50 €2 terminated optical modulators,
high speed BICMOS drivers in SiGe technology are also reported [53,/54]. In the case
of RF applications, the segmented approach allows per amplifier phase control to tune
and compensate for process variations at the expense of higher power. Integration of
segmented MZM and driver has been previously reported in [55], where a broadband
optical transmitter based on a SiGe driver and SiP modulator was proposed. However,
for RoF application, different requirements, most notably on noise and linearity, have to
be met. Moreover, this work employs a distributed driver with single input while in [55]
each segment has an independent input pad which requires a more sophisticated driving
scheme.

Experimental measurement of SFDR in integrated MZMs reveals reduction at high
frequency. In Fig. [3.2] the SFDR of several recent publications is shown and indicates
that the SFDR degrades with frequency. Moreover SiP technologies do not offer similar
SFDR as III-V materials. In chapter [2] the frequency dependence of SFDR of the MZM
as well as the reasons for reduced SFDR in SiP devices was discussed.

The relatively low RF gain and high NF of the SiP MZM suggests that an LNA

should offset the gain of the RoF link and compensate the contribution of RoF noise.

3.2 Segmented MZM for Improved SFDR

The analysis of the CV variation in (2.26)) indicated that a critical length segment
exists such that the CV nonlinearity did not exceed the MZM IIP3. Segmenting the

total length of the MZM into N sections suggests that the IIP3 of each MZM segment is
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Figure 3.2: SFDR as a function of frequency for recent published work.

inherently higher. For instance, Fig. suggests that reducing the length of the MZM
from 4mm to 1mm improves the ITP3 by a factor of 10. Additionally, the segment can be
driven by a lower resistance without introducing large impedance mismatch. The lower
drive resistance also improves the IIP3 as shown in Fig. [2.5] For a given MZM phase
shifter characteristic, the SFDR is plotted as a function of frequency for a traveling wave
MZM and segmented MZM in Fig. [3.3] At low-frequency, the SFDR of the SiP MZM is
around 118 dB-Hz%/3. As the frequency increases to 30 GHz, the SFDR drops by around
10 dB for the traveling-wave MZM due to higher frequency-dependent traveling wave
losses along the electrode and lower ITP3 of voltage to charge conversion in p-i-n phase
shifters. On the other hand, the segmented MZM exhibits a relatively flat SFDR across
the frequency band, exhibiting only 2-dB SFDR reduction. The underlying SFDR of the

segmented MZM indicates that the driver SFDR should exceed 120 dB-Hz*? across the
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Figure 3.3: SFDR of the SiP MZM as a function of frequency for a 50-Ohm driver
and the segmented modulator driver.
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Figure 3.4: Block diagram of 4-segment SiP MZM (top left), equivalent circuit model
of the p-i-n junction in reverse bias (top right), and block diagram of the low noise
distributed driver consisting of a low-noise amplifier, active balun, and differential

driver (bottom).

frequency band.

3.3 Silicon photonics Segmented MZM Design

In this work, a segmented MZM is designed in the AIM photonics 65-nm SiP process.

The segmented MZM consists of 4 segments, each 900 ym long, based on the analysis

from Chapeter [2| and the analysis in Fig. 2.5 when an RC' bandwidth limit of 20 GHz.

The number of segments is found from required E/O gain, and since E/O gain is small,

number of segment is chosen based on available silicon area, resulting in 4 segments.

Fig. [3.4] shows the structure of the segmented MZM. Each segment is a reverse-biased

p-i-n junction that is optimized for a combination of linear phase shifters using DC Kerr

effect and plasma dispersion [56]. Fig. also shows the small-signal model for the p-
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i-n junction used in simulations where C; is nonlinear junction capacitor, R; is junction
capacitor, C,, is capacitance to substrate at junction terminal, R,, is the equivalent
substrate resistance, and C),q is the pad equivalent capacitor. Heater resistors are used

to bias the modulator at the quadrature point.

3.4 Low-Noise Distributed Driver

The LNDD is introduced to distribute the RF signal to the multiple segments. The
distributed segment drivers are fed by a single-ended traveling wave line. There are sev-
eral advantages to this approach. First, the segmented driver avoids frequency-dependent
loss of the long traveling wave electrode. Second, the segmented driver alleviates some
of the nonlinear capacitance variation. Third, the LNDD provides high gain and low NF
for the RoF link.

The co-design of the segmented MZM with a driver offers degrees of freedom to
improve SFDR. The low-noise distributed driver (LNDD) is specified to provide a broad-
band response to match the bandwidth of the MZM, provide high-gain to overcome the
RoF link gain, and low-noise figure to improve the noise figure of the link. Additionally,
reducing the impedance at the output of the driver stage to less than 50-€2 improves
the ITP3 by decreasing effect of junction capacitor nonlinearity. Moreover, compared to
a traveling MZM, segmented MZM is less vulnerable to electrode loss of transmission
line. By moving the transmission line to the input of driver, transmission line is being
loaded by high impedance rather than low and lossy impedance of p-i-n diodes, resulting
in extended bandwidth.

Finally, velocity matching the optical signal in the silicon waveguide with electrical
driver can be performed at each MZM segment, while in traveling MZM design, achiev-

ing simultaneous impedance matching to 50 2 and velocity matching to optical silicon
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Figure 3.5: Schematic and layout of the ATL unit cell
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Figure 3.6: Simulated group delay of ATL against calculated optical delay (left axis),
and S21 of a section of ATL for different varactor biases (right axis).
waveguide is challenging and leads to a trade-off.

The SiGe LNDD is implemented in a SiGe HBT process and consists of 4 circuit
blocks as shown in Fig. 3.4l First, the input matching uses a on-chip terminated, single
artificial transmission line (ATL) to provide broadband impedance matching, where the
phase velocity along the ATL can be matched to the optical phase velocity. The ATL is
loaded with varactors that tune the velocity of the ATL to match the velocity of light in
the modulator waveguide arms. Time delay (74 opticar) between each segment of the MZM

can be found from

L
Td,optic = % = 11.64 ps (3.1)

where L = 900 pm is length of one segment, n, = 3.88 is group index of silicon waveguide
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Figure 3.7: Schematic of the low noise amplifier and active balun

at A = 1550 nm, and c is speed of light in vacuum.

The schematic and layout of an ATL unit cell are shown in Fig. Three cascaded
LC based T-networks are used between each LNA to have decent margin to Bragg cut-off
frequency of ATL, defined by 2/v/LC. L and C are sized to match velocity of optical
signal in silicon waveguide and impedance matching to 50 € after loading by LNA stages.
The ground plane shields the ATL from varactor bias line. Fig. shows simulated group
delay (7¢) for a section of ATL and Sy for different biases of varactors. The time delay
of the designed cell covers the calculated 7, ,pricar With a good margin, providing ability
to tune the delay. This is critical since any process variation in doping levels in p-i-n

phase shifter will result in change in expected 74 optical-
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Figure 3.8: Simulated gain and NF of the LNA + active balun (left axis), and simu-
lated gain and phase imbalance of the LNA + Active balun (right axis)

Second, four amplifier stages are distributed along the ATL. Each consists of a low-
noise amplifier (LNA), an active balun, and a high-voltage driver. Fig. shows the
schematic of LNA and active balun. The LNA is a cascode amplifier with emitter degen-
eration to increase the impedance loading the ATL and improves the bandwidth. The
LNA has NF of less than 4 dB up to 30 GHz. The balun incorporates high differential
gain with low common mode gain to produce a differential signal.

Fig. shows the simulated gain and NF of the LNA /balun stage and single-ended to
differential conversion gains (G, G2). Moreover, gain and phase imbalance (AG, A®) of
the LNA /Balun stage are shown indicating less than 0.5 dB gain variation up to 26 GHz
and less than 3° phase variation up to 30 GHz. Fig.[3.9shows the schematic of the high-
swing driver stage. The differential output driver uses a differential cascode amplifier to
provide a 3-Vpp signal swing on the segmented load impedance. In the design of LNA,

balun, and differential driver stage, inductive peaking technique is employed to extend
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30-80 mA

Figure 3.9: Schematic of the differential driver
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Figure 3.10: Simulated NF, ITP3 and SFDR of the low-noise distributed driver.

the bandwidth.

Fig.[3.10] shows the simulated NF, OIP3, and SFDR of the LNDD. The simulated NF
is lower than 5 dB up to 25 GHz. The average IIP3 is 15 dBm for the frequency range
of 1-25 GHz and the OIP3 exceeds 35 dBm. The OIP3 is higher than the anticipated
ITP3 of the MZM and indicates that the LNDD should not limit the linearity of the RoF
link. Notably, the OIP3 peaks around 8 GHz at 42 dBm. We attribute the high OIP3
to the gain and phase mismatch in the active balun. When the mismatch is minimal,
higher OIP3 is observed. The average calculated SFDR from NF and IIP3 is about 128
dB-Hz*/3.

Electro-optical co-simulation of the SiGe driver and segmented MZM is performed for
the RoF link, where Verilog-A behavioral models are used in modeling the SiP segmented

MZM. The simulated gain for the RoF link is plotted as a function of frequency in Fig.

43



An Integrated RF Photonics Receiver in SiGe and Silicon Photonics Chapter 3

4 L L L
2 o
m ot
2
=
¥ m———
—c = 10%
4t —c = 30%
—C = 50%
_6 1 1 1
0 5 10 15 20

Frequency (GHz)

Figure 3.11: Simulated gain for different velocity mismatch values.

5 1 T T
A
L~ e — \
; ‘A
a 0 B , . ‘A
=2
=
& —c, =50 %
o —C, = 20 %
— | = 10 %
—Ch: O %
_10 1 1 1
0 5 10 15 20

Frequecny (GHz)

Figure 3.12: Simulated gain for different heater bias points.
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Figure 3.13: Measurement setup for S-parameters and linearity (top left), setup used
for EVM measurements (top right), Assembled radio-over-fiber transmitter with a SiP
segmented MZM and a SiGe low noise distributed driver (bottom left), and picture
of measurement board and light coupling (bottom right).

3.12| for different velocity mismatch values, where €, = 2% First, it should be
,optica

expected that the gain is near unity since the LNDD gain is enough to offset the RF gain
of the E/O and O/E conversion. Second, velocity mismatch degrades the high-frequency
gain roll-off. To a bandwidth of 20 GHz, a mismatch of 30% can be tolerated between

the electrical ATL and optical waveguide.

3.5 Measurements

The LNDD is fabricated in a 130 nm SiGe BiCMOS HBT technology and the chip
size is 3.95 x 1.38 mm?. The segmented MZM PIC is fabricated in AIM Photonics 65-
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Figure 3.14: Measured S-parameters for radio-over-fiber link with measured S11 of
LNDD and measured S21 for the link.

nm SiP process and the chip size is 5.5 x 0.65 mm?. The assembled RoF transmitter
is illustrated in Fig. [3.13] and the segmented MZM PIC is closely mounted adjacent to
the SiGe LNDD to reduce the wirebonds between the drivers and the segmented stages.
A single-ended RF signal is launched through a mini-SMP connector to a short CPW
transmission line on PCB that is wirebonded to the LNDD chip.

The power consumption of the LNDD is 1.65 W, where each amplifier stage consumes
412 mW. The LNA and active balun consume about 120 mW, while the high-swing output
driver stage has power consumption of about 280 mW. A small amount of power is also
dissipated in DC bias network consisted of current mirrors and reference branches, while
power dissipated in reverse biased p-i-n diodes in MZM is negligible.

A 1550-nm low-RIN laser with 18-dBm power and -168 dBc/Hz RIN was used to

provide optical power to the MZM. Two lensed fibers provide optical 1/O to the PIC.
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Figure 3.15: Fundamental and intermodulation distortion as a function of input power
at 5 GHz

Measured loss for optical edge couplers is about 3-dB and total optical loss of MZM is
less than 10-dB, including light coupling loss and the optical power received by the PD
is about 0 dBm.

Fig. |3.13| also shows the setup for small-signal and large signal measurement along
with view of assembled RoF transmitter and lensed fiber. A Keysight PNA-X is used for
both small-signal and large-signal measurements for measuring intermodulation distor-
tion, which is shown in Fig. [3.13] The measured S;; and Ss; for the RoF link are shown
in Fig. and compared with simulation. The input return loss is better than 12-dB
across the frequency band of 0-20 GHz and matches the simulation. The S21 is at most
-1 dB and drops to around -10 at 12 GHz.

The frequency roll off is steeper than anticipated due to increased capacitance of

the active p-i-n junction phase shifter and uncertainty in the SiP MZM modeling. The
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Figure 3.16: Measured NF, IIP3 and calculated SFDR of the RoF link across the

frequency band of 1 to 20 GHz.
simulation models do not take into account optical losses in external fibers and fiber to
waveguide coupling. Also, the junction models estimate the doping profiles and feature
sizes since the PDK provider did not provide this information adding to design uncer-
tainty. For instance, the V. of these devices ranged between +/-40% introducing much
lower RF gain and poor velocity matching. The PD used in measurements introduces a
10 GHz 3dB bandwidth. Additionally wirebonds in the packaging can introduce some
frequency variation.

Fig. plots IM3 as a function of input power at 5 GHz, where measured noise
floor is -158.5 dBm/Hz and the measured SFDR is 107.5 dB-Hz*®. The measured NF,
ITP3 and SFDR are plotted in Fig. across the frequency band from 0 to 20 GHz.
The peak SFDR is greater than 109 dB-Hz*? at 7 GHz and 11 GHz. The IIP3 ranges

between -6 dBm and 5.5 dBm over the 20 GHz range with maximum of 5.5 dBm at 11
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Figure 3.17: Demodulated output waveform constellation of RF photonic link assem-
bly for different modulation formats: QPSK, 16-QAM, and 64-QAM. The symbol
rate is 2 GS/s for the QPSK and 16-QAM constellations and 1 GS/s for the 64-QAM
constellation.

GHz. Measured NF is less than 20-dB across 0 to 20 GHz with minimum of 14.9 dB
at 3 GHz. Compared to simulation results, the measured SFDR is slightly lower than
expected due lack of precise model for optics and ambiguity of some SiP process variables.

To demonstrate the RoF transmitter for a wideband RF signal, an 8-GHz RF carrier
is modulated with QPSK, 16-QAM, and 64-QAM raised cosine waveforms at 100 MS/s,
200 MS/s, 400 MS/s, 1 GS/s, and 2 GS/s symbol rates, using setup shown in Fig. [3.13]
where Keysight M8195A arbitrary waveform generator is used for signal generation and
Keysight DSAV134A oscilloscope for demodulation. Demodulated output waveform con-
stellations of the RoF link are shown in Fig. The measured error vector magnitude
(EVM) is shown in Fig. For a 2 GS/s QPSK signal, EVM is maximum 6.1%, and
for 16-QAM signal EVM is below 4.5%. For a 1 GS/s 64-QAM signal, measured EVM is
7% in the absence of digital predistortion of the constellation with an RF input power of
-40 dBm. Additionally, the ACPR is plotted in Fig. and indicates that the ACPR
at a 100 MHz offset is 28 dBc below the power in the main lobe.

The measurements are compared in Table. with previous work on integrated RF

photonic modulators. We demonstrated improved SFDR performance at the cost of
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Figure 3.18: Measured EVM at 100 MS/s, 200 MS/s, 400 MS/s, 1 GS/s, and 2 GS/s

for QPSK, 16-QAM, and 64-QAM signals (left), and ACPR of 64-QAM with 100 MHz

signal (right).
increased power consumption but also with improved bandwidth. A two chip solution,
as shown here, is lower power with a separate driver and traveling-wave modulator.
Several features of this work are notable. First, the integration of the LNDD and the
SiP MZM overcomes some of the gain limitations present in RoF MZMs. Second, the
noise figure of RoF MZMs is typically estimated due to the low-gain of the link and often
is substantially underestimated. This work has improved noise figure due to the high
gain and low noise of the MZM. Finally, this work shows the highest SFDR over the
enter range from 1 to 20 GHz. Compared to III-V technologies, however, the SFDR is
slightly lower as might be anticipated from the limitations of plasma dispersion for E/O
modulation. However, the co-integration demonstrates that a SiGe LNDD solution can

be used to overcome some of the limitations of SiP MZMs.
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Table 3.1: Table of comparison with reported state-of-the-art silicon and ITI-V modulators

Freq. (GHz) Gain (dB)  Noise Floor SFDR Tech.
(dBm) (dB.
H22/3)
[31] 2-20 -22 1657 110.03-  Silicon
113.71
[33] 1-10 -38 -160! 99-106  Silicon (RAMZI)
[34] -43 -160! 90 9WG CMOS
[30] 1 -31 1591 117 II1-V on Si
[40] 1.1 57 -165T 97 Silicon
This 1-20 (-1)-(-14) (-153)- 101-109 Si-SiGe
work (-159)

3.6 Conclusion

This chapter presented a comprehensive review of the limitations of silicon photonic

MZMs on the spur-free dynamic range (SFDR) of a radio-over-fiber link. To compen-

sate for the SFDR degradation in silicon photonic MZMs at high frequency, a co-design

approach is proposed where a low-noise distributed driver is designed and implemented

in SiGe to drive the segmented SiP MZM over 1-20 GHz. The measured assembly of

the SiGe driver and SiP MZM indicates a peak SFDR of 109 dB-Hz?/3. The RoF link

achieves 7% EVM for 64-QAM modulated signal at 1 GS/s.
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Chapter 4

Analog Predistortion Linearization

of Mach-Zehnder Modulator

4.1 Introduction

Radio-over-fiber (RoF) has the potential to support microwave and millimeter-wave
communication with remote antenna heads. Remote antennas can improve wireless net-
work reliability in environments with poor signal coverage; typically in situations with
high RF path loss or blockage. Additionally, RoF links are capable of capturing signals
over large instantaneous frequency range and transporting signals with low-loss over op-
tical fiber. RoF links are typically characterized by spur-free dynamic range (SFDR),
defined by %(HPB—MDS), where IIP3 is the 3"d- order input intercept point and MDS
is the minimum detectable signal assuming 1-Hz BW. To support wideband RF and
microwave communications applications, where complex modulation schemes are em-
ployed, the RoF link requires an SFDR exceeding 120 dB-Hz*?, compatible with RF
receivers [6,27].

Fig. illustrates a conventional RoF link consisting of an LNA followed by an

52



Analog Predistortion Linearization of Mach-Zehnder Modulator Chapter 4

Z
Cellular Radar RF,'n/ Cellular
f LNA f
VrF
P
N / N\ _|_°v!] Optical | I\, -
N Pc Pl e/ Network| | Vir out
1550 . ’
Laser Ilr)]i'cr)‘de Mach-Zehnder Photo Diode
(a) Modulator
130 inP T T T
— LiNbO,, llI-V Modulators
g 120 p= Omem - - .Q.T-——n—mm_mmm~
N o8 | ) Future mm-wave needs
m 110 « v
3 O
no: 100 o 8 ® . e 3
®
o 90T . = =Desired SFDR
80 L | ® Previously reported SFDR in SiP
0 5 10 15 20
(b) Frequency (GHz)

Figure 4.1: Block diagram of an RoF link with a SiGe LNA driving an MZM (top).

Recently published SFDR results for SiP MZMs in RoF links. (bottom)
electro-optical (E/O) conversion using a Mach-Zehnder modulator (MZM). The RF-
modulated optical signal is transported over fiber with little loss and converted back
to the electrical domain through a photodetector. The linearity of the RoF link - as
characterized by IIP3 - is typically limited by the V., the voltage required to change the
optical carrier phase by 180°, of the MZM. While high V. improves I1P3, it reduces the RF
link gain and increases the noise figure (NF) resulting in no overall SFDR improvement
of the RoF link [18].

Optoelectronic materials offer different fundamental limits on the V, L product of the
MZM, where L is the length of the MZM arms. For instance, InP MZMs typically exhibit
4 V-mm, while SiP MZMs exhibit 15 V-mm due to the weaker change in the index of

refraction induced by plasma dispersion. Larger VL of the SiP modulator requires long
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arms (L) to increase gain and reduce NF at the expense of frequency-dependent loss.
Prior work illustrates that the SiP MZM has an SFDR of around 110 dB-Hz*/? at 1
GHz that reduces at higher frequency [57] as shown in Fig. [L.1(b). Therefore, a 20-dB
SFDR. gap exists between current SiP MZMs [13,129-50] and the 120 dB-Hz?/3 target,
particularly in microwave bands extending to 18 GHz.

While SiP MZMs have higher V. L, Si processes offer integration of the E/O RoF
receiver in a monolithic platform for larger scale RF systems. Consequently, this work
attempts to overcome the physical IIP3 limits of the broadband MZM with an elec-
tronic linearization scheme. Prior optical linearization techniques include optical-based
approaches such as feedforward modulators and ring-assisted MZMs. While these ap-
proaches have demonstrated a 112 dB-Hz?/®> SFDR at 1 GHz and 94 dB-Hz*? SFDR
at 20 GHz for a LiNbO3 MZM [58], they typically also require discrete electronic com-
ponents [59-61]. Prior work [62-64] proposed predistorter drivers as a radio-frequency
integrated circuit (RFIC) for linearization of commercial LiNbO3 and electroabsorption
modulators and reported up to 19.5 dB 3rd-order intermodulation distortion (IM3) sup-
pression. These improvements were limited to a maximum operation frequency of 1 GHz
and did not explore linearization of SiP modulators which require significant compensa-
tion to rival III-V optical modulators.

Here, a broadband linearization approach based on electronic predistortion using 2"¢-
order intermodulation products (IM2) injection within a distributed amplifier to compen-
sate the nonlinearity of the SiP MZM and improve the SFDR to compete with LiNbO3
or InP MZMs is presented. Three innovations are presented in this work. First, a dis-
tributed high-gain LNA is presented that covers 0.5-20 GHz to drive the MZM. Second, a
distributed IM2 injection is demonstrated to reduce IM3 and linearize the cascade of the
SiGe LNA and MZM. Third, a co-design procedure for a segmented MZM is described

that predicts the broadband IIP3 and noise figure (NF) and supports the broadband lin-
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Figure 4.2: Loaded and unloaded transmission loss and corresponding lumped model
for a small section

earization of the MZM. Prior work presented the circuit and initial measurements of the
RoF link [65]. This paper extends this earlier presentation with analysis of the linearity
of the co-integrated SiP MZM and SiGe LNA to calculate the IIP3 of the RF photonic
receiver. We also present new circuit analysis that is corroborated with measurement to
describe the power consumption of the linearization approach given the IM3 reduction.
A record 120 dB-Hz?/3 SFDR at 9 GHz and a response above 110 dB-Hz*/3 to 18 GHz is
demonstrated. The measured SiGe/SiP RoF indicates that the ITP3 improvement exists

over more than 18 GHz, demonstrating the potential for broadband linearization.

4.2 Segmented MZMs for Broadband RF Response

SiP MZMs produce optical response through a change in the charge concentration in a
pn junction along the optical waveguide. The MZM absorbs the reverse-biased depletion
capacitor into a transmission line that can generally be modeled as a lumped circuit
network where the LC' ladder network predicts microwave propagation characteristics.

In order to model loss, series resistance and shunt conductance are added to the LC
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Figure 4.3: Insertion loss of a loaded transmission line as a function of frequency for
different diode resistances.

network, where the former represents conductor loss and latter represents substrate loss.
Fig. [4.2)shows unloaded and loaded transmission lines in the MZM and the corresponding
lumped model unit cell, taking into account both conductor and dielectric loss. A small
section of transmission line (Az) is incorporated into the lumped model in Fig. , where

Az is the length of unit section. The attenuation constant per unit length and phase

o 2 %(R\/g 4 G\/g> (4.1a)

constant per unit length is

and

Brr = wVLC. (4.1b)
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In an unloaded transmission line, the term G Az represent a large resistor, which models
the conductor loss. The RF phase constant should be designed to match the optical
traveling wave group velocity in a traveling wave MZM while the attenuation constant
should be minimized to reduce the losses along the length of the line.

When the transmission line is loaded with a reverse biased diode, we can use the RC'
network model in Fig. to find the new value for G’Az. The series diode resistor R,
can be converted to a shunt resistor using series to shunt conversion for RC networks.
With the new value of G’Az, Fig. plots the attenuation constant of a 1-mm long
transmission line as a function of frequency for different values of R;. Even a very small
(2 Ohm) series junction resistance, agp induces a limited bandwidth and higher noise
figure.

To improve the RoF link gain, a low V, demands long MZM arms. However, the
pn junction loss suggests that each arm should be under 1 mm to allow for a frequency
response of 18 GHz. Therefore, the MZM transmission line of length L is broken into
segments of less than 1 mm each. Consequently, the LNA should be distributed to allow
a single transmission line input where the LNA buffers the signal as well as produces a
differential drive signal to the two arms of the MZM. The LNA is a buffer between the
transmission line and reverse bias diodes. The IL is improved resulting in lower NF for
the system at high frequency.

A four-segment MZM shown in Fig. is designed in 65-nm SiP technology, where
each segment includes a differential p-i-n optical phase shifter to confine the optical field
in the waveguide. While the S-MZM improves the 3-dB bandwidth compared to a TW-
MZM, it does not improve the SFDR beyond 110 dB-Hz%?® [14]. To increase the SFDR
further demands an active linearization approach to improve I1P3 that does not penalize

NF.
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Figure 4.4: Comparison of E/O integration strategies based on MZMs using traveling
wave design (top), and segmented design (bottom)

Figure 4.5: Block diagram representing a nonlinear model for distortion in the SiP MZM.

4.3 Takeaways from Distortion Analysis of SiP E/O
Interfaces

The optical carrier travels with propagation constant Yo, = vopt +J Bopt, Where Brp =
Bopt- To modulate the optical carrier with the RF signal, the propagation constant has a
linear dependence on the applied voltage such that oy = ag + a1 V; and By = by + b1Vi,
where b; = ﬁ We will examine how the SiP MZM deviates from this model and

produces distortion in the following sections.
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Figure 4.6: OIP3 as a function of MZM length for various cases considering different
sources of nonlinearity, found from cascade analysis.

4.3.1 C-V Nonlinearity

Charge in the waveguide is modulated through a reverse-biased depletion capacitance,

Q = C(V)V, where

Co

V)™ .

cV) =

Cjo is the zero-bias junction capacitance, Vj; is the built-in potential, and m is the
grading coefficient of the junction. The Cy and C} are polynomial coefficients for (4.2)).
The capacitance nonlinearity is characterized by IIP2y¢g and I1P3yq and have been

reported in prior work and summarized in Appendix T [14].
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4.3.2 [ Nonlinearity

The change in the charge produced by the depletion capacitance produces a change in
the phase shift through the waveguide that is not necessarily linear but rather modeled
by a higher-order polynomial. Rather than considering the voltage dependence on the
phase constant, a charge relationship is used here to isolate the RF and optical sources

of distortion.

2

AB(Q) = TAneff ~ 2; quQk. (4.3)
k=1

where )y is polynomial coefficient for the nonlinear index of refraction and A is the light

wavelength. The phase nonlinearity is characterized by I1P2gs = |%| and I1P3gs =

]
3g3 1"

4.3.3 Cosine Nonlinearity

The optical transmission is determined by the differential phase shift between the two
MZM arms. Additionally, a dc voltage is applied to the electrode that results in a static
phase shift ¢pC.

Pout e_aDCL

P, 2

(cosh(2a(Q)L) + cos(28(Q)L — ¢pc)), (4.4)

The generalized model presented here characterizes the MZM by ITP2gp and I1P3gp to
incorporate the transfer function from the junction capacitance nonlinearity and phase
nonlinearity of p-n junction phase shifters [14}19]. If is assumed to be ideal with
linear [ with respect to the applied voltage and quadrature bias point, distortion is

caused by the sin(z) transfer of V; to P,,; conversion. The output of optical transmission
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is modeled with a third-order, memoryless nonlinearity.

[Zm
P,

1 =

03 —aDCL<£,___33> 45
= —Cc3v) =e v vy ). .

1Y4 3 1 Vﬂ. 1 6(‘/;‘_) 7 ( )
Consequently, the intermodulation distortion is characterized from I1P3y, = 2\/5%
For a 3-mm long SiP, the equivalent IIP3 is 26 dBm. Therefore, if we are dominated by
the sine nonlinearity, the polynomial model is a memoryless, weakly nonlinear function
and linearization of this characteristic is the primary role of broadband predistortion

circuitry.

4.3.4 Cascade Nonlinearity Analysis

The block diagram in Fig. [4.5 represents both the amplitude and phase distortion in
the MZM. Neglecting the amplitude path, which primarily generates only even-order dis-
tortion when biased at quadrature and driven differentially, a distortion cascade analysis

for IIP3 combines each source of nonlinearity.

L AP APG JAPCEE )

IIP3%,,,, IIP3yqg*>  IIP3gs° I1P3sp*
3( Gl +03|A1|2<%n2>+01|A2|<27”m>> (46)
2\11P2s I1P2sp ' ‘

where A;(jw) and As(jw) are Volterra kernels found for (4.2)) and presented in Appendix
I. The cascade analysis indicates how the components interact to produce a frequency-
dependent distortion due to the capacitance of the waveguide. Considering the RF gain

of the link is

PuRR, _ PuRR,
V., V0

—apclL

Grr = sin ¢pce
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Figure 4.7: IIP3 and gain of the RC network using Volterra series for different config-
urations, where L = Ngoy X Lgeqg, as a fucntion of frequency.
where R is the responsivity in A/W of the photodetector and R, is the output resistance.
The OIP3 is calculated from the product of 11 P,z and Grpr and is plotted in Fig. 4.6]
When considering only the V. nonlinearity, the IIP3 is independent of length since I1TP3
increases with V. but the gain reduces with V.

When adding the ,, nonlinearity, the OIP3 reduces for shorter MZM arms since a
much larger voltage must be produced across the MZM diode capacitance and the large
voltage produces a more nonlinear response in the phase constant. If we also include
the diode depletion capacitance, the short length more significantly reduces the OIP3,
particularly as the frequency increases. While we conclude that OIP3 improves for longer
length, higher frequency loss is also increases as discussed in Sec. [4.2] which results in a

trade-off between linearity and bandwidth.
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4.4 Linearization Techniques for SiP Components

We propose three distinct RF linearization techniques for the O/E and E/O compo-

nents specific to each source of nonlinearity presented in the previous section.

4.4.1 C-V Linearization

To mitigate the nonlinearity due to C-V variation in the depletion capacitance, the
segments of the MZM allow the RC' time constant of the segment to be tailored to reduce
the generation of distortion. First, the design incorporates more fixed capacitance at each
segment which reducing the contribution of the nonlinear C-V component. Additionally, a
smaller resistance can be used to drive each segment to reduce the large voltage variation
that results in IMD. In addition, biasing the junctions at higher reverse bias voltages
will further reduce the capacitance and improves linearity. In a TW-MZM, junction
capacitance and loading on the electrodes are optimized for E/O velocity matching and
matching the characteristic impedance to the source impedance. These constraints move
to other part of the design, the driver design, hence phase shifter loading can be optimized

for linearity. IIP3 due to CV variation can be characterized by [14].

P A | L+ 5w R + 4wtRIC 43
cvV — .
3wRiCa\| 1+ w?RX( + 20)?

where R; is the load resistance. Fig. illustrates IIP3 and gain due capacitance non-

linearity found from (4.8)), and compared cases with one 4mm segment with two 2mm
and four 1mm segments. As expected, gain roll-off increases as we increase the segment
length, and hence capacitance. The IIP3 improvement is due to fixed load resistance

being used for all three cases, which keeps voltage swings the same as well.
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Figure 4.8: Concept of MZM linearization by third order predistortion

4.4.2 Kerr Effect Linearization

Prior work has demonstrated the linearization of the optical phase shift with induced
voltage through engineering of the second-order optical response with respect to the
electric field induced in the pn junction of the waveguide [56]. A pin junction diode is
formed in the waveguide which introduces a Kerr effect (x-2) dependence to the optical
phase. Balancing the plasma dispersion and Kerr effect modulation linearizes the phase
constant with applied voltage. Nonetheless, investigations SiP Kerr-effect MZMs have
reported only slightly improvement of the SFDR at low frequency and no improvement
higher frequency bands [57,66,67]. This is presumably due to the bottleneck in other

sources of distortion.

4.4.3 Cosine Linearization

Since the arcsin(z) transfer function is frequency independent, a broadband predistor-
tion circuit could linearize the MZM. The system shown in Fig. [4.§]is a cubic predistorter
for linearization of the MZM. Here a second path generates a cubic term electronically

which is then weighted by w and added back to the main signal before applying to the
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Figure 4.9: OIP3 as a function of MZM length when system is limited by different
sources of nonlinearity (dashed), and after applying predistortion for different third
order component weights (solid).

MZM. The predistorted signal is

vy = v; + wvp = v - (14 wv). (4.9)

Applying this predistortion signal to the modulator results in

P,
f;mt = c1v; + (wep — e3)v} — cswvl — eswv] — ezwv]. (4.10)
in
The 3"d-order term is eliminated when w = z—i’ and the cubic polynomial generates

a number of additional higher order terms. The effectiveness of this cancellation is
demonstrated in the OIP3 plot as a function of MZM length for different values for w,

represented in Fig. 4.9, For each device length, an optimum w produces OIP3 that
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Figure 4.10: Conceptual illustration of the broadband linearization scheme with block
diagram of distributed IM3 injection.
exceeds the original OIP3 (21 dBm) realized from the sine nonlinearity. Predistortion
results in peaking for particular device lengths. Adding other sources of nonlinearity
discussed in the previous sections results in red and blue curves in Fig. Comparing
these two figures indicates how secondary sources of nonlinearity, charge and phase shift,
affect the overall OIP3.

Designing a broadband cubic term generator is challenging since the cubic nonlin-
earity generates signal components over 3 times the original signal bandwidth. Another
approach to IM3 generation is to mix IM2 with original signal as indicated in the final
equality in to imitate a cubic term generator response, which we refer to as IM2
injection [68]. A broadband IM2 generator is realized from the intrinsic nonlinearity of a
HBT device as is typically used in a frequency doubler. Since the squaring an RF signal
at frequency wrpr generates components at DC and 2wgpr, we eliminate the components
at 2wrp with a low-pass filter. The remaining enveloped is modulated with the original
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Figure 4.11: Circuit schematic illustrating the specific components including the sin-
gle-ended LNA, wideband active balun, variable delay transmission line based on a
LC ladder

RF signal and weighted to produce the desired IM3 term.

Fig. provides a conceptual block diagram of the proposed distributed, analog
predistortion LNA. The first block is the LNA with high gain to set the NF of the
RoF and relax constraints on the length of MZM. The signal is then split between two
paths. In one path, the RF signal is amplified while through an auxiliary path the RF
signal is squared and filtered to generate a low-frequency IM2 component. Next, the IM2
component is mixed with the original RF signal to generate an IM3 component that can

be weighted and added to the original RF signal to cancel the IM3 components generated
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Figure 4.12: Circuit schematic illustrating the highly-linear differential driver and IM2
generator block

by the MZM. By adjusting the IM3 weight (w), the RoF can reached an ITP3 higher than
the inherent MZM IIP3 as illustrated in Fig. [4.9]

4.5 Circuit Implementation

The distributed, predistortion stage illustrated in Fig. is realized in an HBT tech-
nology. Fig. shows the schematic of the LNA, active wideband balun, and tunable
delay input transmission line. The wideband LNA is a resistively degenerated cascode

stage with inductive peaking to extend the bandwidth. Resistive degeneration extends
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Figure 4.13: Current at wy — wy and wo + w; for the IM2 generator as a function of

input power, at 2-GHz and 20-GHz
the broadband frequency response [69]. Next, an active balun produces differential RF
signals with less than 1 dB amplitude and under 5° of phase imbalance up to 25 GHz [14].
To match the optical traveling wave velocity in the MZM with the RF traveling wave,
the transmission line delay is adjusted over a small range with a varactor. The dis-
tributed design allows delay control between the RF input traveling wave line and the
IM2 generation between stages.

Fig. 4.12|shows schematic of the linear, high-voltage differential cascode driver, which
amplifies the RF signal to 2 Vpp to drive the pin phase shifter segments in the S-MZM
along with the IM2 injection circuitry. The IM2 injection circuitry taps the differential
signals and uses an inductively-degenerated frequency doubler to square and filter the
IM2 products. The weighting and mixing function are produced by mirroring the IM2

current into the bias current of the high-voltage differential driver. The output current
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Figure 4.14: OIP3 of the driver as a function of frequency for different IM2 injection currents.

of the IM2 generator block, which is based on a frequency doubler, is composed of a DC
and IM2 component.
Ip

Iive = [B+—(

Vidy 2
)

= (4.11)

where [ is the DC bias current, V7 is the thermal voltage, and v;4 is the amplitude of
differential input voltage. If we drive the IM2 current generated with two closely-spaced
tones at w; and wsy, current terms are produced at w; — we and w; + wy. Both IM2
components can be injected into the driver to produce IM3 components. Filtering of the
sum components occurs due to the frequency response of the IM2 generator circuit. In
Fig. [£.13] the inset plot shows the difference frequency current is constant to 18 GHz.
The sum frequency is roughly 8 dB lower in the broadband IM2 generator.

The IM2 current is plotted in Fig. for tones located at approximately 2 GHz and
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Figure 4.15: Electro-optic co-simulation test-bench based on Verilog-A models for SiP
and BiCMOS process models.
20 GHz. The tone spacing is 100 MHz for the simulation and the DC bias current is 10
mA. The maximum IM2 current under this bias is 4 mA.
The output voltage of a differential BJT amplifier as a function of differential input

voltage follows tanh(z) function. Therefore, predistorted output voltage for the circuit

in Fig. [4.12]is

IB U-Qd Vid
o =R (Top+1 —L>t p i 412
Vout RL( EE T B+ng4 an W ( )

Representing the tanh(z) as a linear Taylor series equivalent,

]B Uzd Vid 1 Vid 3
Vour =R (1 I — = ——(=)"), 4.13
t L( EE T B+VT2 4)(2VT 24(VT) ) (4.13)

where we ignored higher-order terms generated by the tanh function. The desired pre-

distorted signal is

Vid Vsw |, Vid 3
Vour = V. IgR; — — , 4.14
¢ SW2VT+< BItL 3 )<2VT) ( )
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where Vo = Rp, (IEE + Ip). Note that Ip is the desired weighting control that allows
selection of the expansive IM3 products and can compensate distortion generated by the
driver or the following MZM. Generally, we assume Igg + Ip =~ Igg.

Examination of the tanh indicates that it also produces undesirable 3"%-order distor-
tion. Consequently, by calculating gain and [/ P3 = \/%*TZ—;\ from , the OIP3 for

the driver stage as a function of IM2 injection DC current is

Ipp + Ip

OIP3 = 2V. _—
W |IEE —2Ip

. (4.15)

The OIP3 is tuned through Iz and can cancel the self-generated distortion for Ip =
Igg/2. The injected IM2 current is relatively large suggesting high power consumption
for the IM2 generator. For instance, a 1-V maximum swing requires 15 mA of Ig current.
An alternative approach is to linearize the output driver such that the OIP3 can be

improved to compensate the MZM nonlinearity. To include the role of Rg,

Ipg + I5)RE

OIP3 ~ O]P3\/ (1+ ( )3 (4.16)
Vr

Fig. shows OIP3 of the driver as a function of frequency for different IM2 injection
current amplitudes demonstrating broadband improvement of OIP3. The average simu-
lated OIP3 of the driver is about 43 dBm, an increase of more than 14 dB in the absence

of IM2 injection.

4.6 Co-simulation of Electrical and Optical ICs

To co-simulate the RFIC and PIC, a Verilog-A library was developed for optical

components including laser, silicon waveguide, splitter and combiner, pin junction phase
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shifter, heater, and photodiode to capture the nature of the ideal and nonlinear behavior.
With accurate behavioral modeling of the SiP MZM, the improvement in the OIP3 can
be characterized.

Fig. shows the co-simulation test bench including the driver and segmented
MZM. A four-segment optical model for the SiP MZM is constructed in Cadence and is
illustrated in Fig. The sources of distortion as presented in Section IIIA-C. The
nonlinear characteristics for the capacitance nonlinearity and phase and amplitude non-
linearity are included for the pin phase shifters. The capacitance change per applied
reverse bias voltage is illustrated to the bottom left and was measured for the SiP MZM
with an LCR meter. The capacitance changes from 0.7 pF/mm to 1.14 pF/mm. Ad-
ditionally, the change in the index of refraction and attenuation constant with charge
stored in the optical waveguide is plotted on the left of Fig. 15. To establish the linearity
in terms of an RF output power, the MZM is connected to an ideal photodiode with
responsivity of 1 A/W to produce an output current as terminated by a 50 Ohm.

The circuit schematic of the four-stage SiGe distributed IM2-injection LNA is illus-
trated in Fig. based on the predistortion technique from Fig. [4.10] Each driver stage
is co-designed specifically for the SiP segmented MZM stages. The input transmission
line distributes the RF signal to the four LNA stages. The complete circuit schematic
includes the LNA, active balun, driver and IM3 generation.

We simulate the OIP3 of the RoF link in Fig. to indicate the benefit of the
feedforward, distributed IM3 injection. The OIP3 is calculated in terms of RF power
at the output of the photodiode found from electro-optical co-simulation of driver and
MZM. In the absence of any predistortion, the OIP3 is around 5 dBm and rolls off around
10 GHz.

The use of predistortion with injection of IM2 components into the same stage indi-

cates that the OIP3 is improved by 10 dB. However, the OIP3 is limited to under a few
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Figure 4.16: OIP2 and OIP3 found from electro-optic co-simulation of driver and
MZM for three different cases: 1. IM2 off, 2. IM2 on and injected to the same stage,
and 3. IM2 on and injected to the next stage.

GHz due to the timing mismatch between the RF signal and the IM3 products.

By injecting the IM2 component to the consecutive distributed stage, the time delay
can be adjusted to achieve a broadband linearization. The OIP3 now remains above 15
dBm to 18 GHz. Consequently, the SFDR should be improved by more than 6 dB using
the distributed predistortion scheme.

The co-simulated OIP2 is also plotted in Fig. [£.16l While there is a reduction in the
OIP2 due to the injection of the IM2 term, all three cases indicate that the minimum

OIP2 remains greater than 30 dBm from 0.5-20 GHz.
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Figure 4.17: Measurement setups for link characterization with QAM signal (top left)
and linearity measurements (top right), micrograph of the assembly ( bottom left),
SiP segmented MZM (middle), and LNA chip fabricated in 130-nm SiGe BiCMOS
technology (bottom right).

4.7 Measurements Results

The SiP segmented MZM is fabricated in the 65-nm AIM silicon photonic (SiP)
process and the broadband, low-noise driver is fabricated in the GlobalFoundries 130-nm
SiGe BiCMOS technology. The SiP segmented MZM area is 5.5 x 0.65 mm? and driver
chip area is 3.95 x 1.38 mm? and is shown in Fig. 4.17l The SiGe RFIC was designed
using RF output GSSG pads with matching pitch to the MZM. The PCB assembly is
illustrated in Fig. |4.17] with the SiGe distributed LNA and SiP MZM chips along with
two 1550-nm lensed fibers used for optical interface with edge couplers. The two chips are
assembled side-by-side on a PCB to minimize chip-to-chip wirebond length. The power

consumption of the driver is 1.70 W (425 mW per stage) without IM3 predistortion and
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Figure 4.18: Measured RoF link gain compared to a single TW-MZM (top), simulated
and measured input return loss (middle), and group delay as a function of frequency

(bottom.
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Figure 4.19: Measured power spectrum for two tones at 1.9 and 2 GHz at input of the driver

increases by 60 mW with the use of IM3 predistortion to provide the 10-20 dB IIP3
improvement. Most of the power consumption is consumed in the segment driver which
is designed to produce 2 Vpp across the load resistor.

Fig. provides a block diagram of the measurement setup with PNA-X, photode-
tector, micro-positioners, microscope for fiber alignment, and the PCB. Two different
setups are used, one for small-signal and large-signal characterizations using PNA-X,
and one for link characterization with modulated signals using an arbitrary waveform
generator and oscilloscope.

A 1550-nm low-RIN laser drives the MZM in all measurements followed by a manual
polarization controller. Measured loss for optical edge couplers is about 3-dB and total
optical loss of MZM is less than 10-dB, including light coupling loss. The output of the

MZM is sent to a 50-GHz dual band 1310/1550-nm photodetector, which generates an
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Figure 4.20: Input power sweep at 5 and 10 GHz with and without IM3 injection for

fundamental and IM3 components.
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Figure 4.21: Measured IIP2 versus frequency before and after IM2 injection (top), and
measured IIP3 versus frequency with and without IM3 injection at two bias points
(bottom).

RF signal to the PNA-X.

Fig. [4.18 plots the measured S-parameters for the RoF link with an external high-
linearity photodetector. The link gain is plotted against the measurement of a similar
SiP TW-MZM in the same technology with the same length. The active driver improves
the gain by 26 dB at 3 GHz and improves the gain by 40 dB above 15 GHz. This supports
the advantage of the segmented design to improve the high-frequency response.

The simulated and measured input return loss are also shown in Fig. [£.1§(middle),
and the measured S7; is better than 10 dB to more than 20 GHz. The measured group
delay is plotted in Fig. 4.18(bottom), and indicates low variation up to 24 GHz.

Fig. 4.19| graphs the measured output power spectrum for two tones at 1.9 and 2
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GHz with and without IM2 injection. The two tones are generated by the PNA-X and
combined into the driver. After applying IM2 injection and tuning the IM3 reduction
manually in the driver, the IM3 components decrease by more than 23 dB while an IM2
term at 3.9 GHz increases by 8 dB. Additionally, the HD3 components are reduced by
10 dB, which demonstrates that the IM3 predistortion operates over a wide bandwidth.

The IM3 measurement is also characterized from the fundamental and IM3 over a
range of input powers. Fig. shows the input power sweep at 5 GHz and 10 GHz
and indicates the predistortion improves the IIP3 by 10 dB and 14 dB, respectively. The
weight of the IM3 component is controlled by bias current of IM2 generator and a slight
increase in the injected fundamental power is observed.

Fig. [4.21] plots the ITP3 with and without IM2 injection at two different bias currents
to demonstrate the linearization bandwidth. Over the entire 1-20 GHz range, the I11P3 is
increased relative to the LNA without IM2 injection by at most 17 dB. The bias on the
IM2 injection is adjusted to achieve higher IIP3 improvement above and below 10 GHz.
The bias current of the IM2 generator block was 3.4 mA and 5.6 mA to get maximum
ITP3 improvement in the 1-10 and 10-18 GHz bands, respectively.

For broadband (larger than an octave) systems, [IP2 is also a relevant metric. Since
the IM2 generator injects IM2 components, the IIP2 is plotted as a function of frequency
with and without IM2 injection. Notably, IIP2 does not substantially change over the
frequency range with the IM2 bias current.

Fig. plots the measured NF compared to the NF of a Si-based TW-MZM. The
LNA improves the NF by more than 20 dB with a minimum 13.6 dB at 3 GHz. From
the measured IIP3 and NF, the SFDR is 120 dB-Hz*? at 9 GHz, a 19 dB improvement
over earlier work and 22 dB improvement at 17 GHz. Fig. compares measured
wideband high SFDR achieved in this work against other works in the literature mostly

exhibiting single frequency characterization. Here, the record high SFDR over bandwidth
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Figure 4.22: Measured NF of the RoF link compared to the NF of a Si-based TW-MZM
(top), and calculated SFDR from measurement data and comparison with a LiNbO3
MZM with predistortion (bottom)

Table 4.1: State-of-the-art High SFDR RF Photonic Modulators

|58] 159] [60] |61] |57] This Work
Frequency (GHz) 1-20 12 1-18 2-20 10.9-12.9 0.5-20
SFDR (dB-Hz?2/3) 94-111 116 124 109-114 102-106 109-120
1IP3 (dBm) 2 18 42 2 23-24 22
NF (dB) N/A N/A 17-22 N/A 41-57 13.6-19.3
Technique Discrete Predistorter Dual Parallel MZM Dual Series MZM - DC Kerr Mod. IM3 Injection
Technology LiNbOs3 LiNbO3 LiNbO3 LiNbOs3 Silicon Si-SiGe
Integration Discrete Discrete Discrete Discrete - Hybrid

is achieved using a SiGe predistorter driver and a segmented silicon photonic MZM.
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Figure 4.23: Measured wideband high SFDR achieved in this work compared to other

works in the literature mostly exhibiting single frequency characterization.

The RoF link is also tested with a 2-Gbps QPSK, 16-QAM and 64-QAM modulated
signals at carrier frequency of 11 GHz. For QPSK at 4 Gb/s, 16-QAM at 8 Gb/s, and
64-QAM at 16 Gb/s, measured EVMs are 2.6%, 3.7%, and 6.5%), respectively, which are
measured without employing any digital predistortion.

This work is compared to earlier reported linearized MZM components or RoF links
in Table 1. The presented work demonstrates the best SFDR for a SiP RF photonic
link over the highest frequency range and puts silicon MZMs at a similar capability with
reported LiNbOs modulators. Additionally, this is the first reported work based on an

integrated electronic-photonic solution for RoF with small size and weight.

4.8 Conclusion

This work reports a co-designed SiGe LNA and SiP-based MZM for SFDR of up to

120 dB-Hz*? and operating up to 20 GHz. A broadband analog predistortion scheme
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Figure 4.24: Measured QPSK (top), 16-QAM (middle), and 64-QAM constellation at

2 GS/s.
is introduced that forwards second-order intermodulation distortion products into the
SiGe driver to eliminate third-order intermodulation distortion generated by the SiP
MZM. The results demonstrate that SiP MZMs are capable of meeting high-performance
criteria for RoF links and meets or surpasses commercial LiNbO3 and III-V modulator
performance. Prospects for future co-integration of Silicon Photonic and RF electronics

on a single platform could support linearization of photonic devices.
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Chapter 5

Co-design of an Integrated Optical
Transmitter in 45 nm CMOS and

90-nm Silicon Photonics

5.1 Introduction

A variety of integration strategies are pursued for an optical transmitter [13||70-
74|, as illustrated in Fig. . Conventionally, the MZM is constructed with traveling-
wave electrodes that are driven from a separate broadband amplifier designed for the
characteristic impedance of the MZM as shown in Fig. (top). SiP-based p-n phase
shifters exhibit large junction capacitance, which makes it difficult to design an electrode
that is simultaneously velocity matched to the optical waveguide and impedance matched
to 50 €. Additionally, the p-n junctions exhibit considerable junction resistance that
loads the traveling-wave electrode, reducing the electrical bandwidth over long lengths.

These limitations can be addressed by breaking the traveling-wave electrode into
smaller segments as shown in Fig. (middle). While driving these segments individually
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Figure 5.1: Comparison of E/O integration strategies based on MZMs using travel-
ing wave design (top), segments (middle), and the proposed traveling-wave segments
(bottom)

helps with increasing the bandwidth, the power consumption is increased as well as
complexity of the driver integration due to the interconnection between the driver and
the electrodes. If the length of each segment is electrically short, the bandwidth will be
limited by RC, where R is the load resistance and C' is the total output capacitance,
which is dominated by phase shifter junction capacitance.

Here a traveling-wave segment (TWS) for the driver-MZM integration, illustrated
in Fig. [5.1] (bottom), is proposed. Each segment consists of a shorter traveling wave
electrode that is terminated on the SiP MZM. The segments are on the order of Imm
long due to the trade-off of bandwidth and power consumption. In Section details
of the MZM design is presented. In Section [5.3] DA schematics and simulations are

demonstrated. Section [5.4] presents electrical and optical measurements.
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Figure 5.2: Proposed MZM design in 9WG 90nm CMOS technology (top), schematic
of a single travelling wave segment (bottom).

5.2 Silicon Photonic Mach-Zehnder Modulator

The SiP MZM is implemented in a 90-nm (CMS90WG) CMOS SOI foundry using
PDK-derived phase shifter elements, designed for 1310 nm wavelength. The MZM con-
sists of 4 equal-length traveling-wave segments each 800 pm long. Fig. [5.2] shows the
structure of the segmented Mach-Zehnder modulator as well as the co-planar waveguide

(CPW) transmission line design.
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Figure 5.3: Effect of wirebond inductance on gain peaking at high frequencies for
lumped segment and travelling wave segment loads.

A 3-dB directional coupler splits the optical signal equally between two branches.
The phase shifters are based on reverse-biased p-n junctions. Heater resistors are inserted
into each branch to bias the modulator at the quadrature point. The measured VL was
around 2 V.cm in this technology.

Accordingly, V; for the designed MZM is 6.25 V considering total phase shifter length
is 3.2 mm. Process simulations indicate a distributed junction capacitance of 400 fF /mm
under 2 V reverse bias. To compensate for larger junction capacitance, a high character-
istic impedance transmission line is needed. Hence, CPW is chosen over microstrip since
it provides a larger characteristic impedance. Our modified CPW design uses a center
ground connected to the cathode of both n-region of the junctions in both arms. This
allows reverse biasing the anode based on the DC voltage that terminates the CPW lines.

In a segmented-MZM approach, the load resistor R for the driver is integrated in the
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Figure 5.4: Block diagram of the distributed driver in 45 nm CMOS SOI technology
(top), and schematic of the single driving stage and electrical model of p-n junction
phase shifter (bottom)
driver stage |13}/14,/65]. By moving the load resistor to the MZM die, the bandwidth
is improved since the wirebond inductance forms a 7 network with peaking at high
frequencies. Moreover, the frequency response of the p-n junction phase shifter will not
be bandwidth limited by RC', as each individual segment becomes a short traveling wave

phase shifter, bandwidth limited by electrode loss. Fig. shows simulated gain for the
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two different cases: lumped segment load and traveling-wave segment load. In both cases,
the wirebond inductance improves the 3dB bandwidth. Furthermore, the TWS design
achieves a higher 3dB bandwidth. The higher mid-band gain of lumped segment case
could reduce the the power consumption for low data-rates. However, smaller bandwidth

will limit the highest data rate achievable with the lumped segment load.

5.3 45 nm CMOS SOI Distributed Driver

The schematic of the driver is shown in Fig. .4 To address the electrical/optical
phase matching, the driver is based on a distributed amplifier. To provide wideband
impedance matching, the driver uses an input transmission line to approximately velocity
match the optical phase velocity in the MZM. The group index of refraction for the silicon
waveguide is n, = 3.6. Considering 900 pum pitch for segments, the required time delay
(74) in the input transmission line is 7, = % = 10.8 ps. The input transmission line
in the driver chip is routed in serpentine fashion to match the time delay of the optical
waveguide.

Each amplifier stage consists of source follower buffer followed by a 3-stack high
voltage driver, providing close to 2.2-V single ended voltage swing. This corresponds to
close to 0.77 phase shift for the transmitter. Supply voltage for the stacked FET driver

is provided from the termination resistor in the modulator chip.

5.4 Measurements

The driver chip and MZM are fabricated in the GlobalFoundries 45nm CMOS SOI
technology and SiP 9WG technologies, respectively. The micrograph is illustrated in

Fig. Each driver cell consumes 60 mW power, where about 4.5 mW is consumed in
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Light out

Figure 5.5: Opto-electronic transmitter assembly with SiP MZMs and CMOS dis-
tributed drivers

the source follower and 56 mW in the stacked FET driver.

To characterize the CMOS driver, the electrical frequency response is measured using
Keysight’s PNA-X and GGB probes. Four-port S-parameters are measured up to 35
GHz, where the gain of all 4 different outputs on the CMOS driver chip as well as input
return loss are measured. The measured S;; and Ss; for the driver chip are shown in
Fig. and are compared with simulation. Input return loss is better than 15-dB across
the frequency band of 0-35 GHz, while the average measured S21 is 9 dB, with 3-dB BW
of 26 GHz. Compared to simulation, So; is lower at high frequencies which is mainly
due calibration being done only for RF cables and not the probes, since input pad and
output pads have different configurations (GSGSG and GSSG).

The driver chip and MZM are assembled closely on a MT40 PCB where the driver

chip is elevated to shorten the chip-to-chip wirebonds. Mini-SMP connectors are used
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Figure 5.6: Measured and simulated Si; and So; for four different outputs on the
CMOS driver

on the board to supply input signal to the driver. A 13 dBm 1310 nm laser (Freedom
Photonics) is coupled through vertical optical couplers to and from the grating couplers
on the silicon photonic modulator. The measured optical power at the output of MZM
is about -2 dBm, which corresponds to total 15 dB optical loss from the polarization
controller, couplers and MZM. The output of the MZM is coupled to a 30 GHz Finisar
photo-receiver which is connected to a sampling scope. A bit pattern generator is used
to drive the transmitter with PRBS 31 pattern, with 550 mV maximum voltage. Bias-T's
are used to provide input bias voltage for the driver.

Measured eye-diagrams for the full link are shown in Fig. for 20, 30, 40, and 50
Gb/s date rates with a PRBS-31 test pattern, where 2-tap FFE is utilized to enhance eye
openings. The bit-error rate (BER) is measured by sweeping the sampling time. For 20
and 30 Gb/s, measured BER bathtub curves are plotted in Fig. 5.8, The BER is better
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Figure 5.7: Measured eye diagram with PRBS 31 test pattern at 20, 30, 40, and 50
Gb/s data rates.
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Figure 5.8: Measured BER at 20, and 30 Gb/s data rates
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Table 5.1: State-of-the-art Comparison for CMOS and SiGe Optical Drivers

Parameter \ Reference |70| |71 |72] |73] |74] This Work
Technology 22 nm CMOS SOI 65 nm CMOS 0.25um BiCMOS 90 nm CMOS 28 nm CMOS 45 nm CMOS SOI
Data Rate (Gb/s) 30 30 2 x 37 20 44 50
Supply (V) 2 3.3 N/A 3 6 3
Energy (pJ/bit) 2.2 10.8 13.5 14 9.3 9.6
Test Pattern PRBS 7 PRBS 15 N/A PRBS 31 PRBS 31 PRBS 31
Integration with optic. Mod. No Yes Yes Yes Yes Yes

than 1071% up to 30 Gb/s.

This result is compared in Table 1 with state of the art for CMOS and SiGe drivers.

Note that not all the references have measured BER for optical transmitters. This work

shows the highest data rate for optical transmitter based on CMOS technology, close to

advanced BiCMOS transmitters and with relatively lower power consumption.

5.5 Conclusion

An integrated optical driver and Mach-Zehnder modulator is presented that operates

to 50 Gb/s based on a traveling-wave segment driven from a 3-stack CMOS SOI driver.

The optical eye is open to 50 Gb/s and indicates error-free operation to 30 Gb/s. The

total circuit consumes 480 mW for an energy efficiency under 10 pJ/bit.
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Chapter 6

A Monolithically Integrated Optical

Transmitter in 90 nm CMQOS

6.1 Introduction

One of the most challenging partS in opto-electronic co-integration is the interface
between the electronic chip and photonic chip. Parasitics associated with interface, result
of wirebonding or any other sort of assembly, have a high impact on the performance
of the overall system at high frequencies. Monolithically integrated optical transmitters,
on the other hand, are less susceptible to performance degradation due to packaging.
There is growing interest in designing monolithically integrated electro-optical systems,
with many works reported using III-V and silicon photonics integrated with CMOS or
SiGe electronics. [75-94]. In this chapter a monolithically integrated optical transmitter
is designed based on a novel topology that propose merging the driver into the optical

modulator.
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6.2 Architectures for Fully Integrated Optical Trans-
mitters

In pursuing the goal to find the best architecture for monolithic integration of elec-
tronics and photonics, the available technology plays the biggest part. In this we look how
to achieve maximum speed and efficiency using silicon photonic 9WG technology, which
offers silicon photonic integrated with 90 nm CMOS. As the cut-off frequency of this pro-
cess is not comparable to SiGe HBT's or more frequently used newer CMOS generations,
design of a broadband amplifier is the next step. In this work, a distributed amplifier
is chosen over inverter based drivers or a simple differential CMOS driver, as it takes
advantage of bandwidth extension through absorbing transistor’s parasitic capacitors in
the transmission line.

There are three main scenarios to drive an MZM with a distributed driver as shown
in Fig.[6.1} The first one discussed here is driving a travelling wave MZM with a matched
distributed amplifier, as illustrated in Fig. [6.1al The issue with this design is limited op-
tical phase shift, as the DA itself occupy a large area and limits total active phase-shifter
length. Hence, this design doesn’t use the available area efficiently. We already know
that phase-shifters in silicon photonics are not efficient and long phase-shifter are neces-
sary to relax voltage swing requirement on the driver. The second architecture, shown
in Fig. [6.1D] uses the familiar segmented MZM with a distributed driver. This design
has already being used in chapter 3 and chapter 4. For high-speed optical transmitters,
however, this design will not offer a fast driver for tho reasons: 1. limited speed of tran-
sistors in 90 nm technology, 2. The RC load will limit the bandwidth of the distributed
amplifier, drain terminal parasites are no longer absorbed by a transmission line. Also,
number of amplification stages in the DA needs to be increased as they need to drive a

capacitive load. This will increase the power consumption of the overall transmitter.

95



A Monolithically Integrated Optical Transmitter in 90 nm CMOS Chapter 6

Thermal
R ; p-n PhaseShifter PhaseShifter
Light in Light out

p-n PhaseShifter Thermal
PhaseShifter

(a) Distributed amplifier driving a travelling-wave MZM.
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(b) Distributed amplifier driving a segmented-MZM.
Thermal
p-n PhaseShifter PhaseShifter
Lightin Light out

p-n PhaseShifter Thermal
PhaseShifter

(c) Distributed amplifier merged in a travelling-wave MZM.

Figure 6.1: Comparison of different architectures for integration of driver in silicon
photonic Mach-Zehnder modulator based on a distributed driver.
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In this work, the novel design show in Fig. is proposed to maximize both band-
width and area efficiency. Here, the DA is merge into the modulator. In this design, the
length of optical phase-shifter are no longer limited by the DA, as the output transmis-
sion line of the DA acts as the optical phase-shifter simultaneously. As the signal on the
output transmission line of the DA propagates, it also results in optical phase-shift in
the waveguide. It is also amplified as signals coming from each amplification stage are
added along the way, and finally the maximum signal is applying to the longest section
of optical phase-shifter electrode. This way all the signals on the output transmission
line of the DA are used to generate optical modulation, maximizing efficiency and area
usage. The challenge here however is velocity matching, as three signal must propagate
with the same velocity. The first one is the electrical signal at the input transmission
line of the DA. The seconds one is the electrical signal at the output transmission line of
the DA. And the third one is the optical signal coming from the laser source and prop-
agating through optical waveguide. This prompts to perform extensive electromagnetic
simulations on all three structure. This has been done in this work, however process
variation in the optical phase-shifter due to doping level offset could results in a limited
bandwidth, and the only way is to counter that is to do post-measurement modeling and

optimizing accordingly. Here, the first pass design is reported.

6.3 Driver and MZM Design

Driver is based on two DA stages driven pseudo-differentially. Driver has a differen-
tial input and drives a transmission line, which is also anode terminal for p-n junction
phase shifters. The driver input is DC coupled. Fig. shows the architecture of the
driver. Input transmission line is designed to have 50 ) characteristic impedance. The

transmission line is loaded periodically by amplifying stages. The electric wave ampli-
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Figure 6.2: Opto-electronic transmitter schematic (top), unit amplification stage
based on a cascode amplifier (bottom left), and layout of the cascode stage (bottom

right)
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Figure 6.3: Post-layout EM simulated Si1, S92 and Soi, and simulated electrical eye

diagram at the output of MZM at 60 Gbps.
tude on the drain transmission line increases across the transmission line and the final
amplified signal drives the largest portion of the p-n junction phase shifter. Fig.[6.2] also
illustrate the schematic of the unit amplification stage, which is a cascode design with
self bias. Since the output transmission line is heavily loaded by capacitive load of optical
phase-shifters, inductor L is employed in the drain terminal to decrease loading of the
output transmission line by the amplification stage at high frequencies. Also L is sized
as a variable to optimize velocity matching. The layout of the cascode unit stage is also
shown Fig. [6.2]

Fig. [6.3] post-layout simulation result for the designed DA. The input return loss is
better than 20 dB across the frequency band of 0-50 GHz, while output return loss,
defined for the on-chip termination, is better than 10 dB. Average small signal gain
is about 10 dB for 0-50 GHz, with 3 dB bandwidth of 53 GHz. Finally, simulated

eye-diagram with a PRBS 16 pattern shows open eyes at 60 Gbps, with 1.1 V single-
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(a) Optical waveguide routing in the fully integrated optical transmitter

®

(b) Layout of the fully integrated optical transmitter, showing distributed amplifier
merged in MZM

Figure 6.4: 3D view of layout of the designed monolithic optical transmitter
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ended voltage swing. Of course this electrical eye will not be the same as optical eye as
bandwidth of phase-shifter and their electro-optical conversion efficiency are limited. All
EM simulations here are performed using Integrand EMX.

Fig. [6.4] illustrate the layout of the MZM and driver. In Fig.[6.4a], the waveguide con-
nection underneath the electronics are shown. The input and output electrical terminals
are based on edge-couplers. There is also one grating-coupler that can be used as the
auxiliary optical output. Thermal phase shifters are used to bias the MZM at quadrature
point. Fig. shows the layout of the whole chip. The total power consumption of the

driver is 480 mW.

6.4 Implementation and measurement results

The chip is fabricated in GlobalFoundries CMS90WG technology. Fig. shows the
opto-electronic transmitter assembly with the fully integrated optical transmitter (left),

and chip micro-photograph (right). The chip size is 6x1 mm?

. Surface capacitors are
used to bypass the bias traces on the board. Two identical mini-SMP cables are used to
drive the optical transmitter. A 13-dBm 1310 nm laser is used as optical source. The
output of the MZM is coupled to a 30 GHz Finisar photo-receiver which is connected to
a sampling scope. A bit pattern generator is used to drive the transmitter with PRBS 31
pattern, with 550 mV maximum voltage. Bias-T's are used to provide input bias voltage
for the driver.

Measured eye-diagrams for the integrated optical transmitter are shown in Fig.
for 10, 20, and 30 Gb/s date rates with a PRBS-31 test pattern, where 2-tap FFE is
utilized to enhance eye openings.

At higher frequencies optical eyes closes. It’s expected that this is mainly due to

process variation and uncertainty in modeling of optical phase-shifters in the design.
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1 mm

Figure 6.5: Opto-electronic transmitter assembly with the fully integrated optical
transmitter (left), and chip micro-photograph (right)

aer 10 Gbps i 20.Gbps a 30 Gbps

Figure 6.6: Measured eye diagram with PRBS 31 test pattern at 10, 20, and 30 Gb/s
data rates.
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Any change in doping levels is the p-n phase shifters will result in both optical velocity
change and junction capacitor size. Both of these are critical in the design, particularly

for electro-optical velocity matching.

6.5 Conclusion

A fully integrated optical transmitter with 90-nm CMOS driver is presented. The
novel design maximizes area and bandwidth efficiency. However, this design should be
considered a high-risk design in current constancy evolving silicon photonic processes,
since it requires a very precise model for optical phase-shifter in order to achieve the
maximum simulated bandwidth. Open optical eyes are measured up to 30 Gbps for the

first pass implementation.
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Chapter 7

Conclusion and Future Work

The potential of silicon photonic integrated circuits for next generation of communication
systems has been explored. With the power of electronics integration, and by employing
a co-design approach, we can take advantage of extra flexibility in the design to overcome
silicon photonic limitations. It has been shown that RF and microwave photonic systems
can be designed in silicon photonic technology with performance on par with exotic pho-
tonic circuits based on LiNbO3 and III-V technologies. Fully integrated electro-optical
promises more efficient and faster communication systems as they are not susceptible to
chip-to-chip packaging parasitics.

The work on the wideband high-dynamic range RF photonic receiver can be further
developed to test it in a real wireless communication scenario, as shown in Fig. [7.1] For
the input LNA of the RoF receiver need to be interface with two (or more) antennas
specific for each band. On the other end, the signal of the photo diode needs to be
demodulated to extract the original sent signals from each band. This can be done with
mixers with different LO frequencies. This type of systems can be utilized for signal
distribution in environment with many different frequency channels.

Power optimization on the design of the distributed low noise driver is the next step
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Figure 7.1: Multi-band utilization of the high dynamic range RoF system

to improve the link power efficiency. The current version of the driver consumes close
to 1.7W. This is mainly due to the last stage of the driver designed assuming a low V
modulator. With further progress in improving efficiency of the optical modulators, or by
using alternative approaches like optical ring modulators, the voltage swing requirement
on the drive chip can be relaxed and power consumption can be reduced significantly.
Other stages in the distributed driver design can also be designed for lower output power
which will further reduce the power consumption of the chip.

The design of the optical transmitters in chapter 5 and chapter 6 can be further de-
veloped to build a coherent optical transmitter using a nested Mach-Zehnder modulator.
With the power of an integrated electro-optical process, and with faster CMOS or SiGe
transistors, fully integrated coherent optical transceivers can be designed, as illustrated
in Fig. [7.1]

This enables building highly efficient optical systems. In addition, if a faster CMOS
transistor become available in a photonic process, we can design segmented MZMs and
distributed drives to drive all segment. As each segment is a capacitive load for the driver,
a fully digital transmitter can be designed to save a large portion of static power. This
type of drivers are typically based on inverter cells and for higher swing we can stack
transistors to get higher voltages. Of course these type of optical systems cannot be
realized with hybrid integration as the wirebond inductance limits the bandwidth when
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Figure 7.2: Coherent optical transmitter based on a hybrid and monolithic integration

of MZM and driver (left), and conceptual illustration of a fully integrated coherent

optical transceiver (right) in a fast process.
the load is capacitive. The power efficiency of such systems can be further enhance by
employing an equalization based scheme in the driver and controlling the signals and de-
lays on each segment.Alternately, optical ring modulators can be used for electro-optical
conversion in the place of Mach-Zehnder modulator. Ring modulators have smaller ca-
pacitive input load compared to MZMs, hence a lower power drive can be used for the

optical transmitter design.
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Appendix A

Appendix

A.1 Volterra Kernels calculations
The Volterra kernels are defined by

. 1
Al(]wa) = m, (Ala)

—1jC1Ri(wa + wp) A1 (jwa) Ar (jws)

Ao (i ; = A.1b
2(JWa, jws) 2 1+ j(wq + wp)CoR; ’ ( )
and
A3(jwa7jwbajw6) =
J(@a + wp + we) Ri(CrAr + G A (o) A (feon) A (jeve)) (A10)

1+ j(we + wp + we)CR;
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where

— 1 . ‘ .
Ap = g(A1<jwa)A2(.]wbajwc)+

A (Jwn) Az(jwa, jwe) + Ar(jwe) Aa(jwa, jwp))- (A.1d)

A.2 Jacobi-Anger Expansion

cos(z cos 0) )+ 2 Z )" Jon(z) cos(2nd), (A.2)

sin(z cos ) = —22 )" Jon—1(z) cos[(2n — 1) 0], (A.3)

cos(zsin 0) )+ 2 Z Jon(z) cos(2nd), (A.4)

sin(zsinf) = 2 Z Jon—1(2)sin[(2n — 1) 0]. (A.5)
n=1
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