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Abstract

Monolithic Electronic-Photonic Systems for Massive-MIMO Millimeter-Wave Applications

by

Ruocheng Wang

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Vladimir Stojanović, Chair

Modern wireless communication systems at millimeter-wave frequency band embrace the
scalable massive-MIMO architecture to address the increasing demand for data capacity,
while the design challenge in terms of size, weight, power and cost still remain in the pure elec-
trical millimeter-wave systems. Leveraging miniaturized modulators with high bandwidth
capacity, silicon photonic links provides potential solutions for large scale data communica-
tion within such systems. This work proposes a disaggregated architecture based on silicon
photonic link and presents several essential design considerations. For the silicon photonic
modulation, the conventional microring modulator is analyzed and proven to have funda-
mental operating frequency limitation due to its intrinsic characteristic, and so the advanced
modulators are presented as the alternative solution with their individual performance met-
rics analyzed. In addition, the end-to-end performance of the proposed link architecture is
modeled providing guidance for both the design optimization of the advanced modulators
and the electrical circuits as a part of the complete monolithic electronic-photonic system.
Two of the core array elements on the photonic transmitter side and receiver side for the pro-
posed architecture are designed in the monolithic integration process platforms, with their
design procedure introduced, and the measurement results of the transmitter array element
demonstrate a promising performance metric for the realistic system.
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I would also thank Professor Miloš Popović for leading his photonics team at Boston Uni-
versity, and thank the students in his team, particularly Manuj Singh, Deniz Onural, Dorde
Gluhovic and Xinchang Zhang, for their knowledge of the photonic device. Among them, I
would like to give the special thank to Manuj Singh, for all the discussions with him that
helped me understand the device better, for his iterative work to clean up our design during
the tapeouts, and for the measurement work he made.

I would like to thank all the other students of the Integrated Systems Group for their
help. Thank you to Bozhi Yin and Daniel Kramnik for answering the packaging related
questions, and for sharing the useful building blocks. Thank you to Sarika Madhvapathy
and Hyeong-Seok Oh for helping with the substrate release process. The days that the
tapeout deadline approaches can be stressful, and I would like to thank Sunjin Choi and
Wahid Rahman for managing the tapeout repository and the top level assembly.

I have also achieved a lot from the students in Berkeley Wireless Research Center
(BWRC) outside ISG. I would like to thank Luya Zhang, Zhongkai Wang and Benyuanyi
Liu, as they are the senior students who can share their valuable experience. Thank you
to Zhaokai Liu for the information of packaging and evaluation board design. Thank you
to Meng Wei, Yikuan Chen for answering the RF related questions. Keeping health both
physically and emotionally is also an important part of the Ph.D. study, so in addition
I would like to thank Yue Dai for chatting about a wide range of interesting topics, and
thank Rebekah Zhao, Yi-Hsuan Shih and Liz Murray for the weekend badminton sessions.



x

I am also grateful for all the members and staffs in BWRC for maintaining a collaborative
environment. Special thanks to Candy Corpus-Steudeman and Mikaela Cavizo-Briggs for
organizing the wonderful events and for coordinating with the purchase orders.

I am also going to thank my friends who share the interesting stories in our daily life with
each other. Thank you to Canxun Zhang for being my roommate for 5 years and sharing
your impressive knowledge database. Thank you to Junjie Hu and Xiao Lyu, two of my
undergrad roommates, for keeping the frequency online chat even though we are not in the
same city. Witnessting the happiness is always pleasant, so I would like to thank Wenlong
Mou and Rui Zhang for inviting me to their wedding; in addition, thank you to Ziyu Ma
for inviting me to your wedding in New York and thank you to Bowen Yao for inviting me
to your wedding in Philadelphia, so I could get chance to plan these exciting long-distance
travels. Additionally, thank you to Chenhao Bao, for sharing thoughts on a wide range of
topics, including news, animations and so on.

Finally, I would like to give my special thanks to my mother, for raising me up, for
creating the best education environment that she could, for respecting the decisions I made,
for the emotional support of all time, and for the endless love.

Support: This material is based upon work supported by the National Science Foun-
dation under grant No. 2328945 and is supported in part by funds from federal agency and
industry partners as specified in the Future of Semiconductors (FuSe) program. This work
has also been supported in part by JUMP ComSenter, DII and BWRC member companies.



1

Chapter 1

Introduction

1.1 Motivation

The increasing demand for data capacity in modern wireless communication motivates the
exploration of advanced system architectures. One of the trends is to utilize the massive-
MIMO technique that replaces a single antenna with a large scale antenna array. With
the feature of beamforming, the massive-MIMO technique benefits from the feature of spa-
tial multiplexing and higher directivity. Utilizing higher frequency bands (50 - 100GHz and
beyond) further enables thousands of antenna elements per array panel for future commu-
nication and sensing systems.

There are various massive-MIMO architectures for aggregating and processing the RF

Figure 1.1: Diagram of present massive-MIMO architectures. Top: impractical fully
centralized array; bottom: two-stage fully connected array
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signals. A fully centralized array shown at the top of Fig. 1.1, where the baseband data
from an antenna array with a size of Ntotal is not processed before transmitted out of the
array. Due to the large capacity and the number of physical channels required for the
high-speed serial links, this architecture is by no means practical if they are realized with
electrical components. One architecture of a two-stage fully-connected array was therefore
proposed [1], shown at the bottom of Fig. 1.1. This architecture utilizes a Ntotal × Kuser

beamformer to convert the data from antenna dimensions to user dimensions. Given the fact
that the array size is much larger than the user size: Ntotal ≫ Kuser, there is significantly less
design constraint for the serial link with the bottom architecture. However, design challenges
still exist for this architecture in size, weight, power and cost (SWAP-C), especially if we
scale up the carrier frequency and the size of the massive-MIMO array: A higher carrier
frequency caused higher channel bandwidth that lead to the increasing number of baseband
samples and beamforming compute throughput, and it also brings stricter area constraint
as the antenna array co-packaged with the circuit follows the half-wavelength pitch. The co-
scaling of antenna array size and the number of users results in baseband processing blocks
with higher design cost, especially the beamformer with quadratically increasing power and
area. In summary, the scaling causes both the beamforming processors and the links from
ADCs /DACs to processors to begin dominating the SWAP-C of the array panel.

A critical reason for these design challenges is that the baseband processing is required
close to the antenna array, given the fact that the SERDES link in the fully centralized archi-
tecture sacrifices energy efficiency due to limited physical channels that can be implemented.
Emerging high-density, low-power silicon-photonic optical links however, address this design
constraint. Such links take advantage of lower crosstalk and loss along the link channel,
and feature wavelength division multiplexing (WDM) which reduces the number of physical
fiber channels. The proposed silicon-photonic links directly from mm-wave frontends to the
processing chips would enable radio unit (RU) disaggregation into a low SWAP-C sensor
panel and remote processor. This further enables new multi-static sensing and cell-free com-
munication architectures where many low SWAP-C panels per central processing site can be
organized to optimize the sensing and communication capacity.

Therefore, we proposed a silicon-photonic based architecture that is built with the an-
tenna array and the processing hub, which is shown in Fig. 1.2. The compact, low-power
mm-wave sensing element, consisting of a Low Noise Amplifier (LNA) driver monolithically
integrated with a silicon-photonic microring modulator (MRM), is implemented as an array
across the antenna site. The sensing element design is a critical building block that enables
the low SWAP-C mm-wave sensing arrays with thousands of them. The sensing array site
communicates with the processing hub via photonic links featuring wavelength division mul-
tiplexing (WDM), which reduces the number of physical channels (optical fibers), and takes
advantage of lower crosstalk and loss. The MRM is approximately 10µm in diameter and
10 fF in capacitance, typically 100 times smaller area and power footprint than the Mach-
Zehnder Modulator (MZM). While providing the high-bandwidth connectivity to the remote
processing hub, the design leverages tiny MRM footprint, monolithic integration with LNA
driver, and wavelength-multiplexing capability to realize energy-efficient, high-bandwidth
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Figure 1.2: Diagram of the proposed system architecture

density transmission. The processing site contains the laser source, the photonic receiver
(RX) hub as the frontend, plus the backend processing. This processing site handles all the
data conversion, beamforming and other additional post processing that is power consuming.

With the proposed architecture, the entire system is split into two subsystems that can
be implemented in different location with a medium- to long-reach distance. The compact
and low power antenna array site is implemented wherever the mm-wave signals are acces-
sible, and the more power-hungry processing site can be close to the back haul where the
power delivery is no longer a challenge. A promising evaluation and demonstration of such
electronic-photonic massive-MIMO architecture would explore a new path for the future of
large-capacity communication system.

1.2 Thesis Organization

The goal of this thesis is to illustrate the design of the silicon photonic transceiver array
element for the wireless receiver in a massive-MIMOmm-wave system. Chapter 2 begins with
the fundamentals and performance limitation of the basic electro-optical (EO) modulator
and then introduces the advanced modulators for high-frequency EO conversion. Chapter
3 analyzes the system level performance metrics of the silicon photonic system. Chapter 4
illustrates the design of a silicon-photonic mm-wave frontend as the element of the sensing
array with a commercial RFSOI process, parts of this work appear in

• [2] Ruocheng Wang et al. “A Monolithically Integrated Electronic-Photonic Front-end
Utilizing Micro-ring Modulators for Large-Scale mm-wave Sensing”. In: ESSCIRC
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2023- IEEE 49th European Solid State Circuits Conference (ESSCIRC). 2023, pp. 489–
492

• [3] Manuj Singh et al. “Electronic-Photonic Millimeter-Wave Sensing Element Based on
Monolithically Integrated LNA and Triple Cavity Ring Modulator”. In: 2023 European
Conference on Optical Communication (ECOC). 2023

Next design is developed in an advanced electronic-photonic process in Chapter 5. Chap-
ter 6 presents the design of the receiver element. Chapter 7 concludes the entire thesis.
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Chapter 2

Millimeter-Wave Electro-Optical
Conversion

In this section we start with the concept of microring modulators (MRM) by describing
how electrical signals get modulated to the optical band and characterizing the critical
design parameters that influence the electro-optical (EO) modulation efficiency. Then we
present the reason why single-MRM is fundamentally inefficient in handling mm-wave EO
modulation. Finally, we illustrate how dual-MRM and triple-MRM resolve the issue of high-
frequency mm-wave EO conversion.

2.1 Fundamentals of Microring Modulator

A typical single-MRM shown in Fig. 2.1 consists of a resonance cavity and one or more
coupling waveguides. The incident lightwave travels along the waveguides. The resonance
cavity makes the lightwave circulate and accumulate inside, and the coupling waveguides
enable the lightwave propagating into or out of the cavity. Given the assumptions of lossless
coupling, the steady-state transmission of the electric field from the input port to the through
port can be solved from the two equations [4]:[

Ẽthru

Ẽcav

]
=

[
t κ

−κ∗ t∗

] [
Ẽin

Ẽcav,rt

]
, Ẽcav,rt = arte

jϕrtẼcav (2.1)

⇒ tE ≡ Ẽthru

Ẽin

=
t− arte

jϕrt

1− t∗artejϕrt
(2.2)

In the equations, Ẽ represents the steady-state lightwave with time-varying phase, with
its magnitude proportional to the E-field strength, and with its square of magnitude equals
the lightwave power P ; t, κ are the self-coupling and cross-coupling coefficients of the lossless
coupling waveguide fulfilling |t|2+ |κ|2 = 1, art is the round-trip E-field magnitude transmis-
sion, and ϕrt is the round-trip phase shift. Fig. 2.2 shows an example of the magnitude and
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Figure 2.1: Diagram of a basic single microring modulator

phase of the E-field MRM transfer function, tE, with respect to ϕrt. Intuitively, when the
ring is on resonance, which means that the lightwave frequency equals a specific resonance
frequency ω0 so that ϕrt equals an integer multiple of 2π, the E-fields at different rounds
of trips inside the cavity are accumulated with the same phase, so that the accumulated
steady-state cavity E-field is maximized, and Ẽthru is minimized since the Ẽin and Ẽcavity,rt

contribute to the through port destructively. If the ring is off resonance, which means ϕrt

is far away from any integer multiple of 2π, the accumulated cavity E-field is minimized,
so that Ẽthru is very close to Ẽin. The extinction ratio (ER) describing the depth of the
Lorentzian shape in Fig. 2.2a depends on the relationship between 1 − a2rt and |κ|2, which
represent the energy dissipated and coupled into the cavity, respectively. In case these two
energy terms are equal, the highest extinction ratio will be obtained which is also known as
the critically coupled condition. In case t and art are closer to 1, the accumulated Ẽcavity,rt

will be more sensitive to ϕrt, which depends on the refractive index that can be modulated
by the voltage applied.

The modulated optical signal can be demodulated by one or more photodetectors (PDs)
into the photo current:

IPD = RPDẼPDẼ
∗
PD (2.3)

where RPD is the responsivity of a PD and ẼPD is the complex optical signal that reaches it.
The amplitude modulation and the phase modulation can be demodulated with intensity-
modulation direct-detection (IMDD) links [5–8] and coherent links [9–12], respectively. Ben-
efiting from the accumulation of incident lightwave, the response of an MRM is sensitive to
the refractive index modulation when it is close to the on-resonance state, while its footprint
of around 10 - 20µm in diameter and 10 - 20 fF in load capacitance are much smaller than the
conventional Mach-Zehnder modulator (MZM) with a typical length of at least hundreds of
microns and a capacitance over 1 pF [13–15].
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(a) Normalized through port power (b) Phase

Figure 2.2: E-field transfer function of three single MRM examples

2.2 Gain and Bandwith Limitations of Single MRM

Being derived from the steady-state analysis, Eq. 2.2 only applies to the cases where the
modulation voltage is varying slowly, which does not apply to mm-wave EO modulations.
To extend the characterization of MRMs into a wider modulation frequency range, time
domain analysis is required. The time domain behavior of the incident lightwaves, including
a which represents the amplitude of lightwave energy in the ring cavity, and Sin, Sthru which
represent the amplitudes of lightwave power that couples into and out of the cavity, described
by [16]:

d

dt
a = (jω − ro)a− j

√
2reSin, Sthru = Sin − j

√
2rea (2.4)

, where ω is the angular frequency of the lightwave, ro is the material-dependant decay rate
of the E-field inside the cavity waveguide, and re represents the mutual coupling between
the resonance cavity and the bus waveguide. Given the group velocity vg and the ring radius
R, these parameters can also derive the values of those in Eq. 2.1:

−ln(art) = ro
2πR

vg
, ϕrt = ω

2πR

vg
, κ2 = 2re

2πR

vg
(2.5)

Time domain analyses based on these equations show part of the frequency response of
single-MRMs [17, 18]. To further reveal its gain and bandwidth limitation, we take the
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Figure 2.3: Spectral diagram denoting the operating parameters of a single MRM.
Orange dashed line: cavity optical power response; blue arrow: laser tone;

green arrows: sidebands generated by the electrical modulation;
ω0: resonance frequency; ∆ω = ω − ω0: detuned frequency; ωsig: modulation frequency

equation in [18] assuming a cosine wave at angular frequency ωsig is modulating the single-
MRM, causing the instant resonance frequency to change with a swing of δωm, and we only
keep the response to refractive index modulation by decoupling the electrical bandwidth due
to the parasitic resistance of the modulator:

Sthru(t) ∝ Ẽthru(t)

= Eine
jωt

{
j∆ω + ro − re
j∆ω + ro + re

− jreδωm

(j∆ω + ro + re)2 + ω2
sig

[
cos(ωsigt) +

ωsigsin(ωsigt)

j∆ω + ro + re

]}
(2.6)

Here ∆ω is the frequency detuning from the resonance frequency ω0, and δωm is proportional
to the swing of the sine wave. The terms containing cos(ωsigt) and sin(ωsigt) can also be
expressed as a combination of e±jωsigt representing the two sidebands in the optical domain:

Ẽthru(t) ≡ Eine
jωt

(
c̃0 + c̃SB+e

jωsigt + c̃SB−e
−jωsigt

)
c̃0 =

j∆ω + ro − re
j∆ω + ro + re

c̃SB+ =
−jδωm

2
· re
(ro + re + j∆ω)[ro + re + j(∆ω + ωsig)]

c̃SB− =
−jδωm

2
· re
(ro + re + j∆ω)[ro + re + j(∆ω − ωsig)]

(2.7)

The spectral diagram containing the two sidebands are shown in Fig. 2.3. Intuitively the
modulation information is contained in these two sidebands. In the next chapter, we will
prove that we can build a link so that the amplitude of the output photo current is pro-
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portional to the sideband conversion efficiency (SCE) cSB±, which are defined as the ab-
solute values of c̃SB±. For the RF/mm-wave applications, only one sideband will be uti-
lized in order to generate the baseband signal at the photodetector, and by observing that
cSB+(−∆ω) = cSB+(∆ω), we only need to look into one of these two coefficients:

cSB ≡ cSB+ =
δωm

2
· re√

[(ro + re)2 +∆ω2] [(ro + re)2 + (∆ω + ωsig)2]
(2.8)

There are four design and operating parameters for the ring modulator: ∆ω, re, ro and δωm,
and we will focus on the first three parameters as cSB+ is proportional to δωm. The equation
shows that any non-zero combination of (∆ω, ωsig) leads to lower cSB, so can look into the
case when ∆ω = 0:

cSB(ωsig)|∆ω=0 =
δωm

2
· re
(ro + re)2

· 1√
1 +

(
ωsig

ro+re

)2 (2.9)

This represents the only curve that achieves the highest SCE among the full range of ∆ω
when ro, re are fixed, with the highest value at ωsig = 0 and its 3 dB bandwidth are:

ω3dB = ro + re

cSB(ωsig = 0)|∆ω=0 =
δωmre

2(ro + re)2
=

δωm

2
· re
ro + re

· 1

ω3dB

(2.10)

Practically, re
ro+re

is around 1
2
which corresponds to the critical coupling, and in this case

the SCE can also be expressed as:

cSB(ωsig = 0)|∆ω=0 ≈
δωm

4ω3dB

≈ δωm

8ro
(2.11)

The bandwidth design specification gives the baseline SCE for a single-MRM at low
frequencies. At higher frequencies, however, the SCE starts to roll off, and the goal is to find
out the optimal combination (ro, re,∆ω) that maximizes cSB. For the roll-off of cSB from
its baseline value in Eq. 2.10, Fig. 2.4 shows the relationship between it and the normalized
modulation and detuning frequency. The contour plot indicates for a modulation frequency
that is decently low, e.g. less than 2 when it is normalized to (ro + re), the tuning around
−1

2
ωsig enables the highest cSB. If the normalized frequency exceeds this threshold, the

optimal detuning seems to get closer to −ωsig or 0. This observation can be verified by
solving the extrema of Eq. 2.8 and take the extrema that represent the maximum value:

∂

∂(∆ωsig)

{[
(ro + re)

2 +∆ω2
] [
(ro + re)

2 + (∆ω + ωsig)
2
]}

= 0

⇒
(
∆ω +

1

2
ωsig

)[
∆ω2 + ωsig∆ω + (ro + re)

]
= 0

(2.12)
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Figure 2.4: Roll-off [dB] of cSB with respect to normalized modulation frequency
ωsig

ro+re
and

normalized detuning ∆ω
ro+re

. White curves: set of (ωsig,∆ω) that maximizes cSB for the
specific ωsig. Black dashed lines: lines that the white curves get close to

There are two cases for solving this equation. If ωsig < 2(ro + re), there is only one solution
and it leads to the maximum SCE:

∆ωopt0 = −1

2
ωsig

cSB|∆ω=∆ωopt0 =
δωm

2
· re
(ro + re)2

· 1

1 +
ω2
sig

4(ro+re)2

(2.13)

If ωsig ≥ 2(ro+re), the previous solution still exist but the extrema will be the local minima.
Instead, we will have the other two solutions that represent the maximum value are these
two values are the same:

∆ωopt± =
−ωsig ±

√
ω2
sig − 4(ro + re)2

2

cSB|∆ω=∆ωopt+ = cSB|∆ω=∆ωopt− =
δωmre

2(ro + re)2
· ro + re

ωsig

(2.14)

These results are plotted in Fig. 2.5, where Fig. 2.5a shows several equal-ωsig sections from
the contour plot in Fig. 2.4 and visualizes the split of the optimal ∆ω when ωsig increases,
and Fig. 2.5b presents the “best” SCE we can achieve by tracking the detuning with the
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(a) Normalized cSB v.s. detuning with different
modulation frequency

(b) cSB and bandwidth v.s. normalized
modulation frequency

Figure 2.5: Normalized sideband conversion efficiency in different scenarios

modulation frequency. From the plot, the detuning improves the SCE to some extent around
the original 3dB bandwidth (ro+re), but this improvement disappears when the modulation
frequency is far above. Compared to the baseline SCE in Eq. 2.10, the roll-off when ωsig >
2(ro + re) will be:

cSB,opt(ωsig → 0)

cSB,opt(ωsig)
=

ω3dB

ωsig
(2.15)

Eq. 2.15 reveals that there is a fundamental conversion gain degradation for single-MRM
when it is modulated by narrow-band signals with bandwidth much lower than its carrier
frequency. Engineering ro and re can potentially boost the 3dB frequency, but SCE at ωsig

does not benefit after some point, since for the same drive voltage and δωm, the sharpness of
the Lorentzian shape would be reduced, providing a similar trade-off to the one well-known
in electronics as the gain-bandwidth product reformulated here as a ”sharpness-bandwidth”
product. This penalty of single-MRM strongly motivates developing novel electro-optical
modulators.

2.3 Dual Microring Modulator

Dual-microring modulators [19–24] are reported to be able to address the narrow band
modulation that is a challenge for single-MRM. The diagram of a basic dual-ring modulator
is shown in Fig. 2.6 containing two couplers between the two identical cavities and the bus
waveguide, the steady-state response can be derived from the equation similar to Eq. 2.1,
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Figure 2.6: Diagram of a basic dual microring modulator

with the through-port response of a single MRM incorporated into the round-trip transfer
function of the ring closer to the bus waveguide:[

Ẽthru

Ẽcav

]
=

[
tin κin

−κ∗
in t∗in

] [
Ẽin

Ẽcav,rt

]
Ẽcav,rt = tE,singlearte

jϕrtẼcav =
tµ − arte

jϕrt

1− t∗µarte
jϕrt

arte
jϕrtẼcav

(2.16)

Based on Eq. 2.16, Fig. 2.7 presents example of the steady-state through port power of
the dual-MRM with varied κµ, and for simplicity the critically coupled condition is assumed,
which leads to κ2

in = 1−a4rt. One observation is that in case the round-trip phase shift inside
both rings are multiples of 2π, which corresponds to on-resonance state for the single-MRM,
the dual-MRM as one device is off-resonance. The reason is that since the cavity farther
away from the waveguide is on resonance, the power at its through port, or say in the cavity
closer to the bus waveguide, is zero. Thus, there is no E-field interaction between the dual-
cavity system and the bus waveguide, and this leads to the off-resonance situation. With
the mutual coupling, two resonance notches appear above and below that of the isolated
single-MRM, which are known as two supermodes. In most cases tµ of the mutual coupling
can be modeled as a real number, split has positive correlation with the mutual coupling
strength shown in Fig. 2.7a, which is analogous to coupled inductor-capacitor tanks [25–28]
as illustrated in Fig. 2.8, since both systems follow the electromagnetic wave equations and
have interaction between two resonance subsystems. The supermode frequencies follow the
following equation:

ω− = ω0 − ωµ

ω+ = ω0 + ωµ

ωµ = |κµ|
vg
2πR

(2.17)
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(a) ̸ tµ = 0 (b) |κµ| = 8× 10−3

Figure 2.7: Normalized through port power of a dual-MRM behavioral model, where
tµ =

√
1− |κµ|2ej ̸ tµ

where ω0 is the intrinsic resonance frequency of the two rings when they are not mutually
coupled. In some other cases, tµ might be a complex number, and the split of the two notches
is also related to its angle, though the response becomes asymmetric, as shown in Fig. 2.7b.

As Fig. 2.5b illustrates that the gain of a single MRM peaks at the detuning frequency
and is maximized when the detuning is zero, the two notches in Fig. 2.7 imply that if the
laser is parked at one of them, and the modulation frequency happens to be equal to the
frequency of the split, then the gain can be potentially maximized. The intuition is verified
by the analysis [19] by applying the time-domain CMT model to a more generalized dual-
MRM, which reveals two supermodes corresponding to the two notches. According to it,
if a dual-MRM is modulated by the push-pull signals at ωRF so that the instant resonance
frequencies of the two rings are modulated in the form of ωres± = ω0 ± δωm

2
cos(ωRF t), and if

the laser frequency ω plus either one of the potential sideband frequencies ω±ωRF are close
to the two supermodes, a relatively strong optical sideband will be generated, and the ratio
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Figure 2.8: Illustration of resonance frequency split caused by mutual coupling
Left: isolated; Middle: weak couple; Right: strong couple

Figure 2.9: Spectral diagram denoting the operating parameters of a dual MRM.
Orange dashed line: cavity optical power response; blue arrow: laser tone;

green arrow: sideband generated by the electrical modulation;
ω0: intrinsic resonance frequency; ω0 ± ωµ: coupled resonance frequencies (supermodes);

∆ωs,∆ωa: detunings from the symmetric / asymmetric supermodes;
ωRF : RF modulation frequency
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of the optical sideband power to the pump power is derived as:

GSB ≡ PSB

Ppump

=
1
4
re,sre,aδω

2
m

[(ro + re,a)∆ωs + (ro + re,s)∆ωa]
2 +

[
(ro + re,s)(ro + re,a) +

(
δωm

4

)2 −∆ωs∆ωs

]2
(2.18)

Here ro is the decay rate of the standalone cavities assuming that they are not mutu-
ally coupled, re,s, re,a are the coupling rates of the symmetric and asymmetric supermodes,
and ∆ωs,∆ωa are the detuning from the symmetric and asymmetric resonance, denoted in
Fig. 2.9. In case of basic dual ring modulator shown in Fig. 2.6 where re,s = re,a, if they are
designed to have re,s = re,a = ro which optimizes GSB in the linear regime, the equation is
simplified to:

GSB =
1
4
r2oδω

2
m

[2ro(∆ωs +∆ωa)]
2 +

[
4r2o + ( δωm

4
)2 −∆ωs∆ωs

]2
=

δω2
m

64r2o

[
1 + (∆ω2

s+∆ω2
a

4r2o
+ ∆ω2

s∆ω2
a

16r4o
) + ( 1

32
− ∆ωs∆ωa

128r2o
)( δωm

ro
)2 + 1

4096
( δωm

ro
)4
] (2.19)

And in case ∆ωs,∆ωa, δωm ≪ ro, meaning that both the detuning and the modulation is
weak and the modulation is in the linear region, we have the very simplified equation along
the sideband conversion efficiency we defined:

Glinear
SB =

δω2
m

64r2o

clinearSB =
√

Glinear
SB =

δωm

8ro

(2.20)

The expression equals that in Eq. 2.11, proving that by engineering the mutual coupling
to match the carrier frequency of the signal, the dual-MRM provides the same SCE as a
single-MRM for the low-frequency signal.

The 3 dB bandwidth of the dual-MRM can also be derived from Eq. 2.18. The presump-
tion is that the modulation is weak, and either the pump laser or the sideband is aligned
with a supermode while the other is slightly misaligned, by solving the equation:

GSB(∆ω′
s,∆ωa = δωm = 0) = GSB(∆ωs = δωm = 0,∆ω′

a) =
1

2
GSB(∆ωs = ∆ωa = δωm = 0)

(2.21)
and the solution is:

∆ω′
s = ±(ro + re,s)

∆ω′
a = ±(ro + re,a)

(2.22)
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Similarly we have re,s = re,a = ro in most cases, and finally the expression of the 3 dB
bandwidth is:

ω3dB = 2∆ω′
s = 2∆ω′

a = 4ro (2.23)

Eq. 2.17 and Eq. 2.23 together explain the benefits of the dual-MRM: for the RF signal
with specific bandwidth and carrier frequency, the target is to design a split that equals
the carrier frequency; and for the cavity, we would like to have 4ro slightly higher than the
RF bandwidth so that the in-band signal does not suffer from in-band gain penalty, and
that we also achieves the best possible SCE. Notice that the split and the bandwidth are
determined by two decoupled design parameters so there is no design “trade-off” where we
need to sacrifice one performance metric for the other.

2.4 Triple Microring Modulator

While the dual MRM resolves the issue of narrow band modulation at high frequencies,
for any one design variant, its optimal modulation frequency is determined at the time of
the design by engineering the mutual coupling coefficient κµ. If this frequency changes due
to process variation, or if the entire system is desired to operate with a variable carrier
frequency, the tunability is highly preferred. Although we can tune the intrinsic resonance
frequencies of two rings to modify the resonance frequency split, this tuning confronts the
following challenges:

• The heater power applied to the two cavities can be decomposed to a common-mode
term and a differential-mode one. The common-mode term shifts the two supermode
frequencies together as an entity, so only the differential-mode term is the one that
controls the split. Noticing that the two cavities are identical if we ignore the location
of the bus waveguide, a positive and a negative differential term of the same strength
give us the same split. Intuitively, making the intrinsic resonance different should make
the split larger, so the split of the dual-MRM has a lower limit through this differential
detuning, which is the split where the two cavities have the same resonance frequency.

• The tuning can be conducted through changing the DC bias voltage or the heater
power. DC bias voltage changes the decay rate of the cavity which is not preferred.
Thermal tuning has a wider tuning range and it does not have a significant impact
on the decay rate, but the ring cavities are so close that the heater power will couple,
which leads to larger required tuning strength compared to the thermal tuning of the
single-MRM, as the dual-MRM requires a differential thermal tuning.

Therefore, a better tuning technique needs to be implemented to tune the split in both
directions in case we do not have good control over the process variation, and if possible
avoid differential thermal tuning of the cavities that are physically close. Inspired from
Eq. 2.17, the tuning can be realized if κµ is controlled, and this motivates the design of a
triple-microring modulator.
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Figure 2.10: Top: a triple-cavity system; bottom: central cavity with signal names marked

Fig. 2.10 shows the diagram of a triple-cavity system, where the mutual coupling coeffi-
cients between the central cavity to the two outside cavities are the same: κµ,left = κµ,right =
κµ. Intuitively, the mutual couplings between the central ring and the outside rings are
still κµ, but κeq, the effective coupling between the outside rings depends on the round-trip
phase shift ϕrt. To find out its expression, we can take out the central cavity and the two
inter-cavity couplers as shown in Fig. 2.10:[

Ẽthru1

Ẽthru2

]
=

[
teq κeq

−κ∗
eq t∗eq

] [
Ẽin1

Ẽin2

]
(2.24)

For simplicity, we can treat the central ring as two sections of phase shifters with no loss,
so the two inter-cavity couplers gives us:
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[
Ẽthru1

Ẽcav1

]
=

[
tµ κµ

−κ∗
µ t∗µ

] [
Ẽin1

Ẽcav2,ht

]
=

[
tµ κµ

−κ∗
µ t∗µ

] [
1 0
0 ejϕht

] [
Ẽin1

Ẽcav2

]
=

[
tµ κµe

jϕht

−κ∗
µ t∗µe

jϕht

] [
Ẽin1

Ẽcav2

]
[
Ẽthru2

Ẽcav2

]
=

[
tµ κµ

−κ∗
µ t∗µ

] [
Ẽin2

Ẽcav1,ht

]
=

[
tµ κµ

−κ∗
µ t∗µ

] [
1 0
0 ejϕht

] [
Ẽin2

Ẽcav1

]
=

[
tµ κµe

jϕht

−κ∗
µ t∗µe

jϕht

] [
Ẽin2

Ẽcav1

]
(2.25)

Here ϕht equals half of ϕrt which is the round-trip phase shift. After canceling Ẽcav1 and
Ẽcav2 in Eq. 2.25, we have:

teq =
t− t∗ejϕrt

1− t∗2µ ejϕrt

|κeq| =
|κµ|2∣∣1− t∗2µ ejϕrt

∣∣ (2.26)

We can see that teq is no longer guaranteed to be a real value. In addition, κeq highly
depends on the round-trip phase shift ϕrt, with its minimum and maximum value equal to:

min{|κeq|} =
|κµ|2

1 + |t∗µ|2
≈ 1

2
|κµ|2

max{|κeq|} =
|κµ|2

1− |t∗µ|2
= 1

(2.27)

With interactions in between, the triple-cavity system has three resonance supermode
frequencies at which the optical power circulates with minimum loss, and at which the
notches can be observed from the through port optical power. Since the interactions can be
controlled by the phase shift of the central cavity, the splits between the three notches are
also tunable, as plotted in Fig. 2.11.

For triple-MRMs, in addition to ωµ that is related to the splits of the three supermodes,
another auxiliary parameter T representing the detuning will be introduced as well, their
expressions are:

ωµ = |κµ|
vg
2πR

T =
∆ωD0 + j(ro,m − ro)

2
−

√[
∆ωD0 + j(ro,m − ro)

2

]2
+ 2ω2

µ

(2.28)

Here the the decay rates of the outside cavities are both ro while the decay rate of the middle
cavity is ro,m. The outside cavities also have the same intrinsic resonance frequency ω0 and
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Figure 2.11: Normalized through port power of a triple-MRM behavioral model with
central ring phase shift detuning ∆ϕc

the central cavity has its resonance frequency detuned by ∆ωD0 from ω0. Using the similar
time-domain CMT model, the three resonance frequencies are:

ω− = ω0 +
2ω2

µ

T
ω· = ω0

ω+ = ω0 − T

(2.29)

And with the identical cavity assumption meaning ro = ro,m, the sideband conversion
efficiency in terms of power like Eq. 2.30 for dual-MRM is:

GSB =

1
4

2ω2
µ

2ω2
µ+T 2 re,ore,mδω

2
m

[(ro + re,o)∆ω1 + (ro + re,m)∆ω2]
2 +

[
(ro + re,o)(ro + re,m) +

2ω2
µ

2ω2
µ+T 2

(
δωm

4

)2 −∆ω1∆ω2

]2
(2.30)

In this equation, ∆ω1 and ∆ω2 still represent the misalignment between the pump laser
or the sideband and the supermodes, re,o is the external coupling rate of the outside cavities
and re,m is the external coupling rate of the middle cavity. A simplified case would be when
the misalignment is zero so GSB reaches its maximum value, δωm ≪ ro representing small
signal modulation, and ∆ωD0 = 0 indicating zero central cavity detuning, where we have:

GSB =
1
8
re,ore,mδω

2
m

(ro + re,o)2(ro + re,m)2
(2.31)
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Depending on what we are trying to optimize, the values of re,o and re,m might vary but
generally this conversion efficiency of the triple-MRM is approximately 3 dB lower than that
of the dual-MRM, and its 3 dB bandwidth is similar to or slightly higher than that of the
dual-MRM.

2.5 Tunability and Conversion Efficiency Comparison

Although the triple-MRM claims to have wider tuning range, especially for its ability to tune
the split lower than the limit of a dual-MRM, its tuning range, together with the sideband
conversion efficiency after tuning, still needs to be verified. From Eq. 2.17, a triple-MRM
with the identical cavity assumption originally has a split of ωRF0 = T0 =

√
2ωµ when

∆ωD0 = 0, and if it is detuned for a different frequency ωRF , we have

ωRF =
∆ωD0

2
−
√

ω2
RF0 +

1

4
∆ω2

D0

⇒ ∆ωD0

ωRF0

=
ωRF

ωRF0

− ωRF0

ωRF

(2.32)

There is also another solution which is the inverse, in which case
2ω2

µ

T
instead of T is tuned to

the target ωRF . Similarly, for a dual-MRM, if one of the cavities has its resonance detuned
by 1

2
∆ωD0 and the other detuned by −1

2
∆ωD0, we have: :

ωRF =
√

ω2
RF0 +∆ω2

D0

⇒ ∆ωD0

ωRF0

=

√(
ωRF

ωRF0

)2

− 1

(2.33)

|∆ωD0| represents the required detuning strength which is linearly dependent on the
heater power, so we would like to have it reasonably small, which benefits the total power con-
sumption. The comparison between the dual-MRM and triple-MRM is shown in Fig. 2.12a,
where we can observe that triple-MRM requires less detuning strength than dual-MRM. In
addition, triple-MRM can handle the cases where ωRF < ωRF0 whereas dual-MRM cannot.

However, analysis [29] implies that there are also cases where the dual-MRM outper-
forms the triple-MRM. Fig. 2.12 shows the performance of a dual-MRM and a triple-MRM
originally targeting the same frequency split, where the green and the blue curves represent
the frequency response of the ring variant without detuning, and the red and the dark red
curves are the envelopes of their peak SCE with respect to the detuned frequency split. The
dual-MRM has about 2 dB higher SCE because of less lossy mode profiles, and though the
dual-MRM’s envelope curve decreases faster with the increasing ωRF/ωRF0, its absolute SCE
is still beyond that of the triple-MRM. Nevertheless, triple-MRM still has a decent perfor-
mance considering its much wider tuning range. In addition, the analysis assumes that the
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(a) Required detuning strength (b) Normalized SCE with detuning [29]

Figure 2.12: Detuning performance comparison

triple-MRM has equally lossy central cavity, and as the central cavity is not modulated by
the high speed signal, it can have light doping profile to form a less lossy passive cavity,
which boosts the triple-MRM’s SCE to nearly the same as that of the dual-MRM.

2.6 Chapter Summary

We summarize here the performance of different types of MRM for RF/millimeter-wave
modulation. Single-MRM is an important building block for modern photonic links, and
although its SCE is boosted because of the resonance cavity, it is fundamentally limited by
the inherent gain-bandwidth trade-off. This makes it particularly unsuitable for handling
narrow-band signals with a high carrier frequency, due to the fact that either the pump laser
or the sideband will fall out of its optical band if the decay rate is low, and the SCE is
poor if we target a large decay rate to make the optical bandwidth high. Dual-MRM and
triple-MRM however, resolve this limitation. Additional rings increase the design degrees
of freedom enabling separate control of the resonance split frequency (to the RF carrier)
from the resonance bandwidth (to the RF signal bandwidth). This allows them to achieve a
similar SCE while handling a narrow band RF/mm-wave signal, compared to a single-MRM
that handles the baseband signal of the same bandwidth. The dual-MRM has higher SCE
than the triple-MRM, while the triple-MRM has a wider tuning range.
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Chapter 3

Link Performance Analysis

In this chapter, the link performance analyses, including but not limited to linearity, gain
and noise, will be established for both the circuits and the photonics, which together provide
the direction for the electronic-photonic system design.

3.1 Conversion Gain

The simplified photonic link element for the proposed architecture is shown in Fig. 3.1. Where
one branch of the laser signal Ẽin passes through an MRM to generate the modulated signal
Ẽthru, and get mixed with a reference signal Ẽref via a 2×2 - coupler [30] to generate the
signal pair Ẽ± that reach the balanced photodetector pair. The general output current
follows the equation below:

Figure 3.1: Diagram of a MRM-based coherent link



CHAPTER 3. LINK PERFORMANCE ANALYSIS 23

Iout = I+ − I−

= RPD(Ẽ+Ẽ
∗
+ − Ẽ−Ẽ

∗
−)

=
1

2
RPD

[
(Ẽthru + Ẽref )(Ẽ

∗
thru + Ẽ∗

ref )− (Ẽthru − Ẽref )(Ẽ
∗
thru − Ẽ∗

ref )
]

= RPD(ẼthruẼ
∗
ref + Ẽ∗

thruẼref )

(3.1)

When it is used in regular high speed serial links where the single-MRM is used and the
modulation signal is in baseband, we usually obtain the signals Ẽin, Ẽref by splitting the
optical power from a single-tone laser source and insert a phase shifter, so that:

Ẽref = kEẼine
j(ωt+ϕref ) (3.2)

Compared to the IMDD link that converts the modulated laser power to the photocurrent,
the presented coherent link which demodulates the phase modulation usually performs at
higher energy efficiency if configured properly [31], and this is one of the reason that this
coherent link architecture is chosen. The other reason to utilize it is that Ẽref does not need
to be from the same laser tone as Ẽin: suppose there are two laser tones, one with power Pin

and angular frequency ωin, and the other tone with power Pref and angular frequency ωref ,
so the two branches of input signals fulfill the following equations and constraints:

Ẽin = Eine
j(ωint+ϕin)

Ẽref = Erefe
j(ωref t+ϕref )

Ein =
√
Pin, Eref =

√
Pref , ωref − ωin = ωRF

(3.3)

The modulator is modulated by an electrical signal with a carrier frequency of ωRF an a
slow-varying amplitude of vamp(t):

vRF (t) = vamp(t)cos(ωRF t+ ϕRF ) (3.4)

From the analysis in the previous section, there will be one or two sidebands generated at
the through port of the modulator, plus the residual signals from the original input laser
tone:

Ẽthru = Eine
j(ωint+ϕin) ·

[
c̃residual + c̃SB+(t)e

j(ωRF t+ϕRF ) + c̃SB−(t)e
−j(ωRF t+ϕRF )

]
(3.5)

where c̃SB+(t) = cSB+(t)e
jϕSB+ , c̃SB−(t) = cSB−(t)e

jϕSB− are two slow-varying complex terms
that describe the amplitudes and phases of the two sidebands. If the modulation is linear,
the magnitudes of c̃SB+(t), c̃SB−(t) should be proportional to vamp(t), while the phases of
them should be independent of vamp(t) and t [19]. In the spectral domain, Ẽthru contains
three frequency elements, and by filtering one of them:

Ẽthru+ ≈ Eine
j(ωint+ϕin) · c̃SB+(t)e

j(ωRF t+ϕRF ) (3.6)
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Figure 3.2: Spectral diagram of the proposed link element

and feeding the output into the 2×2 - coupler with Ẽref , based on Eq. 3.1 we have:

Iout(t) =RPD(ẼthruẼ
∗
ref + Ẽ∗

thruẼref )

=RPD

√
PinPrefcSB(t)cos [(ωRF + ωin − ωref )t+ (ϕSB+ + ϕRF + ϕin − ϕref )]

=RPD

√
PinPrefcSB+(t)cos(ϕSB+ + ϕRF + ϕin − ϕref )

(3.7)

By defining ϕeq+ = ϕSB+ + ϕin − ϕref which is independent from the modulation signal, we
have

Iout(t) =RPD

√
PinPrefcSB+(t)cos(ϕRF + ϕeq+) (3.8)

The output has only has a slow-varying time-dependent term cSB+ because this sideband
is close to the reference tone, and Fig. 3.2 presents the spectral diagram showing the core
freqeuncy components. If we keep all the sidebands and the residual pump, there will be
additional current components, but noticing that the only two frequency components that
are close to each other are Ẽthru and Ẽref , all the other remaining time-dependent current
components will be fast-varying, for example, cos(ωRF t) and cos(2ωRF t). As ωRF is much
higher than the bandwidth of the slow-varying terms cSB±(t), we can choose to keep Ẽthru

without filtering in the optical domain, but instead place a low-pass filter in the electrical
frontend to obtain the same output photo current as expressed in Eq. 3.8. In addition, we
do not even have those optical signal components that potentially require filtering: if the
dual-MRM is implemented, aligning ωin with the left supermode frequency that achieves the
maximum cSB+ automatically makes cSB− and cresidual negligible, and for triple-MRM, we
can choose to align ωin with the left-most supermode frequency instead of the central one.

This indicates that the amplitude of the output photo current is proportional to cSB+

as we claimed. Once ϕeq+ is set properly so that |cos(ϕRF + ϕeq)| = 1, we are able to



CHAPTER 3. LINK PERFORMANCE ANALYSIS 25

achieve the maximum output amplitude although this is not necessary in a realistic system
implementation, as we can create a replica of the signal, apply ϕeq+,I , ϕeq+,Q with 90 degrees
of phase shift to realize the complex demodulation.

The expression of cSB can be derived from Equation 2.20, and given the fact that the
3 dB bandwidth of the dual-MRM based ring is fBW = 2(ro + re)/2π = 2ro/π, so:∣∣∣∣ cSBvamp

∣∣∣∣ = 1

8ro
·
∣∣∣∣ δωm

vamp

∣∣∣∣ = π

4ro
·
∣∣∣∣∂fres∂V

∣∣∣∣ = 1

2fBW

·
∣∣∣∣∂fres∂V

∣∣∣∣ (3.9)

Here the resonance frequency change per unit voltage, kf,V ≡ ∂fres/∂V , is widely used to
characterize the performance of the phase shifter. If we dig into the mechanism of kf,V , since
L representing the circumferences of the two rings don’t change during modulation, we have:

n(V )L = N · λres(V ) = N · c

fres(V )

⇒ L
∂n

∂V
= − Nc

f 2
res0

· ∂fres
∂V

⇒ ∂fres
∂V

= −fres0 ·
∂n

∂V

(3.10)

, where n(V ) is the effective refractive index of the resonance cavity modulated by the volt-
age, N is an integer representing the ratio of the optical path length of the cavity and the
resonance wavelength we care about, and λres is the resonance wavelength. The transcon-
ductance equation from the junction voltage shows that the decay rate ro and the refractive
index modulation coefficient ∂n

∂V
of the modulator, which are both material related, are the

dominant factors from the ring, while the geometric parameters like the radius does not
contribute to the gain much, unless they significantly influence other factors like the bending
loss of the ring waveguide:

Gm,j =
∂iout
∂Vj

= RPD

√
PinPref ·

kf,V
2fBW

(3.11)

Equation 3.11 does not consider the energy loss factors of the grating couplers shown in
Fig. 3.2 or the parasitic resistance from the electrodes of the modulator to the actual junc-
tions. Coupler loss ηc can be incorporated into the terms Pin and Pref . The modulated arm
passes through three grating couplers in total, with two at the photonic transmitter and one
at the photonic receiver. The reference arm on the other hand, can bypass the photonic
transmitter, so equivalently we have:

Pin,eq = η3cPin, Pref = ηcPref

Gm,j = RPD

√
Pin,eqPref,eq ·

kf,V
2fBW

= η2cRPD

√
PinPref ·

kf,V
2fBW

(3.12)

To verify the accuracy of both the analytic model of the dual-MRM and that of the
effective conversion gain model, the Simulink models are established from an open-source
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(a) Simulink model of the dual-MRM (b) Comparison between analytic solution and
simulation

Figure 3.3: Conversion gain characterization of the dual-MRM based link

toolbox [32] to characterize the transient behavior. The model of a dual-MRM is shown
in Fig. 3.3. It consists of the waveguide couplers and the phase shifters. The phase shifter
takes the material parameters fitting from the device measurement so that the nonlinear
effects, including but not limited to the nonlinear voltage to effective index modulation, are
also considered. The voltage input represents the junction voltage that can instantly change
the effective index of the phase shifter. In the conversion gain simulation, the devices block
that represents the link shown in Fig. 3.1, where the modulator is replaced by the dual-
MRM model as Fig. 3.3a shows with a resonance split of 75GHz, the 2×2 - coupler and the
balanced photo detectors are both ideal lossless devices with infinite bandwidth. We apply
the electrical modulation signals as v±(t) = VDC ± vampcos(2πfRF t) and the optical signals
as Ẽref = Ẽin = Eine

jωoptt. With the specified input signals, the output current will be a
fast varying term with a frequency of fRF , while its amplitude will become independent of
the ϕeq+, based on the assumption that there is no residual pump laser component in the
through port optical signal:

iout(t) =RPD

√
PinPrefcSB+(t) (3.13)

where cSB+(t) is a time-independent, fRF -dependent term that is proportional to vamp. The
comparison of the frequency response of the analytic model and the simulation are plotted in
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Fig. 3.3. The results are very similar in terms of the peak gain while showing a discrepancy
in the bandwidth and the symmetry of the response. The cause of such discrepancy is the
existence of the residual pump laser at angular frequency ωopt at the though port of the
MRM. Its amplitude and phase are slightly dependent of the modulation frequency. As a
result, the effective pump laser tone propagating out of the 2×2 - coupler has its amplitude
varying with fRF , which results in the slightly different output current amplitude.

3.2 Noise

The major portion of the noise originates at the output of the link from the shot noise of
the balanced photo detector, with a power spectral density (PSD) of:

SI,out(f) = SI,shot =
i2shot
∆f

= 2qIDC (3.14)

, where q is the charge of an electron and IDC is the static current flowing through the
photodetector. Since there are two photodetectors shown in Fig. 3.1, the noise they generate
are uncorrelated, hence we have

SI,shot = 2q(I+ + I−)

= 2q · RPD(Ẽ+Ẽ
∗
+ + Ẽ−Ẽ

∗
−)

= 2q · 1
2
RPD

[
(Ẽthru + Ẽref )(Ẽ

∗
thru + Ẽ∗

ref ) + (Ẽthru − Ẽref )(Ẽ
∗
thru − Ẽ∗

ref )
]

= 2qRPD(ẼthruẼ
∗
thru + Ẽ∗

ref Ẽref )

= 2qRPD(Pthru + Pref )

(3.15)

The sideband power is usually much lower than the reference power, which is one of the
reasons to use the coherent link, so Pthru + Pref ≈ Pref . Finally, if we take the coupler loss
into account, we have:

SI,shot = 2qRPD(Pthru,eq + Pref,eq)

≈ 2qRPDPref,eq

= 2qηcRPDPref

(3.16)

The gain and noise model of such a link is very similar to a MOSFET common-source
amplifier: it has the series RC network Rj−Cj at the input junction resulting in the physical
noise source and loss at high frequencies, can be characterized by the transconductance gain,
and have the noise current at the output. Therefore, the noise figure of the link has the similar
expression:

F = 1 +
Rj

RS

+
SI,shot

4kTRS

· 1

|AV,jGm,j|2

AV,j =
1

1 + jω(RS +Rj)Cj

(3.17)
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(a) NF v.s. resonance sensitivity.
Plaser = 0dBm

(b) NF v.s. total laser power.
fBW = 5GHz

Figure 3.4: Scaling of NF with resonance frequency sensitivity kf,V and total laser power
Plaser. Assumptions: Pref = Pin = Plaser/2, ηc = -2 dB, RPD = 1A/W and Qj = 2.

By substituting SI,shot by the expression in Eq. 3.16 and Gm,j by that in Eq. 3.12, we have:

F = 1 +
Rj

RS

+
SI,shot

4kTRS

· 1

|AV,jGm,j|2

= 1 +
Rj

RS

+
2qηcRPDPref

4kTRS

·
4f 2

BW

[
1 + ω2(RS +Rj)

2C2
j

]
η4cR2

PDPinPrefk2
f,V

= 1 +
Rj

RS

+
[
1 + ω2(RS +Rj)

2C2
j

] q

kTRS

· 1

η3cRPDPin

· f
2
BW

k2
f,V

(3.18)

In case Rj ≪ RS, ω(RS + Rj)Cj ≈ ωRjCj = 1/Qj, where Qj is the frequency-dependent
electrical quality factor of the junction network, so:

F ≈ 1 +
q

kTRS

·
(
1 +Q−2

j

)
· 1

η3cRPDPin

· f
2
BW

k2
f,V

(3.19)

From Eq. 3.19, there are several factors that potentially improve the noise figure. For
example, a high junction quality factor reduces the signal loss while the limitation exists
as it is a passive network; the responsivity of the photodetector, the coupler loss together
with the modulation branch laser power represents the non-MRM portion of the photonic
link. What draws most of our interests are however, fBW and kf,V , since they both lead
to steeper decrease of the large term in the noise figure expression. With advanced phase
shifters, we are able to reach lower decay rate and higher resonance sensitivity to voltage.
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The decay rate can be lowered until the optical channel bandwidth is limited by the system
level bandwidth specifications. The resonance sensitivity on the other hand, is not limited
by any system level specs, which potentially brings even more improvement. Fig. 3.4a and
Fig. 3.4b illustrate the trend of decreasing noise figure with higher laser power and with the
improvement of the cavity decay rate, and the resonance frequency sensitivity. The existing
process is able to provide modulators with around 35 - 45 dB noise figure with about 1mW
total laser power. To achieve a reasonably low overall noise figure comparable to that of
the electrical link, the LNA is still required to pre-amplify the RF/mm-wave signals at
present. If we are targeting around 3 dB degradation of SNR by the modulator-PD link, the
power gain spec of the LNA is approximately the NF calculated above. With the improving
performance of the modulator, we are foreseeing lower LNA gain specification which reduces
both the electrical power consumption and the area.

3.3 Linearity

For the microring modulator, if we define the sideband conversion efficiency (SCE) in ampli-
tude as cSB, which is the squareroot of GSB defined in Eq. 2.19, we will see in the next section
that the gain from the input voltage to the output photo current is proportional to the gain
from the input voltage to cSB. There are two major factors that add the non-linearity to this
gain, which are the voltage-to-δωm modulation, and the δωm-to-cSB conversion, respectively.

The δωm-to-cSB conversion, is the product of a linear term and a non-linear term:

cSB =

√
Gbasic,optimized

SB

=
δωm

8ro

[
1 +

(
∆ω2

s +∆ω2
a

4r2o
+

∆ω2
s∆ω2

a

16r4o

)
+

(
1

32
− ∆ωs∆ωa

128r2o

)(
δωm

ro

)2

+
1

4096

(
δωm

ro

)4
]− 1

2

(3.20)
The following normalization can be done to simplify the equation:

ts ≡
∆ωs

ro
, ta ≡

∆ωa

ro
, tm ≡ δωm

ro
(3.21)

, so that cSB can be decomposed into the product of three terms:

cSB =
tm
8

[
1 +

t2s + t2a
4

+
t2st

2
a

16
+

(
1

32
− tsta

128

)
t2m +

1

4096
t4m

]− 1
2

=
tm
8

(
1 +

t2s + t2a
4

+
t2st

2
a

16

)− 1
2

[
1 +

(
1
32

− tsta
128

)
t2m + 1

4096
t4m

1 + t2s+t2a
4

+ t2st
2
a

16

]− 1
2

≡ clin,max · cdeg · charmonics

(3.22)

Here clin,max represents the the maximum linear SCE naturally at zero detuning, cdeg
is the degradation of the SCE due to detuning, and charmonics can be used for distortion
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analysis:

clin,max =
tm
8

(3.23)

cdeg =

(
1 +

t2s + t2a
4

+
t2st

2
a

16

)− 1
2

(3.24)

charmonics =

{
1 + c2deg

[(
1

32
− tsta

128

)
t2m +

1

4096
t4m

]}− 1
2

(3.25)

Eq. 3.25 can be approximately written in the form of the following Taylor series:

(1 + x)−
1
2 = 1− 1

2
x+

3

8
x2 +O(x3) (3.26)

chormonics ≈ 1− 1

2
c2deg

[(
1

32
− tsta

128

)
t2m +

1

4096
t4m

]
+

3

8
c4deg

(
1

32
− tsta

128

)2

t4m

= 1− 2−8 × c2deg (4− tsta) t
2
m + 2−16 ×

[
3

2
(4− tsta)

2 − 8c−2
deg

]
c4degt

4
m

≡ a0 + a2t
2
m + a4t

4
m

(3.27)

From the Taylor series, the input (defined as tm) interception point of the third-order and
the fifth-order harmonics can be calculated:

IIP tm
3 =

√∣∣∣∣4a03a2

∣∣∣∣ = 32√
3
×

c−1
deg√

|4− tsta|
(3.28)

IIP tm
5 = 4

√∣∣∣∣58a025a4

∣∣∣∣ = 16
4

√
58

25
×

c−1
deg

4

√∣∣tsta −√
2(ts + ta)− 4

∣∣ ∣∣tsta +√
2(ts + ta)− 4

∣∣ (3.29)

The plots of cdeg, IIP
tm
3 and IIP tm

5 versus the frequency detuning are shown in Fig. 3.5.
The plots indicate that the linearity of the intrinsic dual-ring modulation mechanism is high
with proper detuning, with less than 6 dB gain degradation. A fine control of the detuning
help to achieve an normalized IIP3 of nearly 55 dB as the red regions in Fig. 3.5b, which is
35dB higher. Even if we don’t have fine control over the detunings, we can see a much larger
detuning space represented by the green regions, where the IIP3 is around 35 dB, bringing
an improvement of 15 dB.

3.4 Linearity Verification and Measurement

Although single-MRM is not practical to be implemented in the proposed system, its per-
formance metrics are easier to verify, so the same time domain CMT model for the dual- or
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(a) Degradation from detuning (b) Normalized IIP3 (c) Normalized IIP5

Figure 3.5: Degradation and linearity of the sideband conversion efficiency cSB

triple-MRM can be applied to it as well and through measurement, the accuracy level of the
model can be verified indirectly.

Based on the time-domain CMT, the wave inside the cavity s̃cav which is proportional to
Ẽcav should fulfill:

∂

∂t
s̃cav = j[ω0 + δω(t) + j(ro + re)]s̃cav − j

√
2reẼin

= j[ω0 + δω(t) + j(ro + re)]s̃cav − j
√
2reEine

j(ω0+∆ω)t
(3.30)

The resonance frequency of the single-MRM is modulated to change in the form of: δω(t) =
δωm

2
cos(ωRF t), so we know that the two sidebands will be generated and there will be residual

laser pump signal, so the through optical signal in the cavity can be written in the form of:

s̃cav ≡ Ein

[
c̃−e

j(ω0+∆ω−ωRF )t + c̃0e
j(ω0+∆ω)t + c̃+e

j(ω0+∆ω+ωRF )t
]

(3.31)

By substituting Ẽcav with the expression form Eq. 3.31, the left and the right part of Eq. 3.30
are:

∂

∂t
s̃cav = jEin

ej(ω0+∆ω−ωRF )t

ej(ω0+∆ω)t

ej(ω0+∆ω+ωRF )t

T (ω0 +∆ω − ωRF )c̃−
(ω0 +∆ω)c̃0

(ω0 +∆ω + ωRF )c̃+


j[ω0 + δω(t) + j(ro + re)]s̃cav − j

√
2reEine

j(ω0+∆ω)t

= jEin

ej(ω0+∆ω−ωRF )t

ej(ω0+∆ω)t

ej(ω0+∆ω+ωRF )t

T  (ω0 + jro + jre)c− + δωm

4
c̃0

(ω0 + jro + jre)c0 +
δωm

4
(c̃− + c̃+)−

√
2re

(ω0 + jro + jre)c̃+ + δωm

4
c̃0


(3.32)
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Notice the the three time-dependent terms are mutually orthogonal, so the matrices on
the right of the equations are the same, i.e.:(ω0 +∆ω − ωRF )c̃−

(ω0 +∆ω)c̃0
(ω0 +∆ω + ωRF )c̃+

 =

 (ω0 + jro + jre)c̃− + δωm

4
c̃0

(ω0 + jro + jre)c̃0 +
δωm

4
(c̃− + c̃+)−

√
2re

(ω0 + jro + jre)c̃+ + δωm

4
c̃0


⇒

∆ω − j(ro + re)− ωRF −1
4
δωm 0

−1
4
δωm ∆ω − j(ro + re) −1

4
δωm

0 −1
4
δωm ∆ω − j(ro + re) + ωRF

c−c0
c+

 =

 0
−
√
2re
0


(3.33)

The solution set of the coefficients is:

c̃0 =
−
√
2re

∆ω − j(ro + re)
· 1

1− 1
8

δω2
m

[∆ω−j(ro+re)]2−ω2
RF

c̃± =
δωm

4[∆ω − j(ro + re)± ωRF ]
c̃0

=
δωm

√
2re

4[∆ω − j(ro + re)][∆ω − j(ro + re)± ωRF ]
· 1

1− 1
8

δω2
m

[∆ω−j(ro+re)]2−ω2
RF

(3.34)

and the sideband conversion efficiencies at the through port can be derived given Ẽthru =
Ein − j

√
2reẼcav:

cSB± = | − j
√
2rec±|

=

∣∣∣∣ δωmre
2[∆ω − j(ro + re)][∆ω − j(ro + re)± ωRF ]

∣∣∣∣ ·
∣∣∣∣∣∣ 1

1− 1
8

δω2
m

[∆ω−j(ro+re)]2−ω2
RF

∣∣∣∣∣∣ (3.35)

, where the first fraction is linear to the modulation δωm and the second term represents the
nonlinear term: |cSB±| ≡ clin± · charmonics±, at low frequencies we have:

charmonics±|ωRF→0 =

∣∣∣∣∣ 1

1− 1
8

δω2
m

[∆ω−j(ro+re)]2

∣∣∣∣∣ =
∣∣∣∣∣ 1

1− 1
8

δω2
m

∆ω2−(ro+re)2−2j∆ω(ro+re)

∣∣∣∣∣
=

1√[
1− 1

8
δω2

m

∆ω2−(ro+re)2−2j∆ω(ro+re)

] [
1− 1

8
δω2

m

∆ω2−(ro+re)2+2j∆ω(ro+re)

]
=

1√
1− ∆ω2−(ro+re)2

4[∆ω2+(ro+re)2]2
δω2 + 1

64[∆ω2+(ro+re)2]2
δω4

(3.36)

Here we can still assume that re = ro and do the similar normalization as Eq. 3.21: tD =
∆ω/ro, tm = δωm/ro which represent the normalized detuning and the normalized modula-



CHAPTER 3. LINK PERFORMANCE ANALYSIS 33

(a) Single-MRM IIP3 from time-domain CMT
(b) Measured SFDR3 [33]

Figure 3.6: Degradation and linearity of the sideband conversion efficiency cSB

tion, respectively. By simplifying Eq. 3.36 with the normalization we get:

charmonics±|ωRF→0 =
1√

1− t2D−4

4(t2D+4)2
t2m + 1

64(t2D+4)2
t4m

(3.37)

, and by applying the Taylor expansion in Eq. 3.26, we have:

IIP tm
3 = 4

√
2

3
× t2D + 4√

|tD + 2||tD − 2|
(3.38)

IIP tm
5 = 2

4

√
232

25
× t2D + 4

4

√∣∣t2D − (
√
6−

√
2)2

∣∣ ∣∣t2D − (
√
6 +

√
2)2

∣∣ (3.39)

Using the same method based on the time-domain CMT, we can achieve the normalized
IIP3 for the IMDD link as well. The analysis results are shown in Fig. 3.6a, where we can
observe that IIP3 reaches its local minimum when there is no detuning, and similar to the
analysis of the dual-MRM with results shown in Fig. 3.5b, we can achieve a local peaking
IIP3 when the normalized detuning is ±2 which gives us a significant benefit in term of
linearity with the cost of the conversion efficiency. Such linearity enhancement is verified by
the measurement [33] plotted in Fig. 3.6b. The measured third-order spurious-free dynamic
range (SFDR3) is highly correlated to IIP3. The figure shows that the dark regions happens
to overlap the single-MRM’s resonance wavelengths, which fits the analytic model. It also
has light regions representing the enhanced SFDR3 on the left and right of the resonance
that accords with the model, and after extracting the intrinsic decay rate ro of this ring cavity
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through the full-width half-max of the Lorentzian shape, the optimal detuning matches what
the analytic models describes as well. These results confirm that even if the phase shifter
being modulated in the cavity has a non-linear relationship to the bias voltage, we can still
achieve this linearity enhancement originated from the intrinsic characteristic of the MRM.

3.5 Dynamic Range

In most cases, the third-order harmonic/intermodulation is the dominant distortion source.
The Spurious-free dynamic range (SFDR) of it, defined as the input range from the minimum
detectable signal (MDS) to the level that the harmonic is detectable, is then used to indicate
whether the design can operate accommodating a wide range of input power level. the
photonic device can be derived from the following equation:

SFDR3 =
2

3
(IIP dB

3 −MDSdB) (3.40)

For the proposed link, the MDS of the output current gives us 0 dB SNR, and the MDS
of the input voltage term δωm can be achieved by dividing it by the conversion gain related
term. Further more, we can normalize it to ro so that the result can be computed with the
IIP3 normalized to ro:

MDSout = 2SI,shot (3.41)

MDSin =MDSout ·
(

1

Gm,jcdeg
· δωm

vamp

· 1

ro

)2

=2SI,shot ·
4f 2

BW

η4cR2
PDPinPrefk2

f,V c
2
deg

·
16k2

f,V r
2
o

f 2
BW

· 1

r2o

=4qηcRPDPref ·
64

η4cc
2
degR2

PDPinPref

=
256q

η3cc
2
degRPDPin

(3.42)

The equation together with the plot of IIP3 normalized to ro implies that the third-
order SFDR is independent of parameters like kf,V , but instead highly dependent of the
detuning terms ts, ta and the effective laser power. Fig. 3.7 presents the calculated SFDR3

in two scenarios with a total laser power of -10 dBm and 0 dBm, respectively. As a reference,
the SFDR with zero detuning is about 88 dB·Hz2/3 and 98 dB·Hz2/3. These two values
means that with 1Hz of noise bandwidth, the link can achieve 88 dB and 98 dB dynamic
range, so considering an extreme case with 10GHz signal (and noise) bandwidth, we need
to deduct 2

3
× 10log10(10

10) ≈ 67 dB from them, which gives us the dynamic range of 21 dB
and 31 dB, respectively. Although a perfect detuning to the maximum value is challenging,
from the plots we are still able to target 100 dB·Hz2/3 and 110 dB·Hz2/3 respectively with
some detuning tolerance, which further boosts the dynamic range by about 12 dB.
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(a) Total laser power = -10 dBm (b) Total laser power = 0dBm

Figure 3.7: SFDR3 of the dual-MRM. RPD = 1.0A/W, ηc = -2.0 dB

3.6 Chapter Summary

This chapter analyzes the fundamentals of the proposed photonic link. By employing two
optical laser tones that can be treated as the photonic pump and LO, respectively, and
by modulating the pump with RF/millimeter-wave signal and mixing with the LO at the
receiver, the demodulated photo current at the output will be the baseband current. The end-
to-end photonic link can be modeled as a down-conversion mixer with parameters of effective
conversion gain/transconductance, noise figure and IIP3 like regular electronic circuits and
blocks. The gain and noise performance metrics are both correlated with the resonance
frequency shift strength kf,V and the intrinsic decay rate ro of the ring resonator. A higher
kf,V also decreases both the upper bound and the lower bound of the input signal to be
detectable without spurs, while the range between the two bounds are still kept the same.
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Chapter 4

Transmitter Array Element Design in
An RFSOI Platform

This chapter illustrates the design of the transmitter array element targeting 70GHz carrier
frequency in a CMOS RFSOI process. In order to achieve the gain and NF comparable to
purely electrical links, an LNA needs to be implemented between the antenna and the mi-
croring modulator. To drive the dual-MRM or triple-MRM in the push-pull configuration,
the LNA needs to have differential outputs. For the MRM performance available in this
process, the gain of the LNA needs to be in the range of 30 - 40 dB. With SWaP-C considera-
tions, the area of a transmitter element design, which is dominated by the passive inductive
devices, need to be minimized. The RFSOI design platform does need some post processing
to enable operational photonic devices, and specific design considerations for both the LNA
and the photonics, which will be analyzed throughout this chapter.

4.1 Substrate Release and Circuits Design

The design is implemented in a commercial CMOS RFSOI process [34] that enables “zero
change” electronic-photonic monolithic integration [35–40]. As shown in Fig. 4.1, the buried
oxide (BOX) layer insulates the active device and the thick substrate, and the silicon above
the insulation can be used for the design of waveguides, grating couplers, or other passive
and active photonic devices in addition to the regular transistors, since its refractive index is
significantly higher than the surroundings which is important the confine the optical mode.
The “zero change” means no additional precise doping or change of the front-end-of-line
(FEOL) or back-end-of-line (BEOL) layers. However, this SOI process was not originally
intended for silicon photonics monolithic integration, so the silicon dioxide insulation is
not thick enough to reject the leakage of the optical mode from the optical devices and
waveguides to the thick silicon substrate with similar refractive index, and this results in
unacceptable optical loss. To resolve the optical loss issue, one essential post-processing is
to fully etch out the silicon substrate, which is called substrate removal or substrate release.
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Figure 4.1: Cross-section of Zero-change monolithic on an SOI process platform

(a) Thick BOX layer (b) Thin BOX layer (c) Thin BOX layer with
substrate release

Figure 4.2: Example of the normalized propagating optical power density [dB] around the
waveguide cross section with different BOX thickness and post processing

Fig. 4.2 shows the representative optical mode distribution around the waveguide section
along its propagation with different material stack and post-processing configurations, and
it reveals the necessity of the substrate release for SOI processes with a thin BOX layer in
terms of electronic-photonic monolithic integration. The following sections will show how
the substrate release process, together with other constraints, affects the design space of the
transmitter array element.

4.2 Active Core

As the gain specification of the LNA is high, there will be multiple gain stages connected
by passive interstage matching networks in between to resonate the capacitive impedance
maximize the power gain, so the area of the passives such as inductors and transformers
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Figure 4.3: Three topologies for gain and noise comparison. Left: benchmark 2 CS stages
w/ 1 interstage transformer; middle: 1 CS with 1 CG stage stacked; right: 1 CS with 2 CG

stages stacked

(XFs) will dominate that of the entire photonic link transmitter design. Compared to the
benchmark topology shown on the left of Fig. 4.3, which is a cascade of two common-source
(CS) amplifier stages with interstage impedance matching, if we can find out an alternative
topology of a similar gain without any inductive passives that occupy additional area, then
this new active stage topology can replace the benchmark one, as the area can be significantly
reduced.

Here two alternative topologies are shown together in Fig. 4.3: the middle diagram rep-
resents a 2-stack topology with one CS stack and one common-gate (CG) stack, and the
right diagram shows a 3-stack topology with one CS stack and two CG stacks. To make a
fair comparison, the two alternative topologies have the same supply voltage, which is twice
of the supply voltage of the benchmark. Together with the setup that makes the current
flowing through all the transistors the same, the total static power consumption of the three
topologies are the same. The individual transistor has the double-gated layout with pitch
and routing optimized [41–45] for smaller parasitic parameters and higher post-extraction
gain.

All these three topologies for comparison can be treated as a two-port network that a
2× 2 network matrix can represent. For example, the relationship between the voltages and
currents of at the two ports, i1,2 and v1,2, can be described by the Y-parameter:[

ii
i2

]
=

[
y11 y12
y21 y22

] [
v1
v2

]
, Y ≡

[
y11 y12
y21 y22

]
(4.1)

In this design, the target is to maximize the transducer gain, which is defined as the ratio
of the power delivered to the load to the power available from the source, and which depends
on both the source and the load impedance :
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(a) Maximum available gain or
maximum stable gain

(b) Minimum noise figure

Figure 4.4: Comparison of different topologies in gain and noise figure

GT (ZS, ZL) =
PL

Pav,S

(4.2)

If the two port network is unconditionally stable, which physically means it never oscillates
regardless of the passive load and source impedance, and mathematically means a stability
parameter K is larger then 1:

K =
2ℜ(y11)ℜ(y22)−ℜ(y12y21)

|y12y21|
(4.3)

, then the maximum available gain can be achieved with a lossless bi-conjugate match:

Gmax = GT (ZS,match, ZL,match) =
y21
y12

(K −
√
K2 − 1) (4.4)

If the two port is conditionally stable, which means K is less than 1 and the circuit might be
unstable with specific combinations of source/load impedance, then a bi-conjugate matching
makes the network oscillate, hence either a lossy source/load or an impedance mismatch is
desired to avoid potential oscillation, and in this case the maximum stable gain will be used
instead:

Gmsg =
y21
y12

(4.5)

Fig. 4.4a shows the merged curves of min(Gmax, Gmsg) depending on the value of K.
From the plot we can see that with the same static power, the maximum gain of the 2-stack
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Figure 4.5: Example of the neutralization capacitors in a differential pair

topology (1CS + 1CG) is about 2 -3 dB lower than that of the benchmark. This loss term is
due to the fact that the CS stage does not have power matching with the CG stage. However,
this drawback is acceptable in this design, as the alternative topology gets rid of one matching
network, which is very likely to include either an inductor of a transformer that occupies an
additional chip area. The plot also shows that the 3-stack topology (1CS + 2CG) benefits
from even higher gain compared to the 2-stack design. However, its stronger roll-off indicates
that the design might confront challenge in case a design with wider bandwidth is desired.
Furthermore, too many stacks also makes the design potentially prone to DC biases and
process variation, especially in this case where the supply voltage is low.

The minimum noise figure plots are shown in Fig. 4.4b, Here the blue line NFmin of the
benchmark assumes a very ideal case, where the power matching between two CS stages
simultaneously fulfills a noise matching. In most cases this is not naturally fulfilled so that
the realistic NFmin will be higher than the plotted curve. Nevertheless, the the 2-stack
topology only endures a penalty of around 0.5 - 1.0 dB, which is fairly reasonable. As a
result, this design will choose the 2-stack (1CS + 1CG) topology as one active stage, and
implement interstage power matching in between.

For the common-source stage, the physical Cgd will bring up the following effects which
potentially deteriorates the performance of the design:

• Any disturbance at the drain node can be coupled to the gate through Cgd passively,
and the coupled disturbance will be amplified by the common-source topology, which
causes potential stability issues.

• The voltage gain of a general common-source topology is negative, and this makes the
equivalent capacitance seeing from the gate to the drain higher than the physical Cgd.
Larger capacitor of the same quality factor indicates higher conductance in parallel,
and this leads to higher loss in the paralleled inductor-capacitor resonance tank.

• As the resonance frequency of an inductor-capacitor tank is ω0 =
1

LC
, a smaller induc-

tance is preferred, and this might challenge its physical design process.
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(a) Stability factor K (b) S-parameter s12

(c) Maximum available / stable gain (d) Minimum noise figure

Figure 4.6: Simulated performance metrics versus frequency with varied neutralization
capacitance Cneu
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For the differential active core, the neutralization capacitors [46–48] that are shown in
Fig. 4.5 are introduced for the differential pair to resolve the potential design issues. By
matching the neutralization capacitance to the physical gate-drain capacitance: Cneu = Cgd,
for any one of the gates in the common-source topology, the differential signals at the drains
couples to it with the same strength in opposite directions, so ideally it is a unilateral
network for the differential signal. Plots in Fig. 4.6 shows the simulation results of the
important performance metrics of the differential active stage, including the stability factor
K, the S-parameter s12 that propagates backwards, the maximum available / stable gain and
the minimum noise figure NFmin, with different neutralization capacitance values.

From the plots we can summarize that:

• Without implementing the neutralization capacitors, K might be lower than 1, so the
active stage is not always unconditionally stable across the frequency range of interest.

• A proper neutralization capacitance significantly decreases s12 that represents the wave
traveling backwards, which is also a signal of higher stability factor K.

• Eq. 4.4 seems to imply that a higher stability factor K results in a lower Gmax at first
glance. In this case however, the neutralization capacitors simultaneously improves the
maximum available gain and the stability This is because the Y-parameters also change
with Cneu. In addition, the minimum noise figure also benefits from the neutralization.
As the neutralization capacitance continues increasing, i.e. the network gets over-
neutralized, many performance metrics degrades while the maximum gain can still
increase.

To finally determine the precise neutralization capacitance, these performance metrics
are also simulated versus Cneu at different frequency points, which are plotted in Fig. 4.7.
From the plot we can observe that in the frequency range of our interest, the stability factor
K peaks when Cneu is around 6.5 fF, and the maximum gain peaks when Cneu is in between
7.5 fF and 8 fF. However, Fig. 4.7a also shows a steeper slope when Cneu is larger than
6.5 fF, which potentially prevents the active stage being unconditionally stable. Considering
potential process variation of all the on-chip devices, Cneu is fixed between 6 fF - 6.5 fF in this
design.

In terms of the common-mode signals, however, it is equivalent to adding additional
capacitor to Cgd that makes it more vulnerable to common-mode disturbance.

4.3 Passive Inter-stage Transformer

In this design, transformers are selected as the key passive impedance matching component
in between the active stages, as it can be potentially more compact. A transformer consists
of two mutually coupled inductors (named the primary and the secondary coil), which can
be characterized by the self-inductance Lp, Ls, their quality factor Qp, Qs, and the mutual
inductance M determined by the coupling coefficient k:
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(a) Stability factor K (b) Maximum available / stable gain

Figure 4.7: Simulated performance metrics versus Cneu at different frequency points

M = k
√

LpLs, 0 < |k| < 1 (4.6)

With such a transformer, it achieves the best transducer gain if the source impedance ZS

on the primary side and the load impedance ZL on the secondary side fulfill:

ZS,XF,opt =

√
k2QpQs + 1

Qp

ωLp − jωLp

ZL,XF,opt =

√
k2QpQs + 1

Qs

ωLs − jωLs

(4.7)

where ω is the operating angular frequency. In the meantime, the Y parameter of the
active stage directs to the following requirement to maximize its own transducer gain:

YS,active,opt =
y12y21 − 2ℜ(y11)ℜ(y22) + |y12y21|(K +

√
K2 − 1)

2ℜ(y22)
−jℑ(y11)

YL,active,opt =
y12y21 − 2ℜ(y11)ℜ(y22) + |y12y21|(K +

√
K2 − 1)

2ℜ(y11)
−jℑ(y22)

(4.8)

This is to say if a bi-conjugate power match is realized, we need to have:

Z∗
S,active,opt =

1

Y ∗
S,active,opt

= ZL,XF,opt

Z∗
L,active,opt =

1

Y ∗
L,active,opt

= ZS,XF,opt

(4.9)
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Figure 4.8: Quality factors of the optimal source and load impedance for the active stage

which is not automatically fulfilled. To be more specific, the necessary conditions for the
bi-conjugate match match between the active stage and the transformer contain:

QS,active,opt = QL,XF,opt

QL,active,opt = QS,XF,opt

(4.10)

where Q = |ℑ(Z)/ℜ(Z)|. Fig 4.8 shows QS,opt and QL,opt of the active stage computed from
the simulated network parameters, which are in the range of 6 to 10. One the other hand,
these quality factors of the transformer can be derived from Eq. 4.7, and can be simplified
with the assumption Qp = Qs = Qind:

QXF,opt =

∣∣∣∣ℑ(ZXF,opt)

ℜ(ZXF,opt)

∣∣∣∣ = Qind√
k2Q2

ind + 1
(4.11)

The equation is approximately:

QXF,opt|k2Q2
ind≫1 =

Qind√
k2Q2

ind + 1
≈ 1

|k|
≪ Qind (4.12)

in case k2Q2
ind ≫ 1, while with this assumption the bi-conjugate match is not likely to

happen since Qind in the transformer are between 10 and 15 in this design, which will be
shown in the later sections, and which is only slightly higher than QS,active,opt, QL,active,opt

that need to match QXF,opt. On the other hand, we would like to avoid the case where
k2Q2

ind ̸≫ 1, because the Gmax of the transformer itself will degrade, which is even regardless
of the matching between the active stage and itself.

Fig 4.9 shows the plots of ZS,active,opt and ZL,active,opt with the lower halves of two equal-Q
curves corresponding to k = 0.2 (representing a weakly coupled transformer) and k = 0.5
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Figure 4.9: Smith chart of the active stage with Qind = 15. Γin: reflection seen from a 50
Ohm source to the input impedance Z∗

S,active,opt assuming the output is matched; Γout:
reflection seen from a 50 Ohm load to the output impedance Z∗

L,active,opt assuming the input
is matched.

(representing a strongly coupled transformer). The full equal-Q curves should be symmetric
along the horizontal axis, and regions inside a full equal-Q curve represent the impedance
with lower Q. The plot reveals that even with a fairly week coupling coefficient k = 0.2,
the Q-match is still not fulfilled, yet this k already results in a Gmax of -3 dB assuming that
Qind = 15. Therefore, in order to fulfill the bi-conjugate match, additional components are
required to avoid low k that leads to low Gmax of the inductor.

The fact that both Γin and Γout are below the equal-Q curves also implies for the com-
ponent used to match the network Q, no matter whether they placed in series or in parallel,
they must contain inductive components, which potentially occupies a large area. Fig. 4.10
shows two matching topologies we are exploring. The left one assumes that both the primary
and the secondary side of the transformer can be matched by placing additional inductors
in series. The right one assumes that a capacitor is placed in parallel with the output of the
active stage, and this will be explored later though it seems to contradict the principle of
matching the network Q.

Fig. 4.11 shows the electrical parameters of the inductors. The additional inductors in
series are assumed lossless (i.e. their component Q is infinite) and the inductors in the
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Figure 4.10: Two interstage matching topologies for preliminary evaluation

(a) Required self inductance of the transformer (b) Required additional inductance in series

Figure 4.11: Inductance needed for the interstage matching without shunt capacitor

transformer has a Q of 15. There are a few observations from the plots:

• Fig. 4.11a shows the self inductance of the primary and the secondary coil of the trans-
former. A strong coupling significantly decreases the required inductance, which is an
advantage as large on-chip inductors, especially those close to 1 nH, are not likely to
have high quality factor at mm-wave frequency band.

• No matter whether the coupling is assumed as strong or not, there is a considerable
difference between the primary and secondary coils’ inductance. This makes the strong
coupling infeasible as there are only 2 - 3 thick layers of metal to route the coils. Usually
there will be more design flexibility if this inductance ratio can be close to 1.

• The additional series inductance is close to those of the primary and secondary coil,
applying more area constraint for the system design.

As a result, bi-conjugate matching with only inductors seems not practical due to the high
inductance and the ratio between the two coils of the transformer. If these two bottlenecks
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can be properly handled, the overall design might be much easier. This results in the
motivation of analyzing the topology with shunt capacitance in the right of Fig. 4.10 and .

The ratio between the coils can be derived from Eq. 4.7 and Eq. 4.9:

ℜ(ZL,active,opt)

ℜ(ZS,active,opt)
=

ℜ(ZS,XF,opt)

ℜ(ZL,XF,opt)
=

LpQs

LsQp

≈ Lp

Ls
(4.13)

Fig. 4.11a reveals that decreasing the real part of ZL,active,opt, i.e. the resistance, helps to
realize a 1 : 1 ratio. If we derive the resistance from the expression of the admittance:

ℜ(Z) = ℜ
(
1

Y

)
= ℜ

(
1

G+ jB

)
= ℜ

(
G− jB

G2 +B2

)
=

G

G2 +B2
(4.14)

here G represents the conductance and B is the susceptance. Adding a shunt capacitor does
not influence G while it makes B higher. As a result, in case the original B is larger than
0, which is the case in this design, the additional shunt capacitor effectively reduces the
resistance. If we only place one capacitor Cp to match the resistance for a 1 : 1 transformer,
Fig. 4.12a shows the required Cp that is independent from the coupling coefficient k together
with the inductance of the 1 : 1 transformer that is dependent of k, and Fig 4.12b presents
the additional series inductance for a bi-conjugate match. The plots together with the plots
with no shunt capacitor reveal the following design intuition:

• The comparison between Fig. 4.11a and Fig. 4.12a shows that the shunt capacitor not
only triggers a 1 : 1 transformer, but also reduces the inductance of the two coils, no
matter whether the coupling of the coils is strong or weak.

• If we only target a smaller inductance, strong coupling is preferred over weak coupling.

• The required additional series inductance decreases to a limited extent, so shunt ca-
pacitance is not likely to fully resolve the area-matching trade-off here.

Despite the remaining power mismatch, reducing the required transformer inductance
and allowing a 1 : 1 ratio is already a big advantage. Notice that the right diagram in
Fig. 4.10 only assumes one capacitor on the primary coil side, and practically we can also
place additional capacitor Cs on the secondary coil side. By tuning Cp and Cs with two
degrees of freedom, we can keep a transformer ratio close to 1 : 1 and simultaneously reduce
the inductance. Notice that the series inductance required becomes even higher than that
of the transformer inductance after adding the shunt capacitor(s), in this design we decided
not to implement the additional inductors, which sacrifices the power gain in order to make
the design more compact.

As mentioned in the previous section, the silicon substrate of the chip needs to be removed
after flip-chip packaging the chip, in order to preserve the optical mode inside the silicon
waveguide, which changes the electromagnetic (EM) environment of the transformer. The
substrate release process is illustrated in Fig. 4.13, where the chip is flip-chip packaged and
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(a) Required self inductance and of the
transformer and shunt capacitance

(b) Required additional inductance in series

Figure 4.12: Inductance needed for the interstage matching with one shunt capacitor

Figure 4.13: The substrate release process. XeF2 etches out the silicon substrate
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(a) Inductance (b) Coupling factor (c) Quality factor

Figure 4.14: Influence on the electromagnetic simulation results from the packaging process

has its thick silicon substrate etched by Xenon difluoride (XeF2). Compared to the wirebond
process, the main difference in the EM environment are the substrate and the epoxy underfill.
Fig. 4.14 shows part of the core characteristics of the interstage transformer in this design
that are extracted from the EM simulation that models these changes. The results include
the inductance and the quality factor of the primary coil (close to the secondary one the
results of which are not shown) together with the coupling factor k between the two coils.
The results reveal that:

• The substrate release process significantly changes the EM environment as the silicon
substrate is lossy. On the contrary, the underfill material for the flip-chip package only
conduct minor effects.

• The effective inductance of the coils decrease by about 30% after the substrate release,
and k implies a weaker mutual coupling between the coils. These two factors necessitate
the need of placing shunt capacitors in order to realize a compact and area efficient
design.

• The quality factor also seems lower below 90GHz. One reason is that the inductance
decreases. However, the decrease of Q in this frequency range is less significant com-
pared to the inductance L because removing the lossy substrate effectively helps to pre-
serve the electromagnetic energy, and this effect also results in a higher self-resonance
frequency (SRF) of the coils where Q reaches 0, as shown in Fig. 4.14c.

4.4 Input and Output Matching Networks and LNA

Implementation

The cascade of the active stages and inter-stage transformers builds up the LNA core. In a
practical system, its input is integrated with a 50Ω antenna, and its output is driving the
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Figure 4.15: Layout diagram of the input matching inductors and transformers

MRM. Compared to a single-ended LNA that matches both the input and output impedance
to 50Ω, this design differs in terms of:

• A balun is required for the input matching network to convert the single-ended signals
from the antenna to the differential signals applied to the differential core of the LNA.

• The output is no longer a 50Ω load, but instead the load impedance of the MRM,
which the output matching network need to accommodate.

• The load impedance is no longer a real number, and the performance metric to optimize
is the voltage amplitude at the junction of the MRM.

The layout of the input matching network core is shown in Fig. 4.15, where the single-
ended signal passes through a transformer with an approximate ratio of 1 : 2, followed by
a series inductor pair to cancel out the remaining reactance. A capacitor pair is placed in
parallel with the series inductor pair, so that they can provide a higher differential series
reactance without requiring larger footprint for the inductors. There is also a capacitor
implemented close to the input GSG probe pad utilizing metal-to-metal parasitic capacitance
as a part of the input matching network.

For the output matching network, our goal is to maximize the voltage amplitude applied
to the junction capacitor of the MRM. A practical MRM load impedance can be represented
as the parasitic resistance Rs in series with this junction capacitance Cj, in this case we
have:

|vamp,Cj
|2

|vamp,Rs|2
=

|ZCj
|2

|ZRs|2
=

|ZCj
|2

ω2C2
jR

2
s

→ |vamp,Cj
|2 = |vamp,Rs|2

ω2R2
sC

2
j

=
PRs

ω2RsC2
j

(4.15)
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Figure 4.16: Schematic of the LNA

(a) Transducer gain GT and maximum available
gain GAmax of the LNA and the LNA core

(b) Available gain GA and maximum available
gain Gmax of the input matching network

Figure 4.17: Gain of the LNA building blocks



CHAPTER 4. TRANSMITTER ARRAY ELEMENT DESIGN IN AN RFSOI
PLATFORM 52

(a) Rectangular plot (b) Smith chart

Figure 4.18: s11 and s22 of the LNA

, where ω is the operating frequency and PRs is the power delivered to Rs. Since all the other
parameters are fixed, the goal is equivalently maximizing the PR,s, so the output matching
procedure is to match the output of the LNA to Rs with a mandatory Cj in series with Rs.
The transformer closely connected to the output of the last active stage will be considered a
part of the LNA core, so the matching network will be the residual inductors or capacitors.
In this design, an L-match that consists of capacitors happens to be good for the modeled
Rs and Cj of the MRMs.

The schematic of the LNA that contains all the essential matching network components is
shown in Fig. 4.16. It consists of four active stages with interstage matching, plus the input
power and noise matching at the input and the output matching to the modulator load
impedance. Its performance is evaluated through the gain, noise and linearity simulations.
Fig. 4.17a shows the plots of the maximum available gain Gmax and the transducer gain
GT . The peak Gmax of the LNA core is around 45.3 dB, while that of the entire LNA
with input and output matching decreases to 40.3 dB, and the gain degradation is mainly
due to the passive input matching network. Fig. 4.17b shows the gain of the input matching
network, where we can observe a Gmax of about -2.2 dB. Moreover, this Gmax requires specific
combination of source and load impedance and the optimal source impedance slightly differs
from the 50Ω one from the antenna, so the available gain GA will be lower than Gmax, which
is around -3 dB in the plot. The actual transducer gain when the source is 50Ω and the load
is that of the MRM, is 39.8 dB which only has 0.5 dB degradation due to the slight power
mismatch, and this transducer gain has a 3 dB bandwidth of around 2.6GHz.

The power match situation can also be verified by the two S-parameters, s11 and s22
that are shown in Fig. 4.18. The input has optimal power match at around 66GHz and
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(a) Noise Performance (b) Linearity Performance

Figure 4.19: Noise and Linearity Simulation Results of the LNA

the output has it around 69GHz. The noise figures are shown in Fig. 4.19a, where NF is
the noise figure with 50Ω source impedance and NFmin is the noise figure with the optimal
source impedance. The NF of the LNA is 6.4 dB, which is only 0.3 dB higher than its
6.1 dB NFmin, and this indicates that a noise match is fulfilled. However, we can see that
compared to the 3.3 dB NFmin of the LNA core without input matching network, the NFmin

of the LNA degrades by 2.8 dB, which is mainly due to the power loss of the input matching
presented in Fig. 4.17b. Fig. 4.19b presents the harmonic balance simulation results with
an IIP3 of -32.0 dB. This implies that two achieve lower distortion, we need to operate the
LNA with its input power well below this level. The performance metrics of the LNA from
simulation are listed in Table. 4.1.

Table 4.1: Summary of LNA Performance from Simulation

Gain 39.8 dB
Center Frequency 69GHz

Bandwidth 2.6GHz
Noise Figure 6.4 dB

IIP3 -32.0 dBm
Power 30mW



CHAPTER 4. TRANSMITTER ARRAY ELEMENT DESIGN IN AN RFSOI
PLATFORM 54

4.5 Microring Modulator Implementation

While the electrical mm-wave frontend is designed to accommodate the entire electronic-
photonics system, the design space of the microring modulator itself is not fully explored.
From the previous CMT-based analysis, an outstanding MRM should have the following
characteristics:

• High refractive index sensitivity to voltage modulation ∂n
∂V

. This describes how far the
resonance itself can shift with a small-signal voltage modulation.

• High cavity quality factor Qcav, or say low cavity decay rate ro. This parameter corre-
sponds to the actual change of the power / phase of the optical signal at the through-
port, assuming that the resonance frequency is modulated by the same amount.

• High electrical bandwidth. For the implemented MRMs, the P-N junctions are the
regions where the refractive index is modulated, which means that the MRM is ideally
a capacitive load seem by the LNA. With the help of the matching network, a higher
voltage gain to the capacitive junction can be realized that improves the system level
performance. However, in order to preserve the optical mode, the metal electrodes are
not implemented right next to the junction, and this introduces the series resistance
that counteracts the effort of voltage gain enhancement through the passive matching
network.

However, these three characteristics do not give us a design space with three degrees of
freedom. For example, the doping concentration affects both the strength of effective index
modulation and the cavity decay rate, but they usually change in opposite directions. The
DC bias voltage presents the similar behavior, and the junction structure exerts even more
complicated influence on these optical parameters. The testsite varieties implemented in this
design are listed in Table. 4.2 as a summary. In detail, the microring modulators can vary
in terms of:

• Grating coupler direction. It determines whether a relatively simple substrate release
or a more complex substrate transfer process is required for the optical measurement.
This design has most of the grating couplers receiving laser from the silicon substrate
side after the substrate release, while it kept four varieties with couplers receiving laser
from the top metal side of the chip for potential substrate-transferred packaging.

• Dopant type inside the cavity. This picks the doping concentration from a prefixed
set of levels, which affects the decay rate and the refractive index sensitivity of the
resonance cavities.

• Junction type. The P-N junctions can be either vertical (for example the P-region is
on the top side and N-region is on the bottom side) [49, 50], horizontal (for example
the P-region is on the inner side and the N-region on the outer side of the ring),



CHAPTER 4. TRANSMITTER ARRAY ELEMENT DESIGN IN AN RFSOI
PLATFORM 55

(a) Vertical junction (b) Interleaved junction (c) Hybrid junction

Figure 4.20: Top view of MRMs with different junction types. Red: P-doping; blue:
N-doping; interleaved stripes: vertical junction (P-doping and N-doping overlap). Deep red

and blue represent regions farther away from the cavity and closer to the electrodes.

interleaved (the P-regions and N-regions interleave along the ring) [51–53], or a hybrid
of multiple types. On the optical side, this determines the possible optical modes that
can be propagated, the decay rates of the them inside the cavity, together with the
refractive index sensitivity. Since a portion of the cavities also forms the ring-to-ring
couplers, the junction type also affects the coupling coefficient κµ of the optical modes.
On the electrical side, the junction type gives requirement for the routing from the
metal electrodes to the junctions to preserve the optical mode, which influences the
electrical RC bandwidth. In this design, there are three types of junctions implemented:
vertical, interleaved with T-shapes [54], and a hybrid of vertical and interleaved, which
are shown in Fig. 4.20.

• Coupler type between the bus waveguide and the ring. As shown in Fig. 4.21, we can
either have a point coupler where the bus waveguide can directly point to the ring in
the main coupling region, or a wrapped coupler where the bus waveguide reaches close
to the cavity and then keeps the distance as if it’s wrapping the cavity. In this 45nm
RFSOI process, the point coupler introduces an undesired multi-mode coupling that
potentially brings excessive optical loss, so in order to realize the single-mode coupling,
the wrapped coupler is required.

• Fundamental type of the MRM. In this design the single-MRMs and triple-MRMs are
implemented. The single-MRMs are implemented as a baseline design. It’s also easier
to characterize the electrical performance, for example the frequency response of the
LNA with these varieties, because we only need to align the laser frequency to the ring’s
resonance frequency with some offset, while for dual- or triple-MRM we also need to
align the resonance split to the RF frequency. There is no dual-MRM implemented in
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(a) Wrapped coupler (b) Point coupler, not available in this process

Figure 4.21: Two types of waveguide couplers

Figure 4.22: Zoomed in micrograph of a triple-MRM

this prototype design, since the ring-to-ring coupler between the two cavities is also
a multi-mode point coupler. To realize a wrapped coupler for the triple-MRM, the
central ring need to form a peanut shape, which is shown in Fig. 4.22. The heaters are
close to the left and right arcs of the central ring, which reduces the thermal coupling to
the electrically modulated rings. There is neither doping nor electrodes for the central
ring, as it does not need electrical modulation or tuning. To make the measurement
more flexible, the drop-port is also implemented for all the triple-MRMs to potentially
monitor the optical power from it.

The LNA generates the differential signals, so for the single-MRM, we prefer having both
the cathode and anode modulated by the RF signals so that the differential port of the LNA
has balanced load, as shown in the left of Fig. 4.23. For the triple-MRM however, there are
various possible connection configurations between the LNA and the junctions. For example,



CHAPTER 4. TRANSMITTER ARRAY ELEMENT DESIGN IN AN RFSOI
PLATFORM 57

Table 4.2: Ring modulator varieties. Each background color represents one combination of
grating coupler direction, junction type and dopant type

Variant # MRM Type Coupler Direction Dopant Type Junction Type Frequency Split Target
1 Single Down Custom Interleaved N/A
2 Single Down Standard Interleaved N/A
3 Single Down Custom Vertical N/A
4 Single Down Custom Hybrid N/A
5 Single Up Custom Interleaved N/A
6 Single Up Standard Interleaved N/A
7 Triple Up Custom Interleaved 100 GHz
8 Triple Up Standard Interleaved 100 GHz
9 Triple Down Custom Interleaved 100 GHz
10 Triple Down Custom Interleaved 100 GHz
11 Triple Down Custom Interleaved 60 GHz
12 Triple Down Custom Interleaved 60 GHz
13 Triple Down Standard Interleaved 100 GHz
14 Triple Down Standard Interleaved 100 GHz
15 Triple Down Standard Interleaved 60 GHz
16 Triple Down Standard Interleaved 60 GHz
17 Triple Down Custom Vertical 100 GHz
18 Triple Down Custom Vertical 100 GHz
19 Triple Down Custom Vertical 60 GHz
20 Triple Down Custom Vertical 60 GHz
21 Triple Down Custom Hybrid 100 GHz
22 Triple Down Custom Hybrid 100 GHz
23 Triple Down Custom Hybrid 60 GHz
24 Triple Down Custom Hybrid 60 GHz

we can have both the cathodes and anode of the two rings modulated by the differential RF
signal through the bias network, or only have the cathodes modulated when anodes are biased
by the DC voltage, which are shown in the middle and right of the same figure. It seems
connection configuration in the center benefits from two times of the modulation voltage but
it’s not the case: both RF+ and RF− see a load impedance that is 1/4 of that in the right
side configuration, so when the bi-conjugate match is realized, both configurations deliver
the same amount of modulation power to the load, so the voltage amplitude of RF+, RF−
in the center will be 1/2 of that in the right. For common-mode signals in practice, the
central configuration is better, as the common-mode voltage of RF + /RF− will both apply
to the cathodes and anodes, which does not affect the instant bias condition of the ring
modulator. On the contrary, for the connection on the right, the common-mode signals are
applied to the cathodes of the rings and forms the undesired common-mode signal path. In
this design, we still choose to have only cathodes connected in order to have routing wires
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Figure 4.23: Signal connections for modulation. Left: single-MRM.
Middle: triple-MRM with both electrodes modulated by RF signals.
Right: triple-MRM with only cathodes modulated by RF signals

with less parasitic capacitance and to monitor the bias condition of the rings. The central
ring will be electrically “floating” the central ring does not go through any PN junction.

4.6 Measurement Results

The design [2, 3] is implemented in a commercial 45nm SOI process. It includes a stan-
dalone LNA together with multiple variants of LNA-MRM systems. The micrograph of the
fabricated chip is shown in Figure 4.24. The fabricated chip is flipped and packaged on an
organic substrate via the on-chip bump pads. The RF input signals are routed from the
bump pads to the probe pads on the top layer of the organic substrate, while all the other
signals are routed to the ball grid array (BGA) on the back side of the package.

As all the top level signals of the design are analog signals and there are a large amount
of variants in this design, the organic substrate package is assembled on a chip board used
to fan out these signals. Fig. 4.25a shows the diagram of the measurement setup. Fig. 4.25b
and Fig. 4.25c is the photo showing the measurement setup details close to the chip and
the diagram showing the landing of the critical components, respectively. The static power
and bias signals are generated from the data acquisition (DAQ) system to the chip board
and reaches the on-chip circuits and photonics via the BGA. The fiber array is attached
from the removed substrate side to the chip, which couples the continuous wave (CW)
laser into the chip, and also couples the optical signal at the through-port of the MRM
out of the chip to an optical spectrum analyzer (OSA). The optical measurements of the
MRMs can be done and the results are shown in Fig. 4.26. Here Fig. 4.26a shows the optical
response of a triple-MRM variant to the laser wavelength with different heater voltages for
the central cavity. The brighter region implies a state closer to on-resonance and three
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(a) Full chip view

(b) Zoomed-in view of two adjacent testsites

Figure 4.24: Chip micrograph



CHAPTER 4. TRANSMITTER ARRAY ELEMENT DESIGN IN AN RFSOI
PLATFORM 60

(a) Measurement setup diagram (b) Zoomed in measurement setup

(c) Landing of the RF probe and the optical fiber array on the
substrate released package

Figure 4.25: Measurement setup

supermode resonances close to each other can be observed. There are additional weaker
resonances observed that represent the other intrinsic resonance of the central cavity since
its free spectral range (FSR) is smaller than the modulated cavities. Due to the mismatch of
intrinsic resonance frequencies between the central cavity and the modulated cavities, there
is existing detuning even with zero heater power so that the two outside supermodes do not
have equal split between the central supermode. The resonance wavelength splits can be
extracted from Fig. 4.26a and translated to the resonance frequency splits, one of which is
plotted in Fig. 4.26b proving the tunability of the triple-MRM.

The high frequency RF signal is transmitted from the network analyzer to the RF probe
that is landed on the probe pads of the organic substrate, and the transmission lines on the
organic substrate route the RF signal all the way from these probe pads to the RF bump
pads of the chip. The mm-wave signal at frequency fRF is transmitted from a vector network
analyzer (VNA). It gets amplified by the on-chip LNA and modulates the MRM to generate
an optical sideband that is located fRF away from the CW laser frequency, as shown in
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(a) Wavelength response of the triple-MRM
with different central heater voltages

(b) Frequency split between two of the
supermodes

Figure 4.26: Resonance detuning of the central cavity

Fig. 4.28.
During the measurement, we need to first find out the center frequency of the LNA

driving the MRM, which might be different from the standalone LNA. Thus in the first step,
the RF power is fixed and its frequency is being swept, the amplified RF signal modulating
the MRM will generate heat and hence result in a resonance frequency shift. It is observed
that this shift peaks when the RF frequency is around 57 - 58GHz, and this frequency should
be the center frequency of the LNA driving the MRM. This center frequency is lower than
what we expect, possibly due to the influence from the Cu pillars and pads that are close to
the transformers.

The standalone LNA measurement also confirms the discrepancy in terms of the centerr
frequency. Meanwhile, the s11 matches the simulation result while the behavior of s22 is not
as expected. One possible reason is that the routing from the LNA output bump pads to
the on-package probe pads on the on the organic substrate has relatively long traces with
vias, which generate the undesired reflections. The measured s21 of the standalone LNA is
thus lower than simulation because of the power mismatch.

Figures 4.28-4.31 show the further measurement results that are more related to the
link performance of a single-MRM variant and a triple-MRM variant with the same dopant
and junction type. Among them, Fig. 4.28 shows the definition of the parameters that are
extracted from the optical spectrum. In this scenario, the sideband conversion efficiency
equals the ratio of the sideband peak power to the off-resonance through port power. For
the single-MRMmeasurement, the measured off-resonance power is -15 dBm when the optical
power from the laser source is 0 dBm, and this reflects to a loss of 15 dB along the optical
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(a) s21 (b) s11 and s22

Figure 4.27: Measured S-parameters of the standalone LNA

(a) Single-MRM (b) Triple-MRM

Figure 4.28: Measured optical spectrum

path mainly contributed by the grating loss of the couplers due to imperfect fiber-coupler
alignment. Fig. 4.28b reflects the spectrum when the laser power is 6 dBm and the loss from
the two couplers are around 17 dB. In practice with improved coupling conditions, the loss
can be as low as 2 dB per coupler, which reduces the overall coupling loss from around 16 dB
in the experiment significantly down to around 4 dB.



CHAPTER 4. TRANSMITTER ARRAY ELEMENT DESIGN IN AN RFSOI
PLATFORM 63

(a) Measurement results (b) Simulation results across different detunings

Figure 4.29: Frequency response of SCE

Fig. 4.29a shows the SCE as a function of RF frequency when the laser frequency, reso-
nance frequencies and split of the MRM variants are all fixed to maximize the SCE. They
both peak at 57GHz that indicates the central frequency of the LNA’s transducer gain. This
central frequency is lower than the 70GHz one from simulation shown in Fig. 4.17a, possibly
due to the influence from the AC-grounded bump pads on chip or the interaction between
adjacent LNA variants. The triple ring variant presents a passband of ∼3.2GHz, and the
LNA is the dominant source that limits this bandwidth. The similar plot for the single-MRM
variant however, shows a narrower bandwidth of ∼2GHz and a more asymmetric response.
The steeper roll-off is caused by the fact that the sideband offset from the resonance fre-
quency is comparable with the optical bandwidth, and the asymmetry can be explained
by taking several equal-∆ω sections in Fig. 2.4, which reveals the fact that a detuning that
maximizes the SCE at a specific modulation frequency does not guarantee that SCE with
this optimal detuning peaks at such modulation frequency, as shown in Fig. 4.29b.

Fig. 4.30 illustrates the relationship between SCE and the RF power under different
optical power levels, and from SCE the Noise Figure can be projected based on Eq. 3.9 and
Eq. 3.19, which are shown in Fig. 4.31. The plot shows the link begins to saturate around
-35 dBm input RF power, which is expected as the LNA has a high transducer gain. For the
single-MRM variant, no significant difference is observed among the curves of SCE when the
optical power increases, and this implies that with high optical power levels which usually
causes degrading effects like self-heating or carrier absorption, high optical power levels,
for example up to 4 dBm, do not result in considerable performance degradation in the
single-MRM sensing element, so its projected NF scales well with total laser power. The
triple-MRM variant however, confronts a strong performance degradation at high laser power
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(a) Single-MRM variant (b) Triple-MRM variant

Figure 4.30: Sideband conversion efficiency v.s. RF power

(a) Single-MRM variant (b) Triple-MRM variant

Figure 4.31: Projected NF v.s. total laser power assuming 2dB loss per coupler
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(a) Cavities with low Q (b) Cavities with high Q

Figure 4.32: Normalized power densities in the three microring cavities of the triple-MRM

levels, which prevents a lower NF figure by increasing the laser power. To find out whether
this results from the high-Q undoped central cavity, a model is built to characterize the
power densities inside the three cavities with respect to different round-trip phase shift, or
equivalently the laser frequency. The results are shown in Fig. 4.32, and the conclusion from
these results is that at the left and right supermode resonance frequencies, the power density
in the central cavity is always about twice of that in the two cavities being modulated, no
matter how large the decay rate of the cavities are or how large the ratio of these decay
rates is. Since all the three cavities should have similar circulating optical power compared
to the single ring, the most reasonable explanation for this performance degradation is that
the central cavity didn’t have electrodes that help to sweep out the carriers.

The measured SCE matches the theoretical model, and is mainly limited by the RC
bandwidth and the relatively low quality factor of the single-MRM variant measured so far.
The noise figure of LNA+single-MRM is still comparable to that of a standalone dual-MRM
[20], which intrinsically has better SCE than the standalone single-ring MRM tested in this
LNA+single-MRM experiment. Hence, the performance of the proposed architecture can
be further improved by integrating the LNA with these more efficient MRMs. Table 4.3
compares this design with previous work that focused on MZMs, illustrating that smaller
footprint and power per element as well as higher modulation frequency are achievable with
pre-amplified MRM designs, owing to the large load capacitance and area of the MZM de-
signs. The resonant nature of MRMs also enables wavelength division multiplexing compared
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Table 4.3: Comparison with State-of-the-Art RF Photonic Modulators/Front-ends
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to broadband MZM designs, enabling scaling to larger arrays due to more sensing elements
per fiber. The power consumption per array element is 30mW from the LNA, which shows
that thousands of such elements can be integrated in a low-power mm-wave sensing array.

4.7 Chapter Summary

The chapter introduces the design considerations, procedures and measurement results of
a mm-wave sensing element in the transmitter array for the proposed architecture. The
element with single-MRM variant can achieve a noise figure of around 20.6 dB with less than
30mW of electrical power and 9 dBm of laser power per element. The element with triple-
MRM variant provides 23.3 dB noise figure with the same electrical power and 5 dBm laser
power. The triple-MRM variant shows some extent of advantage over the single-MRM one,
especially when the laser power is low. In the case of a high laser power level, the triple-
MRM variant degrades due to the lack of carrier sweep-out electrodes, and this revision will
be applied in future designs. The advantage of the triple-MRM variant is lower than the
prospective, which results from the relatively high decay rate or say the relatively low quality
factor of the cavity. With improved monolithic design platform, we will have more degrees
of freedom in the MRM design space, so we expect to have a lower decay rate so that the
triple-MRM gets more advantage over the single-MRM, and a higher resonance shift from
modulation together with larger electrical bandwidth that both enhance the performance of
the general MRM family.
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Chapter 5

Transmitter Array Element Design in
A Silicon Photonic Platform

This chapter introduces the design of the transmitter array element in a commercial RF-
SOI process optimized for silicon photonic applications [57] targeting 60 - 70GHz carrier
frequency. On the electronics side, the performance of the CMOS devices in this process
technology is very close to that in the previous RFSOI technology. On the photonics side,
more MRM varieties are available with the process optimization, and the a thick buried oxide
layer is present so that the substrate release post process is no longer required to preserve
the optical mode.

5.1 Active Core with Input Matching

The active core design principles and methodology are very similar to those in the previous
chapter, as the optimized silicon-photonic platform does not have significant change in the
performance of the CMOS devices. One of the change is that the previous design utilizes the
vertical natural capacitor (VNCAP) formed by the BEOL metal layers and dielectrics. Al-
though VNCAP offers higher quality factors, the drawback is the relatively lower capacitance

Figure 5.1: Neutralization MOS capacitors implementation
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(a) Stability factor K (b) Maximum available / stable gain

Figure 5.2: Comparison between different neutralization techniques

density and the additional design rule constraints (DRC) that might add additional routing
parasitic resistors or capacitors to the design. In addition, the performance improvement of
the neutralization highly depends on the good matching between the Cgd of the transistors
and the neutralization capacitors, and is prone to process variations.

There are designs that implement transistors for neutralization [58, 59], and this design
chooses the topology depicted in Fig. 5.1. The two neutralization transistors are of the same
type with the common-source transistors with half the size. Each neutralization transistors
has its source connected to its drain as a MOSCAP. During normal operation, the two
common-source transistors are in the saturation region so that their gate-to-drain voltages
are not able to turn a MOSFET or MOSCAP of the same type on into the strong inversion
region. Thus, the channels of the two MOSCAPs do not have high concentration of the
minor carriers, and their gate to source/drain capacitors exclude the channel capacitance
and include only the gate to source/drain fringe parasitic capacitance. The same origination
of the parasitic Cgd of the common-source transistors and the Cneu guarantees good matching
and neutralization quality across process, voltage and temperature (PVT) variations [60, 61].

Although MOSCAPs take advantage of robustness, their relatively lower quality factor
raises design concerns in terms of performance degradation. Therefore, the post-extraction
simulations of VNCAP- and MOSCAP-based neutralization are done and the results are
shown in Fig. 5.2, and the results with no neutralization are also attached as a reference.
Fig. 5.2a presents the stability factors where both designs show the unconditionally stable
state in the frequency range of interest compared to the reference. Since both neutralization
designs have K well above 1, the exact values don’t really matter as its upper limit depends
on the precise matching of the capacitance. Fig. 5.2b shows the maximum available gain
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Figure 5.3: Schematic of the active Balun

plots, giving the fact that both neutralization designs achieve better gain over the reference
design although they have maintained a higher K, and the gain performance between these
two does not differ a lot. Given the fact that no significant performance degradation is
observed in MOSCAPs, they are employed in the active stages for designs in this process
platform.

One other change is that we are gradually targeting the operation in a larger frequency
range, so the active balun [62, 63] is replacing the passive one for a wide-band input matching
and also for reducing the inductor/transformer footprint. The schematic of the active balun
used in this design is shown in Fig. 5.3. The core of the balun is a common-source transistor
and a common-gate transistor. The incoming signal directly applies to the source of the
common-gate transistor directly and to the gate of the common-source transistor indirectly
through the ac-coupling network. The two transistors are biased with the same current
density so their small-signal parameters are close, so that the strengths of voltage signals
that appear at the drains should have similar strength while in the opposite directions if
they have the balanced load impedance. Effectively, the differential signals will appear at
the drains. Similar to the differential active stages, the common-gate transistor pair is added
to further boost the maximum available power gain.

The wide-band matching is obtained through the following mechanism: for a common
source transistor where the gate capacitance mainly contributes by Cgs and the series gate
resistance Rg exists. The voltage amplitude with fixed power applied highly depends on the
equivalent shunt resistance that is given by:

Req,CS ≈ (1 +Q2
g)Rg, Qg =

1

ωRgCgs
(5.1)

and for the differential pair, this equivalent resistance is Req,CSdiff = 2Req,CS. The ratio of
the equivalent resistance to 50Ω of the source can be much higher than 1, and with larger
ratio, we will suffer from narrower bandwidth from a single-stage matching network.

For the active balun however, the input also sees a common gate stage. Together with
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(a) Gain and Noise (b) s11 Smith chart

Figure 5.4: Performance metrics of the active balun

the common-source transistor, its equivalent resistance is:

Req,abl =
1

1/Req,CS + 1/Req,CG

Req,CG ≈ 1

gm,CG
(5.2)

This can give us a much lower equivalent resistance, with 2 - 4mA of bias current through
the common-gate branch, Req,CG can be close to 50Ohm, which leads to a close-to-matched
status. A wide-band matching is therefore realized noticing that this equivalent resistance
is not strongly frequency dependent.

Nevertheless, the bandwidth feature of the active balun is with the cost of a lower Gmax:
assume that the matching networks that do the power match from the 50Ω source to the
common-source differential pair or the active balun are lossless, the power applied to the
active stage’s input should be the same, so for the voltage amplitude we have:

vamp,abl

vCSdiff

=

√
PReq,abl√

PReq,CSdiff

≈ 1√
2gm,CGReq,CS

(5.3)

As the bandwidth of the matching network is highly correlated to the ratio of the two
resistive terms before and after matching, the lower Gmax is inevitable for the active balun
if the target is a wide band power match. The designed active balun still achieves a Gmax of
around 9 dB from simulation shown in Fig. 5.4a. This is 9 dB lower than the common-source
differential pair. However, considering that the additional matching network is required for
the common-source differential pair, which has a large footprint and brings the additional
loss of 2 - 3 dB due to limited quality factor, it is still worthy to implement such active balun.
Fig. 5.4a also shows the noise performance of the active balun, where the minimum noise
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(a) Inductance (b) Quality factor and coupling coefficient

Figure 5.5: Performance metrics of the weakly-coupled transformer

figure and the noise figure are both around 5 dB and they are almost the same. This is a
sign of the noise match at the same time. Fig. 5.4b depicts the s11 of the active balun. Since
it drives the following stages, the s11 of the entire LNA will change a bit, which will be
explained later.

5.2 Bandwidth Extension

The proposed transmitter array element requires the center frequency of the LNA and the
split of the dual-/triple-MRM to be aligned in order to achieve optimal conversion efficiency
and noise performance. So to demonstrate the tunability of the MRM integrated with
the circuits, we would prefer an LNA with wider bandwidth. One common approach is to
employ the weakly coupled transformers [28, 64, 65], which has very similar electro-magnetic
mechanism compared to the multi-MRM. Since the quality factor of the on-chip inductors
are usually not too high, such mutual coupling and split can easily create a significantly
higher bandwidth.

In addition to the design considerations of inductance and quality factors for normal
inductors or transformers with strong coupling, the coupling coefficient is what we need to
take special care of for the weakly-couple transformer. The reason is that although we would
like to have weak coupling to make the split flat with less ripple, the low k potentially gives
us a worse insertion loss, especially when the quality factor of the inductors are not high
enough [66]. In this design, based on the quality factors obtained during the iterative design,
we would like to have a k that is around 0.2. The EM simulation results of the designed
weakly coupled transformers is shown in Fig. 5.5. The inductance of the primary and the
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(a) Gain (b) Noise figure

Figure 5.6: Gain and noise performance of the two LNA designs

secondary coil are both close to 22- pH in the frequency range of interest around 60 - 70GHz.
At higher frequencies however, due to the parasitic capacitance, the effective inductance
increases while the quality factors Q decreases until it reaches the self-resonance frequency.

With this new silicon-photonic process platform, we have two versions of LNA designs.
The first version has the active balun and the neutralization MOSCAP implemented, and the
second version has the weakly coupled transformers featuring bandwidth extension placed.
Their simulated performance metrics are shown in Fig. 5.6 and Fig. 5.7. V1 has its power
gain that reaches around 38.5 dB peaking at 70GHz with a bandwidth of 2.5GHz. With
bandwidth extension, the LNA power peaks at 60.4GHz with reaching 34.5 dB with a 3 dB
frequency 58.8GHz to 65.4GHz. In addition, the bandwidth-extended LNA also has a
secondary gain plateau around 31 dB, which keeps the gain curve nearly flat above 29 dB
until the frequency approaches 71GHz. Fig. 5.6b reports that the noise figure is 6.4 dB for
design V1 and 6.8 dB for design V2, while design V2 keeps this noise figure within a much
wider frequency band. The s11, s22 of the two designs are plotted in Fig. 5.7. Both designs
has realized input and output matching. Design V2 has much better input matching because
an additional shunt inductor is implemented at the input of the active balun to resonate out
the parasitic resistance. This inductor was placed together with the on-chip probe pads
so it does not necessarily increase the area of the design. The performance metrics are
summarized in Table 5.1.
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(a) Rectangular plot (b) Smith chart

Figure 5.7: Gain and noise performance of the two LNA designs

Table 5.1: Summary of LNA Performance from Simulation

Design V1 V2
Peak Gain 38.5 dB 34.5 dB

Peak Frequency 70.0GHz 60.4GHz
Operating Frequency Range 69.2 - 71.7GHz 59.0 - 71.0GHz

Noise Figure 6.4 dB 6.8 dB
Power 25mW 36mW

5.3 Photonics Implementation and Chip Integration

The high-precision thermal tuning is always critical in terms of MRM implementation and
operation. The design in the previous chapter works as a proof of concept and there are
enough bump pads available to control the individual heater power for all the MRMs from
the external voltage source. In a practical system however, these heater control signals
should be generated locally, and this design chose to implement the relative compact pulse
density modulation (PDM) driver. The diagram of the driver is shown in Fig. 5.8, the 10-bit
adder calculates the sum of the configuration bits and the bits stored in a 10-bit register.
The MSB of the 11-bit sum or say the carry signal is the output of the digital block, and
the register takes the remaining 10 bits as the input in the next clock cycle. The output is
connected to the gate of a heater driver head which is a wide NMOS transistor. When the
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Figure 5.8: Diagram of the PDM Driver

carry signal voltage is high, the NMOS is on, so that the current flows through the heater
from the high-voltage supply; when the carry signal voltage, the NMOS is off and there
will be no current flowing through. The average heater power is therefore the product of
the on-state power and the pulse density controlled by the configuration bits. This PDM
driver requires a clock signal to update the registers and to avoid EO conversion from this
clock signal, this clock frequency should be moderately high, so that the switching fall into
a frequency band that is far beyond the thermal bandwidth and filtered out by the slower
heat dissipation process. In this design, this high speed clock frequency is designed to be
around 1GHz.

In addition to the thicker BOX layer, this silicon photonic platform also has plenty of
custom options available for the photonics design compared to the previous RFSOI process
platform, one of which is the partial etch option that creates thinner silicon waveguide layers
and forms a rib structure. Fig. 5.9a presents the only available waveguide in the previous
45 nm RFSOI platform which is the so called full-silicon waveguide. For an active modulator,
the P-N junction need the electrical connection to a contact and to a metal layer, and the
full-silicon waveguide needs a long extension before connecting to the metal electrodes need
to prevent the optical mode leakage. Furthermore, both the cathode and the anode electrodes
are located inside the ring cavity to preserve the optical mode, and this decreases the effective
width of the extensions as they need to interleave. Both factors decrease the RC bandwidth
because silicon has higher resistivity than metal even if it is heavily doped and in addition,
the tuning efficiency of the heater located at the center of the ring will also degrade because
the mode-preserving extension increases its physical distance between to the cavity.

With the feature of partial etch, the first potential optimization is to make the extensions
thinner. The electrodes of anodes and cathodes are still all at the inner side of the cavity, so
that the half-rib structure depicted in Fig. 5.9b is formed. The junction structures shown in
Fig. 4.20 for full-silicon waveguide are all available for half-ring waveguide, and because the
cavity has significantly better optical mode confinement which results in a shorter required
extension, one benefit is that the heater can be placed closer to the cavity and a better tuning
efficiency can be achieved. In the sense of the sideband conversion efficiency, however, it is
not explicit to tell whether there is improvement, since the rib structure has higher resistivity,
that harms the overall RC bandwidth. A further potential optimization is that with better
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(a) Full-silicon waveguide

(b) Half-rib waveguide

(c) Full-rib waveguide

Figure 5.9: Radial section of the electrodes and cavity waveguide, left side is the inner side.
Red: heavy P-doping; blue: heavy N-doping; deep purple: either heavy P- or N-doping
depends on which section is selected; light purple: effective junction region; gray: metal

optical mode confinement, the electrodes and ribs no longer need to all be located at the
inner side of the ring cavity. For example, we can place the anode electrodes outside the
ring cavity and the cathode electrodes inside the cavity, which forms the so called full-rib
waveguide shown in Fig. 5.9c. Compared to the half-rib waveguide, the extensions from the
cavity to the electrodes no longer need to be interleaved, so we can achieve much lower
extension resistance and obtain a higher RC bandwidth, as depicted in Fig. 5.10a, the top
side view of the full-rib vertical junction structure. Because the electrodes are on both
the inner and outer sides, the P and N regions of the cavity can be continuous instead of
interleaved as separated islands, forming the full-rib horizontal junction with a different top
view shown in Fig. 5.10b. The interface of the P and N regions however, does not necessarily
need to be a smooth arc. In case the spoked structure is inherited by the full-rib horizontal
junction MRM, we effective achieve a spoked horizontal junction with effectively larger P-N
junction area and with better sensitivity to modulation.

The ring modulator’s performance varies with the waveguide structure, the junction
type, the doping concentration and the DC bias voltage, while the relationship is explicit
in none of these factors, since their influence to the cavity decay rate, the refractive index
modulation and the RC bandwidth. Thus, a model is developed to evaluate the end-to-end
performance of the photonics, where the core optical devices are shown in Fig. 3.1, while we
have the grating couplers representing optical loss, and the LNA driving the ring modulator
as well. We will assume fixed and reasonable performance metrics for the other electrical or
optical blocks, and only changes the ring modulators to compare the performance. As the
noise performance is more straight forward, we choose to plot the SNR degradation at the
photonic stage, so the total noise figure of the proposed electronic-photonic system will be
the sum of this SNR degradation and the noise figure of the LNA.

We assume that the LNA has a power gain of 35 dB and a noise figure of 6 dB. The
loss of each grating coupler will be -2 dB and the responsivity of the photodetectors will
be 1.0A/W. The MRMs will have their 3-D models constructed for simulating performance



CHAPTER 5. TRANSMITTER ARRAY ELEMENT DESIGN IN A SILICON
PHOTONIC PLATFORM 77

(a) Vertical junction (b) Basic horizontal junction (c) Spoked horizontal junction

Figure 5.10: Top view of full-rib MRMs available in the silicon photonic process platform
45SPCLO. Red: P-doping; blue: N-doping; interleaved stripes: vertical junction. Deep red

and blue represent regions farther away from the cavity and closer to the electrodes.

metrics including the cavity decay rate ro [rad/s], the modulation efficiency of resonance
frequency kf,V [GHz/V] and the RC bandwidth [GHz]. And all these parameters will be
plugged into the analytic model that calculates the SNR degradation. We choose four of
the waveguide-junction structures to present, which are the full-silicon waveguide + vertical
junction, the half-rib waveguide + vertical junction, the full-rib waveguide + vertical junction
and the full-rib waveguide + basic horizontal junction. For each structure, we assign five
levels of DC voltage bias and 7 levels of doping concentration. Both the single-MRMs and
dual-MRMs are used to evaluate RF modulation around 70GHz, with the assumption that
the dual-MRMs have the proper resonance split.

The SNR degradation plots of the single-MRMs are presented in Fig. 5.11. In these plots,
darker regions represent combination of doping and bias that gives better noise performance,
and white blocks either mean that the SNR degradation exceeds the color bar range or we
can’t get useful data. From the plot we can tell:

• Within one specific ring structure, higher doping concentration seems to give better
performance. The reason is that single-MRM’s performance does not significantly rely
on cavity decay rate which improves the peak gain but harms the bandwidth of an
intrinsic optical resonance, so the main contribution is from the resonance frequency
modulation kf,V and the RC bandwidth. Intuitively, kf,V is correlated to the sensitivity
of the PN junction’s depletion width to voltage, and is in another sense, correlated to
the small-signal junction capacitance. Higher doping concentration results in smaller
depletion width and higher junction capacitance, hence kf,V gets improved. Although
the larger junction capacitance harms the RC bandwidth, the higher doping also lowers
the resistance of the junction region, so this counteract slows the degradation of the
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(a) Full-silicon, vertical
junction

(b) Half-rib, vertical
junction

(c) Full-rib, vertical
junction

(d) Full-rib, horizontal
junction

Figure 5.11: SNR degradation [dB] of the single-MRM based photonic stage driven by the
LNA with 35 dB power gain and 6 dB noise figure.

X-axis: junction DC bias voltage [V]; Y-axis: junction doping concentration [1017 cm−3]
Assumptions: Plaser = 1.0mW, RPD = 1.0A/W for photo detector and ηc = −2.0 dB for

grating coupler.

(a) Full-silicon, vertical
junction

(b) Half-rib, vertical
junction

(c) Full-rib, vertical
junction

(d) Full-rib, horizontal
junction

Figure 5.12: SNR degradation [dB] of the dual-MRM based photonic stage driven by the
LNA with 35 dB power gain and 6 dB noise figure.

X-axis & Y-axis represent the same parameters, and the assumptions are the same.
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(a) Full-silicon, vertical
junction

(b) Half-rib, vertical
junction

(c) Full-rib, vertical
junction

(d) Full-rib, horizontal
junction

Figure 5.13: Noise performance improvement [dB] from single-MRM to dual-MRM.
X-axis & Y-axis represent the same parameters, and the assumptions are the same.

RC bandwidth.

• For the single-MRMs with vertical junction structure, the full-rib ones outperform the
full-silicon and half-rib ones. The main reason is the improved RC bandwidth, and
the change of junction profile also increases the effective junction area that leads to a
higher kf,V .

• For all the vertical junction MRMs, we will have significant performance penalty when
the doping concentration is low and the reverse bias voltage is strong. Since both
factors makes the arise of the depletion width, once this width exceeds the thickness of
the waveguide, we effectively have almost no modulation to the depletion width that
intuitively controls the effective refractive index and the resonance frequency.

As a comparison, Fig. 5.12 shows the SNR degradation of the dual-MRMs, where a color
closer to deep blue represents a variant with better performance in terms of noise. From
this graph, the fact that full-silicon MRMs slightly outperform half-rib ones still apply. In
addition, the plot again confirms that vertical junction MRMs suffer from extremely low
doping concentration and strong reverse bias. The (full-rib) MRMs with horizontal junction
on the other hand, are not significantly influenced as their maximum junction width can be
equal to the width of the cavity waveguide.

However, one big difference is that, unlike single-MRMs with its fundamental performance
limitations where decay rate doesn’t really help or harm the sideband conversion efficiency or
the noise performance at RF/mm-wave frequency, dual-MRMs instead, benefit from lower
decay rate as described in Eq. 2.20. A lower decay rate can be realized by having lower
doping concentration because the doping makes the photons scatter and decreases their
lifetime. Although the lower doping concentration makes the refractive index modulation
weaker and partially offsets the overall gain and noise performance, from the figure we can
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Table 5.2: MRM varieties driven by LNAs in design V1. Each background color represents
one combination of waveguide configuration, junction type and coupler type

Variant # MRM Type Cavity Waveguide Junction Type Coupler Type Coupling Strength Custom Doping

1 Single Full-silicon Vertical Wrapped Over
2 Triple Full-silicon Vertical Wrapped Critical
3 Triple Full-silicon Vertical Wrapped Over
4 Triple Full-silicon Interleaved Wrapped Over
5 Dual Full-rib Horizontal Point Critical
6 Dual Full-rib Horizontal Point Over
7 Triple Full-rib Horizontal Point Over
8 Dual Full-rib Horizontal Wrapped Over
9 Single Full-rib Vertical Point Over
10 Single Full-rib Vertical Point Over Yes
11 Dual Full-rib Vertical Point Over
12 Triple Full-rib Vertical Point Critical
13 Triple Full-rib Vertical Point Over
14 Dual Full-rib Vertical Wrapped Over
15 Single Half-rib Vertical Point Critical
16 Single Half-rib Vertical Point Critical Yes
17 Dual Half-rib Vertical Point Critical
18 Dual Half-rib Vertical Point Over
19 Triple Half-rib Vertical Point Critical
20 Triple Half-rib Vertical Point Over
21 Dual Half-rib Vertical Wrapped Over
22 Triple Half-rib Vertical Wrapped Over
23 Single Half-rib Interleaved Point Critical
24 Dual Half-rib Interleaved Point Over
25 Triple Half-rib Interleaved Point Over
26 Dual Half-rib Interleaved Wrapped Over
27 Triple Half-rib Interleaved Wrapped Over

see that the optimal designs still occur with relatively lower doping and stronger reverse
bias, if the depletion width does not exceed the size of the waveguide.

Fig. 5.12 summarizes that with the given performance of the LNA, the other photonic
device and the laser source, 3 dB of SNR degradation at the stage of the photonics is not
difficult to reach, and together with the LNA’s assumed 6 dB noise figure, a total noise figure
of 9 dB can be realized for the proposed system. Fig. 5.13 shows the improvement of noise
performance by switching from single-MRMs to dual-MRMs with an average range of 10 dB
to 25 dB.

From the analysis above, the most promising dual-MRM variants are the ones with full-
rib cavity waveguide and are the ones when the doping is light and the reverse bias voltage
is decently strong. Within these MRM variants, the vertical junction gives a better perfor-
mance, but also makes the MRM more prone to the risk of no working in case the doping
concentration is lower than expected; on the other hand, the variants of the horizontal junc-
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Table 5.3: Standalone MRM varieties (in design V1). Each background color represents
one combination of waveguide configuration, junction type and coupler type. Special

custom doping is not used here.

Variant # MRM Type Cavity Waveguide Junction Type Coupler Type Coupling Strength
1 Single Full-silicon Vertical Wrapped Critical
2 Single Full-silicon Interleaved Wrapped Over
3 Triple Full-silicon Interleaved Wrapped Critical
4 Single Full-silicon Interleaved Wrapped Over
5 Single Full-rib Horizontal Point Critical
6 Single Full-rib Horizontal Point Over
7 Triple Full-rib Horizontal Point Critical
8 Single Full-rib Horizontal Wrapped Over
9 Dual Full-rib Horizontal Wrapped Critical
10 Triple Full-rib Horizontal Wrapped Over
11 Single Full-rib Vertical Point Critical
12 Dual Full-rib Vertical Point Critical
13 Single Full-rib Vertical Wrapped Over
14 Dual Full-rib Vertical Wrapped Critical
15 Triple Full-rib Vertical Wrapped Over
16 Single Half-rib Vertical Wrapped Over
17 Dual Half-rib Vertical Wrapped Critical
18 Triple Half-rib Vertical Wrapped Critical
19 Dual Half-rib Interleaved Point Critical
20 Triple Half-rib Interleaved Point Critical
21 Single Half-rib Interleaved Wrapped Over
22 Dual Half-rib Interleaved Wrapped Critical

tion get a decently good balance between the gain & noise performance and the robustness
to process variation.

For verification purposes, design V1 still implemented the dual- or triple-MRM variants
with sub-optimal performance for verification purposes, plus the single-MRM variants for
comparison. The variants driven by LNA are listed in Table 5.2. There are also standalone
devices that can be measured without being driven by the LNA, and these variants are shown
in Table 5.3. All the full-rib, horizontal junction MRMs in design V1 are using the basic
horizontal junctions. In design V2, we seek to evaluate the ring variants the performance of
which needs to be both high and robust and with wide range of tunability, thus all the ring
variants are the full-rib horizontal junction triple-MRMs, where half of them have the basic
horizontal junction and the rest half have the spoked horizontal junction. The remaining
varying design parameter is the physical gap spacing between the rings, or between the ring
and the bus waveguide, which aims at achieving the optimal external coupling rate re. To
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Figure 5.14: Micrograph of standalone test sites in design V1

(a) Wavelength response of the dual-MRM
with different heater voltages

(b) Frequency split of the two supermodes
with different heater voltages

Figure 5.15: Resonance detuning of the dual-MRM

operate with higher incident laser power without significant performance degradation which
occurred in the design mentioned in the previous chapter, all the triple-MRMs designed
within this process platform have their central cavity doped and extended to electrodes for
carrier sweep-out.

5.4 Measurement Results

As listed in Table 5.3, the standalone MRM testsite taped-out with design V1 has 10 single-
MRMs, 6 dual-MRMs and 6 triple-MRMs, and its micrograph is shown in Fig. 5.14. Though
not showing in the figure, there are rows of probe pads close to the MRMs. The probe pads
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Figure 5.16: Measurement setup diagram

Figure 5.17: Partial micrograph of transmitter sites with LNA in design V1

cover the both the signals that modulates the anode and cathodes of the rings, and the
signals that provides bias for the heater resistors. During the device characterization of one
site, the input and output fiber will approach the corresponding input and output couplers
on the left and right. The probes will be landing on the pads, where the DC probe array
is for controlling the heater power, and the RF probes is for tuning the reverse voltage bias
and applying the RF/mm-wave modulation.

Fig. 5.15 illustrates the experiment on the tunability of a standalone dual-MRM test
site. During the measurement, a 0V voltage is applied to one of the heaters, and the other
heater will be swept and the optical response of the MRM versus laser wavelength/frequency
will be recorded. As shown in Fig. 5.15a, this tuning shifts both supermode resonance to
a higher wavelength like what occurred for the triple-MRM in the previous chapter. The
tuning of frequency split itself seems not significant, by Fig. 5.15b does present and confirms
the tunability. The tuning limitation is mainly on the lower bound at around 60GHz by
the original split of the two non-detuned, mutually coupled cavities. The measurement for
standalone devices is still ongoing, where the next steps include but are not limited to the
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Figure 5.18: Wirebonded package of transmitter sites with LNA in design V1

characterization under higher laser power to see the performance with carrier sweep-out
electrodes, the device level performance comparison across design variants and so on.

The LNA-incorporated testsite in design V1 has three rows of individual test sites and
Fig. 5.17 shows part one of the three rows. The chip is wirebonded onto a chip board which
can be assembled with the host board. Fig. 5.18 shows the details of the wirebond assembly,
and Fig. 5.16 shows the diagram of the measurement setup. The two optical fibers will attach
the grating coupler on the left and right side of the chip couple the CW laser into the chip
and carry the modulated optical signal out. Different from the previous chapter, the RF
probe will be landed onto the chip from the top side of the wirebond package in Fig. 5.18.
The high-speed clock signal is generated from the integrated synthesizer evaluation board
ADF4360 and the bias signals are generated from the LDOs on the host board. The digital
configuration data are written to the chip through a scan chain with all the control signals
generated from the FPGA.

The measurement of design V1 is in progress. Some of the MRM variants have a fre-
quency split of higher than 70GHz with some even reaching 80GHz. Although this new
platform has more optical device features, the influence from the process variation is still
challenging for the designers. The full-silicon waveguide, although not the best choice in
terms of performance, has smaller variation in terms of its thickness. The rib waveguide
available in this new process generation has much larger shallow etch thickness variation.
This thickness might significantly change the coupling coefficient between two cavities, and
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Figure 5.19: Micrograph of design V2

can even introduce the coupling of a higher order mode. So for future designs, the process
variation should also be taken into account for device and system level optimization [67].

Meanwhile, there are still plenty of dual- and triple-MRMs with a proper resonance split
that can be aligned with the LNA, and we are attempting to do the alignment for now.

The micrograph of design V2 is shown in Fig. 5.19. At present, the wafer with design V2
has just been diced. The package design including the chip board and the host board has
been finished, so the next step is to send for package once the bare dies get delivered.
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5.5 Chapter Summary

The chapter further develops the transmitter array element design within a new process
platform optimized for silicon photonic devices. Optimization in terms of wide band input
matching, inter-stage matching are made targeting a more practical demonstration of the
proposed architecture.

The device level characterization is in progress as well as the characterization of the LNA
modulator sites. From the currently obtained device level measurement results, the dual-
MRM also presents decent tuning capability and the sideband can be generated. Whether
to use the dual-MRM or the triple-MRM highly depends on the scenario of the application,
for example whether we prefer a tunable carrier frequency at the system level, and on the
process variation control of the device as well. For this newly developed silicon photonic
process platform, the process variation might still be a non-trivial issue, and it needs to be
addressed either by the foundry or by the designer.
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Chapter 6

Receiver Array Element Design

This chapter presents the design of the receiver (Rx) element that accommodates the pro-
posed architecture featuring wavelength division multiplexing. The design is fabricated in
the silicon photonic process platform.

6.1 Photonic Front-end Unit

Eq. 3.7 reveals that if only there is only one link channel in the fiber, i.e. we will only see
one pair of spectral components that are close to each other so that the demodulated photo
current represents the low-frequency baseband signal, then there is no imperative need for a
filter, as all the other undesired signals will be close to or beyond the carrier frequency that
can be filtered out with additional analog or digital filters in the electrical domain. With the
proposed wavelength division multiplexing however, additional design considerations need to
be taken into account. Fig. 6.1a presents an example of the spectral components where four
proposed photonic links share one optical fiber. Without any optical band selection filters,
all the sidebands and reference tones will reach this specific photodetector pair, so that
the demodulated photo current suffers from the baseband signals aliasing of these four link
channels. While this aliasing might draw some interest as a beamforming computation can
happen here, it also raises concerns in terms of factors like the dynamic range of the following
electrical front-end. Thus, we choose to have one electrical front-end for each optical link
channel, and conduct all the beamforming in the electrical domain, as the area and power
budget on the receiver side is decently high. One solution to avoid the combination of
different link channels during demodulation is illustrated in Fig. 6.1b. For the two optical
fibers carrying four link channels, there are eight ring filters instantiated, with four of them
on the sideband side and the rest four on the reference side. For a specific photonic front-
end depicted in this figure, the two ring filters selects out one individual sideband and
reference tone and passes the rest of the optical signals to the next photonic front-end.
The selected sideband pairs with the corresponding reference tone and combine through the
coupler. With this architecture, the demodulated photo current only contains the selected
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(a) With no optical filters

(b) With optical band-selection filters

Figure 6.1: Spectral diagram of a receiver element in a WDM link

link channel ideally, so that the aliasing between different link channels will be negligible,
and the optical signals of each link channel will be processed by a unique electrical front-end
which benefits both the conversion gain and the noise figure. This design makes use of the
ring that consists of the single-mode coupling regions and the adiabatic bending regions
[68]. With doping region outside the cavity and better optical mode confinement due to the
adiabatic waveguide, this ring exhibits lower insertion loss in the optical pass band, which
makes it a perfect static tunable filter.

We implemented two types of receiver elements in this design, and their photonic front-
end diagram with device implementation and waveguide routing depicted in Fig. 6.2, de-
scribed as:

• Fig. 6.2a shows the photonic front-end that can handle amplitude shift-keying (ASK)
demodulation. The two optical input signals first go through the adiabatic ring filters,
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(a) With one demodulation channel (b) With I/Q channels

Figure 6.2: Photonic front-end implementation for the proposed receiver array element

with the selected band propagating out from the drop port and the unwanted bands
passes via the through port to the next ring filter. Suggested by Eq. 3.8, to maximize
the conversion gain, the relative phase between the sideband and the reference need
to be adjusted by tuning φref to a specific value before combining through the 2 ×
2-coupler. There will be one branch of output current flowing from the balanced
photodetector pair to the receiver analog front-end (RXAFE).

• Fig. 6.2b shows the front-end that is able to perform complex demodulation which is
suitable to demodulate signals from quadrature amplitude modulation (QAM). The
difference is that the selected sideband and reference tone will propagate into two
additional 2×2 - couplers working as 50% - 50% optical power splitters. By assigning
the correct coupler port to the input, the split output signals should be in-phase.
Then the split reference tones individually go through two thermally controlled phase
shifters before combining with the split sideband signals. The two branches of in-phase
sidebands and the two quadrature shifted reference tones then combine through two
identical couplers and generates four combinations, which reaches the balanced PD
pairs and get finally converted to the I-path and Q-path photo current. Regardless of
the absolute values of φref,I and φref,Q, once the phase difference of them are guaranteed
to be π/2, the I and Q path baseband data can be fully recovered by the back-end post
processing.
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Figure 6.3: Schematic of the receiver’s analog front-end

6.2 Electronic Front-end Unit

The schematic of the analog front-end that takes one branch of photo current is shown in
Fig. 6.3. The photo current is first converted to the voltage signal by the inverted-based tran-
simpedance amplifier (TIA). The voltage signals is then amplified by the cascaded inverter-
based Cherry-Hooper stages. The Cherry-Hooper stage has its gain controlled by the resistor
digital-to-analog converter (DAC) to accommodate varied amplitude levels of the input photo
current. In between the two Cherry-Hooper stages, a pair of current DACs are implemented
as well to cancel the offset voltage caused by the process variation to guarantees that the
proper DC operating point of the amplifier chain.

The amplifier chain mentioned above is a single ended design since the photonic front-end
only generates on branch of photo current. In order to suppress the influence from factors like
power supply noise and crosstalks from adjacent circuit blocks, a duplicate of the amplifier
chain is placed with the dummy PD as well, given the fact that the undesired factors mainly
exert the same gain to the signal path and the dummy path, this pseudo-differential pair
has better power supply rejection ratio (PSRR) and is less sensitive to the environment
interference.

To achieve higher linearity and to match the output resistance to 50Ω, the output buffer
is a common-drain source-follower. As the DC output voltage of the previous Cherry-Hooper
will be around half of the power supply which is lower than the desired DC input voltage of the
common-drain transistor. An AC-coupling bias network is hence used to assign proper bias
point for the source-following aiming at a larger output swing. Because we have very limited
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Figure 6.4: Schematic of the configurable pseudo resistor

(a) Frequency response (b) PSD of output noise voltage

Figure 6.5: Simulated frequency response and noise of the source follower

access to a large on-chip passive resistors or capacitors while such AC-coupling network
requires a fairly low high-pass corner frequency, we utilize the transistor to build a high-
resistance configurable pseudoresistor, illustrated in Fig. 6.4.

The pseudoresistor consists of two PMOS transistors as the core that provide the bias
voltage closer to the power supply, and it has the additional NMOS/PMOS switches for
the fast-settling mode configuration. In the normal high-resistance mode, the digital control
signal D is low so that the NMOS switch is off and the PMOS switch is on, so that the
gates of the core PMOS transistors are connected to the middle node to form a symmetric
pseudoresistor [69–71]. In the fast settling mode, the NMOS switch is on and the PMOS
switch is off, so the core PMOS transistors are on with their gates pulled down to the ground,
this creates a moderate switch resistance path between VP and VN so that the bias voltage
can settle within a shorter time period.
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(a) High-pass corner frequency (b) Voltage drop

Figure 6.6: Histogram of the pseudoresistor’s performance metrics from Monte-Carlo
simulation

The designed AC-coupling network consists of the configurable pseudoresistor and a
400 fF capacitor. Fig. 6.5a plots the frequency response of the source follower core, together
with that of the source follower with the coupling network with two resistance configurations.
In all the three scenarios, the DC operating point of the common-gate transistors is close to
the supply voltage. The mid-band voltage gain of the source follower core is around -7.3 dB,
with -6 dB from the voltage divider due to the 50Ω impedance matching. With the input
bias network, it has an additional gain degradation around 0.7 dB decrease due to the input
capacitance of the source follower core. The bandwidth of the source follower in the normal
mode is around 50GHz, and the high-pass corner frequency is around 48Hz, which fulfills
the design constraints. In the fast settling mode, the corner high-pass corner frequency is
above 50MHz. In this case, the DC operating point of the bias network can settles a million
times faster, approximately within 20 ns.

The use of the pseudoresistor introduces additional noise that mainly presents around
and below the high-pass corner frequency, as indicated by the power spectral density (PSD)
of the source follower’s output noise voltage plotted in Fig. 6.5b. The root mean-square
(RMS) voltage integrated from 1Hz to 50GHz is 250µV for the source follower core and the
pseudoresistor-based network adds around 25% noise power to it, resulting in an increased
RMS noise voltage of 280µV and referring to the input as 703µV.

Utilizing the pseudoresistor also makes the design more prone to process variations, in-
cluding the exact value of the resistance that influences the high-pass cut-off frequency and
the voltage drop across the resistor due to the leakage. To address the potential drawbacks,
all the transistors in the pseudoresistor plus the input transistor of the source follower core
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(a) Frequency response (b) Gain compression

Figure 6.7: Transimpedance gain RT of the RXAFE

are thick gate devices, and stacked transistors are used for the NMOS switch, so that the
gate leakage current is negligible. Monte-Carlo simulations are run to verify the 3 dB high-
pass cutoff frequency and the voltage drop of the pseudoresistor when it is connected with
the source follower, and Fig. 6.6 presents the results. The maximum high-pass 3 dB corner
frequency observed is around 250Hz and the maximum voltage drop is 108mV among 200
Monte-Carlo samples, showing the robustness of the entire source follower.

The resistor DACs implemented in the Cherry-Hooper stages make the gain and band-
width of the RXAFE configurable. In this design there are three modes in which we are
targeting a higher gain, a higher bandwidth, and a balanced performance of gain and band-
width, respectively. From the post-extraction simulation, the mid-band gains of these three
configurations approximately range from 80 dB to 90 dB accommodating different levels of
input photo current amplitudes, and the 3 dB bandwidths range from 6.3GHz to 3.6GHz,
as plotted in Fig. 6.7a.

Figure. 6.7b shows the degradation of the transimpedance gain of the fundamental tone
with increasing input amplitude. The markers label the 1 dB gain compression points where
the input current amplitudes of the three modes are 3.25µA, 5.55µA and 9.45µA, respec-
tively, and the corresponding output voltage amplitudes are all around 96mV. Because of
the similar output amplitudes of the compression points and the fact that the 1 dB gain
compression input for the TIA is as large as 650µA, we get to know that the linearity of the
designed RXAFE is output limited contributed by the Cherry-Hooper stages. This design
is mainly for verifying the gain and noise performance of the proposed full link rather than
realizing high linearity, so the Cherry-Hooper stages are implemented to have larger out-
put amplitude purely for measurement purposes. Therefore, in case the additional amplifier
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(a) High gain mode (b) Balanced mode (c) High bandwidth mode

Figure 6.8: Eye diagrams from the transient noise simulation

stages and the source follower are replaced by the analog to digital converter in a practical
system, the receiver can achieve much higher linearity.

Table 6.1: Performance Summary of the Receiver Analog Front-end

Gain Configuration High Gain Balanced High Speed
Gain 89.4 dBΩ 84.8 dBΩ 80.2 dBΩ

Bandwidth 3.6GHz 4.9GHz 6.3GHz
Input amplitude at 1 dB Compression Point 3.25µA 5.55µA 9.45µA
Output amplitude at 1 dB Compression Point 96.4mV 96.6mV 96.7mV

Input Referred Noise,
RMS within 2 times bandwidth

0.88µA 1.03µA 1.23µA

Input Referred Noise,
Spot at Midband

1.59 ×10−22 A2/Hz

Equivalent Shot Noise Current 244µA
Power 13.6mW

Frequency domain noise simulations show that the total input referred RMS noise current
ranges from 0.88µA to 1.23µA depending on the gain configuration. To further verify the
noise performance, transient noise simulations are done with all the three gain configurations.
The input current is the PAM4 signal encoded by the pseudo-random sequence with a bit
rate of 20Gbit/s (i.e. symbol rate of 10GBaud/s) and a peak-to-peak swing of 20µA. The
intensity assisted eye diagrams with 104 symbols are shown in Fig. 6.8 where all the eyes are
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Figure 6.9: Micrograph of receiver with single baseband channel

Figure 6.10: Micrograph of receiver with I/Q baseband channels

open, although the high-gain mode presents larger distortion due to output limited linearity
and it does not perform better eye height because of its relatively lower bandwidth compared
to the data rate. Table 6.1 summarizes the performance metrics for the designed RXAFE.

6.3 Measurement Plans

This design is fabricated with the silicon-photonic process platform mentioned in the previous
section. Both the adiabatic ring filters and the phase shifters are thermally controlled with
the PDM heater driver. With more silicon-photonics related features, the undercuts are
placed close to the long, straight thermal-controlled phase shifters to preserve heat and to
reduce thermal crosstalks between different phase shifters. The micrographs of the receivers
with one baseband IF channel and with I/Q channels are depicted in Fig. 6.9 and Fig. 6.10.
Each micrograph shows two of the individual receiver units.

The receiver chip is going to be wirebonded to the similar chip board like the transmitters.
The 1̃GHz clock signal for PDM drivers and the analog output signals from the on-chip
source-followers arrives at or depart the chip board through the SMA connectors, and all
the other low-to-moderate speed scan chain or static bias signals are connected to the host
board through, which is similar to the transmitter packaging design.

The diagram of the planning measurement setup is shown in Fig. 6.11. The diagram only
shows the signal path of one single optical channel, and it consists of the following essential
component and instruments for the desired evaluation:

• The arbitrary waveform generator (AWG) generates the I-path and Q-path baseband
IF signals as a reference. QAM signals will be used in this case as the implemented
electronic-photonic system can handle it. On the other hand, the signals generator is
for providing a high-frequency LO signal.
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Figure 6.11: Diagram of the receiver’s measurement setup

• The commercial I/Q complex up-convert mixer. It takes the in-phase and the quadra-
ture of the LO signal and multiply them with the I-path and Q-path IF signals respec-
tively. The up-converted RF signals are them combined and form the final complex
modulated RF signals.

• the commercial RF filter is for creating the representative RF/mm-wave signals. To
emulate the RF signals with image rejection, the output of the AWG itself already has
a carrier frequency fLO,AWG. Given the LO frequency provided by the signal generator
fLO,siggen, the output of the mixer has two sidebands at fLO,siggen ± fLO,AWG. The RF
filter is to select out the sideband at fLO,siggen + fLO,AWG, which represents the carrier
frequency of the emulated RF signal source.

• The laser source provides two laser tones for each optical link channel. One tone is
the reference tone getting feed-forwarded directly into the receiver chip and the other
is propagated to the transmitter to get modulated.

• The signal analyzer obtains the demodulated analog IF signals of the I-path and the
Q-path, and use them to recover the constellation plot.

The diagram assumes that the receiver with I/Q channels are being evaluated. For the
receiver with only one demodulation channel, the AWG only generates I-path signal and the
I/Q mixer will be replaced by the basic mixer. However, we need to tune the phase shifter
on the RX chip carefully in order to maximize the gain.

The measurement is planned to be conducted in three parts. The first part is to evaluate
its performance in a regular coherent silicon photonic high-speed serial link, as the receiver’s
architecture can also handle basic BPSK or QPSK demodulation in case the adiabatic ring
filter aligns with the single laser tone. In this scenario, the signal generator and the mixer
will not be used and the output of the AWG will be directly fed to the TX. The TX in
this step consists of commercial components like Mach-Zehnder Interferometers for a more
stabilized operation as a reference. Since a regular coherent link only used one laser tone,
such first-step measurement reveals the performance with nearly-perfect laser coherence.
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The second part of the measurement is to activate the signal generator and plug in the
mixer, then provide the two laser tones while the TX is still the commercial plug-in blocks.
This part introduces the non-ideal correlation between the two laser tones so that the results
present how does the system level performance degrades. The last part is to replace the
TX with the ones that we designed illustrated in the previous chapters, which evaluates the
overall performance of the monolithic design.

6.4 Chapter Summary

The chapter implements the receiver array element design to mainly to evaluate the electrical-
to-electrical link performance. The photonic front-end performs optical domain band selec-
tion and is able to demodulate the optical signal processed by the I/Q modulation. The
analog front-end achieves a configurable gain ranging from about 80 dBΩ to 90 dBΩ, with
its input referred noise current equivalent to the noise generated by 244µA diode current
which is much smaller than the actual DC photo current. The linearity of the full receiver
is somehow limited, but mainly because of the amplifying stages for measurement purposes,
and can be significantly improved.
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Chapter 7

Conclusion

7.1 Summary

The major contribution from the thesis are summarized as follows:

• This work proposes a electronic-photonic system architecture to address the design
challenge of massive-MIMO millimeter-wave systems. With the two-tone laser playing
the role of the optical LO, it first avoids the burden of electrical domain LO distribution.
By utilizing energy efficient photonic links that are monolithically integrated with the
circuits, the quantization and post processing blocks that bring more design constraints
can be implemented remotely on an individual site where the power and area budgets
are more sufficient.

• To conduct the electro-optical conversion with high efficiency and with desired fre-
quency response, this work employs the multi-cavity MRM including dual- and triple-
MRM, where the sideband conversion efficiency is comparable to single-MRM at base-
band frequency range.

• From the system level of view, this work develops the model that maps the optical per-
formance metrics to the end-to-end metrics, including the conversion gain/transconductance,
noise figure, IIP3 and so on, that are in the framework of wireless communication sys-
tems.

• To prove the feasibility of the proposed architecture, several designs are implemented
in two generations of process platforms that enable monolithic integration. The design
framework and methodology are illustrated in this work. The measurement results
present the proof of concept, and discover the additional design considerations for
future designs.

Overall, this research work consists of many challenging tasks: both the process platforms
and the photonic devices are relatively new with a large design space to explore and more
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performance metrics to characterize; there are not many testing points we can add as the
electrical signals operates at high frequency. Nevertheless, our design is finally proved to
work as expected, and the development of monolithic silicon photonic process gives us the
confidence that the photonic link for massive-MIMO applications will attract more attentions
and become much more practical.

7.2 Future Work

This work focuses on the photonic transmitter and receiver element. For the entire system,
the following aspects are also non-trivial tasks which either needs to be properly addressed,
or shows the potentials of a breakthrough:

• Laser Source: The two laser tones works as the LO, so just like the electrical LO, a
low phase noise is required. This raises requirement for the coherence of the two laser
tones from the laser source.

• MRM Locking: The resonance frequency of the MRM is also sensitive to parameters
like the temperature or the mechanical stress. It is important to lock it to the laser
tone so that a stable behavior can be achieved. Such locking requires both front-end
level and algorithm level optimizations.

• Beamforming: The proposed architecture leaves the beamforming operations in the
electrical domain. It would be even more attractive if this beamforming can be con-
ducted in the optical domain.
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