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Abstract

Motivation, Goal and Task of the Dissertation

Mobile data traffic is on a constant rise, with emerging 5G technologies having to
service a broad range of applications that require high throughput, low latency, and
high reliability communication. Fiber optic links, based on standard single mode
fibers (SMF), are one of the main candidates for transporting data from 5G cell
sites to central offices, and further to remote data centers. To reduce infrastruc-
ture costs, silicon photonics (SiP) presents itself as the technology of choice for the
necessary electro-optical transceivers, with its low per-unit cost for high-volume pro-
duction, owing to its large degree of compatibility with the well-established com-
plementary metal oxide semiconductor (CMOS) fabrication. Moreover, low power,
frequency selective resonantly assisted SiP devices ease the implementation of multi-
channel, wavelength division multiplexed (WDM) transceiver systems that increase
parallelization. Furthermore, to meet the growing demands for data throughput,
flexible, robust modulation schemes that rely on inexpensive direct detection (DD)
are of great interest. The single-sideband orthogonal frequency multiplexing (SSB-
OFDM), with its high tolerance to dispersion-mediated signal distortion, flexibility
in spectral loading, and high spectral efficiency fits well the stated requirements. In
that context, we investigate the feasibility and performance of SSB-OFDM links that
rely on SiP ring resonator assisted modulation, while carefully taking other typical
link components (lasers and amplifiers) into consideration. On the receiver side, we
study a SiP WDM receiver system based on optical add-drop multiplexers (OADM)
that handles polarization scrambling present in SMF data links.

Major Scientific Contributions

In this work, we present, to the best of our knowledge, for the first time a detailed
analytical model for the laser phase noise to intensity noise conversion in resonant
ring modulator (RRM) assisted DD data transmission. To validate the model, we per-
form a set of SSB-OFDM transmission experiments using a SiP RRM assisted mod-
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ulator. Moreover, we numerically model the same link, including all imperfections
associated with individual link components, with the laser phase noise introduced
at the link end through the derived analytical expressions. Excellent agreement of
experimental and modeling results confirms the validity of our analytical model.
Additionally, we study how the optimal biasing point of the RRMs depends on the
laser source characteristics, as well as the influence of component nonlinearities on
the SSB signal. Lastly, we present a high-speed 10-channel polarization-diverse SiP
WDM receiver with a reduced number of OADMs per channel and balanced group
delays for orthogonal polarization states and experimentally benchmark the perfor-
mance of each of the receiver channels.
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Chapter 1

Motivation and prior work

According to last year’s (2020) Cisco annual internet report [1]], by 2023 over 70% of
the global population will have mobile connectivity, with over 10% of all devices and
connections being serviced by the fifth generation (5G) mobile technologies. Among
the different categories, the fastest growing one will be mobile machine-to-machine
(M2M) communication, followed by smartphones. At the same time, the 5G speed
will sky-rocket, reaching up to 575 Mb/s, a level 13 times higher than the average
mobile speed. In order to support a broad range of applications, from bandwidth-
hungry high-quality video streaming and large-scale M2M communication between
the devices that make up the internet-of-things (IoT), to mission-critical applications
such as autonomous vehicles and telemedicine, 5G technologies will have to meet
very stringent requirements of high throughput, low latency, and ultra-high reliabil-
ity. Although the term "5G" is most commonly used in relation to mobile and wireless
networks, fiber optic links will continue to play a crucial role as the backbone of the
data-transport network. Due to its unprecedented bandwidth, fiber is being consid-
ered as a solution not only for mobile backhaul, which connects central offices to
the core network and remote datacenters, but also for the fronthaul segment of the
mobile network, connecting central offices to the 5G cell sites. It is also expected
that 5G will push fiber optics closer to homes in Europe and North America, where
currently only 15% of them are connected to fiber [2]. The infrastructure costs
will therefore be shared between these two technologies, addressing the issue often
raised in relation to use of fiber in 5G, given that other technological solutions such
as millimeter-microwave and free space optic links come at a lower infrastructure
price [3].

The 5G networks will therefore require a vast number of electro-optical (EO)
transceivers to keep the nodes of the network running [4]]. Silicon Photonics (SiP)
emerges as a natural candidate for the underlying transceiver technology. Due to
its large compatibility with complementary metal-oxide semiconductor (CMOS) pro-
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cesses, it can leverage the mature fabrication facilities perfected over the past decades
by the electronics industry, to offer high-yield, low-cost, high-volume production of
photonic integrated circuits (PICs). The high index contrast of the platform enables
high on-chip density of devices which, among others, include high-speed modula-
tors [5, |61, high-speed and high-responsivity germanium (Ge) photodiodes [7, 8],
splitters, combiners, de-/multiplexers [9, [10], filters [11-13], polarization-handling
components [14-18]], enabling thereby a wide variety of functionalities. However,
the optical source remains a puzzle piece missing in SiP due to Silicon’s indirect
bandgap, which hinders efficient lasing in the material. Nevertheless, great progress
has been made in integrating other material systems into the SiP platform to achieve
lasing, either by bonding or selectively growing III-V materials on Si [[19-21]], or by
exploring group IV materials which can more readily be introduced into the CMOS
flow [22,23]]. Moreover, with increasing bandwidths and growing concerns of power
management, transceiver trends are moving toward co-packaged optics (CPO) [24],
where electronic switching circuitry and optics are brought into the same package.
With a larger wafer size compared to alternative integration platforms, SiP enables
2.5D and 3D integration of electronic ICs and PICs, thus making use of modern pack-
aging which only exists at the 300 mm wafer level [25]]. All these ingredients in turn
allow for fabrication of compact, high-speed transceiver systems.

Furthermore, to efficiently exploit the wide bandwidth of the optical fiber, wave-
length division multiplexing (WDM) has been widely employed in optical commu-
nications. In WDM, multiple optical carriers at different wavelengths are used for
parallel transmission of multiple high-speed signals. Frequency selective, integrated
resonant devices can address individual channels discriminately and are therefore
easily assembled into WDM systems. More specifically, in the transmitter, resonant
ring modulators (RRMs) can simultaneously perform multiplexing and modulating
tasks. Their small footprint and low power consumption allow for realization of com-
pact, energy efficient, high-speed multi-channel systems [26-34]. For these reasons,
they remain in the focus of both researchers and industrial players.

Apart from the modulator type, other equally important, closely linked decisions
must be made when designing an optical link. These are the modulation format
and the detection scheme of choice. Adaptable, scalable and robust modulation
schemes that rely on inexpensive direct detection (DD) are of great importance for
flexible, future-proof standards and networks that can follow the trends of growing
throughput.

Orthogonal frequency division multiplexing (OFDM) uses a set of spectrally over-
lapping, but orthogonal frequency sub-carriers for data transmission. It is a spectrally
efficient modulation format, that offers adaptive spectral loading tailored specifically
to the frequency characteristics of the channel [35]. Algorithms for optimal spectrum



allocation have been developed and widely employed, both for the radio frequency
(RF) [36] and optical communications [|37, 38]. OFDM intrinsically incorporates
electronic dispersion compensation (EDC) into its implementation [39]], represent-
ing an effective and scalable solution to inter-symbol interference (ISI) caused by the
dispersive channel. In contrast, for conventional serial modulation schemes, such as
non-return to zero (NRZ) or quadrature amplitude modulation (QAM), the com-
plexity of time domain based equalization schemes rises rapidly with the increasing
signaling speeds [|35, 40]. Since its initial formulation [[41] and subsequent refine-
ments in 1960s and 70s, OFDM has become a standard in many of today’s RF net-
works, such as wireless local area networks (WLAN), asymmetric digital subscriber
line (ADSL), digital audio and video broadcasting (DAB and DVB), and long-term
evolution (LTE). Nonetheless, it wasn’t until early 2000s that it started being consid-
ered for use in optical communications, initially in multi-mode fiber (MMF) links to
combat modal dispersion [38, 42]. Since then it has been utilized in optical wireless
[[43], plastic fiber [44, 45]], and SMF links [46], also employing SiP integrated com-
ponents [47-49]. Among its many variants, the single sideband OFDM (SSB-OFDM)
relies on direct detection, thus meeting well the above-stated modulation scheme
requirements [50]]. Recently, SiP based SSB modulation solutions have also been
proposed for 5G optical access networks [51-53]], including millimeter-wave radio
over fiber (RoF) applications [54]].

In this work, we aim to combine the RRM-based WDM parallelization with the
SSB-OFDM technique to simultaneously boost throughput and reach in our system.
To this end, we study the performance of a three-channel, resonantly assisted single
sideband modulator (RA-SSB), fabricated in SiP integrated platform, in back-to-back
(BtB) and fiber transmission.

Moreover, resonant integrated devices also have a role in the direct detection
WDM receivers. Here, they are utilized as wavelength-specific filters for channel
dropping. The optical add-drop multiplexers (OADMs) are the first order filters,
which comprise of a single resonant structure. In our study, we look at the per-
formance of a ten-channel, integrated SiP WDM receiver, which relies on resonant
OADMs for filtering. In this receiver, we employ a novel approach to enable polar-
ization insensitive detection of intensity modulated, high-speed signals.
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Outline of this work
This thesis is structured as follows:

* Chapter 2 first introduces the most important theoretical concepts related to
OFDM and modulation in SiP, with the focus on RRMs. It then discusses ex-
perimental characterization of the RRMs and thermal tuners that comprise the
RA-SSB modulator system.

* Chapter 3 represents the core of this thesis. It deals with a phenomenon occur-
ring in resonant devices when the optical signal at the input has phase noise,
namely the conversion of phase to intensity noise by the resonator. We ex-
plore in great detail the statistical and spectral properties of this noise source,
presenting for the first time, to the best of our knowledge, their full analyti-
cal descriptions. We run two sets of experiments with two optical sources that
differ in their noise performance, in order to test our analytical predictions.
In the experiments, the SSB-OFDM data is modulated onto the optical carrier
by an integrated SiP RA-SSB. The full link is also modeled numerically, where
the phase to intensity noise conversion is introduced through the analytical ex-
pressions. Direct comparison of experimental and modeled data then offers an
insight into the validity of the analytical model.

» Sinusoidal [55] and single-channel data transmission [|56]] have already been
demonstrated using an RA-SSB modulator implemented in SiP platform. In
Chapter 4, we expand on that by pushing the performance of a three-channel
RA-SSB integrated modulator system to its full capacity. Here, we define it
as the maximum throughput of each channel that allows for transmission of
data over up to 20 km of SMF with the bit error ratio below the 20% hard-
decision forward error correction limit. We also study how different component
nonlinearities and other non-idealities of the system influence the suppression
of the unused sideband, and through that, the achievable spectral efficiency in
multi-channel transmission.

* Chapter 5 describes our novel approach to handling polarization scrambling
at the multi-channel receiver system, based on double-sided OADMs, double-
sided integrated waveguide Ge photodiodes and integrated optical delay lines.
System components are described and characterized, followed by the dual-
polarization high-speed data detection by the ten-channel integrated receiver
system.

* Finally, in Chapter 6 we summarize the most important conclusions of our study
and give a short outlook for the future work.



Chapter 2

Ring assisted single-sideband
modulator

In this chapter we first present theoretical foundations of OFDM and modulation us-
ing RRMs in SiP integrated platform (Section [2.1). We then show the experimental
device-level characterization results of the integrated three-channel RA-SSB modu-
lator system (Section [2.2]).

2.1 Theoretical introduction

2.1.1 OFDM basics

Orthogonal frequency division multiplexing (OFDM) is a multi-carrier modulation
(MCM) technique which uses a set of lower rate, mutually overlapping, yet orthog-
onal frequency sub-carriers for data transmission. Unlike in other MCM schemes
where substantial spectral overhead is required to enable cross-talk-free filtering and
detection of individual carriers at the receiver, the orthogonality condition of OFDM
allows for a tighter carrier packing and better use of the available spectrum (Figure
2.1)).

To compose an OFDM signal, we start from a stream of information symbols.
Generally speaking, these symbols are complex numbers that correspond to constel-
lation points of different modulation formats. They can, therefore, in themselves
carry more than two bits of information. The initial stream is then split into N par-
allel streams, each of which modulates a separate frequency sub-carrier. Therefore,
the symbol rate is reduced N times compared to the initial value.
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0 5 10
Sub-carrier Nr.

Figure 2.1: OFDM signal spectrum. Each color represents the spectral shape of another sub-
carrier.

Mathematically, the OFDM signal can be described as [35]

+oo N-1
s)= > > crisk(t—iTy) 2.1)
i=—o00 k=0
si(0) = (1) 2kt (2.2)
L, 0<t<T,
I(t) = (2.3)
0, otherwise.

Here, cy; is the i-th information symbol at the k-th sub-carrier, s;(f) is the waveform
of the k-th sub-carrier, N is the number of sub-carriers, f; is the frequency of the k-th
sub-carrier, I1(#) is the pulse shaping function, and T; is the symbol duration. In this
notation, i signifies the counter for OFDM symbols.

For optimal detection of the sub-carriers, a correlator matched to each sub-carrier
can be employed at the receiver. In this case, a received OFDM symbol at the corre-
lator output is given by

c}ci = ifTs r(t—iTy)sidt= ifTs r(t—iTye 2mlktqy, 2.9
Ts Jo Ts Jo
where r(¢) is the received time-domain signal. The correlation between two sub-
carriers is further given as

sin(n(fi— f)Ts)

1 T 1 T )
6 =—f s s*dt:—f exp(i2n(fi— f)t)de = Vi 1D
w=o | sespdi=o | plizn(fi— f1) i —ToT,

(2.5)

From this, it simply follows that the orthogonality condition is fulfilled if the
following relationship holds
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fi—fi= p%, 2.6)

where p is an integer, i.e. if the sub-carrier frequency spacing corresponds to the
inverse of the symbol duration.

Furthermore, if we focus on a single symbol of the OFDM signal and assume we
sample it at every time interval of T/ N, the m-th signal sample can be written as

Sm = Z cpe? TN o 2.7)
k=1

Based on the orthogonality condition and a convention

k-1
Ts

fre= , (2.8)

this can further be written as

P Z Ckeﬂnfk
k=1

(m— 1)T5 7 =D 0n=1)

Z ke’ T =F Mo, (2.9)

where ™! represents the inverse discrete Fourier transform. Similarly, at the re-
ceiver end, the k-th received information symbol (c}c) can be written as

¢, = F i, (2.10)

where ry are samples of the received signal, sampled at every interval T;/N.

The mathematical formulation of the OFDM signal, therefore, has a form of the
inverse discrete Fourier transform (IDFT) of the information symbols. Correspond-
ingly, at the receiver the information symbols can be retrieved by calculating the
discrete Fourier transform (DFT) of the sampled received signal. With the develop-
ment of the fast Fourier transform (FFT) algorithm, the generation and detection of
OFDM symbols has been hugely simplified and accelerated. More notably, the com-
plex and demanding task of creating and isolating a large number of tightly stacked
sub-carriers was lifted from the collections of analog oscillators and filters used in
other MCM schemes, and moved to the more flexible and easily scalable digital do-
main. The compact nature of the OFDM spectrum enables minimal spacing between
channels in WDM transmission, increasing the overall spectral efficiency.

The general schemes for OFDM signal generation and detection are shown in
Figure 2.2(a) and (b), respectively. At the transmitting end, the input bit stream
is first mapped onto complex information symbols of quadrature phase shift keying
(QPSK) or QAM constellations. A group of N symbols, each one acting as a scaling
factor to the corresponding frequency sub-carrier, is further sent to the the inverse
FFT (IFFT) block of size N. The complex values at the IFFT output correspond to the
time samples of the OFDM signal.
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Figure 2.2: Block diagram of OFDM signal (a) generation and (b) demodulation.

Even though the duration of the individual OFDM symbols is much longer than,
for example, the NRZ symbols of the same aggregate bit rate, some residual inter-
carrier (ICI) and inter-symbol interference (ISI) can still affect the signal after its
propagation through a dispersive fiber channel. In OFDM, this issue is handled by
the introduction of a guard interval, called cyclic prefix (CP). To better illustrate the
idea behind the CP implementation, we take a look at how the dispersive channel,
modeled by a time spread t,, affects two different sub-carriers (SC1 and SC2) in
two consecutive OFDM symbols (Figure [2.3). At the transmitter, the sub-carriers are
aligned and orthogonal to one another during one DFT observational period (Figure
[2.3|(a)). Upon propagation, however, due to a slower speed of SC1, the sub-carriers
get misaligned and the orthogonality is lost, causing ICI (Figure [2.3|(b)). Moreover,
SC1 corresponding to one symbol enters the observational period of the other symbol
causing ISI. To prevent this from happening, each symbol is extended for the time
interval Ag, and a snippet of the symbol in duration of Ag from the trailing edge -
blue fragment for the first symbol, green one for the second - is inserted before the
symbol’s leading edge (i.e. before the start of the original symbol, Figure [2.3](c)). If
the dispersive spread is less than the guard interval (z; < Ag), by a suitable choice
of the DFT observational window the orthogonality of the sub-carriers is preserved
(Figure [2.3|(d)). What remains is a linear phase shift introduced to each sub-carrier
by the dispersive channel, which can be readily compensated for through proper
channel estimation. The real part of an OFDM symbol is shown in Figure with
the CP marked in blue. The introduction of CP, on the other hand, lowers the overall
throughput and widens the OFDM spectrum, requiring also a larger channel sepa-
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ration in WDM transmission. This is illustrated in Figure on the example of an
SSB-OFDM signal with a 3% CP.

(a) DFT window (©) _ DFT window _,
SC1
[ ‘ ' | ' i
SC2 I |
(b) °
9

SCIy

' ‘ ' : | |
SC2 i

Figure 2.3: OFDM symbols (a) at the transmitter without the cyclic prefix; (b) after propa-
gation without the cyclic prefix; (c) at the transmitter with the cyclic prefix; (d) after prop-
agation with the cyclic prefix. In (c¢) and (d) blue/green fragment from the trailing edge of
SC1/SC2 is inserted before its trailing edge as a cyclic prefix.

S

_+7

|
CP OFDM SYMBOL

Figure 2.4: Time domain OFDM symbol with an appended CP.

Let us now continue with further steps of OFDM signal generation (Figure[2.2(a)).
After the CP insertion, the time domain symbols are sent to a parallel-to-serial (P/S)
unit and further to the digital-to-analog (DAC) converter.

At the receiver, the complementary steps are performed in the reverse order: the
signal is sampled by an analog-to-digital (ADC) converter, serialized, the CP is re-
moved and an FFT is performed on the remaining samples (Figure [2.2(b)). Based
on the training sequence transmission and channel estimation, the channel trans-
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Figure 2.5: Influence of the insertion of CP on the signal spectral width on the example of
the SSB-OFDM signal.

fer function is recorded and further utilized for single-tap (1-tap) equalization, the
next block in the detection sequence. This operation is a single complex number
division, which in effect re-scales and rotates the information symbols on individual
sub-carriers to remove the effects of the channel. Lastly, the complex symbols are
remapped onto the final bit sequence.

In the single-sideband OFDM, SSB-OFDM, only half of the sub-carriers, corre-
sponding to one of the frequency sidebands, is loaded with data. This variant re-
lies on direct detection, which reduces the complexity of the receiver and relaxes
the performance requirements for the optical source, when compared to the coher-
ent optical OFDM (CO-OFDM) transmission. It also offers improved tolerance to
channel dispersion relative to other DD-OFDM schemes, such as digital multi-tone
(DMT). Namely, when high-speed, high-bandwidth signals are transmitted through
a dispersive medium, lower and upper frequency sidebands accumulate different
phase shifts. This can lead to frequency fading upon direct detection, where signal
is completely suppressed at certain frequencies, determined by the overall dispersive
spread [40]. The SSB-OFDM signal can be generated in the optical domain either by
filtering out the undesired sideband, by using an intermediate RF carrier to offset the
signal relative to the optical carrier, or as in our case, by employing an IQ modulator
[[50]. In such a scheme, real and imaginary parts of the OFDM signal form a Hilbert
pair. The real part is then applied to the I-arm and the imaginary part to the Q-arm,
thus forming a single-sideband signal at the modulator output.

The main disadvantages of OFDM include high peak-to-average power ratio (PAPR)
and its sensitivity to frequency and phase noise. Extensive research is being done on
these topics, where, for example, the first challenge is being tackled by the imple-
mentation of signal clipping techniques [57]].
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2.1.2 Modulation in Silicon

Modulation in SiP platform relies on the plasma dispersion effect, the change of the
refractive index (n) of the material with electrical carrier concentration. At the same
time, the imaginary part of the complex refractive index (n;) changes, as dictated by
Kramers-Kronig material relations. This in turn causes a change of the absorption co-
efficient a, related to n; at a given wavelength A as @ = 4n/A-n;. These dependencies
for Si are [|58]

An=-88x10"2AN-8.5x10"18Ap08 (2.11)
Aa=85x10"8AN+6x10"8AP[cm™], (2.12)

where AN and AP are the electron and hole densities, respectively.

Refractive index of Si also has a strong temperature dependence, with a thermo-
optic coefficient at 1.5 um of dn/dT = 1.87-10"*K~! [59]]. However, this effect is slow
and is therefore more commonly used for control purposes, rather than in high-speed
modulation.

Phase shifters in SiP platform are formed by embedding a PN junction inside of
a waveguide, typically in a form of a rib structure to allow for electrical contacting.
Carrier distribution is shown in Figure [2.6|(a) for two different voltages applied to
the diode. With the voltage change, carriers redistribute and the effective index
of the waveguide mode changes, leading to phase modulation. This is followed
by a small amplitude modulation, due to the simultaneous change in the absorption.
Normalized E-field magnitude of the optical waveguide mode is shown Figure[2.6|(b).
Here, the mode profile is asymmetric because we are considering a bent waveguide,
relevant for our later discussion about RRMs.
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Figure 2.6: (a) Electrical carrier distribution in an Si rib waveguide for two different applied
voltages. (b) Normalized E-field magnitude of the optical mode in a bent Si rib waveguide.

High speed operation up to 50 Gb/s has been demonstrated [|60, 61] for mod-
ulators that work in the forward biased regime. However, to achieve this, complex
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pre-emphasis schemes are required. Therefore, depletion-based devices operated in
reverse bias remain the most prominent both in research and commercial applica-
tions due to higher achievable speeds [5, |6, 62]]. Although the trends in high-speed
integrated modulators in SiP platform are moving towards the hybrid integration of
materials that exhibit a strong Pockel’s effect [5, 63]], pure Si modulators remain an
attractive field of research due to their compatibility with the existing CMOS tech-
nology.

2.1.3 Resonant ring modulators
Steady-state model

RRMs are formed by evanescently coupling a waveguide loop with an embedded
PN junction to one or two bus waveguides, depending on whether they are used
in an all-pass or add-drop configuration, respectively. The add-drop ring resonator
topology is shown in Figure [2.7(a). Here, "1" in the bottom left corner marks the
input port, where a unit-amplitude optical signal is incident to the structure. Steady-
state expressions for the field transmission coefficients at the through (THRU) and
drop (DROP) ports of the depicted resonator are

_ h- tgAe_iﬁL
Trhru = 1= 7 Ae—iPL 11, Ac—iPL’ (2.13)
B KK/ Ae~iPLI2
Tprop = — I AP (2.14)

Here, f; and «; are electric field transmission and coupling coefficients between the

THRU waveguide and the ring. Similarly, #, and «, represent field transmission and

coupling coefficients between the ring and DROP waveguide. For lossless directional

couplers relationship |#;|? + |x;|> = 1 holds. B is the propagation constant, related to

the effective index (n,.rs) of the mode propagating in the ring at wavelength A as
2n

ﬁZTI’leff. (2.15)

Furthermore, field attenuation due to the ring’s intrinsic losses (free carrier absorp-
tion, scattering and bending losses) after a single round-trip is given by

A=e ¥2L (2.16)

where « is the modal power loss in units of 1/m and R is the radius of the ring, with
the circumference of L =27nR.

At certain wavelengths, the optical signal accumulates a phase shift equal to 2x
(or its multiples) during a round-trip in the ring. This signal then interferes de-
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Figure 2.7: (a) Add-drop resonator structure; (b) spectra at the THRU (in blue, left axis) and
DROP (in red, right axis) ports.

structively with the light in the THRU waveguide, forming intensity drops (i.e. reso-
nances) in the spectrum at the THRU port (Figure (b)). These wavelengths fulfill
the resonance condition, given as

neffL 3

) 2.1
o m (2.17)

where m is an integer.

On the other hand, light intensity builds up in the ring through constructive inter-
ference when the resonant condition holds. Therefore, the DROP spectrum exhibits
peaks at the resonant wavelengths.

The resonator supports a multitude of resonances. The spectral separation be-
tween the two adjacent resonant wavelengths is called the free spectral range (FSR)
and is given by

2

/10
FSR = , (2.18)
L . ng

with L the ring circumference, and ng = nyrr—A- dz;ff the group index of the propa-

gating mode. In WDM systems, the FSR along with the channel spacing determines
how many wavelengths can be used in parallel.

Coupling regime

Depending on the relationship between the coupling and intrinsic losses of the ring,
we differentiate between the under-coupled, over-coupled and the critically coupled
regime of the resonator.

In the critically coupled case, the power at the THRU port is completely extin-
guished and the relationship #; = %, A holds. In the add-drop structure, the inter-
ference of the fields happens only in the THRU waveguide. Therefore, the power
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coupled to the DROP waveguide can be simply interpreted as an additional source
of the "intrinsic" resonator loss. With this in mind, the above relationship states that
the full extinction can be achieved when the coupling loss equals the intrinsic loss of
the resonator.

The over-coupled regime happens when ¢, < 1, A, while the inverse is true for the
under-coupled case. For these two regimes the resonance has a finite extinction.

The amplitude and phase transfer functions for all three regimes are shown in
Figure 2.8(a) and (b), respectively.
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Figure 2.8: Resonator (a) amplitude and (b) phase transfer functions for different coupling
regimes.

Modulation in RRMs

The modulation principle of RRMs is illustrated in Figure In our RRMs, we
focus on the modulation of the signal at the THRU port, which we will refer to as
the modulator output in the following. As the applied voltage changes, the resonant
wavelength shifts due to the refractive index change (see Equation [2.17)). Since the
optical carrier wavelength stays fixed (dashed line in Figure [2.9), the amplitude at
the modulator output changes (Figure (a)).

Moreover, amplitude modulation in RRMs is always followed by phase modula-
tion (Figure [2.9(b)). The chirped signal gets distorted after propagating through a
dispersive fiber, thus limiting the reach when RRMs are used for modulation. To ad-
dress this, resonantly assisted Mach-Zehnder interferometers (RA-MZIs) and push-
pull dual-ring modulators [64, 65| that allow for chirp-free operation have been
demonstrated. This, however, comes with a drawback of the increased modulator
complexity.
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Figure 2.9: Change of resonance wavelength with the applied voltage causes (a) amplitude
and (b) phase modulation of the signal at the RRM output. Dashed line marks the position
of the optical carrier.

Efficiency metrics

Commonly used efficiency metrics for amplitude modulation are the static extinction
ratio (ER), insertion loss (IL) and the optical modulation amplitude (OMA), that
encompasses both the modulation efficiency and the insertion losses into a single
metric. They are defined by the following expressions:

P
ER=10-log,, (P—l) [dB] (2.19)
0
P.
IL= 10.1og10(#) [dB] (2.20)
1
P -P
OMA:IO-logIO( lp 0) [dB]. (2.21)
in

Here, Py,; is the optical power of the logical "0"/"1" levels in the case of on-off keying
(OOK) modulation, and P;, is the input power.

In RRM mediated modulation these metrics are wavelength/detuning dependent.
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Device bandwidth

The bandwidth of RRMs is dictated by two factors: the RC constant of the phase
shifter and the spectral width of the resonance.

The RC part is determined by the diode capacitance C; in F/m and resistance R,
in Q-m, making the time constant determined solely by the PN junction independent
of the device length L. However, the impedance of the driving circuit Rp must also
be taken into account (50 Q in a standard test environment), which additionally
penalizes the RC dictated cutoff

1

, (2.22)
271(R;/L+ Rp)-C,L

f—3dB,RC =

Due to their small footprints, RRMs represent point loads from the RF perspective
and can therefore be driven as lumped elements (LE). By definition, a device can
be considered an LE when its length is on the order < Agr/10, where Agzp is the
wavelength of the RF wave. Their small size also leads to small capacitance, making
them suitable for co-integration (hybrid [[66] or monolithic) with high-speed, low
output impedance CMOS drivers. This also improves the device’s RC dictated cutoff,
which is largely influenced by the driver impedance.

The optical cutoff is however usually the limiting one in these structures. Its
value varies with the relative position of the optical carrier and the ring resonance,
as it results from the peaking in the modulator transient response [67]]. The closed
form expression that describes this effect can be derived starting from the dynamic
relations of the resonator [68]]

da(t) . 1 -
Tl (zwo—a) a(t)+ipuE;,(t) (2.23)
Ernru(t) = Ein(t) + ipa(t), (2.24)

where a(t) is the field circulating in the ring, E;, the input field, 7, the cavity photon
lifetime, and p? = x%¢o/ (ngL) the time domain field coupling coefficient between the
ring and the bus waveguide.

By assuming a small periodic perturbation of the resonant frequency swocos(w,t)
caused by a modulating signal at angular frequency w,,, the small-signal response
(S»1) of the RRM can be calculated as [67]]

(Eo + i[i@) *6woa T ipa@dw, a*
iwop+ilw—wy)+1/7, iwym—ilw—wy) +1/1,

521 = —[JRQ{

e"‘“mf}. (2.25)

Here, E, and w are the amplitude and the angular frequency of the input optical
field E;,(t) = Epexp(iwt). Consequently, a also oscillates at the input frequency as
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aexp(iwt), with the complex amplitude

- ngL ixy
a= \/ co 1— 1 te-ib-al2L’ (2.26)

Furthermore, dw, = Swy — i6(1/7,) in Equation is the change of the resonant
frequency with modulation. It can have a complex value, when both the effective

index and the modal loss change with voltage, as in the case of Si RRMs. From
the above expression we can see that when the optical carrier is biased away from
the ring resonance (i.e. the detuning Aw = w — wy # 0) one of the sidebands gets
amplified, giving rise to the peaking response of the resonator. This in turn extends
the bandwidth of the RRM at larger detunings beyond the one dictated by the cavity
photon lifetime.

Quality factor and finesse

Resonant cavity is often characterized by its quality factor (Q), which is the measure
of the sharpness of the resonance relative to its central frequency. It can therefore be
calculated as

Wo
FWHM'’
where FWHM is the full width at half maximum of the resonant curve.

Q= (2.27)

It is also defined as the ratio of the stored energy circulating in the resonator to
the energy lost per optical cycle

Stored energy

= 2.28
Q=wo Power loss ( )
and it can be related to overall resonator power loss per unit length a ;s as
wo-n
Q=—2"% (2.29)
Qais- Co

It is often differentiated between the intrinsic (Q;,;) and the loaded (Q;,44) qual-
ity factor of the RRMs. Q;,; encompasses only the internal resonator losses, such as
absorption and bending losses, described in our notation by a

wo*Nn
0 78 (2.30)

Qint =

a- co
In addition, Qjyu4eq takes into account the power lost from the resonator through
waveguide coupling. To express this, it is more convenient to consider coupling
losses to be distributed over the whole resonator length. The loaded Q factor can
then be written as

wo - Ng

2ln(t) |, 2lnB)) . .
o+ T + T ) Co

(2.31)

Qloaded = (
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Through constructive interference and feedback, resonators enhance the effective
path length of the fields traversing them and, with that, the accumulated phase shift.
This enhancement is captured in the factor called the finesse .#. It represents the
sharpness of the resonances relative to their separation and is given by [|69]]

FSR
F=—— (2.32)
FWHM

Finesse has a close relationship with the Q factor. Physically, the Q factor repre-
sents the number of oscillations of the field inside of the resonator that occur before
the circulating energy reduces to 1/e of the initial value. Similarly, finesse repre-
sents, within a factor of 27, the number of round-trips made by light in the ring until
reaching the same reduction in energy. For an add-drop structure and a resonance of
order m, they are related as

Q=m7. (2.33)

Furthermore, Q can be related to the cavity photon lifetime 7,. By solving Equa-
tion when the input field is turned off (E;;, =0), we arrive at the expression for
the optical energy inside of the ring

lal? exp(—2t/t,). (2.349)

This shows that during the time 7,/2 power in the ring reduces by a factor 1/e.
From the above definition for Q, the two quantities are therefore related as

_Q

) (2.35)
Wo

Ta

Power consumption

Another crucial performance metric is the power consumption of the device. RRMs
dissipate power only when switched, with the energy per bit given as

1
Epir = ZCVZ, (2.36)

where C is the junction capacitance, and V the applied voltage. The additional factor
1/2 reflects the fact that the switching on average happens 50% of the time. Accord-
ing to [70, 71]], LE devices show a five-fold improvement in power consumption
compared to the well-designed traveling wave (TW) structures of the same length,
which makes them more suitable for low-energy applications. In addition to that,
the phase shift efficiency of RRMs is boosted through resonant enhancement. As-
suming the same drive voltage, the equivalent phase shift can therefore be achieved
with a shorter phase shifter in a form of a resonator, i.e. with a device that has a
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smaller capacitance. Thus, the power consumption in rings is improved by a factor
proportional to finesse compared to the linear LE phase shifter [67]].

As already noted, RRMs are frequency selective and can simultaneously be used
as modulating and multiplexing elements, which makes them very suitable for WDM
applications. However, resonant wavelengths can deviate from the standard WDM
grid points due to the fabrication induced effective index variation and must be ad-
justed using on-chip thermal tuners. This adds substantially to the overall power
consumption of the component. Additionally, due to their narrow optical bandwidth,
changes in the environment, as well as fluctuations of other system components, can
change the operating point and significantly influence the performance of the modu-
lator. Therefore, an active control system that tracks and adjusts the operating point
of the device must be implemented [72, 73|]] for their reliable application in real
links, adding to the complexity of the transmitter. To tackle the thermal sensitivity,
resonantly enhanced structures in which multiple over-coupled resonators that all
address the same WDM channel are coupled to the arms of the interferometer have
been used to increase the operating wavelength span while still maintaining the LE
operation [74-76].
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2.2 Experimental results
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Figure 2.10: (a) Layout and (b) micrograph of a standalone RRM

RRMs used in this work are depletion-based devices. The layout of the structure
and a micrograph of a fabricated device are shown in Figure [2.10|(a) and (b), re-
spectively. The devices have an add-drop configuration, where a small percentage
of the optical power is sent to the DROP port to be used for monitoring and con-
trol purposes. The 430 nm wide rib waveguides, comprised of a 220 nm thick Si
core and 90 nm thick Si slab, make up both the bus and the ring section. The chips
were fabricated at the Institute of Microelectronics, IME, Singapore, in a standard
multi-project wafer (MPW) run.

The geometry of the directional coupler between the ring and the bus waveg-
uides has a structure shown in Figure A larger radius (RBUS) bus waveguide
wraps around the ring section of radius R in a small angular span (@BUS). The bus
waveguide is then gradually distanced from the ring through a straight waveguide
(Lstr), followed by a bent waveguide section with a radius ROUT and an angu-
lar span of ®OUT. Relevant geometrical parameters are summarized in Table
This coupler structure shows better tolerance to fabrication induced variations of the
geometry, including waveguide width and slab height, when compared to conven-
tional, straight bus waveguide couplers. The improved tolerance comes in part from
the smaller variance of the phase matching condition between the modes of the bus
and ring waveguides with the changing waveguide width [77]. To a lesser degree, it
is a result of a less variant overlap between the modes of the two bent waveguides
when the geometry varies, when compared to the scenario where one waveguide is
straight and the other one is bent [78, |79]]. These phenomena lead to a less vari-
ant coupling strength at the coupler section. In an RRM, coupling strength is one
of the main parameters that determine the device performance, influencing both the
efficiency and the bandwidth of the modulator. The new coupler design therefore
ensures that the performance of the fabricated devices is close to the targeted one.
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wBUS wRing R Lstr | RBUS | ®BUS | ROUT | ©OUT | Gap THRU | Gap DROP

430nm | 430nm | 10 ym | 2 pum | 16 ym 10° 16 ym 10° 295 nm 475 nm

Table 2.1: Geometrical parameters of the RRM.
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Figure 2.11: Geometry of the directional coupler between the bus and ring waveguides in
RRM.

2.2.1 Passive characterization

First, passive device characterization is performed to determine the device losses and
coupling strengths between the ring and the bus waveguides.

To determine the resonator’s intrinsic loss and coupling strength between the ring
and the THRU waveguide, we first measure a test structure which does not feature a
DROP waveguide, but is otherwise identical to the final device (Figure (a)). The
optical input/output (I/0) to this and all the following structures is realized through
a pair of vertically emitting grating couplers (GCs), where light is coupled into the
chip through one and coupled out from the chip through the other GC. Transmission
of the first test structure is shown in Figure [2.12|(b). Here, the envelope of the curve
corresponds to the GC-pair spectrum, with an IL of ~ 8 dB at maximum transmission.
Coupling coefficient and the intrinsic loss parameter were determined by fitting of
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multiple resonances with a Lorentzian function, after normalizing out the GC spec-
trum [80] (Figure (c)). The fitting function’s coefficients are interchangeable,
so to assign one to the coupling and the other to the propagation loss, we must
plot them versus wavelength. The absorption coefficient does not change notably
across the span of several FSRs, while the coupling strength shows significant wave-
length dependence. In Figure (d) the field transmission coefficient (#;) of the
directional coupler and the the power remaining in the ring after a single round trip
(A=exp(—a/2-L)) are plotted as a function of wavelength.
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Figure 2.12: (a) Layout of the characterized test structure; (b) Transmission; (c) Normalized
transmission and fitted resonance. (d) Extracted t; and A parameters from multiple reso-
nance fits.

In addition to coupling and intrinsic loss, parameters such as FSR and ng can be
extracted from the resonance fits. From measurements of numerous structures on
multiple chips we calculate the average values of all these quantities and summarize
them in Table for the resonance nearest to 1550 nm. Here, a p = a-10-logio(e).

Next, we measure the transmission of the full modulator identical to the ones
used in our system and depicted in Figure With the same approach of res-
onance fitting, we extract the coupling strength between the ring and the THRU
waveguide and the loss of this structure. The loss, however, now includes both the
intrinsic losses and the loss due to the presence of the DROP waveguide. Therefore,
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K1 (¢ %] FSR ng

0.258 | 12.8 dB/cm | 9.8 nm | 3.87

Table 2.2: Average values of extracted RRM parameters.

A in the fitting function is replaced by A#,. The quantities extracted from fits of mul-
tiple resonances are plotted in Figure The loss term has a stronger wavelength
dependence compared to Figure [2.12|(d) because of the inclusion of DROP waveg-
uide coupling. Nevertheless, this dependence is weaker than the one for #; due to
the weaker coupling to the DROP port and the corresponding lowered sensitivity to
wavelength. Given that t; < At, holds for the wavelength span of interest, our RRMs
are over-coupled. By knowing the value of intrinsic losses A from the characteriza-
tion of the first test structure type, these measurements allow us to extract x;. The
average value of «, is finally calculated to be 0.071.
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Figure 2.13: Extracted 1, and At, parameters from multiple resonance fits of the full RRM
structure.

2.2.2 DC characterization

To extract the tuning efficiency in terms of effective index change and wavelength
shift, we measure full RRM transmission for different reverse bias voltages applied
to its terminals. The exemplary resonance shift with the applied voltage is shown
in Figure [2.14(a). Wavelength tuning efficiency (A1) can be directly read from the
resonance shift, while the effective index change can be calculated as
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AoAA
FSR-L

Angsy = (2.37)

These are extracted from a number of measurements of full RRM structures and

shown in Figure|2.14((b) and (c). The median values of An, s and wavelength tuning
efficiency are 6.8-107° and 13.5 pm/V, respectively, between 0 and -2 V reverse bias.
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Figure 2.14: (a) RRM transmission for different applied reverse bias voltages. (b) Resonance

shift and (c) change of the modal effective index for different applied voltages, relative to
0V; black markers specify the median value.

The coupling regime can also be determined from the spectra recorded for dif-
ferent applied voltages. Namely, as we increase the reverse bias of the RRMs, the
carriers are removed from the center of the waveguide. The overlap of the optical
mode with the free carriers reduces, thus reducing the intrinsic loss of the resonator.
If the ring is initially under-coupled (for the applied voltage of 0 V), reduction of
the intrinsic loss will bring its value closer to that of the coupling loss, i.e. closer
to the critical coupling condition. The extinction of the resonance will therefore in-
crease. Conversely, in the initially over-coupled structure, resonance extinction will
reduce with the increased reverse bias voltage, as in the case of our devices in Figure

2.14(a).
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Figure 2.15: Amplitude modulation efficiency metrics: OMA (in blue, left axis) and ER (in
red, axis) between 0 and 2 V reverse bias.
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Moreover, the amplitude modulation efficiency metrics can be extracted from the
voltage sweeps. Assuming a bias voltage of -1 V and a modulating voltage swing of 2
V peak-to-peak, we calculate the wavelength dependent OMA and ER (Figure [2.15)).

Furthermore, RRMs feature thermal tuners that allow for adjustment of their res-
onant wavelengths. Tuners are 200 um wide on-chip titanium nitride (TiN) patches
that cover 95% of the ring’s circumference. By applying voltage to the tuner’s termi-
nals, heat is dissipated in the waveguide, changing the effective index of the propa-
gating mode. With this, resonant wavelegths shift, as can be seen in Figure[2.16/(a).
The wavelength shift is proportional to the dissipated power. On average, for a 27
phase shift, equivalent to a wavelength shift (A1) of one FSR, 110 mW of power is

needed (Figure [2.16|(b)).
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Figure 2.16: (a) RRM transmission for different voltages applied to its tuner. (¢) Dependence
of the resonant shift on the power dissipated by the tuner.

2.2.3 High-speed characterization

High-speed characterization measurement setup is shown in Figure 2.17[(a). The
sinusoidal RF signal at frequencies up to 50 GHz is generated by a programmable
network analyzer (PNA) and applied using ground-signal-ground (GSG) high-speed
probes to the modulator contact pads, along with a DC bias of -1 V to ensure oper-
ation in the depletion mode. Optical signal is supplied by a tunable external cavity
laser, coupled through a fiber array to the on-chip GCs. Coupled out light is routed
to the high-speed commercial photodetector (PD) and the resulting electrical signal
is routed back to one of the ports of the PNA. The experiments are repeated for the
varying optical carrier to ring resonance detuning. Optical power is monitored be-
fore the PD. Calibrated S,; response for several detunings is shown in Figure[2.17](b).
The -3 dB cutoff frequency (f-345), calculated relative to 1 GHz, is shown in Figure
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[2.17|(c) versus wavelength. The position of the ring resonance is indicated by the dot-
ted gray line. The asymmetry of the small-signal response relative to the resonant
wavelength, mirrored in the asymmetric dependency of the f_3,p, can be attributed
to loss modulation present in Si RRM devices, as given by Equation [2.25]
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Figure 2.17: (a) Measurement setup for high-speed characterization of RRMs; (b) Electro-
optical S,; at several detuning points; (c) 3 dB cutoff frequency versus optical carrier wave-
length; dotted gray line marks the RRM resonance.

2.2.4 RA-SSB modulator

The single-sideband modulator is formed by coupling two identical RRMs each to an
arm of an MZI. The arm lengths are balanced and the 90-degree phase shift between
the arms, ensuring the quadrature condition, is introduced passively through a 2-
by-2 multi-mode interferometer (MMI) used as a power splitter at the input of the
interferometer. To correct for fabrication induced phase offset from the quadrature
point, on-chip TiN thermal tuners are implemented in the MZI arms. As before, the
optical signal is coupled in and out of the chip through surface emitting GCs. The
three-channel system is simply formed by adding two more sets of RRMs along each
arm of the MZI, each tuned to a different wavelength to address an additional WDM
channel.

Schematic and layout of the system are shown in Figure [2.18|(a) and (b), re-
spectively. Optical transmission of the system is shown in Figure [2.19|(a), where
resonances of the RRMs belonging to each channel are indicated (the obscured reso-
nances belong to the unused channel [T)).

nitially, a four-channel system was taped out. However, one of the channels on the measured
chip could not be addressed due to the damage on the heater pads. It was therefore impossible to
align the resonances of the I and Q RRMs, rendering the channel unusable in the SSB configuration.
This is why in this work we refer to a three-channel system.
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Figure 2.18: (a) Schematic and (b) layout of the 3-channel RRM assisted SSB modulator.

The phase shifters used to bias the MZI are 2 um wide, 200 um long TiN resistors
(1 kQ), located above the waveguides. By applying different voltages to the tuners
and monitoring the out-of-resonance optical power, we can determine how much
electrical power is needed for a 27 phase shift (Figure [2.19/(b)). This amount of
phase shift allows us to reach the quadrature condition from any bias point at the
system start-up. The electrical power consumption required to achieve a 27 phase
shift is therefore 25 mW. The RRM tuners show higher power consumption due to
the presence of RF metal lines in the device vicinity. They conduct a part of the heat
away, making it more difficult to heat up the device.
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Figure 2.19: (a) Transmission of the RA-SSB system. (b) Performance of the tuner in MZI
arms.
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Chapter 3

Laser Phase Noise in Ring Resonator
Assisted Direct Detection Data
Transmission

This chapter covers the results published in [81]], Sections I, II and Il A&B. The analyti-
cal modeling was the joint work of Prof. Jeremy Witzens and the author. The numerical
modeling, design and execution of experiments, and data analysis was performed by the
author.

3.1 Introduction

To properly determine the required power budget for a given link scenario, a good
understanding of all the noise sources that contribute to the overall signal-to-noise
ratio (SNR) is essential. In our study, we put the focus on the noise sources asso-
ciated with the optical source, primarily on the laser phase noise. In ring assisted
modulation, laser phase fluctuations get translated into optical intensity variations
at the device output [82]. Although small in magnitude, they can become signifi-
cant when a high-linewidth source is employed and/or when a modulation format
characterized by a small signal standard deviation, such as OFDM, is applied, and
can therefore deteriorate the directly detected signal’s quality. A use case of great
interest in the context of increased parallelization is the utilization of semiconductor
mode-locked lasers (MLL) as optical sources [83}84]. A single MLL can provide mul-
tiple optical carriers for different WDM channels, eliminating the need for banks of
bulky, discrete sources and multiplexers. Its noise characteristics, including linewidth
in the order of 5 MHz and relative intensity noise (RIN) in the order of -120 dBc/Hz
[[85], however, may pose a limitation to the system. For this reason, it is crucial to
understand how phase noise of the optical source affects system performance when
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RRMs are used for modulation.

In this chapter, we first derive the analytical expressions that describe the sta-
tistical and spectral properties of the laser phase noise induced intensity noise at
the output of a ring resonant modulator (Section [3.2)). We further describe a set
of experiments, in which SSB-OFDM signals are transduced to the optical domain
using an RA-MZM, specifically designed to test the validity of our model. This in-
cludes a description of the experimental setup and the data processing methodology

(Sections [3.3.1] and [3.3.2)). Finally, by combining our analytical model of phase to

intensity noise conversion with the numerical simulations of the rest of the optical
link (described in detail in Section [3.3.3)), we compare the measurements with the
modeling results (Section [3.3.4)). It should be noted that although here we focus on
SSB-OFDM data transmission, the analytical model of phase noise conversion is not
specific to this case and is applicable whenever RRMs are used for modulation, and
can therefore be applied to a wide variety of optical links.

3.2 Analytical model of phase to intensity noise con-
version

Ring resonator modulators act as light storing elements. During the time the light
is stored in the cavity the phase of the input optical signal walks off, as dictated by
the non-zero phase noise of the optical source. This in turn changes the interference
condition between the two signals, one coupled back from the waveguide loop and
the other transmitted at the directional coupler in the bus waveguide, which leads to
a change in intensity at the resonator output.

(a) (b)

— = | — 1548.5

t Wavelength [nm]

Figure 3.1: (a) All-pass resonator configuration; (b) imaginary (in blue, left axis) and real
(in red, right axis) parts of the field transmission coefficient T.

To describe this process analytically, we consider an all-pass resonator structure
depicted in Figure [3.1](a). We start our derivation from the differential equation that
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describes the time evolution of the field circulating in the ring, a [68]]:

@:iwoa—£+qu,—n, (3.1)

dt Tg
where w, is the angular resonance frequency, 7, the cavity lifetime associated to
the E-field, u the time domain coupling coefficient between the ring and the bus
waveguide, and E;, the field input to the bus waveguide in the absence of noise.
The presence of another bus waveguide in the add-drop configuration can be sim-
ply included in the analysis through an additional time constant associated with the
coupling coefficient at the ring-bus coupler section. In this calculation, the time con-
stants add as a sum of inverse values, i.e. 1/7;,; =Y ; 1/7;. The input field, oscillating
at the angular frequency w, can be written as

Ein = Epexp(iwt). (3.2)

An infinitesimal phase increment in the input field acts as a step perturbation
is¢pEye!®!, after linearization (Eye'®!*1%% =~ Eyei“!(1+id¢)). The response of the ring,
da, further satisfies the differential equation

dGa)ldt=iwgba—b6alt, — udpEye'™! (3.3)
with the solution given as
6a:Keiwt[l_e—t/‘ra—i(w—wo)t]’ (34)

where

_ pdeE
1/t,+i(w—wo)

(3.5)

The response of the ring approaches its new steady-state value Kexp(iwt) with a
time constant 7,. Once this value has been reached, the phase of the field inside of
the ring is fully tracking the phase of the field in the bus waveguide, d¢, which is
evident when comparing the unperturbed amplitude a and the new steady state ex-
pression. The transient deviation of the field amplitude inside of the ring is therefore
given by

5a_Keiwt — _Ke—t/‘[,l+ia)0t. (36)

This translates in turn into a deviation of the field coupled back from the ring to
the bus waveguide

iu?d¢E,

: o~ Tatioot _ _l-6(pECbe—t/Ta—i(w—wo)t =E.p,(0n+1i60), (3.7)
1/74+ i(w—wg)
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where E.j, = —pu?Egexp(iowt)/(1/T4+ i(w — wy)) corresponds to the field coupled back
from the ring in the absence of phase noise. This field deviation can further be
decomposed into the components in-phase and out-of-phase with the unperturbed
coupled-back field E.;,, where 67 is the relative amplitude noise and 66 is the phase
error, as per notation in Equation

Assuming that the laser phase noise follows a Wiener process, with the corre-
sponding Lorentzian linewidth Av, the variance of the phase increment §¢ can be
written as 2xAvdt, where dt denotes the time step. The effects of the individual
phase jumps are independent of each other and thus add as a sum of variances, af-
ter being weighed by the step response of the ring, —i-exp(—t/7,—i(w—wp)t). This
results in the variance of the phase term given by

1

1+ 72 (0w — wp)?

(o] , T
g(zwzfo [Re{—e_”’“_’(w_w")t}]ZZHAth:ZJIAVZa(l+ ), (3.8)

and the variance of the amplitude term by

1
1+ 72 (w — wp)?

(0,0] _ . _ T
Ton :fo [Im{e™t/Tem 10— 2o Ay = ZHAVf(l - ) (3.9
In addition to that, the co-variance of the two terms is non-zero in certain cases,
and is given by

o0 i .
0695n — ](; Re{_e—t/ra—l(w—wo)t} . Im{e—t/ra—z(w—wo)t}zﬂAvdt
2 (3.10)

T4 W — Wy
=2nAv— 3 .
4 1+7%5(w—wg)?

The total power at the resonator output P,,; can then be written as

Pout/Pin = |Ein + Ecp(1+8me'®|? /Py,

= |TEin + Ecp0n +iEp06|° / Pin 51
~ TP = 2Im{T}66 +2(Re{T}Re{T— 1+ Im{T}2)617 '

=|T]*+61,

where P;, is the power at the input, T = 1+ E.,/E;, is the resonator field transmission
coefficient at the optical carrier frequency w, and 61 is the relative intensity noise at
the resonator output. In this derivation we used the equality 2Re{T - (iE.p/Ein)*} =
2Im{T-(T-1)*}.

The overall amplitude transfer function of the ring at the carrier frequency can
be written as T =1 — p?7,/(1 +i(w — wo)T4). Here, (w—wo)Tq = 2Qjoaded (@ — wg)/wo
and u./7, are normalized frequency detuning from the ring resonance and the nor-
malized coupling coefficient, respectively. The normalized coupling coefficient can
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be interpreted as follows: u./7; =1 holds for the critically coupled ring, where the
intrinsic losses equal the coupling losses. On the other hand, for our over-coupled
ring, uy/T, > 1 holds. The variance of the overall intensity noise at the resonator
output is, based on previous expressions, given as

o2, =4|[tm(1}|* 0%,
+|Re{T}Re(T - 1} + Im{TY*|"0}, (3.12)
—20m{T}(Re(T}Re(T - 1} + Im{T})o 505

The first two terms correspond to the variance of the phase and amplitude noise
of E.p, respectively, and they add up. The third term is their co-variance, which takes
a negative value in the case of our over-coupled resonator, reducing thus the overall
RIN. The imaginary and real parts of the field transmission coefficient T are shown
in Figure [3.1|(b).

After applying some algebraic manipulations, the above expression can be more
compactly written as

1 2—p?71,)?

2 2.2 42
051 =2TAVT - (W —Wo) Ty ' Ty- + .
! ¢ ¢ (1+(w- wo)zrg)z (1+(w- ouo)zrfl)3

(3.13)

Equation gives a closed form expression for the standard deviation of the
laser phase noise induced intensity noise at the resonator output, as a function of
the source linewidth (Av), the cavity photon lifetime (7,), the carrier to resonance
frequency detuning (w — wg), and the ring to bus waveguide coupling strength (u).
As expected, the induced intensity noise is proportional to 2zAvt,, the walk-off of
the phase of the input field which occurs in the time interval equal to the average
field lifetime in the resonator. Detailed derivations of Equations [3.12| and [3.13| can
be found in Appendix [Al

To verify these results numerically, we implemented a simple stochastic model
and compared its outputs to the analytical predictions. The laser phase noise is
modeled as a Wiener process and the propagation through the resonator is simulated
by solving the resonator dynamic equation (Equation [3.3), with the field amplitude
at the resonator output, E,,;, calculated as

Eout:Ein+i/la. (314)

All other noise sources, including the laser RIN, are not considered here, in order
to isolate the effect of the laser phase noise. The source linewidth is assumed to be
1 MHz, and the power input to the ring is set to 2.2 dBm. This corresponds to the
receiver referred power level of an experiment described in the next section in which
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the output power of the distributed feedback laser (DFB) source is 6 dBm, and the to-
tal link amplification and attenuation are taken into account when scaling the power
level. Finally, to convert to voltage units, a 150 V/W receiver conversion gain is as-
sumed, the same as in our experiments. The modeled RRM also has characteristics
of the fabricated devices used in the experiments. These include the loaded Q factor
of 11000, intrinsic Q factor of 52500, the coupling strength given by u? = 82.5 ns™!,
and the photon storage time by 7, =18 ps.

The numerical calculations show that the phase noise induced intensity noise
at the resonator output follows Gaussian statistic, with zero mean value and wave-
length dependent standard deviation, closely matching the theoretical predictions.
Figure [3.2)(a) shows histograms of the recorded noise samples for various biasing
points of the optical carrier, overlaid with the corresponding Gaussian fits. In Figure
(b) we show separately the standard deviations of the amplitude noise term (in
red), phase noise term (in blue), and the total induced intensity noise (in green) as
given by the analytical (solid lines) and numerical (lines with markers) models. The
close to perfect matching of the analytical and numerical results for all the individual
terms gives us therefore a higher confidence in our analytical predictions.

Moreover, the above results indicate that when the optical carrier and the res-
onant frequency coincide (i.e. w—wo =0) the induced RIN vanishes. In this case
the transient field coupled back from the ring (E.,(6n+ i66)) is in quadrature with
the resonator output field when no noise is present (T - E;;). The interference term
between the two fields is, therefore, zero and does not create amplitude noise at the
resonator output. While biasing at resonance would not be beneficial when the RRM
is used for amplitude modulation, since the electro-optical S, is zeroed in this case,
in our RA-MZM structure RRMs are used as phase shifters whose efficiency is at the
maximum at resonance. We can thus exploit this fact to, at the same time, minimize
the phase noise induced RIN in our experiments.

Another way of reaching the above conclusion is by focusing on the transfer func-
tion of the resonator, rather than on its light storing functionality. Apart from affect-
ing the signal amplitude, the resonator also inflicts a phase change which is wave-
length dependent. This changes the phase relationship between the upper and lower
noise frequency sidebands, converting a portion of the phase noise to intensity noise,
and vice versa. This is similar to the phase to intensity noise conversion which occurs
during signal propagation over long stretches of dispersive optical fibers [86]. The
resonator dispersion is zero at resonance, due to the anti-symmetricity of the phase
transfer function, leading to the mentioned nulling of the induced RIN. A similar
effect is also present in lasers that use atomic-like gain media that exhibit symmetric
gain spectra [87]]. For these devices, the linewidth broadening factor, that in essence
describes phase to intensity noise conversion, vanishes at the resonant frequency.
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Figure 3.2: (a) Histograms of phase noise induced intensity noise for different waveleghts,
for laser linewidth of 1 MHz, conversion gain of 150 V/W and input power of 2.2 dBm,
conditions equivalent to the experiment with 6 dB output power of the DFB laser; Gaussian
fits are overlayed. (b) Phase noise induced intensity noise standard deviation vs wavelength:
analytical model in solid, and numerical results in lines with markers.

Now, let us focus on spectral properties of phase noise induced intensity noise
at the RRM output. The noise power spectral density (PSD) at several carrier to
resonance detuning points, indicated by arrows in Figure 3.2(b), is shown in Figure
(dashed lines, right axis). It follows the shape of the detuning dependent small
signal EO Sy at the same carrier bias points, as described by Equation [2.25] when
the loss modulation is disregarded (i.e. wg = 6w, in Equation is real). The EO
S»1 curves are shown in solid lines, with their scale indicated on the right axes of
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Figure The EO S,; is normalized to correspond to the variance of the output sig-
nal, divided by the squared average optical power at the resonator output, when the
device is driven by 2 V peak-to-peak signal, a default setup for our experiments. This
normalization is chosen to facilitate a comparison with the noise magnitude, which
is given as a standard deviation normalized to squared optical power, as per standard
definition for RIN. Interestingly, the signal-to-noise ratio limited by this noise source
is independent of detuning and frequency, if the RRM is used as a standalone ampli-
tude modulator and the laser follows a Wiener process. In the RA-MZM structure,
however, RRMs serve as phase modulators, so in this context this effect is used purely
to illustrate the coincidence of the induced intensity noise PSD and RRM’s EO S;.
Following a similar derivation as for the variance of this noise source, the ob-
served spectral behavior can be explained as follows. The phase increment §¢ oc-
curring in the input field in the bus waveguide is subjected to the filtering by the
resonator, with a step response proportional to exp(—t/t,—i(w —wo)t). Let us as-
sume a phase noise component at the offset frequency from the carrier w,sr, 0s-
cillating as exp(iw,rst). The phase increments are proportional to the derivative
iwgrrexp(iwgrrt), so that the resulting filtered response is proportional to

j e—t/ra—i(w—wo)teiwafftiwoffdt

irawoff (315)

1+iT4(w—wo—wofp)

2

Since for a Wiener process the noise PSD scales as 1/w? £

PSD of the induced intensity noise scales as

the overall single-sided

1 1

+ ) 3.16
1+T5(@—-wo—woff)?  1+T5(@—wo+woff)? (3.16)

featuring the expected enhancement at noise frequencies equal to the frequency off-
set between the carrier and the ring resonance, equivalent to the EO S,; of the mod-
ulator.

There is an intuitive, complementary way of reaching the above conclusion. We
first note that the Wiener process features a white frequency noise spectrum, with
a PSD which is constant for all frequencies. Furthermore, regardless of whether the
optical carrier frequency or the RRM resonant frequency are dithered around the
steady state value, the power fluctuations at the output of the RRM are identical
in both cases. Since the carrier phase noise can be modeled by the former and the
amplitude modulation by the latter, the equivalence between the PSD of the induced
intensity noise and the S,; directly follows. This interpretation is particularly useful
when the optical source does not follow the Wiener process. In this case, the PSD
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Figure 3.3: Small signal Sp; (left axis, solid lines) and PSD of the laser phase noise induced
intensity noise at the resonator output (right axis, dashed lines) for different carrier to ring
resonance detunings. For all curves the enhancement occurs at the frequencies close to the
detuning itself.

of the induced intensity noise will be shaped both by the initial frequency noise PSD
and the RRM’s S»;.

We further confirmed the validity of this interpretation by verifying that the sim-
ulated noise, in dBc/Hz, is below the calculated S,; by an amount

hoA3 )

= | (3.17)
V(?SEZ Vrzms

IOIOgl()(

where hy is the frequency noise PSD given as Av/x for the Wiener process, 1o and
vy are the carrier wavelength and frequency, ¢ is the high-speed wavelength tuning
efficiency of the RRM (in pm/V), and V;s = Vp,,/2V/2 is the drive voltage expressed
as a root-mean-square value.
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3.3 Link transmission: measurements and modeling

In this section we describe a set of experiments specifically designed to test the valid-
ity of the derived analytical predictions for the laser phase to intensity noise conver-
sion at the resonant modulator output. For this, we opt for transmission of directly
detected SSB-OFDM data, modulated onto the optical carrier using an RA-MZM. In
an otherwise identical link configuration, we perform the experiments using two dif-
ferent optical sources that mainly differ in their noise characteristics. Comparison
between the two sets of experiments lets us determine the influence that laser noise
has on signal quality at different modulator bias points.

Moreover, we numerically model these two link scenarios. Here, the influence of
the phase to intensity noise conversion is included through our analytical model at
the link end. Direct comparison of simulated signal and noise properties with the
experimental results offers thus an insight into the validity of our analytical model.

This section is structured as follows. In Subsection we describe in detail
the experimental setup. Subsection [3.3.2] covers the methodology used for data
post-processing and extraction of relevant signal quality metrics that facilitate the
comparison of experimental with the modeled results. Subsection summarizes
models of all the constituting components used in the numerical link simulations.
Lastly, comparison of experimental and simulated data and the results’ discussion
follows in Subsection

3.3.1 Measurement setup

The block diagram of the measurement setup is shown in Figure [3.4|(a). The Si chip
that contains the three-channel RA-SSB modulator is mounted on and wirebonded
to a printed circuit board (PCB). This eases the application of modulating signals, as
well as DC signals used for thermal tuning of on-chip components (Figure (b)).
For optical I/0, a fiber array is aligned to on-chip GCs and permanently attached to
the chip (Figure [3.4/(c)). The chip is not externally thermally stabilized during the
measurements.

The OFDM signals are generated using a 512 elements IFFT, in which one half
of the sub-carriers is loaded with zeroes to create a single-sideband signal. An ad-
ditional gap of 20 sub-carriers is introduced next to the optical carrier, keeping the
signal out of the region most affected by sub-carrier interference [50]. In a link
scenario including semiconductor MLLs, for example, this gap would prove doubly
beneficial, since it also offsets the signal spectrum away from the low frequency re-
gion where laser RIN dominates [88]]. Moreover, when optical signals are amplified
by a semiconductor optical amplifier (SOA), the signal is displaced from the range
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Figure 3.4: (a) Measurement setup; the inset shows a single-channel RRM assisted SSB
modulator; (b) Fan-out PCB with the DC and RF interfaces; (c) Si chip mounted and wire-
bonded to the fan-out PCB with the attached fiber array for optical input-output.

of frequencies in which SOA induced signal distortion is the worst [89]. The guard
band is followed by 100 sub-carriers, each loaded with randomly generated QPSK

2151 bits long pseudo-random bit sequence (PRBS). Based

symbols, starting from a
on the bandwidth limitation of the RRMs, we allocated the frequency band up to 16
GHz for the transmission of up to 256 subcarriers spaced by 62.5 MHz. Consequently,
the signal covers the frequency span from 1.25 to 7.5 GHz for the 100 loaded sub-
carriers investigated in this section. A block of 128 OFDM symbols, each appended
with a 3% CP, is then transmitted through the link. It should be mentioned that in
these experiments the overall throughput was not maximized, since their main pur-
pose was to examine the noise present in the system. We extend the performance to
higher limits in the full capacity experiments reported in the next chapter. The mod-
ulating signals are then upsampled, converted by a 2-channel DAC, and amplified
by fixed gain high-speed amplifiers. To adjust the amplifier gain, a 6-dB attenuator
(ATT) is added at the amplifier output in both signal paths. A -1.5 V DC bias is added
to the AC signals using bias-tees, before finally routing them to the PCB. Ultimately,
with the loss of the PCB traces included, ~2 V peak-to-peak (Vpp) signals reach the
RRMs.

The real part of the OFDM signal is routed to the RRM in one RA-MZI arm, while
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Component Model Parameter Value
Radius 10.1um
RRM Tuning Efficiency 13.5 pm/V
Loaded Quality Factor 11000
Resonance ER 6.3 dB
Li idth 1 MH
DFB Laser Thorlabs PRO8 Hnewt z
Power Range 3to 13 dBm
Li idth 100 kH
ECL Laser Keysight 81642A newl g
Maximum Power 6 dBm
Gain 30.5dB
SOA Thorlabs S7FC10138 Noise Figure 7 dB
Ouput Saturation Power 14.4 dBm
Carrier Lifetime 0.17 ps
IL 1.9dB
Optical Bandpass Filter JDSU VCF050 1 dB Optical Bandwidth 24 GHz
3 dB Optical Bandwidth 40 GHz
3 dB Bandwidth 40 GHz
C ion Gai 150 V/W
Photodetector Finisar XPRV2021(A) onversion am. /
Input Referred Noise | 30 pA/Hz '/?
Input Power Range -10 to 3 dBm
Responsivity 0.64 A/W
DAC Socionext Corellian DK Sampling Rate' 96 GS/s
Ouput Voltage Swing 0.3 Vpp
Gain 24 dB
RF Amplifi SHF 80
fmpitiet 4 3 dB Bandwidth 40 GHz
PCB & Connector IL @ 10 GHz 2.8 dB
GC IL @ Max. Transmission 4.1 dB
Dispersion 17 ps/nm/km
Fiber Corning SMF-28 Loss @ 10 km 3.3dB
Loss @ 20 km 5.2 dB
Bandwidth 21 GH
Oscilloscope Agilent DSA-X 92004A an _Wl z
Sampling Rate 80 GS/s

Table 3.1: Link component specifications

the imaginary part is routed to the RRM in the other arm, thus creating an SSB signal
in the optical domain. The optical signal from the chip output is further routed to a
single polarization SOA, with isolators (ISOLs) inserted both at the input and output
of the amplifier to suppress back-reflections. The out-of-band amplified spontaneous
emission (ASE) is removed by means of an optical bandpass filter (OBPF) placed
after the SOA (40 GHz -3dB optical passband). The signal is converted back to the
electrical domain using a commercial high-speed photodetector (PD) and captured
by a real-time sampling oscilloscope (SCOPE). The optical power levels are moni-
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tored by in-line power meters (PWMs) at the output of the chip, SOA output, filter
output, as well as after propagation through standard single mode fiber (SMF) in
long distance transmission experiments. The monitor at the SOA output is also used
as an attenuator, reducing the amplified signal by 11.6 dB, to keep the power reach-
ing the PD within its operating bounds (-10 to 3 dBm). The relevant component
parameters are summarized in Table

3.3.2 Measurement and data post-processing methodology

To determine the influence of laser noise, primarily frequency/phase noise, on data
transmission in the previously described link we perform the experiments in two link
configurations, with two different lasers as optical sources. Moreover, for both link
scenarios, the experiment is repeated for different laser output powers and varying
optical carrier to ring resonance detunings. This allows us to better benchmark our
models.

The first source we employ is a laboratory-grade tunable external cavity laser
(Keysight Technologies 81642A), denoted as ECL in the following. It exhibits RIN
in the order of -150 dBc/Hz for all the investigated power levels and a linewidth in
the order of 100 kHz. The second is a DFB laser module (Thorlabs PRO8) intended
for WDM applications. It features a higher, pump current dependent RIN, as well as
a higher linewidth in the order of 1 MHz. The RIN measurements for both sources
are shown in Figure for the power levels of interest. The experiments in back-
to-back (BtB) configuration are performed for varying laser output power levels,
namely -3, 0, 3 and 6 dBm. The experiments with the DFB for 0 and -3 dBm were
both performed with a 3 dBm laser power and additional external attenuation, as the
laser output power could not be set below 3 dBm. Therefore, the RIN PSD shown
for the 3 dBm DFB output power (blue line in Figure is also representative for
these other measurements.

Synchronization and equalization

After the data has been captured by the oscilloscope, further post-processing is nec-
essary to extract relevant signal quality metrics. To describe the analog-like, time-
domain OFDM signal prior to demodulation we use the standard deviation of the
average received signal as a measure of the signal strength. To construct this final
signal, we find the mean value of total of 11 signal traces recorded by the sam-
pling oscilloscope. The noise traces are then calculated as a difference between the
recorded and averaged signals. Similarly to the signal strength, the noise is described
in terms of its standard deviation.
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Figure 3.5: Measurements of RIN PSD. DFB measurements are overlaid with fits according
to Eq. [3.3.3] with fitting parameters listed in Table

In addition to sampling at the specified rate (see Table [3.1), the oscilloscope also
performs a 16-point sinc interpolation of the received data, leading to a total of
209715116 = 33554416 recorded data points. To directly compare it with the trans-
mitted sequence, the received data is first resampled. Once their sampling rates are
identical and equal to 32 GS/s, the transmitted and received sequences are cross-
correlated for synchronization. The result of this cross-correlation features a set of
peaks, marking the starting positions of the individual traces in the full recorded
sequence. For a good synchronization that does not introduce additional data dis-
tortion, it is often necessary to upsample both of the sequences 2-6 times. This addi-
tionally increases the data-processing time, thus limiting the number of symbols we
can send/receive and still maintain reasonable post-processing computational times.

For illustration, we look at the results of an experiment in which the DFB is used
as the optical source, its output power is set to 6 dBm and information is loaded onto
the lower frequency sideband. A single received time-domain OFDM symbol (symbol
64 out of 128) is shown for three different carrier to ring resonance detuning points
in Figure [3.6|(b). The real part of the corresponding initial OFDM symbol, before
DAC conversion, is overlaid with received signals (black dashed lines in all subplots)
for comparison. The initial signal amplitude is scaled between -1 and 1, as per the
requirement posed on the input signal of the DAC used in the setup. The exact
detuning points are labeled with colored markers in Figure [3.6/(a), which shows
the measured power at the chip output versus wavelength. The same measurement
configurations are further used for illustrative purposes in the rest of this subsection.

Given the memory depth of the oscilloscope used here, as well as the length of the
initial sequence, we in the end record 11 traces that can be used for further analysis.
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Figure 3.6: (a) Power at chip output; colored markers show carrier bias points used for
illustration in the following panel and the rest of the subsection; (b) received symbol 64 in
time domain for the three detunings, in an experiment with the DFB as the optical source,
6 dBm ouput power setting and LSB loaded transmission; the received symbols are overlaid
with the real part of the corresponding transmitted SSB symbol (black dashed line)

The average signal is then calculated as the mean of these 11 traces, while the noise
represents the difference between the recorded traces and the average signal. Figure
shows the evolution of the average signal and noise standard deviation with the
number of averaged traces (M). It can be seen that the standard deviation of noise
has a growing tendency, plateauing for a very large number of traces. Therefore,
the resulting noise standard deviation calculated for M =11 is additionally scaled to
represent its asymptotic value, 0, as

o 11
oo = ]_V’L =\ 1071 (3.18)

1-%

which is the value reported in all the noise descriptions further on in this work.

Once accurately identified through synchronization, the individual traces are split
into constituting OFDM symbols, and the CP is removed from each of them. Since in
the OFDM scheme the information symbols are encoded onto individual frequency
sub-carriers, for further demodulation and processing we move to the spectral do-
main. As a reference signal we use again the real part of the OFDM signal before
the DAC conversion and we focus on a single symbol in the sequence (here, once
again, symbol 64 out of 128). Spectra of the chosen symbol in the average received
sequences are shown in Figure [3.8|(a)-(c) for the detuning points marked in Fig-
ure overlaid with the spectrum of the corresponding symbol in the reference
sequence (black dashed lines).
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Figure 3.8: Received electrical spectra for different optical carrier biases

The ratio of the spectra of the average received and the corresponding reference
symbol represents the link transfer function at the given detuning. It can therefore be
used for single-tap equalization of all the transmitted OFDM symbols. Through this,
the information symbols modulated onto each sub-carrier are rotated and rescaled
according to the value of the link transfer function at that frequency. The magnitude
and phase link transfer functions at the same detuning points are shown in Figure
(d) and (e), respectively. As an example, an unequalized (left panel) and single-
tap equalized (right panel) constellation diagrams for the carrier biased at 1538.44
nm are shown in Figure 3.9
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1-tap Equalization

Figure 3.9: The unequalized (left panel) and 1-tap equalized (right panel) constellation
diagrams for optical carrier biased at 1538.44 nm

Signal quality metrics

Once the data is demodulated and equalized, we quantify the quality of transmission
using two main metrics: bit error ratio (BER) and error vector magnitude (EVM).

BER is the fundamental signal quality metric which does not depend on the type
of signal impairment and its low value is therefore the most clear indicator of the
good system performance. However, in case of complex modulation signals that
require post-processing, BER might not be practical, since it calls for long acquisition
times and large memory depth of the recording device. This is due to the fact that a
large number of errors must be recorded for a high confidence in the results.

We therefore sometimes turn to EVM for the quantification of our complex infor-
mation symbols. The EVM, describing the deviation of the analyzed symbols from an
ideal constellation diagram of the given modulation format, is defined as

EVMy, = Zerror - 1 11 §|E Eqql2 (3.19)
- - N i — Ll .
" Eiml  Em NS T

where N is the number of sent/received symbols, E, is the received and E, the ideal
transmitted symbol; E;,, is the longest ideal constellation vector and it serves for
normalization [90].

Detuning mapping

Furthermore, when a high power is incident to the RRMs, thermal effects start to
play a role. The closer the carrier biasing point is to the resonance, the more optical
power is stored inside of the rings. This leads to the effect of self-heating [91]],
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where the refractive index of Si changes with the increased temperature and offsets
the resonance towards the longer wavelengths (Figure [3.10|(a)).

To correctly identify the exact detuning we compare the extinction at the given
wavelength at higher input powers with the extinction at the lower input powers,
where little to no thermal distortion is present, and apply detuning mapping accord-
ingly. This is illustrated in Figure [3.10|(b), which shows the recorded power at the
chip output for the laser output power of -3 dBm (solid green line) along with the
6 dBm case, for which the resonance shape is slightly distorted (solid red line). The
mapped resonance for the higher power setting is also shown in dashed red line. This
phenomenon, however, is of low-speed nature and does not penalize the high-speed
data transmission [92].
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Figure 3.10: (a) Wavelength scans for different laser output power levels; (b) Hlustration of
detuning mapping at higher RRM input optical powers: resonance shape and extinction ratio
at a given wavelength at low powers is used as the reference for mapping.

3.3.3 Link model

In addition to experiments, we perform numerical simulations of the described link,
in which we include the laser phase noise to intensity noise conversion by the reso-
nant modulators through our analytical model. Here we introduce the models used
to describe the most important link components.

RA-MZM

The modulator behaviour is simulated by two blocks. The RC response of the diode
is accounted for by a single-pole filter, whereas, as previously described, the result-
ing RRM modulation is simulated using the dynamic resonator equation (Equation
[3.1I). Here, the resonance frequency and photon lifetime are time-dependent and
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change according to the modulating signal (Figure [3.11|(b) and (c)). Modeled RRM
transmission is shown in Figure [3.11|(a).
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Figure 3.11: Properties of the modeled RRM: (a) Transfer function at 0 V bias voltage; (b)
Modal effective index (left axis, in purple) and loss (right axis, in blue) for different PN bias
voltages. (c) Angular resonant frequency (left axis, in purple) and field amplitude lifetime,
74, (right axis, in blue) for different PN bias voltages.

Laser model

In semiconductor lasers random photon and carrier recombination and generation
processes cause fluctuations in the laser output power and lasing wavelength. More
specifically, variations in photon density primarily contribute to the relative intensity
noise (RIN) of the laser, whereas the carrier density fluctuations are responsible for
the baseline laser frequency noise. Both of these noise sources are included in our
numerical model of the laser as described in the following.

The optical power at the laser output can be represented as

P(t)=Py+06P(1), (3.20)

where Py denotes the average value and §P(t) the fluctuations with zero mean. RIN
is defined as
(6P(1)*)

2
PO

RIN = (3.21)

In order to quantify the output power fluctuations we will look at the frequency
domain. Relationship between the time and frequency domain variables is defined
through Fourier transform pairs

1 +00 .

SP(t) = > f SP(w)e“ldw (3.22)
+00 X

SP(w) = SP(te "®lds. (3.23)

Spectral density of noise is then defined as



Laser Phase Noise in Ring Resonator Assisted Direct Detection Data
48 Transmission

RIN _ 2Ssp(w)

) 3.2
AF 7 (3.24)
where
1 +00
Ssp(w) = gf (6P(w)6P(w))dw'. (3.25)

Here, () represents the statistical average, equivalent to the time average for sta-
tionary, ergodic processes. Af is the bandwidth of the measurement apparatus, or in
the case of our numerical model, simulation bandwidth.

In semiconductor lasers RIN spectral density takes the shape [93]]

RIN /72 +w? 2hv
— —16aTR. /4nN,)—AY | H(@w)]* + —, (3.26)
Af F P w%o Py
where
w2
Hw) = ro (3.27)

w2, — w?+iwy

is called the modulation transfer function. 7y is the differential carrier lifetime,
related to spontaneous emission and non-radiative recombination processes, w,, the
angular relaxation oscillation frequency, and y the damping factor, proportional to
the cavity photon lifetime. The second term corresponds to the shot noise level, the
standard quantum limit for the minimum RIN of the laser, where h is the Planck’s
constant and v the photon frequency. This expression represent the limit case for
low powers, but it can, nevertheless, be used for moderate to high power levels
with reasonable accuracy. It shows that the noise is amplified near the relaxation
oscillation frequency, reaching its maximum at w,.

In our considered link scenarios, laser RIN values are taken from the characteri-
zation measurements (Figure . The PSD of the DFB RIN is fitted using the model
from [94], with the fitting function for the RIN PSD given as

RZ%(1 + Aw?)

) 3.2
+ (Y2 -22)w? + w* (3.28)

RIN(w) = 77

where w is the baseband angular frequency. The fitting parameters R, Z, A and Y are
summarized in Table for all relevant DFB output power levels.

The Z parameter corresponds to (27 f;,)?, where the relaxation oscillation fre-
quency f;, takes the value of 4.76, 6.48 and 8.79 GHz for DFB output power of 3, 6
and 9 dBm, respectively.

The frequency noise in semiconductor lasers has two main contributing factors
(1) the electrical carrier noise, which causes change of the refractive index and there-
fore of the lasing frequency and (2) the noise of photons spontaneously emitted into
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P [dBm] | 10l0gio(R) z \ A \ Y
3 -152 8.958:10%° | 4.417 -1072° | 1.109-10'°
6 -160 1.656:10%! | 4.514 -1072° | 1.595-10'°
9 -165 3.051-10%' | 1.503 -1072° | 2.342.10'°

Table 3.2: Fitting parameters for DFB RIN PSD

the lasing mode, also called the inherent frequency noise. The frequency noise spec-
tral density, S, (w) is given by

1
Sv(@) = —Avsr- (1+ a5 Hw)?), (3.29)

where (AV)gr = FRgp/ (47 Np,) is the modified Shawlow-Townes linewidth, correspond-
ing to the spontaneous emission term, with I' the confinement factor marking the
overlap of the lasing optical mode with the active region, Ry, the rate of sponta-
neous emission into the lasing mode, and N, the photon density inside of the laser
cavity. ap is the linewidth broadening factor (or Henry parameter) which relates
the rate of change of the real (n) and imaginary (n;) parts of the active medium’s
refractive index with the changing carrier concentration (V) [[95]]

dn/dN
o _4nianv 3.30
H =" TdN (3.30)

As can be seen from Equation the fraction of the overall frequency noise
related to spontaneous emission has a constant PSD. These inherent “baseline” laser
frequency fluctuations are therefore assumed to follow a Wiener process and intro-
duced through our analytical model at the end of the link. For proper scaling, power
levels are adjusted according to laser output power, SOA gain and overall link losses.

However, a substantial part of the total laser frequency noise has its origin in
the variation of electrical carrier densities in the active region, encompassed in the
linewidth broadening factor (ay)[95]. In part, these carrier variations are caused
by the photon density fluctuations that ultimately constitute RIN at the laser out-
put. Therefore, a correlation exists between RIN and a portion of frequency noise,
which should be accounted for when combining different noise sources to calcu-
late the overall system noise. To do this properly, we focus on the expressions that
describe laser RIN and frequency noise spectra. According to Equation RIN
spectrum scales as (1/7ay + iw)H(w). On the other hand, Equation indicates
that the frequency noise spectrum is proportional to H(w). This lets us conclude that
RIN and frequency noise resulting from RIN are essentially in quadrature for noise
frequencies above 1/(277,y), apart from the small phase error atan(1/(Tanwoff)).
The differential carrier lifetime 7, is in the order of 1.6 ns for typical edge emitting
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semiconductor lasers (see e.g. Table 5.1 in [93]), leading to 1/(2nTaN) ~ 100 MHz.
Since this is well below the 20-sub-carrier gap used in this work (1.25 GHz) and
generally quite low, RIN and frequency noise can be assumed to be in quadrature. At
the same time, the intensity noise generated by the RRM through phase noise con-
version is proportional to phase noise increments, i.e. to the frequency noise itself.
Therefore, the intensity noise induced by the RIN-correlated frequency noise is also
in quadrature with RIN. Hence, despite the correlation, the two add as a sum of vari-
ances from the perspective of system-level modeling. Consequently, to the first order,
we may expect that lumping all the frequency/phase noise into the Wiener process
with parameters given by the (broadened) laser linewidth yields reasonable results.

However, the Wiener process only correctly reflects the frequency noise levels at
low frequencies. Increase of the frequency noise at the relaxation oscillation fre-
quency is not taken into account with this approach. Moreover, the assumption that
the RRM converts the frequency noise into amplitude noise without a phase delay
is no longer correct at increased noise frequencies. As described in Section the
spectral dependence of the frequency to intensity noise conversion is identical to
the S,; of the RRM operated as a standalone amplitude modulator, which features
a peaking response. The RRM, therefore, introduces a phase delay of ~ 7/4 for the
noise frequency of f,rr ~1/(2n7,) = 8.7 GHz. Consequently, at the relaxation oscil-
lation frequency at which the laser RIN reaches its maximum (between 4.6 and 8.8
GHz for output power levels ranging from 3 to 9 dBm, in our experiments), RIN and
the intensity noise resulting from RRM-conversion of RIN-correlated frequency noise
can no longer be added as a sum of variances.

In order to account for this, RIN-correlated frequency noise in the vicinity of the
relaxation oscillation frequency is included into our model by introducing another
frequency noise term at the output of the laser. Its PSD is obtained from the RIN
spectrum by multiplying it by a constant proportionality factor 5.8-10'® Hz?, obtained
from a best match to the experimental results. Moreover, a Hilbert transform is
applied to the resulting frequency noise in order to induce a 90-degree phase delay
relative to RIN, in line with the previous analysis. This additional phase noise term
is then fed through the numerical model of the RRM.

What might be striking is that we are seemingly including the RIN-correlated
phase/frequency noise at low noise frequencies twice in our model: once by the
linewidth broadening factor and second time in the newly added phase noise term.
However, this proves not to be the case after closer inspection. Namely, the con-
version factor between RIN and its correlated frequency noise PSD is, in reality,
frequency dependent. This comes from a zero in the RIN spectrum, making the
conversion factor about w?,75,, larger at DC than at the relaxation oscillation fre-
quency. This dependency is, however, not taken into account when the additional
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phase noise term is introduced into our numerical model. Here, the proportionality
factor is kept constant for all noise frequencies. The RIN, which is much lower close
to DC, does not significantly contribute to the low-frequency phase noise and does
not, therefore, additionally influence the laser linewidth.

Semiconductor optical amplifier

Semiconductor optical amplifiers (SOAs) use electrically pumped semiconductor gain
medium for light amplification. The carrier density, and therefore the gain of this
medium, is coupled to the optical power present in the laser cavity as given by the
following differential equation

dG() _ G()-Gy  GOPin(t)
dt Tc PsatinTc ,

(3.31)

where Gy is the small signal gain at low average input power, 7. the gain relaxation
time constant, and Py, i, the saturation power at the SOA input, defined as the input
power at which gain reduces to half its small signal value [96].

The main noise source in SOAs is the broadband amplified spontaneous emission
(ASE). The amount of noise introduced by an amplifier is usually specified by the
noise figure, which is defined as the ratio of the SNRs at the input and the output of
the component

(3.32)

SNR;
F= 1010g10( = )

SNRyy¢

For SOAs F is always larger than 2, typically around 5 dB. ASE adds distortions
both to the amplitude and the phase, which becomes relevant when the amplified
signal propagates through dispersive media, such as optical fibers, after amplification
and prior to direct detection. This converts part of the phase noise to the amplitude
noise, additionally penalizing the signal integrity. For a shot noise limited signal at
the amplifier input, the SNR;, is given as

Pin

(3.33)
Here, Af represents the bandwidth of the measurement equipment, or in our case
the simulation bandwidth and it equals to 1/(2-dt), with dt being the time step used
in simulations (here, ~1 ps). Following the definitions for the noise figure and the
SNR, the standard deviation of the noise at the amplifier output should amount to

1
— \/IOF/IO.G.mehV.ﬁ. (3.34)
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In our model, the ASE is added as a random perturbation to the amplitude and
the phase of the signal’s electric field

Eout(t) = \/6 Eln(t) +EASE(t)] = \/E

Ein(D+B-(Fi(0+i-F®)|, (3.35)

where the electric fields are scaled such that their amplitude squared represents the
power, and F) »(¢) are Gaussian random variables with zero mean value and a vari-
ance equal to unity.

The SOA output power fluctuation is therefore given as

Pous(t) = G- | Pin(t) + 2Re{ Ein(0)- Eass(0 }]. (3.36)

Here, we neglect the ASE-ASE beat tone contribution to the overall noise. From
this, in order for the standard deviation of the output power to satisfy Equation [3.34]
factor B in the ASE field definition should equal to

1 1
B:\/Z-loF”O-Zhv-%. (3.37)

Since they rely on a semiconductor gain medium for amplification, most of the
phenomena encountered in semiconductor lasers and described in the previous sec-
tion is also present in SOAs. One of these is the Henry parameters that couples the
change in the carrier density to the change of the refractive index of the medium. For
a complete model of the amplifier this effect should be taken into account. However,
we primarily base our model of the SOA on Equation [3.31
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Figure 3.12: (a) Measured (in red) and modeled (in blue) gain saturation curve of the SOA;
(b) Modeled gain dependence on frequency for different SOA input optical powers; (c) Mod-
eled field spectrum at the input (in red) and output (in blue) of the SOA at -6 dBm input
power; emergence of the initially suppressed sideband evident.

Moreover, when it is operated close to saturation, SOA shows high-pass behavior
dictated by the gain relaxation time constant 7.. Figure [3.12{(a) shows measured
(in red) and modeled (in blue) gain saturation curve, for the utilized SOA with the
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specifications detailed in Table Based on these parameters, modeled gain versus
frequency curves are shown for different SOA input powers in Figure [3.12(b).

Regarding nonlinear distortions, four wave mixing (FWM) is of most significance
in SOAs. In the SSB transmission studied here, the beating between the optical
carrier and the signal sideband creates a modulation of the carrier densities in the
gain medium, forming a mirror tone of the signal relative to the optical carrier. An
example is shown in Figure [3.12](c), which shows the electric field spectrum at the
input (in red) and the output (in blue) of the SOA, when the optical signal of -6 dBm
is present at the amplifier input. The emergence of the unwanted sideband can be
observed, thus altering the sideband suppression ratio. The quantitative analysis of
this phenomenon in our system is studied in more detail in the next chapter.

Optical bandpass filter

Based on the parameters listed in Table simulated OBPF transfer function used
in the link model is shown in Figure [3.13
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Figure 3.13: Modeled optical bandpass filter transfer function

It should be noted that the phase of the OBPF varies on the flanks of the transmis-
sion band. In our case, this happens sufficiently far from the frequencies occupied by
the OFDM signal, leaving the signal unaffected.

Optical fiber

Fiber transfer function in frequency domain is given by [|97]]

DmA2L
0 fZ),

Hp(f,L) = exp(i
Co

(3.38)

where D is the dispersion coefficient (in pm/(km-nm)), Ay the carrier wavelength,
c the speed of light, L the fiber length and f the offset frequency from the carrier.
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Figure shows the phase transfer function of a fiber with the dispersion coeffi-
cient of 17 ps/km/nm, a typical value for an SMF, as well as for the fiber used in
our experiments, for lengths of 10 and 20 km (blue and red lines, respectively). In
addition to dispersion, fiber introduces losses, as listed in Table

-10 0 10
Frequency [GHZ]

Figure 3.14: Phase transfer function of a 10 (blue line) and 20 (red line) km long dispersive
fiber, described by parameters in Table

3.3.4 Results and discussion

Finally, we compare the experimentally obtained data with the outputs of our nu-
merical link model. In Figure the measurement results are shown along with
the model predictions. In sub-panels (a)-(e), the experimental data for the ECL and
the DFB are respectively shown by star shaped and circular markers, while solid lines
correspond to modeling results.

The overlap of modeled and measured chip output powers ensures that we are
comparing the relevant metrics at the same carrier-to-resonance detuning points
(Figure [3.15|(a)). Similarly, the equivalence of the received power levels confirms
that the SOA gain and the overall link insertion losses are modeled properly, as well
as that the link conditions have remained unchanged between the two sets of exper-
iments (Figure [3.15|(b)). Overlay of the signals’ standard deviation, measuring the
signal strength, further confirms proper modeling of the RRMs (Figure [3.15](c)). It
gives confidence that the modulator properties, such as modulation efficiency and
bandwidth, are correctly taken into account in our numerical model.

At the lowest measured laser output power, -3 dBm, the bulk of the noise comes
from the SOAs ASE and photoreceiver noise, allowing us to correctly include these
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Figure 3.15: Comparison of experimental results with the ECL (star markers) and DFB (cir-
cles) with the modeling (solid and dashed lines) for different optical carrier bias points: (a)
power at the chip output; (b) power at the receiver; (c) standard deviation of the average
signal; measured and modeled standard deviation of noise when (d) ECL and (e) DFB is used
as the optical source; (f) comparison between the modeled standard deviation of noise when
ECL (dashed lines) and DFB (solid lines) is used as the source.

noise sources into the model.

The modeled wavelength dependent standard deviation of noise at the link end
is in good agreement with experimental data for both the ECL and the DFB experi-
ments, as can be seen in Figure [3.15(d) and (e). This in turn confirms the accuracy
of our analytical expressions, which are used for the inclusion of RRM’s phase-to-
intensity noise conversion in the link model.

Let us now take a closer look at the noise standard deviation extracted from ex-
periments with the DFB laser (Figure[3.15|(e)). The measured curves show asymmet-
ric features, unlike the standard deviation of the phase-to-intensity converted noise
predicted by our model and shown in Figure [3.2|(b), which is symmetric relative to
the ring resonance. This asymmetry is caused by the correlation of part of the laser
phase noise with the laser RIN, as explained in detail in the previous section. The in-
tensity noise resulting from the RRM conversion of its correlated phase noise retains
the correlation to the laser RIN. The sign of this correlation changes from negative
to positive as the carrier biasing wavelength crosses the resonance. Therefore, the
noise magnitude has its maximum value when the optical carrier is biased at wave-
lengths longer than the resonance. This effect comes from the dispersion induced by
the RRM, which also has a different sign depending on whether the wavelength of
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interest is shorter or longer than the resonant wavelength. Furthermore, the asym-
metry reduces with the increase of the output laser power from 3 dBm (orange data
in Figure [3.15|(e)) to 6 dBm (red data in Figure [3.15|(e)). The reason is the reduc-
tion of the overall laser RIN and, consequently, all its effects on the resulting noise
(Figure 3.5).

Figure [3.15/(f) compares the modeled noise standard deviation of the links that
include the ECL (dotted line) and the DFB (solid line). From it, a better noise per-
formance with the lower linewidth optical source is evident, more notably so for the
wavelengths longer than the resonance.

Next, we wish to analyze to what extent the different noise sources contribute to
the overall noise at the link end. We do this in simulation, assuming a DFB source
with 6 dBm output power. This is practically implemented by turning on a single
noise source at a time in the simulation and iterating through all the noise sources
present in the system. The results of the noise partitioning are shown in Figure
B.16](a).

The photodetector input referred noise (thin dot-dashed orange line) does not
depend on the received power, i.e. on the optical carrier biasing, as expected.

The intensity noise caused by the baseline laser phase noise (green dotted line)
features the expected detuning dependent standard deviation predicted by our ana-
lytical model.

The same wavelength dependency is observed for the standard deviation of the
intensity noise induced by the conversion of the RIN-correlated phase noise (dashed
light blue line).

Furthermore, the expected wavelength dependence of the propagated RIN is a
monotonous increase with the growing filtered carrier power, as the detuning from
resonance increases. However, the recorded dependency deviates from this expec-
tation (dashed dark blue line). This deviation is caused in part by RIN-to-phase
noise conversion mediated by the RRM dispersion, leading to a reduction of RIN
off-resonance. As for the converse phase-to-intensity noise conversion, this effect
disappears at resonance. This is illustrated in Figure [3.16|(c), which shows that the
expected trend is recovered (red line) once the RRM dispersion is compensated for.
The second cause of RIN reduction is the partial SOA saturation, that is more promi-
nent at higher carrier-to-resonance detunings as a consequence of the higher SOA
input power levels. The SOA gain at different carrier detunings is shown in Figure
[3.16](d) (right axis, blue line), along with the chip output power (i.e. SOA input
power) for the same detuning points (right axis, purple line).

The trend for the SOAs ASE contribution (dot-dashed yellow line) also has two
determining factors: the overall ASE power increase with the increased detuning
from the resonance and, similar to the case of RIN, the gain compression at higher
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SOA input powers.

When examined individually, none of the noise standard deviation curves fea-
tures the asymmetry relative to RRM resonance which is present in the wavelength
dependency for the overall noise. To capture this effect in simulation, the laser RIN
and its correlated phase noise must be turned on simultaneously in the model. From
Figure[3.16(b), it can be observed that the asymmetry then appears (thick solid line),
confirming that it indeed stems from the correlation of these two noise sources.
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Figure 3.16: (a) Partitioning of the modeled noise into individual noise source contributions
at the end of the link, with the DFB as the optical source and the output power setting of
6 dBm; (b) contribution of RIN (purple dashed line), intensity noise stemming from RIN-
correlated phase noise (dashed light blue line), and their joint effect with the correlation
considered (solid blue line); (c) RIN magnitude at the chip output when the modulator
wavelength-dependent phase shift is considered (blue line) and compensated (red line); (d)
power at the chip output (i.e. SOA input; left axis, purple line) and corresponding input
power dependent SOA gain (right axis, blue line)

Furthermore, we want to examine if the choice of the sideband has an influence
on the resulting noise curves. To this end, the experiments were conducted for both
the lower frequency sideband (LSB) and upper frequency sideband (USB) loaded
with information symbols, for all laser output settings of relevance. The comparison
of all relevant metrics is shown in Figure for both ECL (panels (a)-(c)) and
DFB (panels (d)-(f)) experiments. Here, the results of the LSB and the USB loading
are shown in dashed and solid lines, respectively. The maximum modulation effi-
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ciency, reflected in the standard deviation of the mean signal, is achieved for LSB
loading with the carrier biased at a wavelength shorter than the resonance (Figure
[3.17[(b)and (e)). On the other hand, the carrier has to be biased at a longer-than-
resonant wavelength to reach maximum efficiency for the USB-loaded case. It can
therefore be concluded, that the configurations that maximize the modulation effi-
ciency leverage the amplification of the useful sideband through peaking enhance-
ment of the ring. This is more graphically illustrated in Figure where SSB
signals are overlaid with the resonant transmission profile of the modulator. Nev-
ertheless, the noise standard deviations from the two sets of experiments coincide,
indicating that the choice of the modulated sideband has no bearing on the total
noise in the system (Figure [3.17|(c) and (d)).
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Figure 3.17: Comparison of measured values for LSB (dashed lines) and USB (solid lines)
loaded data transmission with the ECL/DFB as the optical source: (a)/(d) power at the chip
output; (b)/(e) standard deviation of the average signal at the end of the link; (c)/(f) noise
standard deviation at the end of the link.

To qualitatively compare the performance of the two light sources, we examine
the experimentally obtained cumulative EVM of all sub-carriers. Here, we focus on
the experiments with the laser output power setting of 6 dBm. Moreover, we do
this for two cases. First, the data is loaded onto the LSB (Figure [3.19|(a)), same as
for experimental and modeling results shown in Figures [3.15/(a)-(f). In the second
case, the data is loaded onto the USB (Figure (b)). The reported EVM is ex-
tracted from all the recorded signal traces after OFDM demodulation and single-tap
equalization.

The data shows that the performance of the DFB based link is penalized at carrier
wavelengths longer than the resonance, where the noise magnitude is the highest.
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Figure 3.18: Overlay of the detuned signal and RRM resonance for (a) LSB and (b) USB
loaded case.
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Figure 3.19: Error vector magnitude versus different optical carrier bias points, for transmis-
sion with a DFB (circular markers) and an ECL (star markers) when data is loaded onto the
(a) lower frequency sideband (LSB) and (b) upper frequency sideband (USB); laser output
power is set to 6 dBm in all instances.

As a consequence, when the USB is loaded with data, the difference in EVM between
the optimal point for the ECL and the optimal point for the DFB amounts to ~7%. It is
also worth noting that slightly better performance is obtained with the ECL when the
USB is used for transmission and the optical carrier is biased at wavelengths longer
than the resonance. The EVM then reduces from 15.8% to 13% for the best operating
point compared to the LSB loaded transmission. Moreover, better performance is
generally obtained when the loaded sideband is towards the resonance relative to
the carrier, as the RRM peaking effect enhances the used sideband (see Equation

and Figure [3.18).
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For the laser output power of 9 dBm, in adition to BtB experiments, we measured
the transmission over 10 and 20 km of SMF. However, it proved to be difficult to
consolidate experimental and simulation results when fiber transmission was consid-
ered. We believe that the discrepancies arise partially due to the incomplete model-
ing of the noise inside of the SOA. Namely, the phase to intensity noise conversion
present in this gain medium, similarly as for the semiconductor lasers, is not included
in our models.

3.4 Summary

In this chapter we studied in detail the phase to intensity noise conversion by res-
onant structures. We presented a full analytical model that describes statistical
and spectral properties of this noise source. A closed form expression, dependent
solely on laser linewidth, cavity lifetime, carrier to resonance detuning and coupling
strength between the ring and the waveguide describes the wavelength dependent
standard deviation of this noise source. Noise PSD takes the shape of to the small-
signal EO S,; of the modulator at different carrier to resonance detunings.

Moreover, we include our analytical model as a part of the analysis of an RRM
assisted SSB-OFDM link. Other noise sources included in the link simulation are
laser RIN, SOA ASE and input referred noise of the photodetector. Apart from the
correction for RIN-correlated phase noise which is introduced numerically, the noise
behavior predicted by the analytical model matches closely the experimental results.

The experiments also clearly show better performance of the low linewidth source
when optical carrier is biased at wavelengths longer than the resonance. For these bi-
asing points, the correlation between RIN and a portion of frequency noise increases
the total noise. This in turn penalizes the signal quality when a noisier DFB laser is
employed.



Chapter 4

Full capacity measurements

Material in this chapter is partially published in [81]], Section III C.

In this chapter we use the three channels of the RRM assisted SSB integrated
transmitter to optimize its overall throughput for the case of OFDM data transmis-
sion. In these experiments, channels are run successively and DFB lasers are used as
optical sources (Section[4.1)). Afterwards, we look at effects that may cause a reduc-
tion in the suppression of the unused sideband (Section [4.2). This phenomenon is of
high importance in fiber transmission since it influences dispersion mediated signal
distortion.

4.1 Results

SCOPE

DFBI

DFB2 — SiP Chip PWM

1t / PCB
DFB3 | [

Figure 4.1: Setup for full capacity experiments. Three channels of the RA-SSB system are
run sequentially with different DFB lasers.

The basic link configuration in these experiments looks similar to the one in the
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previous chapter and is shown in Figure In addition to BtB measurements,
however, we transmit the data over up to 20 km of standard SMF. To better match the
realistic scenario in DD links, we opted to use the DFB lasers as optical sources. The
more expensive, lower linewidth sources such as ECLs are more typical for coherent
optical transmission.

Each channel is tested using a different DFB module, with the optical carriers
biased at 1547.05 nm for channel 1 (CH1), 1547.75 nm for channel 2 (CH2), and
1548.45 nm for channel 3 (CH3). In all experiments, the laser output power is set to
9 dBm. Such a high power at the RRM input causes thermal instability of the device,
allowing us to stably bias the carrier only at the wavelengths shorter than the ring
resonance. Incidentally, and to our advantage, the noise magnitude is also lower
at these wavelengths for the high linewidth sources in use here, as can be seen in
Figure This means that the optimal biasing point is within our reach from the
practical perspective and we use it for the following experiments.

Sub-carrier loading is optimized so that the worst-performing channel at the
transmission distance of 20 km has its BER below the 20% hard-decision forward
error correction (HD-FEC) limit (1.5-1072) [98]. As before, the FFT size of 512
is used. Sub-carriers 2-121 of the lower frequency sideband (numbered from the
optical carrier) are loaded with 8QAM symbols. Sub-carriers 122-180 carry QPSK
symbols due to their lower signal-to-noise ratio, mostly dictated by the roll-off of the
modulator. Consequently, considering the 62.5 MHz sub-carrier spacing, the signal
occupies the frequency band from 62.5 MHz to 11.31 GHz. Furthermore, the raw
data rate per channel amounts to 30 Gb/s. As before, a block of 128 symbols is sent
through the link. Since the number of symbols is too low for a reliable per-sub-carrier
statistics, cumulative BER for the entire transmitted sequence is calculated. The to-
tal number of transmitted bits, namely 61440, is nevertheless sufficient for accurate
BER prediction on the order of 1073, The BERs at different propagation distances are
summarized for all three channels in Figure [4.2|(a). The results show that all three
channels fulfill the imposed condition.

Moreover, exemplary constellation diagrams for 8QAM and QPSK for CH1 and
transmission distance of 20 km are shown in Figure CH1 shows the best per-
formance and its spectral efficiency, considering a 3% CP and 7% FEC overhead, is
~2.4 b/s/Hz. The other two channels, CH2 and CH3, exhibit a somewhat worse
performance, requiring a larger 20% FEC overhead for error-free transmission. This,
together with the same 3% CP, leads to a spectral efficiency of ~2.1 b/s/Hz for these
two channels. Performance degradation with the increased reach can mostly be at-
tributed to the additional loss of 5.2 dB introduced by the interposed fiber. To reduce
this influence, the attenuation at the SOA output could have been adjusted.

To rule out the influence of dispersion on signal degradation, we compare the
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Figure 4.2: (a) Bit error ratio for the three channels of the system for varying propagation
distance; (b) received electrical spectra of CH1 for back-to-back and 20 km propagation.

received electrical spectra for the BtB configuration and transmission over 20 km
fiber stretch (Figure[4.2|(b)). The recorded electrical spectrum after fiber propagation
features no obvious distortion, indicating that the dispersion does not have a notable
influence on signal degradation in the given link. However, it should be noted that
the signal itself is still narrowband due to the limitations of the link components,
primarily the RRM used in the system so that the influence of the fiber dispersion
should not be large for the distances considered in this work.

To benchmark OFDM against the more commonly utilized OOK, we qualitatively
examine what the transmission of 30 Gbit/s OOK signal over 20 km of dispersive fiber
would look like if the RRM used for modulation is identical to the one in our system.
For this, we turn to simulation, in which only the ring modulation and the propaga-
tion through a lossless fiber are considered, to highlight the interplay between the
RRM chirp and fiber dispersion. The detuning point that leads to the highest eye
opening at the modulator output is chosen. Received eye diagrams are show for BtB,
10 km and 20 km fiber transmission in Figure [4.4|(a), (b), and (c), respectively. It
is evident that at 20 km the eye is heavily distorted due to ISI caused by the prop-
agation of the chirped signal through the dispersive channel, even in the absence
of noise. To recover it, one must either propagate the signal through a stretch of
a dispersion compensating fiber (DCF) or employ a time-domain equalization tech-
nique. The first solution carries with it high infrastructure costs and lacks flexibility.
The second one becomes increasingly difficult as signaling rates increase. Moreover,
the OOK signal’s spectrum is wider than that of the SSB-OFDM signal. Therefore, a
larger guard band between the WDM channels is required, further reducing spectral
efficiency. These results, therefore, show the benefits of SSB-OFDM over OOK mod-
ulation scheme when RRMs are used in WDM systems for data transmission over
dispersive fiber links.
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Figure 4.3: Constellation diagrams for sub-carriers loaded with QPSK (left panels) and 8QAM
(right panels) for the three channels at propagation distance of 20 km.
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Figure 4.4: Simulated eye diagrams of a 30 Gbit/s signal for (a) back-to-back, (b) 10 km and
(c) 20 km transmission. Only modulation by our RRM and the propagation in a dispersive
lossless fiber are considered in the link.

4.2 Sideband suppression

Sufficiently high suppression of the unwanted sideband is essential for mitigating
frequency fading caused by dispersion in each individual WDM channel. More-
over, in order to maximize the throughput of a multi-channel system achieved by
tightly packing the WDM channels, suppression of the unused sideband must be high
enough not to incur any penalties to the neighboring channels. In this section, there-
fore, we analyze the influence of some link components on the unwanted sideband
suppression ratio (SSR). In particular, we focus on their associated nonlinearities, as
well as their operating conditions.

To do this, we once again turn to simulation. We use the sub-carrier loading
from Chapter 3 (i.e. sub-carriers 21-100 are loaded with randomly generated QPSK
symbols) and the laser power setting of 9 dBm, when not otherwise specified, and
look at the BtB link configuration. Moreover, we mostly deal with the noiseless prop-
agation through the link, unless otherwise noted. The optical carrier to resonance
detuning is also fixed and it is marked with a red circle in Figure which shows
the power levels at the modulator chip output versus wavelength. This detuning also
corresponds to the one used in the full capacity data transmission experiments from
the previous section.

Modulator

First, we look at the influence of the integrated RRM assisted SSB modulator. The
first source of SSR degradation comes from the nonlinear electro-optical transfer
function of the RRMs when large amplitude signals are applied to the modulator.
This effect is illustrated in Figure In this and all the following spectral repre-
sentations, the signal PSDs are smoothed and normalized so that the used sideband
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Figure 4.5: Optical power at the chip output when laser power is set to 9 dBm. Red dot
marks the carrier biasing point for full capacity measurements and the discussion about the
sideband supression ratio.

is at 0 dBc/Hz. This facilitates easier comparison between the signals recorded at
different points of the link, which intrinsically have different magnitudes.

When a signal of low amplitude (100 mV peak-to-peak) is used for modulation,
the optical signal at the modulator chip output has the same SSR as the applied elec-
trical signal (Figure [4.6|(a)). As mentioned previously, the electrical signal itself also
does not feature infinite extinction outside of the used sideband due to the insertion
of a non-zero CP. However, when the modulating signal amplitude is increased to 2
V peak-to-peak, identical to the signal strength in all our experiments, the SSR is re-
duced by 10 dB at 2 GHz (from 33.6 to 23.6 dB), relative to the SSR of the electrical
signal (Figure [4.6((b)). Nevertheless, the remaining SSR is practically high enough
to enable distortion-free DD reception of the SSB signal.

Next, we look at how the SSR is affected when the phase difference between the
I and the Q branches of the SSB modulator deviates from /2, i.e. from quadrature.
Quadrature condition is in general a key prerequisite for complete suppression of the
unused sideband. Figure [4.7/(a) shows the signal PSD for varying phase offsets from
quadrature. As the offset increases, the unwanted sideband becomes more promi-
nent. The SSR reduction trend with the increasing phase offset is depicted in Figure
[4.7((b), showing a decrease in SSR of roughly 3 dB per 5 degrees of offset. Moreover,
if we want the RA-MZI to operate as an IQ modulator for all WDM channels, the
quadrature condition needs to hold across the full wavelength span of interest. The
conventional 2-by-2 MMI at the MZI input introduces a wavelength dependent phase
shift variation of less than +1% of the targeted 90° across the whole C-band. This can
be even further improved by employing subwavelength structures [99]. Moreover,
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Figure 4.6: Spectra of the electrical IQ signal (in blue) and optical signal at the modulator
output (in red) for modulating signal strength of (a) 0.1 V peak-to-peak and (b) 2 V peak-to-
peak.

any phase offset caused by fabrication induced variations can be compensated for
at the central wavelength using the on-chip thermal tuners. Nevertheless, the phase
shift induced by the tuner varies by +1% over the C-band. Moreover, fabrication in-
duced phase shift varies by +2% of its value at the central wavelength, leading to a
total of £3% across the C-band. With the 70° phase error that needed to be corrected
at system startup together with the MMI error, we end up with the variation of +3°.
This can in turn lead to an SSR reduction of less than 2 dB, which is still modest and
does not degrade the performance of the system across all channels.
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Figure 4.7: (a) Power spectrum of the noiseless optical signal at the chip output and (b)
sideband supression ratio at 2 GHz for different offsets from the quadrature condition.
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Another important source of SSR reduction is the misalignment between the res-
onances of the RRMs in the I and Q arms of the MZI (further denoted as I-RRM and
Q-RRM). To quantify its influence, the resonance of the I-RRM is kept fixed in the
simulation, with its transmission shown in solid black line in Figure (a). On the
other hand, the resonance of the Q-RRM is shifted, with its transmission shown in
colored dashed lines in Figure [4.8(a) for different levels of resonance misalignment.
Figure [4.8|(b) shows the optical signal PSD at the modulator output for all these con-
figurations. It can be seen that even a small misalignment equaling a fraction of the
resonance full width half maximum (FWHM) results in a notable reduction of the
SSR. More specifically, for a misalignment of 6.8% FWHM (9.5 pm) the reduction
equals 5.8 dB, while the misalignment of 13.6% FWHM (19 pm) reduces the SSR
by 11.4 dB. This amount of penalty in combination with, for example, the one in-
curred by the modulator nonlinearity can lead to a high degradation of the signal
upon fiber propagation and DD. Therefore, a special care needs to be taken to avoid
this scenario. In practice, ensuring the resonances are well aligned can be achieved
by monitoring the ER of the resonance profile at the SSB modulator output. Namely,
if the alignment is good, the resulting extinction should be equal to that of the iso-
lated I-RRM and Q-RRM resonances. Furthermore, this extinction should remain
unchanged with the variation in the biasing point between the two MZI arms. On
the other hand, even at quadrature the ER of the SSB modulator resonance profile
differs from that of the isolated RRM resonances when the misalignment is present.
More specifically, the final ER is smaller when the relative offset between I-RRM
resonance and Q-RRM resonance is negative and higher when it is positive (Figure
[4.8/(c)). Moreover, the SSB modulator resonance profile changes considerably with
a changing phase offset between the arms of the MZI when the I-RRM and Q-RRM
resonances are misaligned (Figure 4.8/(d)) .

SOA

Furthermore, a large contribution to the reduction of the SSR in the link originates
from the nonlinear behavior of the amplifier when the high power is present at its
input. FWM process creates an image of the used sideband on the other side of the
optical carrier. Figure (a) and (b) show the signal PSD at the receiver and the
values of SSR at 2 GHz, respectively, for different laser output power levels (i.e. dif-
ferent power levels at the SOA input). For a laser power setting of 9 dBm, equivalent
to our full capacity experimental setup, the SOAs FWM penalty to the SSR at 2 GHz
totals 10.8 dB, leading to a final SSR of 12.8 dB at this frequency. It should be noted
that in our SOA model waveguide dispersion is not considered and phase matching
is assumed, which may overestimate the FWM contribution even at the wavelength
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Figure 4.8: (a) Transmission of the individual RRMs in the I (solid black line) and the Q
(dotted colored lines) branch. Differently colored dotted lines show scenarios with varying
misalignment between the resonance in of the I-branch RRM (kept fixed) and the one in
the Q-branch (varied) of the SSB modulator. (b) Optical signal PSD at the SSB modulator
output. Normalized transmission of the SSB modulator (c) at quadrature and (d) away from
quadrature condition between the two MZI branches for varying I-branch and Q-branch RRM
resonance misalignement (color coding as in panel (a)).
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separation as small as the one between the optical carrier and the signal.

To largely reduce the undesirable effect of FWM, the SOA can be replaced by
an erbium doped fiber amplifier (EDFA). Alternatively, one could use a lower laser
output power setting in the 0 to 3 dBm range, where the effect of the nonlinearity
is still not as pronounced (Figure [4.9/(b)). However, this would negatively affect the
signal SNR, so a trade-off between the two effects on the overall signal quality should
be studied in more detail.
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Figure 4.9: (a) Power spectrum of the noiseless optical signal at the receiver and (b) sideband
supression ratio at 2 GHz for varying laser ouptut power (i.e. varying power levels at the SOA
input).

Laser noise

Finally, we take a look at the signal at the receiver with all the noise sources con-
sidered. The blue curve in Figure shows the signal PSD at the link end, while
the red one is recorded when no modulation is present, marking the noise floor in
the system. Far from the carrier, the noise floor is dictated by the ASE and receiver
noise, whereas at the carrier proximity, the bulk of the noise comes from the laser
RIN and the laser phase noise induced RIN. To handle the influence on the neigh-
boring channels, one could insert a guard of ~5 GHz, so that the noise is reduced to
the background level. However, this would also reduce the overall system spectral
efficiency.
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Figure 4.10: Optical signal PSD at the receiver end of the link with all the noise sources in
the system turned on and modulation turned on (blue line) and off (red line).

4.3 Summary

In this chapter we have shown the results of the full capacity measurements of the
three-channel RA-SSB modulator in the case of the OFDM transmission. All three
channels achieve a 30 Gb/s raw data rate for transmission over up to 20 km of SMF,
with the BER below the 20% HD-FEC limit. Achieved spectral efficiency for CH1 (at
1547.05 nm) is ~2.4 b/s/Hz, while for the lower performing CH2 (at 1547.75 nm)
and CH3 (at 1548.45 nm) is ~2.1 b/s/Hz.

Moreover, we analyzed the influence of link components on SSR. As other sources
of SSR reduction can be addressed by a careful adjustment of the operating point by
means of the on-chip thermal tuners, nonlinearity remains its main cause in our link.
Regarding the modulator, nonlinearity causes a reduction of up to 10 dB, leading to
an SSR of 23 dB. Nonetheless, this value is in practice sufficient for distortion-free
transmission of high speed signals through 20 km of dispersive fiber. Another ma-
jor contributor is the nonlinearity of the SOA. With an additional penalty of ~11 dB
introduced by the SOA, the resulting value of the SSR after modulation and ampli-
fication is 12 dB. Although in our specific link scenario this did not pose a major
limitation on our signal, it might become a problem for longer reach and/or higher
speed signals. This is why the employment of an EDFA might prove necessary in
high-speed, long distance SSB links.
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Chapter 5

Polarization diverse WDM receiver
with a reduced number of OADMs

Most of the content of this chapter is published in [100]. Static device characteriza-
tion and system measurements were performed by Dominik Schoofs, in the scope of his
Master thesis project work at the Institute of Integrated Photonics [[101].

5.1 Introduction

Data transmission through inexpensive standard single mode fibers is inevitably fol-
lowed by polarization scrambling, resulting in the random polarization state at the
receiver (RX) end of the link. Receivers therefore need to show a high degree of po-
larization insensitivity to prevent loss of data. To handle this, some methods involve
coherent recombination of polarizations, where thermal tuners are used to correct
for the phase offset between the orthogonal states [[102]. The tuners used to this
purpose are in general capable of introducing a 2z phase shift, sufficient to correct
for any phase difference at initial setup, introduced between the two polarizations
through propagation and/or chip coupling elements. Nonetheless, with the fluctuat-
ing environmental conditions and system component instabilities during operation,
a situation may emerge in which the tuners meet the limit of their dynamic range.
This in turn can lead to a temporary loss of service. To mitigate this, incoherent
summation of electrical signals is preferred. This can, however, lead to the undesired
doubling of electronics if the photocurrents are not added before amplification.
Here we investigate an integrated, polarization-transparent RX system imple-
mented in SiP platform and aimed for WDM applications. A single RX channel
consists of a double-sided optical add-drop multiplexer (OADM) and a double-sided
integrated germanium (Ge) photodiode. These enable simultaneous filtering and de-
tection of both polarizations. Moreover, we focus here on transmission of intensity
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modulated, directly detected (IM-DD) signals with the data initially modulated onto
a single polarization state.

Figure 5.1: (a) Schematic of a balanced polarization diverse receiver, i) and ii) showing
the balancing scheme for two channels (CH1 and CH2). Paths for TE and TM polarizations
shown in red and blue, respectively; (b) Layout of a 10-channel balanced polarization diverse
WDM system. Insets show a layout an OADM and a Ge photodiode with a channel specific
on-chip ODL.

In a single channel RX, polarization diversity can be handled elegantly by rout-
ing the two polarizations to the opposite ends of a waveguide photodiode, where
they sum up incoherently after the opto-electrical conversion. In some previous ap-
plications of this idea to multi-channel systems [1034105], each channel required
two filtering elements - one for each polarization - before sending both signals to a
double-sided Ge photodiode for detection. In addition to that, we here extend the
same concept to OADMs, using them in a dual-sided configuration and thus reducing
the number of filtering elements per channel. This in turn not only reduces the total
footprint of the RX system, but also calls for a lower number of control signals, low-
ering thereby the overall RX complexity and power consumption. The to-be-detected
signal is first split in two based on polarization, either by using an on-chip integrated
polarization splitting element, such as a polarization splitter rotator (PSR) or polar-
ization selective grating coupler (PSGC), or an external element prior to coupling to
the RX chip. The resulting two signals are then routed to a single waveguide from
its opposite ends (i.e. in the opposite propagation directions). An array of OADMs
is coupled along the waveguide to independently drop each WDM channel. OADM
picks up both signals that belong to the same WDM channel, sending them to a drop
waveguide, once more in the opposite directions. The two filtered signals are fur-
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ther routed to the opposite ends of the double-sided Ge photodiode where they get
convered into photocurrents and add up. In the first implementation of this scheme
[106] the transmission speed was limited to 10 Gb/s by the on-chip imbalance of
the paths traversed by the two signals. This introduces a different group delay to the
two signals that essentially carry the same information, causing distortion when the
corresponding photocurrents are summed up at the photodiode.

To address this, we introduce an optical delay line (ODL) in a form of a waveg-
uide loop between the OADM and the photodiode for balancing. This is illustrated
in Figure [5.1)(a) for the case of two WDM channels. For channel 1 (CH1, subpan-
nel i)) signal originating from the transverse magnetic (TM) polarization traverses a
shorter path (blue path in the schematic) than the one from transverse electric (TE)
polarization (red path in the schematic) prior to filtering by the OADM. Therefore,
a compensating ODL is introduced in the TM path after the OADM. The converse is
true for channel 2 (CH2, subpannel ii)), so the compensation is performed for the TE
polarization. ODLs mostly consist of multi-mode waveguides to minimize the influ-
ence of fabrication variations. The RX chip was fabricated at the A* STAR Institute
of Microelectronics (IME), Singapore, in a standard multi-project wafer (MPW) run.

In this chapter we first look into the isolated performance of the components
that comprise our RX system (Section [5.2)). These include Ge photodiodes, OADMs
and thermal tuners used to align the OADM resonance to the optical carrier. Then,
we investigate the ten-channel WDM RX system performance, with the main goal
of testing the efficacy of the employed on-chip balancing scheme under high-speed
operation (Section[5.3).

5.2 Component characterization

5.2.1 Ge waveguide photodiode

The cross-section and the layout of the Ge waveguide photodiode are shown in Figure
(a) and (b), respectively. The most relevant performance metrics of a photodiode
are the dark current, which is the reverse bias current when no light is incident to
the device, responsivity and EO bandwidth.

To measure the first two, laser light at varying power levels is routed to the device
and diode’s current-voltage characteristic (i.e. I-V curve) is recorded. Example curves
for CH1 of our system are given in Figure[5.3|(a). The dependence of the reverse bias
current on the incident optical power shows linear behavior, with the responsivity (in
A/W) given by the slope of the curve and the dark current given by its intersection
with the y-axis. The same experiment is repeated for all ten channels. The recorded
responsivities (right axis, in red) and dark currents (left axis, in blue) are shown for
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Figure 5.2: (a) Cross-section and (b) layout of the double-sided Ge waveguide photodiode.

all channels in Figure [5.3|(b).

Next, high-speed performance of the Ge photodiode is evaluated using the setup
shown in Figure [5.3|(c). To determine the bandwidth of the isolated device, a test
structure consisting only of a GC for optical input and a photodiode, identical to ones
used in the system, is measured. The optical signal is supplied by a tunable external
cavity laser. A sinusoidal signal up to 50 GHz is applied from a PNA to a commercial
Mach-Zehnder modulator. The modulated optical signal is further coupled through
the GC to the photodiode under test. The electrical current from photodiode ter-
minals is picked up by a ground-signal-ground (GSG) high-speed probe and sent
to another port of the PNA. The measurement is repeated for different reverse bias
voltages. Calibrated EO S,; curves are shown in Figure (d). The curves feature a
double roll-off, with the 3 dB bandwidth (relative to 3 GHz reference point) above
20 GHz achieved for a diode bias voltage of -2 V.

5.2.2 Optical add-drop multiplexers

The layout of the OADMs used in this work, along with the relevant geometrical
parameters, is shown in Figure (a). The inset shows the cross-section of the di-
rectional coupler between the ring and bus waveguide. OADMs have a racetrack
configuration. They consist of 430 nm wide and 220 nm thick fully etched waveg-
uides, both in the ring and the bus section. The directional couplers are in a form
of a racetrack, with a 5.5 um long straight waveguide section and a gap between
the ring and the bus waveguides of 310 nm. The bent sections of the OADM have
a radius of ~ 7.8 um, resulting in an average FSR of 9.3 nm, sufficient to support
parallel reception of ten channels with a 100 GHz spacing. This OADM design was
aimed to make the device more tolerant to fabrication induced geometry variation,
such as waveguide width variation. This is well reflected in the measured coupling
coefficient of 0.28 being very close to the design value (0.26). The measured value is
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Figure 5.3: (a) I-V curves for CH1 at different laser powers; (b) Dark current (in blue) and
responsivity (in red) values for all 10 channels of the Rx system; average values are marked
with dotted lines; (c) S;; measurement setup; (d) Calibrated EO response for Ge diode test
structure (identical to ones in the system) for different reverse bias voltages.

an average extracted by resonance fitting of multiple test structures, using a method
described in Chapter 1 for RRMs. Moreover, OADMs show an IL ~1 dB when the
optical carrier is biased at resonance.

The OADM bandwidth can also be estimated from the resonance fittings, and it
is on average ~ 17 GHz. We proceeded to confirm this with high-speed device char-
acterization, using a setup shown in Figure [5.4{(b). Similarly as before, the optical
carrier, supplied by a tunable laser source, is modulated by the PNA signal with a
commercial modulator and filtered by the OADM test structure. The filtered signal
is further received by a commercial photodetector, and finally routed back to the
PNA. To provide the calibration curve, the same measurement is repeated without
the OADM interposed in the signal path. The resulting calibrated OADM’s EO Sy,
responses are shown in Figure [5.4/(c). They reveal the average OADM bandwidth of
~ 17 GHz when optical carrier is biased at resonance, as expected from the passive
measurements. To increase the device bandwidth, OADMs can be biased away from
the resonance to leverage the peaking response of the resonant structure. This, how-
ever, brings with itself additional losses, thus reducing the SNR at the link end. Red,
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Figure 5.4: (a) OADM layout with marked geometrical parameters; inset shows the direc-
tional coupler cross-section; (b) setup for high speed characterization; (c) calibrated OADM
electro-optical response at multiple carrier to resonance bias points; (d) heater resistance (in
blue) and tuning efficiency (in red) for all 10 channels of the Rx system

green, and yellow curves in Figure [5.4|(c) correspond to the optical carrier biasing at
which power at the receiver is reduced by 1, 2, and 3 dB, respectively, compared to
the at-resonance biasing.

OADMs also include thermal tuners, used for adjusting the spectral position of
their resonant wavelengths. They are 2 um wide TiN metal patches located above
the waveguides that cover 80% of the OADM circumference, forming a resistor. By
sweeping the voltage applied to the tuner terminals, the resonant wavelength of the
OADM shifts, letting us determine the tuning efficiency. The index change is directly
proportional to the thermal power being dissipated inside of the waveguide core. The
same experiment is repeated for all the channels of the WDM system. Measurement
results of heater resistances (left axis, in blue) and tuning efficiencies (right axis, in
red) are shown in Figure (d), with the average values for the system shown in
dashed curves.



5.3 System measurements 79

5.3 System measurements

: e 77> SiChip
1)_./_ Gcr o GCl Hiﬂ
|
& || MOD ’
> MOD [——=> oo | GC2 GC2| . ,
Laser ouT
ii) A
PPG _AODL[”: GCl o
W 50/50
OUT ODL N GC2, SCOPE DC

Figure 5.5: Setup for data transmission experiments. i) signifies the configuration for refer-
ence measurements, configuration ii) allows for (im)balancing of the external optical paths
of the two polarizations, for all WDM channels simultaneously.

Next, we performed system data transmission measurements. The measurement
setup is shown in Figure In all experiments, the carrier of 12.8 dBm optical
power is supplied by a tunable external cavity laser (Agilent 81960A). Light is fur-
ther modulated by a 30 GHz commercial Mach-Zehnder modulator driven by a 2 V
peak-to-peak signal, with 8 dB IL (at the maximum transmission point), and 7.7 dB
extinction ratio. A non-return-to-zero (NRZ) pseudo-random bit sequence is gen-
erated by the Anritsu MU183020A pulse pattern generator (PPG). The OADMs are
tuned to resonance to extract maximum optical power for each channel. Finally, sig-
nal detected by the Ge photodiodes (biased at -2 V) is captured by the Agilent DSA-
X-92004A real-time oscilloscope with a 20 GHz analog bandwidth. We performed
three sets of experiments described in the following.

The first set of measurements serves as a reference. The modulated signal is in-
serted to the chip through a single GC (configuration i) in Figure[5.5), emulating thus
the ideal case in which the entire useful signal is in a single polarization state. The
eye diagrams for channel 4 (CH4) are shown in Figure for modulation speeds of
(a) 10, (b) 20 and (c) 28 Gb/s. All other channels show similar performance.

The next set of experiments was performed to illustrate the detrimental effect
of imbalancing on the signal quality at high signaling speeds. Now, the signal af-
ter the modulator is split using a 50/50 splitter (configuration ii) in Figure [5.5)).
This emulates the worst-case scenario in which equal signal power is present in the
two polarization states. Moreover, external tunable ODLs are inserted in both signal
paths, allowing us to control the off-chip (im)balancing common to all WDM chan-
nels. The signals are further routed each to one of the GCs at the RX input. Figure
[5.6/(d)-(f) shows the averaged eye diagrams (in blue) when a 35-40 ps imbalancing
between the two polarization paths is introduced for transmission speeds of 10, 20,
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Figure 5.6: Real-time reference (single-polarization) eye diagrams of C4 at (a) 10 Gb/s, (b)
20 Gb/s and (c) 28 Gb/s. Averaged polarization-diverse eye diagrams of C4 (in red) with 40
ps group delay imbalancing at (d) 10 Gb/s, (e) 20 Gb/s and (f) 28 Gb/s overlaid by modeled
traces (in black). Real-time polarization-diverse eye diagrams of C4 with balancing at (g) 10
Gb/s, (h) 20 Gb/s and (i) 28 Gb/s.

and 28 Gb/s, respectively. As confirmed by our modeling (black traces overlaid with
experimental data in Figure (d)-(f)), the signal quality, reflected in the eye open-
ing, degrades rapidly with the increasing data rate, completely scrambling the signal
already at 20 Gb/s. Although it is generated off-chip in our case, the same level of
imbalancing is reported in [[106] for a 4-channel system. An imbalacing of 44 ps is
present for the worst performing channel, leading to a notable BER penalty already
at 10 Gb/s , for the case of equal power split among the two polarizations. Assum-
ing the same geometry as in [106]], the most affected channel in of our ten-channel
RX would experience a 116 ps delay imbalance, making the data transmission chal-
lenging even at very low speeds. Having in mind the constraints posed on the chip
layouting by the testing environment and/or packaging requirements, the situation
would quickly become unmanageable if no on-chip rebalancing were implemented
after each OADM on a channel-by-channel basis.

In the final, third set of experiments the off-chip imbalancing was removed. Eye
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diagrams for CH4 are shown in Figure for transmission speed of (g) 10, (h) 20,
and (i) 28 Gb/s. All other channels perform similarly, thus evidencing the efficacy of
the on-chip balancing scheme.

To describe the signal quality, we use a commonly used metric for on-off keyed
(OOK) data transmission, the signal quality factor (signal-Q, Qs;¢). Signal-Q is de-
fined as

Qsig = (5.1)

o1+00
where u;,9 and oy are voltage levels and standard deviation of noise, respectively,
associated with the logical 1/0 level.

For a clearer comparison, in Figure we show signal-Qs for all channels in the
case of the reference, single-polarization (dotted lines) and balanced, polarization-
diverse (solid lines) measurements for data rates of 10 (green), 20 (red), and 28
Gb/s (blue). Data shows that the signal quality of the reference measurements was
largely recovered in the balanced experiments. A small reduction in signal-Qs for 28
Gb/s can be attributed to the attenuation of the additional elements present in the
link in the balanced experimental configuration (~0.3 dB insertion loss of ODLs). It
should be noted that the maximum achieved transmission speed was not imposed by
the group delay imbalance between the two polarizations, but rather by the band-
width limitation of the constituting link components.
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Figure 5.7: Signal quality factors of all channels for single-polarization (dashed lines) and

polarization-diverse (solid lines) measurements at 10, 20, and 28 Gb/s.
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5.4 Summary

In this chapter we have introduced a ten-channel polarization-diverse integrated
WDM RX system. Individual channels of the system consist of double-sided OADMs
and Ge photodiodes, that allow for simultaneous filtering and detection of both po-
larizations. In addition, we introduce ODLs after the OADM for balancing the sig-
nal paths and canceling the detrimental group delay between the two polarizations.
Speed up to 28 Gb/s is achieved for all channels of the system, limited primarily
by the bandwidth of the devices. No degradation due to polarization-diverse con-
figuration is observed, as apparent from the comparison with the reference, single-
polarization measurements.



Chapter 6

Conclusions and Outlook

In this thesis we studied integrated SiP resonantly assisted WDM transceiver systems
aimed for SSB signal generation and DD.

First, we looked at the performance of an integrated SiP RRM assisted SSB trans-
mitter system, applied for transmission of OFDM signals.

On a more general note, we analyzed in detail the conversion of phase into in-
tensity noise by the resonant modulator. We presented for the first time, to the best
of our knowledge, a full analytical description of this noise source. A closed form
expression was derived that enables calculation of the wavelength dependent noise
standard deviation, when the laser frequency noise follows a Wiener process. This
expression is a function of four parameters: laser linewidth, cavity photon lifetime,
optical carrier to resonance detuning and coupling strength between the ring and
the waveguide. Moreover, noise PSD follows the shape of the detuning dependent
small-signal Sp; of the modulator. This equivalence of the two dynamic processes
further enables estimation of the phase-to-intensity converted noise PSD when laser
frequency noise deviates from the Wiener process. The resulting PSD is shaped both
by the initial frequency noise PSD and RRM’s EO S,;.

To test the validity of our model, we conducted experiments in which an SiP RA-
SSB modulator was used for generation of OFDM signals in the optical domain. The
link was also modeled numerically, apart from the phase to intensity noise conver-
sion by the RRM that was introduced through the analytical expressions at the link
end. The modeling and the experiments were performed for both the ECL and the
DFB as the optical source, in an otherwise identical link setup. The good agreement
between the modeled and experimental data confirms the accuracy of our analytical
prediction. Nevertheless, when the noisier DFB was employed, a numerical correc-
tion was necessary to take into account a portion of phase noise correlated to laser
RIN. This correlation leads to a different noise magnitudes for positive and negative
carrier-to-resonance detunings, with the noise standard deviation peaking at wave-
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lengths longer than the resonance. At these detunings, quality of signals obtained
from the ECL experiments is evidently superior to the DFB-assisted ones. Moreover,
these experiments indicate that the configuration that yields the best signal qual-
ity when a DFB is utilized includes LSB loaded transmission with the optical carrier
biased at wavelengths shorter than the RRM resonance.

Next, we pushed the performance of the three-channel RA-SSB system for the
case of OFDM data transmission. All three channels achieve a raw data rate of 30
Gb/s over up to 20 km of SMF, with their BER less than the 20% HD-FEC limit. The
best-performing channel, CH1, achieves a spectral efficiency of 2.4 b/s/Hz, given
that it only requires a 7% FEC overhead for error-free transmission. The other two
worse-performing channels, CH2 and CH3, require a 20% FEC overhead, resulting
in the spectral efficiency of 2.1 b/s/Hz. According to our simulations, signal of that
speed could not be transmitted over such a long fiber stretch if RRMs were used as
simple amplitude modulators due to device’s chirp. The intrinsic drawback of the
resonant modulator is therefore well handled with the SSB configuration.

We also studied the influence of different link components on the SSR. The set-
point of the modulator, which includes the phase offset between the MZI arms and
the alignment of I-RRM and Q-RRM resonances, can significantly influence the re-
sulting SSR at the modulator output. Nevertheless, these detrimental effects can
be alleviated by careful adjustment of the operating point using on-chip thermal
tuners. What remains as the main cause of SSR reduction is the nonlinearity of link
components. The nonlinearity of our RRMs reduces the SSR by up to 10 dB at 2
GHz, leading to an SSR still high enough for the particular link scenario. Neverthe-
less, linearity should be one of the main figures of merit when designing RRMs for
high-speed SSB signal generation and fiber transmission. In the SOA, FWM further
reduces the SSR by 11 dB at 2 GHz, because of the high power at its input and partial
saturation of the amplifier. Therefore, it would be beneficial, if not necessary to use
EDFAs for signal amplification in high-speed SSB-OFDM links.

Furthermore, according to Equation higher tuning efficiency of the modu-
lator would increase the SNR dictated by the phase-to-intensity converted noise. To
this end, higher doping can be used to boost the tuning efficiency. This was, however,
not available in the used MPW process which had a fixed doping profile. The doping
could, nevertheless, be utilized as an additional degree of freedom in future RRM
designs. The same equation indicates that the improvement in the SNR could also
be achieved with a higher drive voltage. However, this would also exacerbate SNR
reduction that originates from RRM nonlinearity.

On the receiver side, we studied a ten-channel WDM system that handles po-
larization scrambling in SMF links. Each channel consists of a double-sided OADM
and double-sided Ge photodiode that enable simultaneous filtering and detection of



85

both orthogonal polarization states. Moreover, on-chip ODLs are employed to elimi-
nate the detrimental group delay between the two signals. All ten channels achieve
28 Gb/s in a polarization-diverse configuration, with no notable signal degradation
when compared to the single-polarization reference experiments. The maximum
achievable speed is limited here by the bandwidth of the devices that comprise the
system and not by the path imbalance between the two polarizations.
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Appendix A

More on derivation of Equations 3.12
and 3.13

Here we present step-by-step derivations of Equations and which give
expressions for the variance of the phase to intensity converted noise at the resonator
output.

First, we detail the derivation of the variance of the phase error 0(239. It is given as
follows
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which is the final expression given in Equation 3.8
In a similar fashion, by using appropriate trigonometric manipulations (i.e. sin?(x) =
(1-cos(2x))/2 and sin(x)cos(x) = sin(2x)/2) and Euler’s identity for complex num-
bers (i.e. cos(x) = Re{exp(ix)} and sin(x) = Im{exp(ix)}), the expressions for o7
and o595, can be easily derived.
Next, from Equation [3.11| we can express the intensity noise at the resonator
output as
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81=—2Im{T}50 + z(Re{T}Re{T ~ 1+ Im{T}z)dn. (A.2)

Here, 660 and én are random variables marking the phase error and amplitude
noise of the coupled-back field, respectively. Given the expression for the variance of
the sum of two random variables X and Y

Var(aX +bY)=a?-Var(X)+b*-Var(Y)+2ab-Covar(X,Y), (A.3)

where a and b are constants and Var() and Covar() mark the variance and the
covariance of the variables, respectively, we readily arrive at the Equation |3.12
o2, =4|[1m(T}[* 0%,
+|RelT}Re(T - 1} + Im{TY*|*03, (A4)
—2Im{T}(Re{T}Re{T — 1} + Im{T}2)0595,7].
Furthermore, to start the derivation of the Equation [3.13| we first repeat here
some of the equations we will need in the process, for better overview. Apart from

the already listed ones for g2, (Equation and 0%, (Equation [A.4), we will also
use the following expressions

2 Ta 1 )

o5 =2nAv—|[1— . A.5
on 4 ( 1+ 72%(w — wg)? (&.5)
o =27 Av Tg @~ % (A.6)

506n = 4 1+75(w-wy)? .
2
T=1 Ha (A7)

B 1+i(w—wy)Ty,

We introduce substitutions for the normalized coupling strength (i?) and the
normalized detuning (A®)

i? = Pty (A.8)
AD = (w—wo)T 4. (A.9)

Using this, the previous expressions can be written as

2 ~
03y :1( 1 ):12+Aw2 (A.10)
2nAvt, 4 1+A@2%) 41+ A@? '
o ~2
n :1(1_ 1 ):1 Ad (A11)
2nAvT, 4 1+ Aw?] 41+Ad? '
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a5 1 A®
- — (A.12)
2nAVvT, 41+ A@?
2 20 () —
ro1-—HTe ;) KTa 0700 (A.13)
1+ 7% (w — wg)? 1475w — wg)?
-2 ~2_ =2
i} 1+Ad” - [
Re{T}=1- = A.14
e P V-2 Y- (A.14)
~D A~
JIRtAN)
Im{T} = A.15
mily 1+A@? (A.15)

Let us first simplify the term in parenthesis in the second and third row of Equa-

tion [A.4]
1+A@* - @2 s it A@?

1+A®D2  1+A@?

Re{T}Re{T — 1} + Im{T}* = — 3
(1 +A(I)2)

(- 1+ - A? + 206

(1 +A(I)2)2

i?(72 - 1)(1+ 802

(A.16)

(1+A6)2)2

(72 -1)
1+A@?

Lastly, we apply these substitutions to the overall expression for the phase noise
induced intensity noise variance at the resonator output

2
~af =2 ~2( =2
o3 [EA@? 2+05” PR —1) N O (H —1) A®
- 2’ ~2 2 ~2 e =2 =2 -2
2TAVT, (1+A(D2) 1+A® (1+A(I)2) 1+Ad 1+Ad 1+A® 1+Ad
(A.17)
o2
o =24 A+ i - 2" + 121" +2
2nAvT 2
2
(1+Aw) (A.18)
_ ~2 2, -4
=1+A0°+4-4p°+ [
2
:1+A(I)2+(2—ﬂ2)
2
2 -2 -4 1 (2—[12)
05, =2TAVT - AD" - [i" - + (A.19)

(1 + A(Z)Z)z (1 + sz)s
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Substituting back for g and A@ leads us finally to the closed-form expression of
Equation|(3.13

1 L oy

2 2.2 42
05 =2TTAT;- (W—wWo) T, 1L TG
or ¢ ¢ (1+(w—w0)27?1)2 (1+(w—a)0)212)3

(A.20)
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