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Optical Oscillator Evaluation in Radio Test Bed
Integration and Phase Noise Characterization of a Microresonator-Based Optical
Oscillator
DAVID HISELIUS
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Local oscillator (LO) phase noise presents significant challenges in achieving high-
capacity wireless communication at millimeter-Wave frequencies. Through optical
frequency division (OFD), high-Q resonators may be leveraged to generate low phase
noise microwave frequency signals. In this work, Kerr microresonator-based OFD
was integrated as an LO source in a point-to-point link radio test bed. The frequency
divider and amplifier used to facilitate integration of the optical oscillator into the
radio test bed were characterized from a phase noise perspective. The optical os-
cillator was subsequently analyzed by correlating observations in the phase noise
spectrum to known noise mechanisms. Finally, radio link performance for external
local oscillator sources, including the optical oscillator under study, was compared to
an unmodified channel. Results indicate that photodetection noise constituted the
primary performance limitation of the optical oscillator implementation, resulting
in a comparatively high phase noise floor (-145 dBc/Hz). The impact of noise intro-
duced by the frequency divider and amplifier on radio link performance is estimated
to be minor; however, residual phase noise measurements are required to verify this
assumption. In radio link measurements, the optical oscillator achieved signal-to-
noise ratios approximately 6 dB lower than those of the unmodified channel. The
observed degradation in radio link performance is consistent with previous studies
identifying the LO noise floor as a dominant limitation in wideband communication
systems. As the oscillator demonstrated excellent near-carrier phase noise (-130
dBc/Hz @ 100 kHz) and established methods of photodetection noise mitigation
exist, further investigation is warranted.

Keywords: optical frequency division, microwave photonics, phase noise, local oscil-
lator
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1
Introduction

Wireless communication has become an indispensable part of modern society, and
demand for wireless capacity continues to increase. By increasing carrier frequencies
into millimeter-wave (mmWave) regions, high absolute bandwidths can be achieved.
In high frequency, high bandwidth communication, local oscillator (LO) phase noise
now presents a significant bottleneck [5].
High orders of modulation with densely spaced constellation points become espe-
cially sensitive to phase noise degradation, making oscillator noise a critical per-
formance parameter. Improvements in LO spectral purity may therefore result in
substantial performance benefits.
At high carrier frequencies, conventional electronic oscillator architectures face fun-
damental challenges related to device noise, resonator quality factors, and power
consumption. As a result, photonics-based approaches for microwave and mmWave
signal generation have gained increasing attention. Optical oscillators inherently
exhibit low phase noise due to their high quality-factor resonators and reduced sen-
sitivity to electronic noise mechanisms. By transferring the spectral purity of an
optical source to the radio-frequency (RF) domain, photonics-based oscillators pro-
vide a promising pathway for generating low-phase-noise RF signals.
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1. Introduction

1.1 Electronic Frequency Synthesis
Current-day frequency synthesis is typically achieved using phase-locked loops.

Figure 1.1: Basic phase-locked loop voltage-controlled oscillator configuration.

A phase-locked loop (PLL) is a feedback phase and frequency synchronizing system.
By comparing the PLL output signal with a known reference, the frequency can be
adjusted. When synchronized, the system is said to be locked.
Fig. 1.1 shows a typical phase-locked loop (PLL) configuration. A phase detector
(PD) is used to compare the reference signal with the PLL output. To compare
the phase between reference and output signal, frequency division of the feedback
output signal is used. Based on the phase difference detected by the PD, the voltage-
controlled oscillator (VCO) can be steered: adjusting the output frequency such that
it is locked to the reference. In modern PLL’s, charge pumps are often used.
The reference signal is typically generated using a frequency stable high quality
crystal oscillator. Within the PLL bandwidth, phase noise performance is largely
determined by the reference source, while the out-of-band phase noise is dominated
by the intrinsic noise of the VCO resonator [37].
Sources of noise in PLL circuits include VCO-, frequency divider- and phase detector
noise. Further analysis of PLL noise can be found in [13].
The output frequency of a PLL is limited by the voltage-controlled oscillator (VCO).
To achieve high carrier frequencies, frequency multiplication is often required. When
frequency multiplication is performed, phase fluctuations are essentially magnified.

1.2 Optical Frequency Division
Microwave photonics is a discipline that combines the fields of radio-frequency en-
gineering and photonics. Recent advancements in integrated microwave photonics
(IMWP), driven by progress in materials science, nanofabrication, and photonic in-
tegration, have enabled the development of compact, lightweight, and cost-effective
components [3].
Optical frequency division (OFD) is a technique used in microwave photonics in
order to generate high stability microwave frequency signals. OFD is achieved using
optical frequency combs, consisting of a set of mutually coherent optical tones with

2



1. Introduction

precisely defined frequency spacing. Beat frequencies between adjacent comb lines
can be detected using high speed photodiodes to generate an RF signal at the
comb repetition rate, the frequency of which only limited by the photodetector
bandwidth [40]. This enables direct generation of microwave and mmWave signals
with potentially low phase noise and high spectral purity [20].
An inherent benefit of OFD relates to the quality-factor advantage of optical res-
onators. Oscillator phase noise is highly dependent on the resonator quality factor Q
[22]. Optical resonators typically achieve quality factors Q in the order of 106 to 108,
several orders of magnitude greater than their electrical counterparts. Microwave
and mmWave signals generated through OFD have been demonstrated to exhibit
phase noise performance comparable to, or exceeding, that of the best available
microwave oscillators [11].

1.3 Project aim
The aim of this project is to study the integration of a Kerr microresonator-based
optical oscillator into a radio communication test bed and evaluate the resulting
radio link performance through phase noise analysis.
To address this aim, the thesis seeks to answer the following research questions:

• How can an optical oscillator be integrated as a local oscillator source in a
radio test bed?

• What is the phase noise impact of the components needed for integration?
• Can we estimate radio link performance based on local oscillator phase noise?
• What limits the phase noise performance of the optical oscillator as a local

oscillator in a wideband communication link?

3



1. Introduction
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2
Phase Noise

This chapter begins by introducing fundamental concepts of phase noise and jitter.
A theoretical derivation of noise shaping in oscillators is then presented, followed
by a characterization of oscillator phase noise regions. Subsequently, a method for
introducing white phase noise is described.
Implementation of the optical oscillator in the radio test bed necessitated frequency
division. Frequency division and electrical frequency dividers are therefore studied
from a phase noise perspective.

Phase noise is the random fluctuations in the phase of a periodic signal. An ideal
oscillator produces a periodic signal at an oscillation frequency f0, which can be
expressed as

V (t) = V0 · cos[2πf0t], (2.1)

where V0 and f0 are the nominal amplitude and frequency respectively.
In the frequency domain, this corresponds to a spectral line at ±f0. In a practical
oscillator, amplitude noise (AM noise) and phase noise (PM noise) will result in some
amount of energy being distributed in the sidebands around the carrier frequency.
The output of a noisy oscillator can be expressed as

V (t) = [V0 + ε(t)] · cos[2πf0t + ϕ(t)], (2.2)

where ε(t) is the fractional amplitude fluctuation and ϕ(t) the phase fluctuation in
units of [rad]. ϕ(t) is commonly treated as a zero-mean stationary random process
[22]. Sϕ(f) is the single-sided power spectral density (PSD) of phase variations in
units of rad2/Hz.
Phase noise is quantified as the single-sideband-phase-noise-to-carrier ratio L(f):

L(f) = Sϕ(f)
2 (2.3)

where f denotes the Fourier frequency offset from the carrier frequency. L(f) is
often given in units of decibel relative to carrier, L(f) = 10log10(Sϕ(f)/2) [dBc/Hz].

5



2. Phase Noise

2.1 Jitter
In the time domain, phase noise manifests itself as jitter.
Jitter is defined as “a general term that describes a phenomenon consisting in the
deviation of the reference instants of a sequence of events from their ideal values"
[17].
Jitter affecting timing reference signals, such as clock signals, is referred to as timing
jitter. When characterized in terms of statistical distribution or time trends, timing
jitter is expressed in units of time or unit interval (UI).
The amplitude of the timing jitter is defined as the range of deviations of the actual
reference instants of a timing waveform from their ideal values.

Figure 2.1: Timing jitter induced by additive amplitude noise.

Fig. 2.1 illustrates timing jitter induced by additive amplitude noise.
Jitter may be subdivided into random and deterministic jitter. Random jitter is
uncorrelated and analogous to white phase noise when observed in Sϕ(f) (Fig. 2.5).
It can thus only be described statistically, and is modeled as a zero-mean process
with Gaussian distribution.
Deterministic jitter is unlike random jitter not intrinsic, and its causes can theoret-
ically be determined. Deterministic jitter can be further subdivided into periodic
jitter (PJ) and data-dependent jitter (DDJ). DDJ describes signal data pattern de-
viations due to effects such as inter symbol interference and duty cycle distortion.
This work is primarily concerned with reference signals, and DDJ is therefore not
studied further.
Depending on the source of noise, PJ may be correlated or uncorrelated [17]. Causes
include transmission line cross-talk and electromagnetic interference. A switching
power supply will introduce periodic noise at the switching frequency of operation
[33]. Periodic spurious noise, often referred to simply as "spurs", can be seen in

6



2. Phase Noise

phase noise measurement through narrow-band peaks.

Figure 2.2: Periodic spurious noise, Soliton State C.

Figure 2.2 shows the phase noise of Soliton State C (see section 5.2) with and without
suppression of spurious noise. When measured, large spurs are often suppressed to
improve result visualization.
The resolution bandwidth (RBW) describes the bandwidth of the intermediate fre-
quency (IF) filter in a spectrum- or phase noise analyzer (PNA). Within the RBW,
the spectrum energy is normalized. In a PNA, the RBW is typically dynamically
adjusted. The RBW is reduced for lower offset frequencies, and increased for higher
offset frequencies to reduce measurement time. Narrow-band spurs occurring at high
frequency offsets may therefore be incorrectly normalized.
The root mean square (RMS) phase over a noise bandwidth fb −fa can be calculated
through integration of Sϕ(f):

ϕrms =
√∫ fb

fa

Sϕ(f) df =
√

2
∫ fb

fa

L(f) df. (2.4)

The RMS phase jitter Jϕ,rms in time units is given by equation (2.5):

Jϕ,rms = ϕrms

2πf0
(2.5)

The RMS phase ϕrms and system SNR can be approximately correlated through

7



2. Phase Noise

SNR = −20log10(ϕrms). (2.6)

We define SNRϕ as the phase-noise-limited-signal-to-noise-ratio in this work. SNRϕ

is derived using equation (2.6) for a given ϕrms.

2.2 Oscillator Noise Shaping
An oscillator is a fundamentally nonlinear system. When a circuit begins to oscillate,
it’s signal amplitude grows until limited by open-loop gain. However, if the signal
swing is sufficiently small, a linear system approximation may be valid [29]. In [29],
the following derivation for phase noise shaping is found.

Figure 2.3: Linear oscillator system model

To analyze phase noise, we model an oscillator as a feedback system, shown in Fig.
2.3.
The system transfer function is

Y

X
(jω) = H(jω)

1 + H(jω) (2.7)

Oscillation is achieved when the transfer function tends to infinity. This occurs for
H(jω0) = −1, known as the Barkhausen criterion. The total phase shift of the
feedback loop is therefore 2π, resulting in constructive interference.
At frequencies close to the carrier frequency, ω = ω0 + ∆ω, equation (2.7) can be
approximated as

H(jω) ≈ H(jω0) + ∆ω
dH

dω
. (2.8)

The noise transfer function is therefore estimated as

Y

X
[j(ω0 + ∆ω)] =

H(jω0) + ∆ω dH
dω

1 + H(jω0) + ∆ω dH
dω

(2.9)

When oscillation is achieved, H(jω0) = −1. With ∆ω dH
dω

generally being small, the
noise transfer function can be approximated as

Y

X
[j(ω0 + ∆ω)] ≈ −1

∆ω dH
dω

(2.10)

8



2. Phase Noise

The resulting phase noise PSD therefore takes the shape of

∣∣∣∣YX [j(ω0 + ∆ω)]
∣∣∣∣2 = 1

(∆ω)2
∣∣∣dH

dω

∣∣∣2 . (2.11)

Figure 2.4: Noise shaping in oscillators, [29] (Fig. 8).

The process of noise forming is seen in Fig. 2.4, where the noise PSD is formed in
accordance with equation (2.11).

2.3 Oscillator Noise Regions
Noise mechanisms of oscillators can be observed in the PN spectrum by categorizing
distinct noise regions.
The Polynomial Law or Power Law can be used to characterize regions of phase
noise described by negative exponent polynomials.

Sϕ(f) =
0∑

i≤−4
bif

i (2.12)

Regions described by the polynomial law are seen in Fig. 2.5.
To study the regions of Sϕ, suppose a random noise i(t) current with power spectral
density containing both flicker phase and white phase regions is injected into an
oscillator node. Noise components near integer multiples of ω0 transform to low
frequency phase noise sidebands [14]. Flicker noise in i(t) give rise to 1/f 3 or white
frequency noise. White noise in i(t) give rise to 1/f 2 and 1/f noise terms in Sϕ(f).1

Oscillator noise includes all regions of slope. Other two-port devices can only exhibit
flicker phase and white phase noise.
Long-term oscillator frequency change is commonly known as frequency drift. Drift
can occur due to changes in oscillator components, environment variables, load and
power supply changes [16].

1Derivation in: A General Theory of Phase Noise in Electrical Oscillators, A. Hajimiri [14].

9



2. Phase Noise

Figure 2.5: Polynomial law phase noise spectrum.

2.3.1 Noise Floor Elevation
The white phase noise floor has been verified experimentally to be one of the main
limiting factors in high frequency, high bandwidth system performance [5]. Due to
the significant impact, system performance insight may be gained by elevating the
white phase noise floor.
The noise figure F describes the degradation in signal-to-noise between the input
and output of a system. Expressed using the equivalent temperature Te and system
temperature T0, the noise figure is

F = 1 + Te

T0
. (2.13)

If a components output noise exhibits low or no frequency dependence, it can be
modeled as an equivalent noise temperature Te [26]. A lossy component such as an
attenuator has an equivalent noise temperature

Te = 1 − G

G
T = (L − 1)T (2.14)

where G is the component gain, L = 1/G the equivalent loss and T the device
temperature. It follows that a X-dB attenuator will have a noise figure of F = X
dB for T = T0. As such, attenuation and subsequent amplification with a net signal
gain of 0 dB may therefore be employed to elevate the phase noise floor.
Suppose a signal exhibits phase noise at thermal noise level. The thermal noise

10



2. Phase Noise

PSD Sn = kBT ≈ −174 dBm/Hz for T = 290 K. Since the noise power cannot be
attenuated below the thermal noise floor, attenuating and subsequently amplifying
such a signal will result in worsening of phase noise performance as the noise power
is amplified. Hence, the SNR will be reduced by the factor of attenuation.
A signal with a phase noise floor higher than the thermal noise floor may exhibit
a different response: attenuating such a signal will attenuate both the signal and
noise.

Figure 2.6: Schematic representation of the simulation setup used to evaluate noise
floor elevation.

To illustrate the effect of the proposed noise floor elevation, a simulation is performed
in Keysight Advanced Design System (ADS). A functional representation is seen in
Fig. 2.6. An oscillator source with phase noise impairment was introduced using
the OSCwPhNoise component. The oscillator output signal is attenuated by a lossy
attenuator with T = T0 = 290 K. Ideal amplification is introduced resulting in a net
0 dB gain, and the signal phase noise is measured at the output node terminated
with a matched load.
Fig. 2.7 shows simulation results of noise floor elevation performed using the simu-
lation environment described in Fig. 2.6. The amount of phase noise introduced is
seen to depend on the level relative to the thermal noise floor. Phase noise at levels
higher than the elevated noise floor is unaffected.

11



2. Phase Noise

Figure 2.7: Simulated noise floor elevation as a function of attenuation/amplifica-
tion.

2.4 Frequency division
Ideal frequency division inherently results in a decrease in phase noise. Omitting
amplitude fluctuations, frequency division by a factor N applied to equation (2.2)
can be expressed as

V (t) = V0 · cos[(2πf0/N) · t + ϕ(t)/N ]. (2.15)

As L(f) scales quadratically with phase fluctuations, frequency division results in
a phase noise improvement by 1/N2 or −20log(N) dB. This phenomenon can be
observed through the output/input phase PSD So(f) = Si(f)/N2, as described in
[9].

2.4.1 Source-coupled Logic Frequency Dividers
Source-coupled logic (SCL), also known as current-mode logic (CML), is a digital
design technique using steering of a constant-current source between paired tran-
sistors. A differential logic input is applied to normally depletion mode field-effect
transistors (FETs). This method of frequency division is referred to as digital or
static. Static frequency dividers operating at high frequencies commonly employ
CML [38].

12



2. Phase Noise

Figure 2.8: Asynchronous D-latch
divide-by-2 topology.

Figure 2.9: Time diagram of asyn-
chronous D-latch divide-by-2.

An asynchronous SCL leader-follower divide-by-2 D-latch topology can be seen in
Fig. 2.8. A differential input signal is applied to the clock (CK) inputs of the D-
latches. The output signal of the follower stage is fed back into the leader stage data
(D) input. Divide-by-N can be achieved through cascading of divide-by-2 circuits.
Both synchronous and asynchronous division can be realized.
Fig. 2.9 shows the time diagram of the input/output signal for a divide-by-2 divider.
On the rising edge of the input signal, the leader D-latch is enabled and loads the
input data, while on the falling edge the follower D-latch is enabled and updates the
output.
Static dividers introduce white phase and flicker phase noise. For asynchronous
static frequency dividers, jitter at the divider output is the quadratic sum of the
jitter of each latch [23]. Intrinsic transistor parameters and device implementation
impacts the significance of noise contributions on the additive phase noise of the
divider. FET’s typically generate a significant amount of flicker noise. Flicker noise
introduced by amplification stages may fold into the PN PSD, provided that the
corner frequency of the noise bandwidth is higher than the input signal frequency
[23].
Power supply noise may also influence the threshold voltage and rise/fall time in
digital dividers [7]. Switched mode power supplies operating at high switching fre-
quencies introduce electromagnetic interference (EMI). Interference present in tim-
ing and frequency-processing circuits such as oscillators and frequency dividers can
be upconverted to the phase noise sidebands.

2.4.2 Injection-locked Frequency Dividers
A common method of frequency division in mmWave systems is the injection-locked
frequency divider (ILFD).
ILFDs operate by synchronizing an oscillator with an injected signal vi. According
to [28], three classes of injection-locked oscillators (ILO’s) can be defined: first-
harmonic, subharmonic and super-harmonic. In first-harmonic ILO’s, the oscillator
frequency is locked to the external signal [1]. For subharmonic and superharmonic
ILO’s, the incident signal is a subharmonic and harmonic of the oscillator frequency

13



2. Phase Noise

respectively. Superharmonic ILO’s can therefore be used to realize frequency divi-
sion.
A fundamental limitation of ILFDs is the narrow operational bandwidth due to the
requirement on frequency locking. The maximum deviation between the incidence-
and oscillator frequency for which locking occurs depends on the input/output signal
amplitude and resonance factor [1]. Techniques to increase ILFD bandwidth have
been studied, but frequency locking range remains narrow when compared to static
dividers [18].

2.5 Residual phase noise
Residual phase noise, also known as additive phase noise, is the added phase noise
contribution when a signal passes through a device. In [10], Egan investigates “pro-
cessing of noise modulation by the phase-locked loop” and defined the phase noise
transfer function (PNTF) as

H(f) = ϕtot − ϕres

ϕin

(2.16)

where ϕtot is the total PN at the device output, ϕres is the residual PN at the device
output, ϕin is the PN at the device input.
If special consideration to measurement setup is not taken, the phase noise measured
is the absolute phase noise ϕtot. The residual phase noise of a DUT cannot be
extracted from absolute phase noise, containing multiple sources of noise.
For many devices, such as passive components, amplifiers, and frequency multipliers,
full transfer of the input phase noise to the output can be assumed. In contrast,
ideal frequency division modifies the phase-noise transfer characteristic and provides
an inherent phase-noise reduction.

Figure 2.10: Residual phase noise measurement setup.

Residual phase noise measurements are typically performed using two DUT’s. A
commonly employed residual phase noise measurement setup is seen in Fig. 2.10.
The output signal of the DUT’s are fed to a balanced mixer in quadrature, achieving
phase detection. The phase detected signal is thereby demodulated, and the output
phase noise is the sum of the residual phase noise of both DUT’s.
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3
Optical Oscillator

Although not the primary focus, the optical oscillator forms the backbone of the
system studied in this work. In this chapter, theoretical concepts of optical frequency
division (OFD) are introduced. The mechanism behind the generation of an optical
frequency comb used in this work is briefly described. Photodetection allows the
transition between the optical and electrical domain. However, it also introduces key
performance limitations. Consequently, the phase-noise contributions arising from
photodetection are analyzed in detail, with particular emphasis on noise mechanisms
in high-speed photodetectors relevant to OFD systems.
For in-depth information on concepts outlined here, further reading is encouraged:
[15, 20, 41, 27].

3.1 Optical Frequency Division
Optical frequency division (OFD) is the process in which the fractional frequency
stability of an optical oscillator is transferred to a lower-frequency signal through
coherent division. An optical frequency comb (OFC) is a uniformly spaced grid of
discrete spectral lines, seen in Fig. 3.1. In the time domain, the OFC corresponds to
a pulse train whose repetition frequency is equal to the spectral line spacing. Since
the optical carrier frequency is many orders of magnitude higher than the repetition
frequency, the comb effectively acts as a coherent frequency divider.
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3. Optical Oscillator

Figure 3.1: Optical frequency comb and corresponding time-domain pulse train.

In this work, a high-Q Si3N4 microresonator is used to generate a Kerr optical
frequency comb. The Kerr nonlinearity is a change in material refractive index
dependent on the optical power. Si3N4 is a nonlinear, dispersive optical medium
which enables Kerr nonlinear interactions. The dominant mechanism underlying
Kerr comb generation is four-wave mixing (FWM) in which two photons of frequen-
cies ω1 and ω2 annihilate, generating two new photons at ω3 and ω4. As the process
of FWM repeats, the OFC is formed [41].
The microresonator used in this work is a coupled photonic cavity, often called a
photonic molecule. The photonic molecule used is described in [15].
When a continuous-wave laser is input to the microresonator, a dissipative Kerr
soliton (DKS) can be formed through the balance of dispersion and nonlinearity,
as well as the (parametric) gain and cavity loss [41]. Multi-soliton states in which
two or more solitons co-propagate can also be attained. A higher number of Kerr
solitons was experimentally observed to generate a higher output signal power, later
shown to have significant impact on system performance (see sections 5.2 and 5.3).
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3. Optical Oscillator

3.1.1 2-point Optical Frequency Division
In 2-point OFD, an auxiliary laser is injected. A comb "tooth" sufficiently close
to the auxiliary laser frequency will then be "pinned", and the OFC will inherit
the relative frequency stability of the auxiliary laser [19]. The spectral separation
between pump and auxiliary laser translate to a division ratio, and the repetition
rate pulse train will in turn experience a phase noise reduction by the square of the
division ratio,

Lrep(f) = Lopt(f) − 20 log10

(
∆ν

frep

)
(3.1)

where ∆ν is the spectral separation frequency of the comb teeth, Lrep(f) is the phase
noise of the repetition rate signal and Lopt(f) the optical phase noise of the pump
laser.

3.2 Photodetection
In OFD systems, the operation of the high-speed photodiode is critical for achieving
low-noise microwave signals. Excess shot- and flicker- noise, as well as nonlinear
signal distortion in photodetection can quickly nullify any advantages of photonic
techniques.
A fast photodiode with a bandwidth covering frep is used to detect the pulse train
to generate a photocurrent at the microcomb pulse repetition rate. Square-law
detection converts incident optical intensity into photocurrent as

I(t) ∝ |E(t)|2, (3.2)

where E(t) is the optical field envelope incident on the detector and i(t) is the
detector photocurrent.
The photocurrent is accompanied by several noise contributions. Assuming a pho-
todetector amplifier with source impedance Rs the thermal (Johnson–Nyquist) noise
current PSD is given by

ST = 4kBT

Rs

. (3.3)

3.2.1 Shot-noise
Photodetection typically generates high levels of shot noise. As the photocurrent
scales quadratically with the incident field amplitude, optical power plays a signifi-
cant role in reducing the influence of shot-noise.
Shot-noise occurs due to the discrete nature of charge carriers in electrical currents.
The shot noise level and subsequent SNR of high speed photodetectors is often
limited by power handling capabilities [27].
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Assuming stationary conditions, the shot-noise current PSD is given by

Si = 2qI, (3.4)

where q is the fundamental charge and I is the average photocurrent.
The output photocurrent is found as I = RPL, where R is the photodetector re-
sponsivity and PL the optical (laser) input power. The shot noise PSD is therefore

Sn = 2qRPL. (3.5)

The photodetector used in this work was the Coherent’s XPDV2120r ([6]). Assuming
a matched load RL = 50 Ω and PL = 10 dBm, the RF noise PSD is ≈ −160
dBm/Hz. This optical power corresponds to the maximum average optical input
power for which the XPDV2120r photodetector exhibits a linear response. For these
operating conditions, the repetition rate RF signal output power was observed to
be approximately -10 dBm, resulting in a shot-noise limited phase noise of -150
dBc/Hz.
The electrical power scales quadratically with photocurrent through

PRF = I2
RFRL

2 (3.6)

It is therefore clear that improvements in shot-noise can be achieved using higher
optical input powers.

3.2.2 AM-to-PM Noise
For ultrashort pulse detection as seen in OFD applications, pump laser relative in-
tensity noise (RIN) results in AM-to-PM noise conversion [8]. AM-to-PM noise, also
known as amplitude to phase conversion (APC) is a major performance bottleneck
in ultra-low noise optoelectronics [4].
An empirical model describes the RIN induced phase noise through

LRIN(f) = 10 · log10[SI(f)] + 20 · log10[α] − 3 (3.7)

where SI(f) is the one-sided power spectral density of the low frequency relative
intensity fluctuations of the laser and α a coefficient indicating the rejection of
APC. Under saturation, α ranges from 0.3 - 3 in InGaAs PIN photodiodes [4].
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4
Methods

This chapter aims to describe the methods used to characterize the optical oscilla-
tor implementation. First, the measurements of frequency divider phase noise and
amplifier gain are detailed. The construction of a simplified radio test bed is there-
after described. Four measurement configurations are presented, allowing radio link
performance to be related to LO signal parameters. Finally, the implementation of
the optical oscillator in the radio test bed is shown.

4.1 Frequency Divider Characterization
This section explains the steps taken to characterize the frequency divider employed
in the radio test bed. The input power sensitivity, here defined as the minimum
input power at which frequency division is performed, and the output power were
measured and compared with the manufacturer’s specifications. Phase noise mea-
surements were also performed, enabling a comprehensive assessment of the divider’s
performance.
Frequency division was performed using the AT-FDN-54AS2-FD divide-by-N (N=2-
256) programmable frequency divider from AT Microwave. The divider can be used
with a differential or single-ended input signal. The output signal of the optical
oscillator generated by photodetection is single-ended. Therefore, all subsequent
testing is done using a single-ended input/output signal.

Figure 4.1: Frequency divider phase noise measurement setup.

An initial test of functionality was performed using the measurement configuration
seen in Fig. 4.1. A continuous wave (CW) input signal generated by the Anritsu
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MG3695B signal generator. The unused input/output ports of the frequency di-
vider were terminated. Reference measurements were performed by omitting the
frequency divider, indicated by dashed lines.
Functionality was confirmed for varying division factors N = 2, 4, 8 and 16 within
the datasheet specified input frequency range.

4.1.1 Input power sensitivity and output power
To facilitate integration of the frequency divider into the radio test bed, its input
power sensitivity and output power were characterized and compared with datasheet
specifications. First, the relationship between the signal generator output power
and the power delivered to the divider input was established through calibration
measurements. Using this calibration, the minimum input power required for correct
frequency division was determined by gradually reducing the input power until the
divider ceased to operate.
The measured input power sensitivity and output power were found to be in agree-
ment with the datasheet specifications [24].

4.1.2 Phase noise
The phase noise of the signal generator was measured using the R&S FSWP phase
noise analyzer (PNA). Phase noise was measured for all signal generator output
power levels previously used in power characterization.
Phase noise measurements are absolute, i.e. no residual phase noise measurements
are performed. Limitations in available devices (one) prevented usage of the com-
monly employed residual phase noise measurement setup shown in Fig. 2.10.
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4.2 Amplification
An initial hypothesis was that the output power of the photodetector in the op-
tical oscillator would be insufficient for proper operation of the FD in the radio
test bed. Therefore, electrical amplification was required. In order to reduce the
unwanted effects of electrical amplification on the oscillator performance, minimal
noise contribution should be introduced.
The noise figure, defined as the reduction in input/output SNR dictates the level of
additive white noise. For an amplifier with noise figure F, the white phase noise of
a signal is

Sϕ(f) = FkbT

P0
(4.1)

where T is the temperature and P0 is carrier power [31]. It follows that an amplifier
with low noise figure is desirable when minimizing white phase noise contributions.
Amplifiers also introduce 1/f (flicker phase) noise. The level of 1/f - noise is rarely
specified by manufacturers, and is therefore often confirmed experimentally [31].
Another important parameter is the 1-dB compression point. The 1-dB compression
point marks the point at which the amplifier exhibits nonlinear properties. When
reached, the signal will start to experience distortion [12]. Finally, sufficient gain
was needed.
The ADL8106 low-noise amplifier (LNA) was chosen due to it’s high gain and rel-
atively low noise figure at 50 GHz, as well as coaxial interfacing on the EVAL-
ADL8106 evaluation board.
The process of noise floor elevation described in section 2.3.1 requires attenuation
and gain such that a net zero gain is achieved. Due to bandwidth limitations of the
LNA, the SHF 806 E modulator driver was used. Amplifier usage in the radio test
bed are described in sections 4.3 and 3.
Datasheet specifications for amplifiers used in this work are seen in Table 4.1. No
noise figure is specified for the SHF 806 E.

Table 4.1: Amplifier specifications.

Amplifier Typ. Gain [dB] Noise Figure [dB] Frequency range

ADL8106 20.5 4 18 - 54 GHz
SHF 806 E 26 NA 40 kHz - 38 GHz
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In order to verify LNA performance, gain was measured under input power condi-
tions representative of those encountered in radio testbed applications.

Figure 4.2: LNA gain and 1-dB compression measurement setup.

Fig. 4.2 shows the measurement setup used to perform gain and 1-dB compression
measurements.
The measurement setup is shown in Fig. 4.2. A CW RF signal at 50 GHz was
generated using the Anritsu signal generator. The displayed output power was in-
cremented in steps of 2 dB from -20 dBm to +6 dBm. The RF power was recorded
for all measurement points. The LNA was thereafter introduced and power mea-
surements were performed at the output.
Resulting LNA gain and input/output power is seen in Fig. 4.3. The measured gain
follows the nominal gain as stated in the ADL8106 datasheet [2] to a large extent.
The total deviation of gain over the measurement interval is 0.2 dB. For the frequency
range 50 - 54 GHz, the datasheet specified nominal Output 1dB Compression Point
(OP1dB) is 19 dBm. In this measurement series, a maximum output power of 14.6
dBm was observed with no significant gain reduction visible.
As the estimated and observed signal power in subsequent system configurations is
low relative to the values measured here, we can therefore likely assume that signal
distortion due to LNA compression is unlikely to occur.
The noise figure was not experimentally confirmed.
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Figure 4.3: LNA gain, input/output power and datasheet specified nominal gain,
f0 = 50 GHz.

4.3 Radio Test Bed
The radio test bed forms the supporting architecture to evaluate the optical oscillator
in a radio communication link. Two point-to-point radio units (RUs) operate as a
full-duplex link in the E-band frequency range. In a point-to-point link, the notion
of up/down-link is arbitrary. Here, we denote the link at RF frequency 75 GHz as
the uplink. The downlink is separated by 10 GHz, and operates at 85 GHz.
The radio units used in this project employ homodyne, also known as zero-intermediate
frequency, conversion for link bandwidths of 1000, 1500 and 2000 MHz. At lower link
bandwidths, an intermediate frequency (IF) stage is introduced in superheterodyne
conversion. The IF differs between Tx/Rx RU in the radio link, enabling effective
filtering of LO leakage. In the radio test bed, a single LO signal is injected in both
RU’s. This limited the available bandwidths to 1000, 1500 and 2000 MHz.
In order to evaluate the performance of the optical oscillator as an LO source, the
internal LO signal in the uplink must first be intercepted, and the hardware modified
such that an external signal can be injected.
Information on components used in the RU’s is not public. The RU internal LO
signal will therefore be referred to as Internal PLL.
Fig. 4.4 shows extrapolated closed-loop phase noise data from datasheet specifica-
tion for the internal PLL LO used in the RU’s. Internal implementation parameters
such as reference oscillator and loop bandwidth may influence the phase noise.
The PLL output is filtered before being applied to the mixer stage. The external LO
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Figure 4.4: Internal PLL Closed-loop phase noise.

signal was injected after the filter which was electrically disconnected. The internal
PLL output was disconnected from the filter input and terminated using a 50 Ω
resistor.
An initial radio test bed was thereafter constructed, a functional diagram can be
seen in Fig. 4.5.
In order to investigate the correlation between LO phase noise and radio communi-
cation performance, several system configurations were used to modify the charac-
teristics of the LO signal.
The configurations used were:

1. Correlated
No attenuator or amplifier is included between the signal generator and power
splitter. The output branches of the split signal are of equal length.

2. Correlated, ADL8106
The ADL8106 LNA is connected between the signal generator output and
power splitter input. The output branches of the split signal are of equal
length.

3. Correlated, SHF 806 E
A 20 dB attenuator is placed before the SHF 806 E amplifier. This configu-
ration aims to achieve noise floor elevation (see sections 2.3.1 and 5.3.1). The
output branches of the split signal are of equal length.

4. Uncorrelated
No attenuation or amplification is performed. The split signal is thereafter fed
to the LO input port using different length cables. De-correlation is discussed
in section 4.3.1.
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Figure 4.5: Radio test bed, signal generator LO source. A dotted frame/trace is
used to indicate components/connections not always present.

Two signal generators were used: the Anritsu MG3695B and the Rohde & Schwarz
SMB100A. They are hereafter denoted simply as "Anritsu" and "Rohde & Schwarz",
respectively. For all measurement series, a CW signal at f0 = 12.5 GHz was used,
approximately matching the output frequency of the optical oscillator implementa-
tion (see section 3). All radio test bed measurements made using a signal generator
were performed at three output power levels. Power levels were chosen such that
phase noise performance variation could be clearly observed, whilst maintaining a
functional radio link.
Phase noise measurements were performed at the RU LO interface to correlate phase
noise- and radio link performance. During phase noise measurements, the signal is
disconnected from the radio unit and instead fed to the PNA as indicated in Fig.
4.5 right hand side.
Figure 4.6 shows the phase noise of the signal generators used in the radio test
bed at three output power settings. Variations in signal generator output power is
commonly achieved using variable attenuation. A lower output power, as a result of
higher signal attenuation, can be seen to have a large influence on the noise floor.
For each radio link bandwidth, varying signal generator output powers were used.
The output power of the signal generator directly relates to the phase noise floor
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Figure 4.6: Phase noise of signal generators used in radio test bed measurements.
Indicated signal power refers to the output power level indicated on the signal gen-
erator.

of the signal, as the thermal noise relative to the signal level increases with lowered
carrier power. This can be seen in Fig. 4.6.
In order to perform noise floor degradation as described in section 2.3.1, the signal
must be first attenuated and thereafter amplified by an equal amount. At f0 = 12.5
GHz, the LNA operated outside its specified range. Under these conditions, the
amplifier gain was significantly reduced, and the inclusion of the LNA resulted in an
overall negative net gain (loss). Therefore, the SHF 806 E amplifier was introduced.
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4.3.1 Signal de-correlation
In a wireless link, the Tx/Rx LO noise spectrum are uncorrelated.
When implemented in the radio test bed, a single optically generated RF signal was
split using a power divider and fed to both RU’s in phase. Therefore, an investigation
on the effects of noise correlation on radio link performance is warranted.
In order to simulate an environment with uncorrelated phase noise, de-correlation
was performed by altering the branch length of the split LO signal through the
introduction of the delay line τ in Fig. 4.5.
Observing the LO signal in the time domain, any instance of timing error will be
delayed by the transmission time of the signal through the signal path. Given
sufficient difference in electrical length of the signal branches, de-correlation can be
assumed. In [32], it is shown that frequency offsets f ≤ 1/6τ are de-correlated.
With a physical length difference in transmission line of 50 cm and velocity of
propagation (VOP) of 80%, the time difference is found as

τ = L

c0 · V OP
= 0.5

c0 · 0.8 ≈ 2 · 10−9. (4.2)

Frequency offsets below f ≤ 1/(6·2·10−9) ≈ 83 MHz are therefore de-correlated. For
signal sources used in de-correlation measurements, seen in Fig. 4.6, any correlated
noise has therefore been de-correlated.
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4.4 Optical oscillator
The Toptica CTL 1550 laser was used to drive the microcomb resonator. Phase noise
measurements of the laser source repetition rate signal used in the optical oscillator,
recorded using the OEwaves OE4000 laser characterization system, was provided.
To reference the observed performance of the implemented oscillator, a theoreti-
cal estimation of achievable 2-point OFD phase noise performance was calculated,
referred to as the theoretical OFD limit. Using equation (3.1) with a spectral sepa-
ration ∆ν ≈ 2.49 THz and frep = 49.92 GHz resulted in a phase noise reduction of
≈ 34 dB. An approximate shot-noise limit of -150 dBc/Hz, derived in section 3.2.1,
was used to estimate the white phase noise floor of the ideal OFD.
It should be noted that 2-point locking was not performed during subsequent
measurements as it was found to worsen phase noise performance.
When implemented in the radio test bed, optical oscillator phase noise was measured
at the RU LO port interface (Fig. 4.8) at a carrier frequency f0 = 12.48 GHz. The
theoretical OFD limit was therefore scaled to 12.5 GHz by applying equation (2.15)
with a division factor of 4 (-12 dB).

Figure 4.7: Pump laser repetition rate signal and theoretical OFD limit phase
noise.

Figure 4.7 shows the phase noise of the pump laser repetition rate signal and calcu-
lated theoretical OFD limit, before and after scaling through ideal frequency divi-
sion. Smoothing has been applied in the transition between estimated white phase
noise floor.
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Figure 4.8: Optical oscillator implementation in radio test bed.

Figure 4.8 shows a simplified block diagram representation of the optical oscillator
implemented in the radio test bed.
The Toptica CTL is used to generate CW signal at λopt = 1560.9 nm. After optical
amplification using an Erbium-Doped Fiber Amplifier (EDFA), the signal is fed to
the coupled ring resonator, generating the OFC (see section 3.1).
The resonator output is thereafter fed to the high speed photodetector, generating
the RF signal through detection of the optical beat frequency at f0 ≈ 49.92 GHz.
Photodetectors typically introduce a DC bias to the output signal. A DC-blocking
capacitor was therefore inserted after the photodetector in order to avoid damages
to the LNA and subsequent RF stages.
After electrical amplification using the ADL8106 LNA, frequency division by 4 (N =
4) was performed using the AT-FDN-54AS2-FD. The FD output signal at f0 = 12.5
GHz is input to a power splitter and the output signal branches of fed to the LO
port on the modified RU’s.
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Three measurement series were conducted, hereafter referred to as Soliton State A,
Soliton State B and Soliton State C or, for brevity, State A, State B, and State
C, respectively.
Between measurement series, the number of Kerr solitons and pump laser power
was modified. The number of Kerr solitons in State A was higher than that of
State B and State C. The optical input power was not recorded during radio link
measurements, but was seen to relate to the number of Kerr solitons. Communica-
tion link signal-to-interference-plus-noise-ratio (SINR) was observed using the RU
software interface for bandwidths of 1000, 1500 and 2000 MHz. While maintaining
the OFD conditions, the phase noise and power was measured by feeding one branch
of the split LO signal to the Rohde & Schwarz PNA (indicated in Fig. 4.8 with a
dotted line).
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5
Results and Discussion

This chapter opens with the results of the phase noise characterization of the fre-
quency divider. The results are subsequently discussed, and potential sources con-
tributing to the observed noise are identified.
Next, the measured phase noise performance of the optical oscillator is compared
with the corresponding theoretical estimation. By observing oscillator noise regions,
a performance bottleneck is identified and discussed.
Finally, the optical oscillator is evaluated in a radio test bed and compared with
conventional signal generators. The resulting communication link performance is
analyzed, and the influence of the phase noise spectrum on system performance is
discussed. Simulated noise-floor elevation is compared with measurement results
and the impact of signal de-correlation is briefly examined.

5.1 Frequency divider
The frequency divider (FD) used was treated as a "black-box" of unknown phase
noise performance and internal construction. Several performance metrics indicate
that the FD is static, including

• wide input and output bandwidth,
• programmable division factor using logic level control voltage (CV) and
• differential operation.

Wideband injection-locked frequency dividers can be constructed, but impose sig-
nificant bandwidth limitations as compared to static dividers [18].
Results presented in this section were obtained using the measurement configuration
described in Fig. 4.1.
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Figure 5.1: Phase noise before and after frequency division, division factor N = 4,
fin = 50 GHz, fout = 12.5 GHz.

Figure 5.2: Phase noise before and after frequency division, division factors N =
2, 4, fin = 10 GHz, fout = 5 GHz and 2.5 GHz.
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Figure 5.3: Phase noise after frequency division, division factor N = 4, fin = 50
GHz, 40 GHz and 30 GHz.

Fig. 5.1 shows the input and output FD phase noise for an input signal frequency
fin = 50 GHz when division by 4 is performed. This corresponds closely to the
frequency divider condition of operation when implemented in the optical oscillator
radio test bed (Fig. 4.8).
In Fig. 5.2, the input and output FD phase noise is observed for division by 2 and
4. Fig. 5.3 shows FD output phase noise when fin = 30 GHz, 40 GHz and 50 GHz.
The FD output phase noise roughly follows the theoretical estimated phase noise
improvement of −20log10(N) dB for f ≲ 1 MHz for all measurement series. De-
scribed in section 2.3, the regions of slope 1/f 2 (-20 db/decade) and higher originate
in oscillator noise mechanisms and constitute correlated noise [31, 14].
In Fig. 5.1, a region of noise contribution is clearly visible at f ≈ 5 MHz with a
peak L(f) ≈ −130 dBc/Hz. The noise appears to consist of a significant amount of
spurious noise, seen most clearly in Fig. 5.3 at f ≈ 20 MHz. Previously explained
in 2.1, spurs occurring at high frequency offsets may be incorrectly visualized due
to the measurement equipment resolution bandwidth. It is likely that the observed
noise consists of narrow-band periodic jitter.
An input voltage range of +5 V to +8 V can be used to power the device. Internal
voltage regulation is therefore required, and the choice of regulator may have a
significant effect on phase noise performance [34]. It is possible that spurious noise
at f ≈ 20 MHz is caused by a switching regulator. Spurious noise may also be
caused by signal cross-talk in the clock signal feedback network.
A frequency dependence on the output noise profile can be seen in Fig. 5.3, where
an input frequency of 30 GHz results in a noticeably different noise profile compared
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to higher input signal frequencies. Variations in division factor does not appear to
significantly impact the apparent noise contribution, as observed in Fig. 5.2.
As the divider operates on a wide input/output bandwidth, it is likely that frequency
dependent output buffering amplification stages are employed. Amplification inher-
ently introduces additive flicker- and white phase which could contribute to changes
in output phase noise depending on input/output frequency. Assuming separate
output buffering amplifiers, variations in physical proximity to a source of electro-
magnetic interference may introduce frequency-dependent spurious noise.
Due to the unknown topology of the FD used, definitive conclusions of noise mecha-
nisms affecting observed phase noise cannot be drawn. Residual noise measurements
were not performed, and the added phase noise of the FD can therefore not be quan-
tified.
Limited data exists on wideband mmWave static frequency divider additive white
phase noise for comparison. Static SCL divide-by-two in GaN HEMT technology
has achieved far-out phase noise < -155 dBc/Hz, (verified for) fin = 1 GHz to 27
GHz [35].
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5.2 Optical Oscillator
Results presented in this section were obtained using the measurement configuration
described in Fig. 4.8.

Figure 5.4: Optical oscillator and theoretical OFD limit phase noise, f0 = 12.48
GHz.

In Fig. 5.4, the optical oscillator phase noise and theoretical OFD limit are com-
pared. Although 2-point OFD was not implemented during radio test bed measure-
ments, the theoretical OFD limit may still serve as a relevant benchmark. For offset
frequencies f < 1 MHz, the implemented oscillator is seen to outperform the OFD
estimation. The cause of this has not been fully determined. The avoided mode
crossing produced by coupling between main and auxiliary rings of the photonic
molecule may have mitigated the transfer of pump phase fluctuations to the optical
frequency comb [39, 15].
Close-in phase noise is dominated by a 1/f 2 dependence, with the 1/f region being
negligible or not observable.
The phase noise floor of State A is approx. 5 dB higher than the estimated shot-
noise limit of -150 dBc/Hz (see section 3.2.1). In comparison, State B and State
C exhibit higher noise floors of approximately -140 dBc/Hz. State A maintained
a higher number of Kerr solitons than State B and State C, resulting in higher
optical power at the photodetector input. This indicates that increasing the optical
power reduces the relative impact of shot noise, particularly in the far-out phase
noise region.
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Spurious noise introduced by the frequency divider is clearly visible for State A
and partly obscured by the noise floor in State B and State C. White phase
noise will have been introduced by the frequency divider and LNA. Applying (4.1)
assuming typical operations with a microresonator conversion efficiency of -20 dB,
PL = +10 dBm and F = 4 dB, the additive white phase noise through amplification
is

L(f) = Sϕ(f)
2 = FkbT

2P0
≈ −163 dBc/Hz. (5.1)

Assuming a shot-noise floor of -150 dBc/Hz, the additive white phase noise of the
amplifier will not contribute meaningfully.
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5.3 Communication link
The measurements presented in this section were obtained using configurations de-
scribed in 4.5 and 4.8 for signal generator (Anritsu, Rohde & Schwarz) and optical
oscillator (Soliton State A, Soliton State B and Soliton State C ) measurement series
respectively.

Figure 5.5: Radio test bed local oscillator phase noise, f0 = 12.5 GHz.

A comparison of radio test bed LO phase noise is shown in Fig. 5.5. The Anritsu
and Rohde & Schwarz signal generators generate the LO signal using a PLL, ob-
servable through the characteristically flat region within the PLL bandwidth. The
optical oscillator, with its characteristic 1/f 2 slope, manages to achieve superior
performance for offset frequencies between approx. 8 kHz and 2 MHz. Notably,
the optical oscillator white phase noise level is significantly higher than that of the
signal generators used.
Tables 5.1, 5.2 and 5.3 show the link SINR, signal power at RU LO port, ϕrms,
Jϕ,rms and SNRϕ for link bandwidths and signal sources used. The RMS phase ϕrms

was calculated using phase noise measurement data according to equation (2.4). The
upper noise integration limit was chosen to match the link bandwidth B as fb = B/2,
assuming equality between the upper- and lower-sideband phase noise. The lower
integration limit fa in equation (2.4) is limited by phase noise measurement data
starting at an offset frequency of 100 Hz. The RMS jitter and SNRϕ are calculated
using equations (2.6) and (2.5) respectively. Communication link SINR values were
recorded using the RU software interface.

37



5. Results and Discussion

Table 5.1: Radio test bed link performance, B = 1000 MHz.

Setup SINR [dB] PLO [dBm] SNRϕ [dB] SNRϕ [dB] SNRϕ [dB]
fa = 100 Hz fa = 1 kHz fa = 100 kHz

Internal 34.2 - - - -
Anritsu 34.7 -0.2 39.19 39.39 55.18

Anritsu, LNA 31.9 -12.8 37.63 37.76 42.70
Rohde & Schwarz 32.5 -4.9 47.30 48.13 50.04
Soliton State A 26.2 -11.9 19.42 44.81 50.85
Soliton State B 23.6 -13.0 31.19 42.37 46.59
Soliton State C 22.6 -14.5 34.52 44.59 46.87

Table 5.2: Radio test bed link performance, B = 1500 MHz.

Setup SINR [dB] PLO [dBm] SNRϕ [dB] SNRϕ [dB] SNRϕ [dB]
fa = 100 Hz fa = 1 kHz fa = 100 kHz

Internal 32.0 - - - -
Anritsu 32.9 -0.2 39.19 39.39 55.16

Anritsu, LNA 30.8 -12.8 37.63 37.75 42.68
Rohde & Schwarz 32.3 -4.9 47.28 48.11 50.00
Soliton State A 26.0 -11.9 19.42 44.61 50.09
Soliton State B 23.5 -13.0 31.13 41.65 44.90
Soliton State C 22.2 -14.5 34.40 43.53 45.20

Table 5.3: Radio test bed link performance, B = 2000 MHz.

Setup SINR [dB] PLO [dBm] SNRϕ [dB] SNRϕ [dB] SNRϕ [dB]
fa = 100 Hz fa = 1 kHz fa = 100 kHz

Internal 31.2 - - - -
Anritsu 32.1 -0.2 39.19 39.39 55.14

Anritsu, LNA 30.5 -12.8 37.62 37.74 42.66
Rohde & Schwarz 31.8 -4.9 47.27 48.09 49.98
Soliton State A 26.0 -11.9 19.42 44.45 49.54
Soliton State B 23.1 -13.0 31.09 41.15 43.90
Soliton State C 21.7 -14.5 34.31 42.82 44.19

Using the results above, two observations are made:

The SNRϕ and link SINR are most closely correlated at fa = 100 kHz.

The dependency on integration limit in correlating phase noise and link SINR is
most clearly seen when comparing State A, State B and State C. For all system
bandwidths, State C achieved the highest link SINR. Still, for fa = 100 Hz, State
A SNRϕ is lower than that of State B and State C, indicating a higher level of
phase noise for low offset frequencies. This can be observed in Fig. 5.5, where State
A exhibits the highest phase noise for offset frequencies below 1 kHz.
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Further indication of integration limit dependency is seen when observing the mea-
surement series Anritsu. Anritsu achieved the highest SINR, notably surpassing
the internal LO. Still, for fa = 100 Hz and fa = 1 kHz, the Anritsu SNRϕ is
lower than that of other measurement series. Notably, SNRϕ,Anritsu < SNRϕ,State C
for fa = 1 kHz.
These results indicate that low offset phase noise is rejected. Such rejection is likely
achieved through receiver clock recovery.
Clock and data recovery (CDR) is widely used in asynchronous communication
systems to mitigate the impact of phase noise and timing jitter on link performance.
Various architectures exist for implementing CDR, among which PLLs are one of
the most commonly used [30]. For PLLs, the jitter transfer function is a critical
metric is which relates to the PLL loop bandwidth [21]. One possible explanation
for the correlation between link SINR and SNRϕ being heavily influenced by choice of
lower integration limit may therefore be a corresponding PLL clock recovery circuit,
rejecting phase noise for frequency offsets within its bandwidth. CDR may also be
performed digitally using a digital phase-locked loop (DPLL).

Link SINR cannot be correlated to SNRϕ solely by choice of integration
limits.

The lowest link SINR occurred for State C. However, State C exhibits a higher
SNRϕ for all system bandwidths and integration limits as compared to State B.
Link performance is therefore not exclusively determined by the phase noise of the
injected LO signal. Notably, the LO carrier power for State C is lower than that
of State B. Both are significantly lower than the nominal output power of the
internal LO.
The influence of AM noise on a timing signal depends on the input waveform slope
[9]. To maximize the slope at the sampling instant, the LO clock signal is com-
monly driven into compression in the mixing stage, generating a square-wave-like
signal. Since the internal operation of the LO signal path in the radio unit is not
known, insufficient input power may prevent the signal from reaching the required
compression level. It therefore cannot be excluded that amplitude noise was intro-
duced, which may influence link SINR. However, it is unlikely to have resulted in
significant signal degradation.
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Analysis of optical oscillator performance
When used as an LO source during radio test bed measurements, the optical oscil-
lator achieved a lower link SINR relative to the signal generators and internal RU
PLL. It should be noted that the signal generators, as well as the internal RU PLL,
achieve low phase noise compared to most commercially available synthesizers.
The main limitation in optical oscillator implementation is likely to originate in
photodetection. This is supported by the observed increased white noise floor when
a lower optical signal power was delivered to the photodetector input, relating to
the reduction of optical power generated for lesser number of solitons states in
measurement series State B and State C compared to State A. However, this
estimations is based on a very simplified model of shot-noise in photodetection.
Accurate shot noise modeling could improve estimation confidence [27].
In ultrashort, picosecond pulse detection, relative intensity noise (RIN) may sig-
nificantly influence phase noise performance. For device dependent photocurrents
however, the AM-to-PM coefficient α, (described in equation (3.7)), can be nulled
[36]. Careful attention should be given in future system implementation to ensure
minimal noise contribution.
The additive white phase noise due to the inclusion of the frequency divider (FD)
could not be quantified or reliably estimated. Given knowledge of device implemen-
tation, the noise contributions may be estimated [9]. Spurious noise was introduced
by the FD, the source of which is unknown. As electromagnetic interference from
power supply noise and signal cross-talk is known to occur in digital circuits [33],
these sources of noise are deemed likely.
Amplification using the LNA introduced additive white phase noise. The relative
level was found to be low compared to the observed optical oscillator noise floor and
as such, it likely had minor influence on link performance.
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5.3.1 Noise Floor Elevation and De-correlation

Figure 5.6: Simulated noise floor elevation with varied attenuation and amplifica-
tion.

Figure 5.6 shows the result of simulated noise floor elevation as detailed in section
2.3.1 for attenuation and amplification of 10 dB, 20 dB, 30 dB and 40 dB. The
carrier power was set to -10 dBm (estimating measured LO signal power), with a
system simulation temperature of 290 K.
Using equation (4.1), the noise floor is L(f) = kBT/2P0 ≈ −167 dBc/Hz.
In Table 5.4, the relationship between the level of attenuation applied and SNRϕ is
presented for bandwidths of 100, 1000, 1500 and 2000 MHz is shown, fa = 100 kHz.

Table 5.4: Noise floor elevation simulation, fa = 100 kHz.

Attenuation [dB] SNRϕ [dB] SNRϕ [dB] SNRϕ [dB] SNRϕ [dB]
B = 100 MHz B = 1000 MHz B = 1500 MHz B = 2000 MHz

0 54.66 54.60 54.56 54.46
10 54.64 54.41 54.27 54.02
20 54.42 52.97 52.24 51.28
30 53.02 47.15 45.44 43.63
40 47.15 37.90 35.93 33.95

41



5. Results and Discussion

Measurements of noise floor elevation were obtained using the configuration referred
to as Correlated, SHF 806 E in section 4.3.
Table 5.5 presents the measured link SINR for different combinations of signal gen-
erator model, output carrier power, and communication bandwidth.

Table 5.5: Noise floor elevation in radio test bed.

Configuration SINR, Unmodified [dB] SINR, Attenuated [dB]

B = 1000 MHz
Anritsu MG3695B

P = −5 dBm 31.5 30.7
P = 0 dBm 33.4 33.1
P = 10 dBm 34.7 34.7

Rohde & Schwarz SMB100A
P = −5 dBm 27.9 28.8
P = 0 dBm 31.1 30.9
P = 10 dBm 32.5 32.3

B = 1500 MHz
Anritsu MG3695B

P = −5 dBm 31.0 29.4
P = 0 dBm 32.2 33.7
P = 10 dBm 32.9 32.8

Rohde & Schwarz SMB100A
P = −5 dBm 29.7 28.7
P = 0 dBm 31.2 30.9
P = 10 dBm 32.3 32.3

B = 2000 MHz
Anritsu MG3695B

P = −5 dBm 30.3 28.7
P = 0 dBm 31.1 30.8
P = 10 dBm 32.0 32.0

Rohde & Schwarz SMB100A
P = −5 dBm 29.6 28.4
P = 0 dBm 30.9 30.4
P = 10 dBm 31.8 31.8

Observing simulation results in Table 5.4 for an attenuation of 20 dB, a minor per-
formance is seen. Measurement results in Table 5.5 indicate minimal impact on radio
link SINR. LO signal phase noise measurements were not performed. It is therefore
difficult to draw conclusions regarding the efficacy of the method applied. Simi-
lar approaches have been successfully employed in previous studies, incorporating
multiple stages of attenuation and amplification. [5].
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Signal de-correlation was performed as described in section 4.3 by altering the trans-
mission line length of one branch in the split LO signal.
In Table 5.6, the link SINR for the de-correlated LO signal is compared to the
correlated LO signal link SINR. No clear trend can be observed, with a maximum
SINR deviation of −0.6 dB to +1.1 dB before/after de-correlation was performed.

Table 5.6: LO signal de-correlation in radio test bed.

Configuration SINR, Correlated [dB] SINR, De-correlated [dB]

B = 1000 MHz
Anritsu MG3695B

P = −5 dBm 31.5 32.3
P = 0 dBm 33.4 34.0
P = 10 dBm 34.7 34.8

Rohde & Schwarz SMB100A
P = −5 dBm 27.9 28.8
P = 0 dBm 31.1 31.6
P = 10 dBm 32.5 33.6

B = 1500 MHz
Anritsu MG3695B

P = −5 dBm 31.0 31.2
P = 0 dBm 32.2 32.3
P = 10 dBm 32.9 32.9

Rohde & Schwarz SMB100A
P = −5 dBm 29.7 29.4
P = 0 dBm 31.2 30.9
P = 10 dBm 32.3 31.7

B = 2000 MHz
Anritsu MG3695B

P = −5 dBm 30.3 30.5
P = 0 dBm 31.1 31.6
P = 10 dBm 32.0 32.1

Rohde & Schwarz SMB100A
P = −5 dBm 29.6 29.4
P = 0 dBm 30.9 30.8
P = 10 dBm 31.8 31.5
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6
Conclusion

This work presents the integration and evaluation of a Kerr-microresonator optical
frequency division local oscillator (LO) for wireless communication applications.
Results suggest that photodetection constituted the primary performance limitation
of the optical oscillator implementation. Significant shot noise levels were observed,
limited by the power-handling capability of the photodetector. Amplitude-to-phase
noise conversion of pump-laser relative intensity noise may also have contributed to
the elevated phase noise floor, although this effect was not examined in this work.
A frequency divider and amplifier was used to integrate the optical oscillator into a
radio test bed. The noise contributions from these devices could not be quantified,
due to a lack of residual noise measurements. Calculations of white noise introduced
during amplification indicate minor system influence. While not conclusively veri-
fied, results indicate that noise introduced by photodetection dominated oscillator
performance rather than the frequency divider and amplifier.
Integrated LO phase noise was found to correlate closely with observed radio link
performance, given appropriate choice of integration limits. The importance of in-
tegration limits is believed to relate to clock recovery circuits. Given radio unit
application knowledge, communication can be estimated from phase noise measure-
ments. It was, however, not possible to fully exclude the inclusion of amplitude
noise introduced during measurements; possibly reducing the reliability of link per-
formance estimation using integrated phase noise.
Recommended Future Work
Further investigation is needed to assess OFD in wireless communication systems.
Research on high-speed photodetectors with increased power handling capabilities is
ongoing [25]. Investigating possible mitigation of photodiode shot-noise using high
power handling high-speed photodetectors may therefore lead to further insight on
noise mechanisms in OFD implementations.
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