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Abstract

The growth in data traffic coupled with trends in internet use will re-
sult in a requirement for interfaces of the network to reach Tb/s data
rate in the future. Considering this, novel transmission techniques that
can increase the date rate with orders of magnitude must be considered.
One such example is space-division multiplexing (SDM) fibers. Appli-
cation of novel fibers and SDM components in communication systems
is always coupled with limitations and distortions of the signal due to
crosstalk, dispersion, differential mode group delay (DMGD) and other
effects. They can be calculated, studied and partially mitigated if the
transfer function of the fiber under test is known. Thus, it is essential to
characterize the fiber’s and other component’s transfer matrix using fast
and accurate measurement techniques. Moreover, these characterisation
measurements can be used for building channel models, which can as-
sist in simulations of the transmission and estimation of ultimate system
performance.

In this thesis various techniques for SDM devices characterisation
are described and a novel method based on dual-comb spectroscopy
and swept-wavelength interferometry is proposed and evaluated. The
presented technique, dual-comb swept-wavelength interferometry (DC-
SWI), is studied in terms of capabilities, advantages and limitations with
application on different devices under test. This experimental scheme is
also used for characterisation of a coupled-core fiber, where the transfer
function and DMGD values were extracted.

Furthermore, different channel models describing the properties of
SDM fiber links are briefly reviewed and discussed.

Keywords: characterisation measurements, swept-wavelength interfer-

ometry, dual-comb spectroscopy, transfer function, coupled-core multi-
core fibers, channel modeling.
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CHAPTER 1

Introduction

1.1 Motivation

Optical fibers and photonic devices are central to modern communica-
tion links and also have applications in other areas like medicine and
metrology. Since the development of the first optical fibers and their
application in gastroscopy [1] and data transmission |2| it was relevant
to characterise their parameters. Characterisation measurements assist
in estimation of the device quality, its manufacture process and can give
a clue of how the investigated properties can be improved.

The purposes of characterisation experiments are not limited only
to quality control. Even if the manufacturing process resulted in pho-
tonic devices of extremely high quality, there are still other features that
can be measured and that may provide information about the device,
such as coupling coefficients, higher order dispersion, mode-dependent
loss (MDL) or differential group delay (DGD). All such parameters can
be extracted from the transfer function, which describes how the output
of the system is connected with its input. In other words, if the transfer
function of the device under test (DUT) can be measured, almost all
linear parameters of interests can be easily extracted. Moreover, results
of such measurements can contribute to channel models which can be
beneficial in simulations and further improvements of the optical links.
In fact, the channel model is crucial in communication theory for esti-
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mating the performance of a communication channel. More specifically,
the channel capacity, i.e., the maximum data rate that can be transmit-
ted error-free over a channel, depends solely on the channel model, as
pioneered by Shannon in 1959 [3].

Since the demands on the data throughput have risen intensely,
space division multiplexing (SDM) components gained a lot of interest
in terms of increasing the data capacity. There are three general ap-
proaches in SDM: multiple independent cores inside a fiber (multi-core
fiber (MCF)) |4], transmission through several modes of a multi-mode
fiber (MMF) [5] and the use of fibers with few strongly coupled cores [6].
All mentioned types of fibers have their advantages and limitations and
have been applied in different scenarios. Transmission through all of
them, however, is coupled with complex effects that impair a propagation
and can make the link design and digital signal processing (DSP) com-
plicated. This further highlights a relevance of developing high-precision
characterisation techniques that can assist in extraction of these impair-
ments and creating realistic channel models.

1.2 History

The history of optical fiber characterisation measurements most likely
started in 1970, when Kapron with coauthors from Corning published
a seminal work on low-loss silica fibers, and measurement of losses in
those [7]. Another key parameter for fiber characterisation was disper-
sion since it limited the transmission reach and one of the first works
where it was characterised dates back to 1973, where the authors ex-
tracted the pulse dispersion by injecting short impulses of light into a
fiber and measuring the temporal pulse spread at the output [8]. The
pulse dispersion versus length was then measured as a step in a quality
control after the manufacturing [9] using a shuttle pulse technique [10].
At the same time, experiments for extraction of material dispersion in
700-930 nm [11] and 1064-1550 nm |12| wavelength ranges by the time of
flight (pulse delay) technique were established. The method is based
on injecting pulses of different wavelengths into a fiber and measur-
ing the change in temporal separation between the pulses after they
have propagated through the fiber. Throughout the years the time of
flight method using fiber Raman lasers [13|, discrete-wavelength laser
diodes [14], supercontinuum-radiation sources [15| and tunable soliton
sources |16] has been applied for characterisation of photonic devices.
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Today the time of flight technique is also extensively applied for transfer
matrix characterisation [17] and included in methods recommended by
the International Telecommunication Union for dispersion measurements
alongside with phase-shift [18] and interferometric techniques [19).

With developing of optical modulation technologies, other techniques
for dispersion characterisation arose. The chirp parameter and chromatic
dispersion were measured in the frequency domain with small modulation
depth, where sharp resonance frequencies originating from interferences
between carrier and sideband wavelengths appear [20]. Another type
of technique implied applying modulation instability sideband genera-
tion for dispersion and nonlinear coefficient extraction |21]. A method
based on the phase mismatch of four-wave mixing was developed in the
work [22] and demonstrated dispersion measurements with an accuracy
of 0.03 ps/nm/km.

All the discussed techniques would not be possible without the in-
vention of the laser [23]. In 1960 the first ruby laser was launched by
Maiman [24] and one year later, the first continuously operating gas
laser was invented [25] at Bell Labs. A few years later, in 1964, the
first mode-locked laser that emitted ultrashort pulses was constructed
by Hargrove and collaborators [26]. In the optical frequency domain
such a laser represented a sequence of discrete lines that were equally
spaced manifesting a comb-like structure. This formation was called
a frequency comb (FC) and since 1964 the interest in FCs has led to
remarkable research and inventions, particularly in the context of the
dual-comb spectroscopy (DCS), which will be described in more detail
in section This technique has been very popular and applied for
characterisation measurements not only in photonics |27] but also for
liquid [28] and gas samples |29]. Another early example of comb-based
fiber characterization is [30], where a dual-quadrature detection scheme
based on polarization demultiplexing was used to characterize the dis-
persion of the fiber under test. The DCS was also combined with phase-
sensitive optical time-domain reflectometry for temperature and strain
change characterisation in fibers [31] and with single-pixel-imaging for
optical vortex characterization [32]. In terms of SDM, the DCS was
recently applied to characterise 110-km coupled-core fiber (CCF) [33].
Other applications dual-comb interferometers include spectroscopy [34],
vibrometry [35], and imaging [36].

Another key technology in this context is tunable lasers. In 1966
the first tunable laser pumped by a ruby laser was invented by Mary L.
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Spaeth of Hughes Research Labs and in 1980s came the arrival of semi-
conductor diode lasers that could be tuned using temperature or injection
current. These lasers enabled a huge progress in telecommunications, but
also provided novel experimental opportunities in terms of characterisa-
tion of photonic devices. For example, the Poincaré sphere [37| and
the Jones matrix [38] methods for measuring polarization mode disper-
sion (PMD), one of the principal impairments in optical fibers.

In 1980s there appeared a set of techniques that being united under
the basis of Swept-wavelength interferometry (SWI). One of the first
techniques were described in 1981 by Eickhoff and Ulrich [39] and was
called optical frequency domain reflectometry (OFDR). Since that time
OFDR systems have been developed to characterise fiber-optics networks
and components [40,41] and were employed to measure strain [42], tem-
perature |43| and vibration [44]. Other SWI techniques include FMCW
ladar (laser detection and ranging) [45] and swept-source optical coher-
ence tomography, which has been highly successful in measuring biologi-
cal samples, such as skin [46]. In SDM devices characterisation it is usual
to extend SWI with the configuration called optical vector network an-
alyzer (OVNA). Recent progress show that this technique is successful
in transfer function extraction for few-mode fibers [47,48|, MMFs [49],
deployed SDM fibers |50] and spatial multiplexers [51,52].

Another important breakthrough in characterisation techniques hap-
pened in 1948 when Denis Gabor [53] invented holography, a method
which enables capturing both amplitude and phase of an object by uti-
lizing the interference of light. A medium containing this information is
called a "hologram" [54]. A 3D image can be then reconstructed from
a hologram by using the theory of diffraction of light. Digital hologra-
phy (DH) [55] that was developed in 1960s is a technique in which a
digital hologram that contains an object wavefront is recorded, and both
3D and quantitative phase images of an object are reconstructed using
a computer. This developments enabled many applications, which are
reviewed in |56 and during last several years DH became one of the com-
mon techniques for characterisation of SDM devices and has been applied
to characterise fibers with high mode count [50|, photonic lanterns [57]
and multimode erbium-doped fiber amplifier [58].
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1.3 This thesis

The focus of this thesis is on characterising the full transfer function of
SDM fibers for building a channel model from the measured transfer ma-
trix. For this purpose we designed a technique, which combines the DCS
that is based on the frequency combs and SWI, where a tunable laser
source is used. The established technique, dual-comb swept-wavelength
interferometry (DC-SWI), gains advantages and flexible trade-offs from
both DCS and SWI.

The papers included in this thesis mark the benefits of the proposed
experimental technique and demonstrate the results on transfer function
characterisation. In [Paper A|, transfer function characterisation of a
three coupled-core fiber (3CCF) was performed using DC-SWI. The
root mean square (RMS) widths of the impulse responses and differential
mode group delay (DMGD) values were estimated for every core. [Paper
B| is devoted to the comprehensive description of the DC-SWI technique.
The operation principle, experimental implementation, DSP, performace
characteristics, advantages and limitations were discussed in detail.

1.3.1 Thesis outline

The outline of this thesis is as follows. In chapter 2, various SDM-
focused characterisation techniques, their advantages and limitations are
discussed. In chapter 3, the DC-SWI technique is introduced and its
features and capabilities are explained in detail. Chapter 4 overviews
the channel models for SDM. Finally, in chapter 5, the future outlook
is presented and chapter 6 outlines the main results in the appended
papers.
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CHAPTER 2

Characterization of SDM devices

Characterization of optical fibers and photonic devices is extremely im-
portant for quality control and gaining principal information for the fiber
optical links and their improvement. This requires application of ac-
curate and sensitive measurement techniques capable of retrieving the
parameters of interest. Some of the most important characterisation
techniques were highlighted in the introduction chapter. The main focus
of the thesis is a characterisation technique which is based on DCS and
SWI, hence, description of these experimental methods is presented com-
prehensively. However, this chapter also includes an overview of other
spatial and temporal SDM characterisation techniques.

2.1 Propagation effects in SDM devices

This section presents a brief description of various impairments present
in transmission through SDM fibers that are of importance in character-
isation and which should be accounted for in channel modeling. These
effects can be linear or nonlinear. The former includes attenuation and
different types of dispersion, which will be introduced in this section.
The latter can be index-related, meaning Kerr nonlinearities subdivided
into self-phase modulation, cross-phase modulation and four-wave mix-
ing, or scattering-related comprising stimulated Brillouin scattering and
stimulated Raman scattering. These nonlinear effects are summarised
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in [59] and will not be discussed in this section since it is out of scope of
this thesis.

2.1.1 Attenuation

Fiber loss per unit length is described by the attenuation coefficient «.
Attenuation is wavelength-dependent and has two main contributions:
Rayleigh scattering at short wavelengths and absorption at long wave-
lengths. Around 1550 nm, the sum of their terms is the lowest and the
loss typical values are a =~ 0.2 dB/km [60]. The power evolution of the
optical field in the fiber is dictated by the Beer-Lambert law:

P(z) = P(0)e™°%, (2.1)

where z is a propagation distance, P(0) is a launched power and « is
attenuation in linear units.

Rayleigh scattering happens because the refractive index changes due
to microscopic variations in material density of the glass, leading to scat-
tering. Absorption appears at longer wavelengths when silica molecules
absorb more photons, causing attenuation. Additionally, bending losses
can be a significant contribution to accumulated attenuation. If a fiber
is bent tightly, light moves more to the edge of the core until it is not
fully guided any more and starts becoming lossy. This type of loss sets
a critical bend diameter found in data sheets of fibers.

The attenuation can be compensated using erbium-doped fiber am-
plifier (EDFA). However, these amplifiers add the noise caused by am-
plified spontaneous emission [61]. The noise figure in an ideal EDFA is 3
dB due to quantum limit [61], while practical amplifiers can have noise
figure as large as 6-8 dB.

2.1.2 Group velocity dispersion

Group velocity dispersion (GVD) or chromatic dispersion is a linear prop-
agation effect that appear owing to the group velocity is different for
different frequency components in the optical fiber. Fiber-optic commu-
nication systems are affected by GVD since the waveform generated by
the transmitter is distributed over different frequencies during the trans-
mission inside the fiber. These frequency components propagate through
the fiber with different velocities resulting in time domain pulse broad-
ening [62| and although spectral components are launched into the fiber
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at the same time, they have different transit times and will thus arrive
at the receiver at different times.

Chromatic dispersion is characterised by the dispersion parameter D
[ps/nm/km| which gives the pulse broadening per nm of spectral width
per km of fiber. It can be described in terms of the propagation constant

Bw):
2me

where A is the wavelength, ¢ is the speed of light and s is a term in
Taylor expansion of the propagation constant (w) that is proportional
to its second derivative with respect to frequency evaluated at the carrier
frequency wqg as By = %\w:w(y

In single-mode fiber (SMF) links the GVD is static and can be com-
pensated by introducing dispersion compensating fibers or by receiver
DSP in case of coherent detection. Thus, it is not a central problem in
transmission or channel modeling, unless it is imperfectly compensated.

2.1.3 Modal dispersion

The light propagating in multi-mode optical fibers must be analysed in
the modes separately. The set of modes, their effective index and group
velocity depend on the waveguide geometry. If a pulse is transmitted
in one of the fiber modes, the group velocity defines how fast this pulse
propagates. Modes in the optical fiber have different spatial profiles and
can have different group velocities. If, for instance, the group velocity for
one mode is larger than for another, a pulse exciting both modes will be
dispersed and potentially split during propagation along the fiber. This
phenomenon is called modal dispersion or intermodal dispersion.

One of the form of modal dispersion is PMD, where two different
polarization modes of the light in a waveguide propagate at different
speeds due to random imperfections breaking the circular symmetry [63].
This results in separation of the signal’s polarization components causing
spreading of pulses and as for all dispersion effects, the pulse broadening
will lead to intrapulse crosstalk that will cause signal distortion and limit
the available bandwidth of the channel unless it is compensated.

The strength of modal dispersion can be defined by time delay per
unit length, which is inverse to the group velocity. This delay is referred
as DGD, DMGD or differential mode delay (DMD), depending on a spe-
cific case and can be compensated by combining fibers with positive and
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negative DGD [64,65]. The principle is to offset the DGD introduced
by a certain fiber by a very similar fiber with DGD of opposite sign.
However, any mode coupling during transmission deteriorates the com-
pensation and DMD-compensated links often have broadened impulse
responses.

The modal dispersion effect is, if static, not necessarily detrimental
for coupled SDM systems since multiple-input multiple-output (MIMO)
DSP [66] enables compensation for any mixing. Moreover, the mixing
can be even desirable in coupled SDM systems since in the regime of
strong coupling DGD accumulates only with the square root of distance
[67]. However, the random mode coupling that arises in MMF and CCF
make modal dispersion random as well and varying with time. Modal
dispersion, thus, requires adaptive equalizers [68] to be compensated and
this is challenging if the modal delays are big and the drift is fast.

2.1.4 Mode-dependent loss

Imperfect coupling in SDM components can lead to different loss in dif-
ferent modes, which results in MDL and may also deteriorate the trans-
mission performance [69,/70].

In an ideal system without MDL the transfer matrix of an SDM
device is unitary. MDL, therefore, is described by non-unitary transfer
matrices |71]. Using eigenvalue analysis or singular value decomposition,
MDL can be then calculated as the ratio between the modulus of the
maximum A;,q. and minimum A,,;, eigenvalues of the measured transfer
matrix, i.e.,

(2.3)

o |)\ma:p|2

‘>‘mm|2

2.2 Spatially and spectrally resolved imaging

Spatially and spectrally resolved imaging (5?) was first demonstrated
in 2008 |72] and applied for imaging higher-order-modes propagating in
large-mode-area fibers. The modes that propagate in optical fibers can
be identified by both the group delay difference which leads to a spec-
tral interference pattern for a broadband source propagating through the
fiber, and a spatial interference pattern between the high-order modes
and the fundamental mode [72|. In a MMF, the guided modes propagate

10
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scanning

stage control

and DAQ

Figure 2.1: Experimental setup for S? imaging implementation from |72]

with a different speed and spectrally interfere. This results in the impair-
ment called multi-path interference (MPI) and can lead to signal fading
on a slow time scale [73]. The interference period of the MPI is connected
with the DGD between the two interfering modes. The principle of S?
imaging is based on measuring the MPI at several spatial points across
the transmitted optical beam using a scanning fiber probe. The Fourier
analysis of the recorded spectra assists in resolving the DGD between
two interfering modes and retrieving the corresponding mode profiles.

Figure shows the experimental setup for S? imaging implementa-
tion that was used in [72]. The light from a broadband optical source is
launched into a MMF under test. The beam from the output of the fiber
is imaged with magnification on the end of a SMF, which is then con-
nected to an optical spectrum analyzer (OSA). A polarizer is needed in
order to ensure that polarization states of the modes are aligned on the
SMF end-face. The measured optical spectra are Fourier transformed
and intensity profiles of the individual modes are extracted. The MPI
can be calculated as a ratio of powers of the modes that can be found
by integration of intensities over the fiber cross section.

Applications of §? imaging include mode analysis not only of large-
mode-area MMFs [72,/74], but also photonic crystal fibers 75|, all-solid
and hollow core band-gap fibers |76|, as well as extended long tapers [77]
and silicone waveguides |78|. It has also been successfully applied to ob-
serve supermodes in a coupled few-mode three-core fiber [79], measure
higher order mode bend-loss in photonic band-gap fibers [80], charac-
terize efficient higher order mode suppression in scalable output fiber
amplifiers [81]. Moreover, S? imaging technique was applied in a combi-
nation with correlation filter mode analysis for characterisation of optical
fibers |82] and such a method provided simultaneous decomposition of
one beam with considerable improved accuracy.

11
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(a) SDM device,
M modes

(b) Cameraimage FFT X-pol . Y-pol
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Figure 2.2: (a) Experimental setup for DH implementation. (b) Example of
the DSP from [83].

2.3 Digital holography

Digital holography (DH) is a widely-used imaging method with a lot of
applications. In terms of optical fiber characterisation, the use of DH can
bring a lot of advantages, especially when a fiber with high mode count
and strong coupling is considered [504[83{85]. Compared to S? imaging
that can fail in case of strong mode mixing, DH is more accurate since
it acts as a perfect mode demultiplexer [50483].

Figure (a) demonstrates an example experimental setup that can
be installed for characterisation, where a signal from a DUT beats with
an angled reference beam on a camera. The light from an SDM device
is imaged with magnification using a free-space optical setup. The in-
terference between DUT signal and reference lead to fringes in optical
intensity, which are captured by the camera.

An example of the recorded camera frame taken from [83| and further
DSP process is presented in Fig. b). First, a part of the image is
cropped around the center of interference pattern. Next, these parts can
be converted to the angular domain by Fourier transforming. Converted
interference pattern needs to be filtered in the angular domain following a
similar algorithm, so a new square piece of image has to be cropped. The
filtered pattern is shifted back to spatial domain using the inverse Fourier
transform. The resulted optical field contains both amplitude and phase
information making it possible to calculate a complex transfer function
of a a SDM-DUT.

2.4 Dual-Comb Spectroscopy (DCS)

Dual-Comb Spectroscopy (DCS) projects the information about a DUT
from the optical to the RF domain, when two optical FCs of slightly
different repetition rates interfere. The DCS is capable of simultaneous
measurements of broadband and high-resolution spectra within microsec-
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Figure 2.3: (a) Frequency domain representation of DCS. (b) Principle of
DCS. (c), (d) Time domain representation of DCS for the (c)
optical signals and (d) electric signal. (e) Captured interferogram.

onds. It is also characterised by high signal to noise ratio (SNR), high
sensitivity, fast acquisition speeds, a small footprint, and implementation
free of moving parts. Recent reviews on DCS can be found in |86} 87|
and |Paper C]. In this section a brief overview of the operation principle,
mathematical description, implementation alternatives and key experi-
mental results on the use of DCS in photonic device characterisation is
provided.

2.4.1 Operation principle

The operation principle of DCS can be explained in both frequency and
time domains. In the frequency domain two FCs with slightly different
repetition rates, f,, and f,,, interfere on a photodiode generating an RF

13
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comb with a repetition frequency Af, = f,, — fr, formed by heterodyne
beating between pairs of optical comb teeth (Fig. a)). At least
one FC has to pass through the DUT, the frequency response of which
changes the shape of the FC (Fig. (b)) The resulting absorption and
phase on the comb teeth are modified into the corresponding amplitude
and phase of the measured RF comb. The RF comb spectrum can also
be extracted by Fourier transforming a set of time domain interferograms
captured by the real-time oscilloscope (Fig. [2.3(e)).

In time domain two pulse trains with slightly different repetition rates
interact and "walk through" each other (Fig. [2.3[(c)). The resulting
beating on a photodiode produces an interferogram (Fig. [2.3{e)) that
can be described as a product of two FC pulses integrated over the
photodiode bandwidth. This signal is usually acquired as a function of
the effective time, nAT, where n is the sample number at time intervals
of AT [86]. A weak ringing that can be observed on the edges of the
pulse (Fig. [2.3(d)) contains absorption information of the DUT.

2.4.2 Mathematical description

Mathematical analysis in this section is based on work [88]. Let us
denote absolute frequencies of two FCs as vy = feeo, + kfr, and vy, =
feeoy + mfr,, where k = 0..K — 1 and m = 0...M — 1 are the comb
line numbers and fe, is a carrier-envelope-offset (CEO) frequency of the
corresponding FC, comprising the carrier frequency of the laser. Then,
the electric field equations of the FCs can be described as

=

Ei(t) = Gr(vp — ve)e!Cmvettor) (2.4)
0

e
i

and

M-—1 ‘
BEy(t) = G (Vi — )€ ZTvmttém) (2.5)

m=0

where Gy (v — ve) and Gy, (v, — ve) are the spectral profiles of the FCs,
v, is the center frequency, ¢ and ¢,, are the phase factors. Note that
in Fig. (a,b) both FCs have ideal shape, which is not true in reality.

After the interaction of two FCs on the detector, the heterodyne
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interference output voltage is given by [88|

U(t) ~ Re{)  Ap Ay, e CrimvmlDy, (2.6)
k,m

where A;, = Gr(vp — ve)e'® and fljiﬂ = G(Vm — ve)e'®™ are complex
amplitudes of the k" and m! components for corresponding FCs.

The RF frequency components after multi-heterodyne interference
are defined as

f}fF =V —VUn= fceo1 + kfm - (fceog +mfr2) =
= Afeco+ (k—=m)fry + kA, = FEE L EAF. (2.7)

where fRI" = Af.., + (k —m)f., is the artificially prescribed CEO fre-
quency of the heterodyne comb structure, far from the zero frequency
to maintain k as a common index between the combs in optical and RF
domains [88|. It should be noted that k —m can not exceed 1, since the
detector’s bandwidth is limited.

An electronic filter is applied to map each optical frequency in FC to
one single RF frequency. In this case comb line numbers k£ and m match
each other and are limited to satisfy the following inequality:

—f f

—5 < FBE L kNS, < = (2.8)
The range of k is defined by the center wavelength and bandwidth

of the optical band-pass filter, and only one possible m responds to a

specific value of k£ under the condition (2.8]). Under this requirement the

corresponding phases of the RF frequency components can be written as

RE — ¢ — ¢m = do1 + 2mvpT01 — (P02 + 27U T02) =
O o, (20)

where ¢g1, ¢o2 and 791, 701 are carrier envelope phases and the initial

pulse center positions of two FCs respectively, gbé%F is the carrier envelope

phase and T[f%F is the initial pulse center position of the interferograms.
The output voltage of the detector can then be simplified to

K—-1
U(t) ~ Re{ Y H(fEF — fRI)ICrii o)y, (2.10)
k=0
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where H(fEF — fRFY ~ G (v — ve) G (Vi — ve) is the RF spectrum of

the interferograms, fI*F = fEI" 4 %(VC — feeoy) is a carrier frequency
71

(center frequency) of interferograms.

If a DUT is introduced after one of the comb (as in Fig. 2.3|b)), then
the shape of the corresponding comb will be changed according to the
impulse response of a DUT h(t) and resulting voltage will be modified
as

K—1
U(t) ~ Re{ " hy() H(fEF — fRE)CrIET 467 (2.11)
k=0

where Bk(t) is the impulse response of the individual k-th comb line.
Eq. represents a set of interferograms (Fig. [2.3{e)), which in the
frequency domain will give a set of impulse responses separated by A f;.

2.4.3 Experimental implementation

One of the advantages of the DCS is that it can be implemented on dif-
ferent platforms, for instance microcombs [89] or integrated MLLs [90]
and various configurations, such as with sweeping the comb repetition
rate by tuning the RF source [91,/92]. One of the most popular op-
tions is to use electro-optic FCs [93]. In contrast to mode-locked lasers,
electro-optic FCs do not rely on a cavity for constructing the mode spec-
trum, and therefore provide flexibility in setting the center frequency
and spacing between the comb lines. Since electro-optic combs are fed
by a continuous wave laser, they provide mutual phase coherence in the
DCS [93H96].

Figure b) demonstrates a simple implementation example of the
DCS based on electro-optic FCs. The laser is divided into two paths and
feeds FCs, one of which is coupled in a DUT. If a SDM device is char-
acterised, multiplexers at the input and demultiplexers at the output of
a DUT should also be included in the setup. However, demultiplexers
require fiber delays at the inputs and outputs for separation of impulse
responses from different cores in time domain. If these delays are too
large, it can be impossible to detect the transfer function from some of
the fiber cores due to limited frequency resolution (limited range of time
delays that can be captured by the DCS). Thus, a selection of fiber
delays for a particular DUT should be made carefully. The resulting
beating is measured with a reciever and digitized with a real-time sam-
pling oscilloscope. The oscilloscope has to be equipped with sufficient
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memory to capture the measurement data and its sampling clock has to
be locked to the comb clocks [94]. In addition, an acousto-optic mod-
ulater (AOM) can be used for shifting away the downconverted center
line of the comb from DC [94]. Such DCS configuration (Fig. [2.3|b))
requires a calibration process, so in a reference experiment the DUT
should be removed from the signal arm. This measurement then has to
be subtracted from the one with the DUT in post-processing. For each
interferogram, the spectral complex amplitude is recovered through a
Fourier transform process, which includes conventional tools in Fourier
analysis, such as zero padding or phase unwrapping.

2.5 Swept-wavelength interferometry (SWI)

2.5.1 Operation principle

There are many measurement techniques that can be united under the
basis of SWI as was discussed in the introductory chapter. Nuances of
their implementation may depend on the application, but the defining
element of all SWI systems is a frequency tunable source which is contin-
uously swept across the measurement range of an interferometer. Unlike
in traditional interferometry, where interference patterns are typically
observed as a function of a spatial coordinate, the interferogram in SWI
is captured as a function of the instantaneous optical frequency of a
tunable source. The interferometer can be constructed with various ge-
ometries and tools, but in all of them the output of the sweeping source
is split into two arms - a reference arm and a sample arm. The optical
path length of the reference arm is usually fixed, and the sample arm
may include multiple distinct paths. By performing a Fourier transform
on the acquired interference pattern data, the complex transfer function
and impulse response of the sample can be extracted (Fig. .

As was mentioned above, the interferogram in SWI is captured as a
function of the instantaneous optical frequency of a tunable source. This
point can be confusing because it is common to refer to raw data acquired
by a real-time oscilloscope as time domain data, while data that is Fourier
transformed is referred as frequency domain data. In SWI, however, the
roles of the time domain and the frequency domain are reversed since
the signal is acquired as a function of the instantaneous frequency of the
laser source as it sweeps, rather than as a function of time. Moreover,
the instantaneous frequency of the laser is a function of the sweeping
time. Hence, one can represent the fringes captured in SWI experiments
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Figure 2.4: Swept wavelength interferometry implemented in a single mode
optical fiber based on a Mach-Zehnder structure, showing extrac-
tion of the DUT impulse response function.

as a two-dimensional function which depends on instantaneous frequency
and sweeping time, which also define a size of the measurement window
of the real-time oscilloscope (see Fig. [2.4]).

2.5.2 Mathematical description

In this description we consider the case of a simple interferometer based
on a Mach-Zehnder geometry (Fig. . The output of the tunable laser
is given as

E(t) = Ege 1), (2.12)

where FEj is a constant amplitude, Q is a unit polarization vector that
is assumed to be constant throughout the laser sweep and ¢(t) is the
phase, which is related to the instantaneous frequency v(t) of the laser
as

o(t) = L 90

= 2.1
27 dt (2.13)

The instantaneous frequency v(t) of the laser in the case of a linear
frequency sweep is

v(t) =vo +t, (2.14)

where v is the sweep rate. Thus, by integrating Eq. (2.13)), the phase is
given by

o(t) = 27 (vot + 0.57t%). (2.15)

The laser field E(t) is split into two components E(t — 7,.) and E(t — 75)
that propagate through different distances with the group delay times of
the signals in the reference and sample arms 7, and 75, respectively. For
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simplicity an equal splitting ratio is considered. When these two compo-
nents of the optical field are recombined on a photodetector, interference
results in a detector voltage given by

Ult)=|E(t—m7)+E({t—r,) (2.16)
and the final result will be
U(t) = Up(1 + cos(2mytTy + 1)), (2.17)

where 19 = 75 — 7, Up is a constant that depends on the detector sensi-
tivity and constant amplitude Fp, and v is a constant phase. The result
can be interpreted as a sinusoidal output for a fixed-path-length interfer-
ometer and used for a further processing and extraction of the transfer
function and impulse response. In SWI it is often more convenient to
represent Eq. as a function of the instantaneous optical frequency
v, rather than a function of time:

U(v) = Uy(1 + cos(2mvmy + €)), (2.18)

where & = ¢ — 2myT9.
In case of nonlinear frequency tuning, Eq. (2.17)) can be written in a
more general form of

U(t) = Up(1 + cos(d(t) — d(t — 7o) + ). (2.19)

In ref. [97] Eq. is simplified by expanding ¢(t—7p) in a Taylor series
and assuming that the instantaneous laser frequency does not change
over a time interval equal to the relative delay between the interferometer
arms. In this case the higher order terms in the expansion are negligible
and

o(t — 10) = 27v(t) 70, (2.20)

so the phase difference is no longer an explicit function of time, but rather
a function of the instantaneous optical frequency v(t). After substitution
of relation in Eq. , an expression identical to Eq. can
be derived. However, in case of nonlinear tuning this equation must be
applied carefully, since the fringe pattern is periodic in optical frequency,
but may be aperiodical in time, whereas in the case of ideal linear tuning,
the captured signal is periodic in both time and optical frequency.
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2.5.3 Nonlinearity of the laser sweep and its tracking

As was mentioned in the previous section, the laser sweep is usually not
perfectly linear. This leads to measurement errors and can artificially
broaden the impulse response function of the DUT [97]. To overcome
this issue, an auxiliary interferometer is usually introduced in the exper-
imental setup, as indicated in Fig. (a). This interferometer assists in
tracking the nonlinearity of the laser sweep, which can be then compen-
sated [40,97,98]. One option is to linearize the nonlinear frequency sweep
by extracting new sample points from the received signal of this addi-
tional interferometer. Another alternative is to use the auxiliary interfer-
ometer output as a clock signal to trigger the oscilloscope which avoids
the large number of interpolations required for resampling [99-101]. Us-
ing this signal as an external clock to sample the fringe pattern output
by the measurement interferometer enables sampling at equal optical
frequency steps Avg = 1/79. This, however, is correct only when the
instantaneous frequency of the laser does not change significantly over
7o (the slow tuning approximation criterion) [97]. Along with that, the
trigger signal output can be used to measure the varying laser sweep
rate throughout an acquisition, providing the sweep rate data required
to perform the resampling.

Both approaches discussed above rely on the condition that the inter-
ferometer output signal is periodic in optical frequency. However, when
the laser sweeping speed is quite high, the slow tuning approximation is
not valid anymore. Usually such lasers have significant nonlinear tuning
and one can face undesired variations in the sampling interval that arise
when using a particular clock to trigger the sampling of an experimental
data set. Such variations are referred as sampling errors in ref [97] and
have two main origins. The first appears because the frequency spacing
of the output fringes is uniform only to the first order [99]. The approxi-
mation of uniform frequency spacing collapses when there is an increase
in interferometer path length mismatches and average laser tuning rates.
The resulting periodicity errors lead to sampling errors when the inter-
ferometer output is used as a clock for sampling swept-wavelength data
sets. The second error source lies in non ideal data acquisition (DAQ)
hardware in which finite optical and electronic propagation delays cause
the sampled data to lag behind the clock signal by a small time interval.
These delays combined with a nonlinear wavelength tuning result in a
sampling grid with unequal frequency increments [102|. Such two types
of sampling errors can cancel each other to second order by adding an
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Figure 2.5: (a) Experimental setup for SWI implementation. (b) Principal
sketch showing deviations (red) from the ideal linear dependence
(blue) of laser’s frequency on sweeping time. (c) DSP algorithm.

optical delay line into the SWI measurement system [97]. This approach
allows the requirements on interferometer delay and laser tuning rate to
be relaxed in the frequency sampling method.

All mentioned methods were reorganized after the developments of
real-time oscilloscopes and substituted by DSP methods, but still lack
absolute accuracy and suffer from a systematic error caused by a wave-
length dependent fiber group delay. Owing to that, calibration of the
delay arm and operation in a stable condition is required [99}/103]. Re-
cently a new approach was reported where a FC can be used as a fre-
quency "ruler" for such a calibration [104]. As only the repetition rate
is stabilized, this technique requires the laser to sweep faster than the
drift in carrier envelope offset frequencies.

2.5.4 Experimental implementation

Figure (a) shows a general experimental setup for characterisation of
photonic devices using SWI. A tunable laser sweeps across the measure-
ment range and its output is split between an interferometer with a DUT
and reference interferometer assisting in tracking the nonlinearity of the
laser tuning. Additional arms can be added to an experimental system
for monitoring of power and polarisation fading. If the sweeping band-
width is large enough, so that the laser experiences power fluctuations,
it can assist in compensation for power fading during DSP. Finally, the
signal is detected by receivers and digitized with an analog-to-digital
converter (ADC).

Extraction of the transfer function and impulse response from the
sampled photocurrents can be done with DSP steps shown in Fig. (C)
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The first DSP module is usually devoted to the compensation for the
power fading and nonlinearity of the laser sweep. Next, a bandpass filter
is applied and the impulse response elements are found in the spectra
obtained by Fourier transform at positions corresponding to fiber delays.

2.6 Comparison of SDM characterisation tech-
niques

In the previous section various measurement techniques for SDM char-
acterisation were described and reviewed. All of them have their own
advantages and limitations and can be applied for different purposes
depending on which parameters are measured. Depending on the con-
sidered system the performance parameters can also vary a lot and while
some of the discussed methods are perfectly suitable for measurement of
some devices, they can be inappropriate for others.

S? imaging is capable of measurement of mode shapes and DGD
extraction without any demultiplexer while requires a reasonably sim-
ple setup. However, even low amount of coupling between the modes
becomes detrimental for signal analysis, which makes S? less suitable
- or at least more complex - to characterise coupled SDM devices that
change with time. Moreover, the phase of the DUT is not measured in
the simplest implementation of S? [72], making it impossible to extract a
complex transfer function and calculate MDL. S? imaging can, however,
be implemented with SWI, here the phase can be easily extracted [105].

In case of DH, in which a setup similar to S? is utilized, the reference
beam is directed at an angle with respect to the signal, which may provide
access to the phase information, even though the camera only records
intensity. At the same time, DH possesses all the advantages of S?
imaging, e.g, can assist in reconstruction of mode shapes.

The DCS is a powerful technique in terms of the resolution, measure-
ment bandwidth and high sensitivity. Furthermore, DCS allows using
both amplitude and phase information, making it possible to extract a
complex transfer function of a DUT. DCS is also favorable for mea-
surements of small dispersion values, which can be difficult to capture
in short fibers |27,93|. However, it has some limitations related to the
discrete nature of the spectral comb lines. Particularly, narrow band
variations that fall between the comb lines or delays that are larger than
the inverse repetition rate of the combs, cannot be measured using the
static DCS.
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In SWI both amplitude and phase information is preserved, so the
full complex transfer function can be extracted. Moreover, employing
a tunable laser source enables achieving high SNR and spectral resolu-
tion. However, deviations from a linear frequency sweep and possible
instability of the DUT during the sweep lead to measurement errors,
which require a reference interferometer for monitoring and compensa-
tion. Overview of existing methods show that some of them can be
complicated and make an experimental setup bulky.

Another technique which was not discussed in this chapter is MIMO
channel equalisation |4]. The principle is that the signals from outputs of
a DUT are received independently (the number of receivers correspond
to the number of outputs) and then subjected to the DSP by adaptive
equalisation. The equaliser adaptively learns how to invert the trans-
mission channel and the filter weights of the equaliser (equaliser taps)
contain information about the transmission channel. Equalisers updated
using the minimum mean squared error or the least means squares crite-
ria converge to the inverse of the channel transfer matrix in the noiseless
regime |106]. Hence, the equaliser taps can be used to approximate the
transmission channel and estimate characteristics, such as modal dis-
persion and MDL. However, in the presence of noise, MDL might be
underestimated, which, though, can be corrected if the noise is known,
as was performed in [107]. Another issue is that MIMO systems become
impractical and costly for SDM-characterization of fibers with the high
number of modes.

The choice of an experimental technique for SDM characterisation
is always a matter of trade-offs. SWI and DCS enable capturing a full
complex transfer function, but can not give the information about a
mode shape that can be obtained from DH or S2?. Note that modes of
multiplexer’s output fibers are often different from those of transmission
fibers and hence the issue is that using DCS or SWI it is not possible to
measure SDM devices directly, but rather a concatenation of multiplex-
ers, SDM device and demultiplexer. Hence, characterisation techniques
that enable measurement of the optical field without demultiplexers are
expected to provide more accurate results.

23



Chapter 2. Characterization of SDM devices

24



CHAPTER 3

Dual-Comb Swept-Wavelength Interferometry

This chapter expands the results published in [Paper A], [Paper B| and
presents an experimental technique which combines DCS and SWI for
photonic devices characterisation. It discusses the main concepts, exper-
imental implementation, DSP and measurement results.

3.1 Operation principle

In the previous chapter the operation principles of DCS and SWI were
described. The presented technique, DC-SWI, is a combination of these
two techniques (Fig. . In DC-SWI two frequency combs with repe-
tition rates f,, and f,, are also used, but a tunable laser is employed to
simultaneously measure the intermediate frequencies over the full optical
bandwidth, set by the width of the combs. In contrast to SWI, the laser
is not tuned over the large bandwidth, but only covers the frequency
range that corresponds to a repetition rate of the frequency comb. In
principle, this corresponds to a set of parallel SWIs defined by the num-
ber of comb lines K. This practically increases the measurement speed
K times compared to classic SWI and, compared to the DCS, provides
continuous, rather than discrete, frequency resolution. Moreover, as the
measurement trace corresponds to multiple parallel SWIs that experi-
ence the same laser sweep, we can take advantage of this to eliminate
the sweep nonlinearity directly from the measurement without an ex-
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Figure 3.1: Principle of DC-SWI.

ternal calibration interferometer. It can be a beneficial point since, as
discussed in sections [2.5.3] and [2.6] the process of monitoring the laser’s
sweep nonlinearity and its further compensation can be challenging and
increases hardware complexity.

There are additional details that have to be taken into account.
First, it is important to operate with a sweeping bandwidth Avgyeep =
Ustart — Vstop larger than the frequency comb spacing in order to have an
overlap between the detected spectral windows, so the transfer functions
from neighboring lines can be coherently stitched at the DSP stage [108].
Similarly to static DCS, the number of comb lines K and spacing A f;- set
the limitation on a sampling rate f, which should be no less than KA f,.
in order to resolve all necessary spectral lines and ideally, two or more
times higher. At the same time, the number of samples N should reflect
the sweeping time as N = ftspeep, Which indicates that a real-time oscil-
loscope must have sufficient memory to capture the whole interferogram,
as was discussed in section 2571

3.2 Mathematical description

In this section a theoretical description of the DC-SWI experimental
scheme is presented.

The output electrical field of a frequency sweeping source in single
polarization case can be expressed as

Eo(t) = A-e 0, (3.1)

where A is a constant amplitude, ¢(¢) is the time-dependent phase con-
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nected with an instantaneous frequency v(t) of the laser by Eq. .
Similar to the case of SWI, the phase in case of linear wavelength tuning
can be expressed by Eq. . However, as was mentioned in section
the laser sweep is never linear in practice and this can be accounted
by adding a term in Eq., which represents the nonlinearity of the
sweep. Alternatively, the phase in Eq. can be represented by linear
and nonlinear components of the laser sweep as ¢(t) = ¢rin(t) + onL(t).

The output electrical field Ey(t) of the laser is coupled to the FCs.
The output of the first comb with the repetition rate f,, can be described
as

K-1

Ey(t) = Bo(t) Y e Mk, (3.2)
k=0

where k£ = 0...K — 1 is the comb line number. Here we ignore phase
profile across the comb and assume for simplicity that the modulation
introduces sidebands with equal power. The second comb with the rep-
etition rate f,, = fr, + Af, is

K—1 ‘

EQ(t) = Eo(t) e_QMt'k(f""l +Afr)_ (33)

k=0

The comb in the signal arm passes through the DUT and electrical field

at the output, Epyr(t), becomes a convolution of Fy(t) with a time-
domain response of the DUT h(t):

Epyr(t) = Ei(t) * h(t). (3.4)

For simplicity we limit the mathematical description to balanced de-
tection, however, the technique is applied equally to the case when a
coherent detector is used. The fields F;(t) and Epyr(t) are beat on a
balanced photodetector and the output photocurrent will be given by:

I(t) = 2R - Re{ Epur(t) B3 (1)}, (3.5)

where R is the responsivity of the detector and Ej(t) is complex conju-
gate of the field Fy(t).

In the ideal, linear-sweep case, Eq. (3.5) can be written as

K-1 _ ‘
I(t) ~ > hy(t)e kAT, (3.6)
k=0
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where hy, (t) is the impulse response of the individual k-th comb line. In
the frequency domain this will give

K—1
I(w) ~ hi(w — 2mkA fr) (3.7)
k=0
which is a set of K impulse responses, separated by Af;.
If h(t) is assumed to be a simple delay, so that h(t) = 6(t — T') and
Epyr(t) = E1(t — T) and nonlinearity of the laser sweep is taken into

account as ¢(t) = 2w (vt + 0.57t%) + dnL(t), then the Eq. (3.5) can be
written as

I(t) =2R- Re{Ae_i@m’o(t—T)+7r'y(t—T)2+¢NL(t_T)) o

K-1
% (Z 6727ri(t7T)-ka1)X
k=0

K
Aei(2“”°t+“t2+¢NL(t))(Z 2ritk(fr+AT)YY (3.8)

k=0

—_

and after the calculation of the real part, the final expression for the
photocurrent becomes

K-—1
I(t) =2R- A* Y " cos(2m(Two — 0.59T° + Tkf,, +
k=0
+tkAf, +tT) + oni(t) — onp(t —T)). (3.9)

When nonlinearity of the laser tuning is negligible, the term ¢y (t) —
onr(t —T) will vanish. Moreover, one can neglect the constant terms
independent of ¢t and k and Eq. (3.9) can be simplified as

K—-1
I(t)=2R-A>> " cos 2m(Tkfy, + thAf, +tT7)). (3.10)
k=0
If the signal is sampled in time intervals At as t = nAt, where n = 1...IN

is the sample number and At is inverse to the sampling rate f; > KA f,,
Eq. (3.10) can be expressed in terms of the discrete samples as

K-1

I(n) =2R-A*Y" cos (27r <kar1 + %" + nAtTy)) : (3.11)

k=0

28



3.3. Experimental implementation

which shows that the detected photocurrent contains K terms oscillating
at different frequencies depending on comb line number k, and given by
k/K + T~y and offset in phase by Tk f,,. This generalizes the SWI result
which is oscillations at frequency 7.

3.3 Experimental implementation

The experimental setup used in [Paper A| and [Paper B| is shown in
Fig. B.2l Two electro-optic FCs with 25.05 and 25.15 GHz repetition
rates and 12 nm bandwidth (55 lines) each were used. The combs were
configured with two phase modulators and one intensity modulator, with
the arrangement described in detail in [94]. Agilent tunable laser that
swept 25.4 GHz bandwidth in 5 ms fed the FCs. Since the modulators of
the FCs have high losses, the output light from the laser was preamplified
with an EDFA before entering the combs. A 25 MHz acousto-optic
modulator was added for shifting away the downconverted center line of
the comb from DC [94], which is not compulsory in this implementation
because the signal was detected by a coherent receiver. A 25.15 GHz
comb went through the DUT and 25.05 GHz comb worked as a local
oscillator. The optical field was measured with a Finisar 25 GHz coherent
receiver and digitized at 6.25 GS/s by Tektronix DSA 71604 real-time
oscilloscope. The sampling clock of the oscilloscope was locked to the
100 MHz beat-signal of the comb clocks [94], as indicated by the dashed
lines in Fig. [3.2]

Since our DC-SWI implementation is based on a static DCS config-
uration explained in the previous chapter, characterisation experiments
require a calibration process. Hence, in order to obtain a correct device
characterisation, a measurement without the DUT has to be performed
and then subtracted from the one with the DUT during the DSP.

The setup is flexible with respect to experimental additions. For
instance, if the sweeping bandwidth is large enough, so the laser experi-
ences power fluctuations, a power monitoring arm can be included, the
data from which can assist in power calibration during the DSP. In our
experiments it was not strictly necessary since the sweeping bandwidth,
which reflects the repetition rate of the FCs, was small and there were
no significant fluctuations in the power level during the swep. Addi-
tionally, an auxiliary interferometer can be used for comparison of the
performance when different algorithms for laser sweep nonlinearity com-
pensation are applied.
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Figure 3.2: Experimental setup for characterization measurements with
DC-SWI. EDFA: erbium doped fiber amplifier, AOM: acousto-
optic modulator, EO-comb: electro-optic frequency comb, DUT:
device under test. Inset: Optical spectrum of the frequency comb
with a frequency spacing of 25.15 GHz.

The signal processing is extensively presented in the DSP section of
[Paper B|. The DSP algorithm flow is shown in Fig. It consists
of several steps that resemble a combination of signal processing used
for SWI and DCS. After Fourier transforming the corrected received
signal I(n), the scan of each comb line is selected by band-pass filtering,
producing parallel SWI scans, the amount of which is equivalent to the
number of comb lines K. Reducing the window size provides an SNR
improvement, but the frequency resolution worsens because the number
of points in every window decreases. This aspect is further discussed in
section [3.5] The measured signal phase is then averaged over all comb
windows to extract the nonlinear laser sweep. This averaging enables
estimation of the common phase that defines the nonlinear component
of the laser sweep and can be subsequently subtracted from the complex
signal. A separate reference interferometer is therefore not necessary for
the mitigating the laser sweep nonlinearity. The compensation procedure
is flexible and can be performed using a common phase calculated only
from a part of measured spectral windows or a set of particular windows
if the measured DUT has drastic changes in particular comb scans. As
an example of such selection, Fig. m(c) demonstrates calculated phase
profiles of a 22 m SMF. These curves are extracted from the same
measurement, but during the DSP different number of spectral windows
was used for averaging the nonlinear component of the laser’s phase. The
results are further discussed in section [3.4.1] After the compensation,
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Figure 3.3: DC-SWI DSP routine flow.

calibration of each line with respect to measurement without a DUT is
performed. Finally, these K traces are stitched via the overlap regions
in order to produce the broadband full-field transfer function.

3.4 Experimental results

In [Paper B| several measurements using applied filters on a Finisar
1000S Waveshaper were shown in order to demonstrate the capabilities of
the proposed technique. In this section characterisations of the transfer
function obtained using DC-SWI for SMF and 3CCF are presented.

3.4.1 Characterisation of SMF

As a first example, a simple measurement of a 22 m SMF is presented.
The experimental setup described in section [3.3] was used for the char-
acterisation.

Figure 3.4 shows the amplitude (a) and the phase (b) of the transfer
function of the SMF. The amplitude profile is constant, as expected,
while exhibits noise fluctuations about 1 dB due to limited SNR. The
phase profile is a parabolic function, from which the quadratic dispersion
B2 parameter can be extracted. The fitting result gives S = -21.14
ps?/km at A\ = 1545 nm, which agrees well with the 85 value for SMFs.

Fig. (C) shows several phase curves that are calculated with
slightly different compensation of the laser sweep nonlinearity. Different
colors indicate how many comb line windows K were used for calculation
of the common phase. It can be seen that the resulted phase profiles are
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Figure 3.4: Stitched (a) amplitudes and (b) phases of the transfer function of
SMF extracted from 45 comb lines. (¢) Phase profiles obtained
after the subtraction of the common phase calculated by averag-
ing nonlinear laser phase components from different number of
windows.

very similar and 3 parameters for all the cases are in a good agreement
with the one calculated for the case when all the comb windows phases
were used for averaging (Fig. [3.4(b)). This result points out that during
the DSP a flexible selection of comb spectral windows for common phase
calculation can be performed.

3.4.2 Characterisation of three coupled-core fiber (3CCF)

In this section characterisation results of a 1.6 km 3CCF manufactured
by Sumitomo Electric Industries are shown and discussed. These findings
are mainly summaries of [Paper A| and more details can be found there.

The experimental setup for 3CCF characterisation is the same as
demonstrated in Fig. [3:2] with addition of multiplexer and demultiplexer.
For coupling the light into the cores of the 3CCF and handle outputs
from multiple cores, fan-in/out devices based on ultrafast laser-inscribed
3D waveguides in a boro-aluminosilicate glass [109] were used.

Figure [3.5] shows plots with the magnitude of the 3CCF’s transfer
function over 1.1 THz comb bandwidth. The illustrated data is calcu-
lated as a sum of magnitudes of the respective X- and Y-polarizations
and normalized by the total power from all the cores. Each plot cor-
responds to a different input fiber core. For all inputs, around 10 dB
variations in maximum/minimum transmission is observed. Core 2 has
slightly higher power than the other cores, which is likely due to different
losses in the fan in/out devices.

Figure [3.6| represents the total power impulse responses for each fiber
input core calculated as a sum of impulse responses corresponding to
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Figure 3.5: Stitched magnitudes of the transfer function extracted from 45
comb lines with light entering the different cores.

1.0 1 —— input core 1
—— input core 2
0.8 1 —— input core 3

Norm.amplitude

-50 0 50
Time [ps]

Figure 3.6: Total power impulse responses of a 1.6 km 3CCF.

output cores and then normalized by its maximum value. Possible rea-
sons for a noisy behavior (fluctuations as a function of frequency) of the
curves are reflections from fan in/out connectors or discrepancies in the
phase stitching. Using values of estimated RMS widths of the impulse
responses, Trys, = 18.9 ps, Trys, = 18.6 ps and Trys, = 18.5 ps,
DMGD of every fiber core can be calculated as DMGD; = TRMSZ»/\/Z,
where L is a fiber length and ¢ is a fiber core number. Corresponding
DMGDs are DMGD; = 14.94 ps/vkm, DMGD;y = 14.65 ps/vkm and
DMGD3 = 14.62 ps/\/la, which are in a good agreement with prop-
erties of the CCFs that were published in . These results are also
consistent with previously reported values of DMGD for the 3CCF
and other CCFs [112].

Note that the elements of the transfer matrix were not measured
simultaneously. An optical switch was used to select input core of the
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3CCF during the experiment, so only 3 elements were captured per mea-
surement shot. Input core delays can be added to enable a single-shot
measurement of all inputs and outputs and this is a possible future ex-
tension of this experiment.

3.5 Discussion of performance

In this section performance characteristics, different trade-offs and com-
petitive sides of DC-SWI are discussed.

3.5.1 Time resolution

Assuming perfect stitching and compensation for sweep nonlinearity, the
time resolution, or minimum time delay 0t that can be measured in
DC-SWI is the inverse comb bandwidth Av:

1

(3.12)
The comb bandwidth Av, in turn, relates to the number of used spectral
lines and a comb repetition rate as Av = K f,.. Consequently, employing
broader FCs improves the temporal resolution.

In the presented setup 50 comb lines with 25.15 GHz repetition rate
were used, so the time resolution can be estimated as 6t ~ 0.8 ps. This
time resolution also can be reached using a static DCS or conventional

SWI, since the bandwidth Av in Eq. (3.12)) will be the same.

3.5.2 Frequency resolution and SNR

The frequency resolution is the minimum frequency difference between
two distinct transfer function features one can distinguish. It is related
to the longest delay that can be measured. In DC-SWI experiment the
frequency resolution will depend on the size of the spectral window -
number of points m, which is selected during the DSP. In this windowing
process the number of points may decrease if only a part of the spectral
window is kept, depending on the width of the impulse response. It can
then be defined more generally as

v = = (3.13)
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This value can be then used to calculate maximum delay time that is
possible to measure, which is the inverse frequency resolution:

1

(3.14)

In case of the processed data used in this thesis, one comb line scan
contained 511 998 points before windowing, so the best possible fre-
quency resolution in this experimental implementation can be calculated
as ov = 49.121 kHz and the maximum delay time is 20.4 ps. Hence, the
presented setup is capable of characterisation of DUTs with delays range
from 0.8 ps to 20.4 ps, which is a benefit of DC-SWI because, as was
pointed out in section [2.6] the spectral resolution in static DCS tech-
niques is limited and measuring long delays can therefore be challenging.

SNR is one of the most important parameters in optical commu-
nication systems. As was discussed in [113], in DCS-based measure-
ment schemes SNR scales per spectral line of the comb as 1/K, while
the shot-noise limited SNR in SWI will be defined only by the output
power of the tunable source and the bandwidth of the detector [114].
In DC-SWI a flexible trade-off between SNR and spectral resolution is
possible at the windowing stage of DSP: by selecting the desired interval
around responses and cutting off unnecessary frequencies, SNR can be in-
creased. The SNR, however, can significantly degrade when SDM devices
with high core count are characterised since the number of measurement
channels is increased. An appropriate choice of the power coupling ra-
tio between reference and DUT arms of the measurement interferometer
should then be considered.

A competitive advantage of DC-SWI is that one can more easily
decide which trade-offs are desired during the experiment and DSP. Dif-
ferent comb sources and tunable lasers with various speed can be used,
which also influence the capabilities of the setup and ultimate perfor-
mance of the system.
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CHAPTER 4

Channel models

The transfer matrix characterisation can assist not only in gaining im-
portant information about optical fibers, but also in building channel
models that realistically describe their properties. A channel model can
be defined as an input-output model for the given signal and is useful for
estimating the transmission system performance (i.e. channel capacity)
and optimising system parameters. It can also be used for developing and
testing modulation formats, efficient transmission and detection schemes
and in the design of photonic devices.

This chapter overviews deterministic and random models of SDM
systems. The focus is on fibers with strong coupling between modes or
cores since they are extensively discussed in this thesis.

4.1 Deterministic static models

Deterministic static models are based on the assumption that mode cou-
pling is constant over time. These models usually apply coupled-mode
theory [115] for characterising coupling effects and other parameters in
SDM fibers. Moreover, using this approach it is possible to analyse su-
permodes |116,117|, which can be described as a superposition of modes
from isolated cores.

In coupled mode analysis, mode coupling along a fiber with multiple
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modes is described by the following equation [116]:

d
—A=—iMA 4.1
S A= —iMA, (1)

where A = [aq, ..., an] is the modal amplitude vector and M is a matrix
which contains propagation constants of the single mode By and coeffi-
cients Ky, defining the mode coupling from the m!* core/mode to the
n" core/mode. In the simplest case the coupling of m‘® core/mode to
the nth core/mode is identical to the inverse coupling, so Kmn = Knm
and in this section it is simply denoted as k,,. For example, the case of a
scalar model of a three-core fiber M when polarisation is neglected will
look like

Bo K1 K2
M = K1 50 K3 (4.2)
K2 K3 Bo

The solution to Eq. (4.1) can be formally written as
A(z) = Agexp(iMz), (4.3)

where exp denotes the matrix exponential and Ag is the input amplitude
vector. Assuming a step-index fiber and the weakly-guiding approxima-
tion, the coupling coefficients can be written as [115|

P n%—ng.l'EKo(de/r) (4.4)
m n? r V3 K? ’ '

where n1 and ng are the core and cladding refractive indexes respectively,
r is the core radius, d,, is a core pitch, V = %\/n% - n% is the normal-
ized frequency, Ko and K; are modified Bessel functions of order 0 and
1. Parameters U and W can be found by solving the equation system:

)

U-Ko(W)L(U) =W K (W)Jo(U)
U+ w?=v?

where J,,(z) is the Bessel function of the first kind.

The solution gives the opportunity to simulate the transmission
and see effects of the coupling. One also can estimate DMGDs between
the supermodes as has been done for 4-CCF [116| and 3CCF [118|]. The
study was also generalised for honeycomb multi-ring arrangements of any
size in paper [79].
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4.2 Models describing random coupling

The effects of random mode coupling and group delay spread in CCFs
can be also evaluated by coupled-mode theory and were discussed in a
recent work [119]. The coupled mode equation for the waveguide mode
system in this case should account for random variations of coupling
coefficients [120]. In ref. [119] these variations 3 are assumed to be due
to structural perturbations, such as bending and twisting. Eq. in
this case becomes [119]

d%A — _iCdiag(B)CA, (4.5)
where C represents the coupling matrix between the discrete core mode
and coupled core mode, diag(B) is a diagonal matrix of elements Bl, Bn
randomly perturbed in each segment of the fiber. The accuracy of the
final solution of Eq. depends on the size of this segment, which is
typically on the order of 0.1 mm for reasonable convergence [119].

The modal dispersion and its statistical properties in coupled SDM
fibers can be also studied using an extension of the formalism developed
for PMD |121]. The polarisation vector can be described in Jones or in 3d
Stokes space |63]. Unitary operations in Jones space can be represented
by rotation in Stokes space, the direction of which corresponds to the
axis of rotation and its modulus equals the rotation angle. For this
reason, the effect of birefringence, which is a unitary operation in Jones
space, is defined by a three-dimensional rotation vector in Stokes space.
The PMD can be also described using the PMD vector 7 that represents
birefringence-induced waveform distortion.

In order to describe a fiber with n spatial modes, the two-dimensional
polarization Jones vector should be replaced by a 2n-dimensional vector.
The elements of this vector represent the amplitude and phase of the
various modes, and its dimension is given by 2n to account that every
mode has two polarisation states. Similarly, the transfer matrix is trans-
formed from 2 X 2 in case of single-mode transmission to 2n x 2n, which
is generalized Jones matrix.

This can also be descried in a generalized Stokes space. Then, an
extended D = 4n? —1 dimensional Stokes space that allows the represen-
tation of multi-mode 2N-dimensional state-vectors is introduced. In this
case the modal dispersion D-vector 7, as a generalised version of PMD,
determines the temporal spread of propagating pulses [121]. The model
was also generalised to case when MDL is present in the system [122]
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and validated by comparison with experimental data.

Another type of parallelism with polarisation theory is also used in
modeling. In the case of PMD, field coupling models [123] describe
principal states of polarization (PSP), which are eigenvectors of a group
delay operator, and are free of group delay dispersion to first order in fre-
quency |124]. These PSPs and their group delays change in response to
random changes in the amplitude and phase of the mode coupling coeffi-
cients. PSP form the basis for adaptive optical techniques to compensate
PMD in direct detection systems |124].

Field coupling models have also been applied to MMF, demonstrat-
ing the existence of principal modes 125,126, which are free of modal
dispersion to first order in frequency. The existence of these modes was
experimentally demonstrated in [127]. Principal modes are fundamen-
tal for adaptive optical techniques to compensate modal dispersion in
direct-detection systems [128].

Coupling effects and modal dispersion are also affected by MDL. The
statistical properties and system impact of MDL in the strong-coupling
regime in MMFs were studied in |71}]129]. It was shown that the distri-
bution of the modal gains is equivalent to the eigenvalue distribution of a
zero-trace Gaussian unitary ensemble, which is the same as the distribu-
tion of the modal group delays [130]. The standard deviation of overall
MDL depends on the standard deviation of accumulated MDL |71].
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Future outlook

There are numerous research topics related to this thesis that can be
investigated in the later work. The purpose of this chapter is to briefly
discuss research opportunities that are particularly connected to the work
presented in Papers A and B.

Some of the advanced experimental techniques for SDM systems char-
acterisation were discussed in chapter While extensively described
DCS and SWI represent many advantages, we show in [Paper A] and
[Paper B| that it is beneficial to use a combination of these two schemes,
DC-SWI. Application of the tunable laser source that sweeps over the
comb repetition rate provides fast and accurate full-field characterization
measurements without any additional interferometer for laser sweep non-
linearity compensation. The experimental results in [Paper B| demon-
strate that DC-SWI enables extraction of transfer functions in a good
agreement with the applied filters.

These results show that DC-SWI can be used as a tool for measuring
the amplitude and phase of the transfer function and extracting the pa-
rameters of interest for various samples. Possible research opportunities
unite DCS and SWI practical applications and can include metrology,
optical imaging, etc. Moreover, the findings of [Paper A| demonstrate
that DC-SWI is a promising method for characterising complex DUTs
with rapid changes in transfer matrix elements. One of the possible ap-
plications in the future can be a combination of DC-SWI with an imag-
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ing experimental technique in order to obtain not only the full complex
transfer function, but also information about the mode shape.

Additional investigations can be carried out to improve the DC-SWI
implementation in terms of the scanning speed of the intermediate fre-
quencies. The simplest way is to use a faster tunable laser. Another
scenario is to employ an arbitrary waveform generator to produce a
frequency sweep in the electrical domain, similar to the arrangement
in [131], which might provide more linear tuning and much higher mea-
surement speed.

Another important application of the DC-SWT lies in the domain of
channel modeling for systems based on SDM. Information gained from
characterisation measurements can be used in building the complex the-
oretical description of the fiber optic channel model. In chapter [ the
effects of random coupling and their modeling in strongly coupled fibers
were discussed. Existing models can comprehensively describe many
properties, however, the a priori knowledge on time-frame changes of
transfer matrix elements in a considered fiber can improve the models.
The ultimate goal can be establishing a realistic dynamic model that
include many rapidly changing events such a phase noise, random polar-
ization and mode-coupling changes.
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Summary of papers

Paper A

Characterisation of a Coupled-Core Fiber Using Dual-Comb
Swept-Wavelength Interferometry

Presented at European Conference on Optical Communication (ECOC),
Bordeaux, France, Sep 2021.

In this paper we demonstrated transfer function measurements of the
three coupled-core fiber performed with the DC-SWI, which was de-
scribed in detail in [Paper B]. Using the extracted RMS-widths from the
impulse response functions, values of DMGDs for every core were esti-
mated.

Paper B

Dual-Comb Swept-Wavelength Interferometry: Theory and Ex-
periment

Journal of Lightwave Technology, in review

In this article we comprehensively described a measurement technique
which combines DCS and SWI, and demonstrated characterisation mea-
surements over 1.25 THz bandwidth performed with the frequency res-
olution superior to the DCS. Experimental advantages are gained by
using a tunable laser source in order to sweep over the the frequency
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comb spacing and capture all intermediate frequencies. Moreover, em-
ployed DSP algorithms enabled compensation of the laser sweep without
any external interferometer.
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