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Abstract We propose and demonstrate a new form of interferometry combining high phase sensitivity and excellent mechanical
isolation. These features arise from maintaining a probe and reference tone in the same medium under test at all times, their
ultimate homodyne detection, as well as a novel method employing an optical programmable filter which is used to extract their
relative phase difference. We present a compilation of studies performed to illustrate the applicability of the scheme to a range
of measurements of optical propagation characteristics. Measurements include the chromatic dispersion of SMF-28 of lengths
ranging from 1 m to 1 km, the nonlinear coefficient of highly nonlinear fibre and the phase transfer profile of an integrated optical

ring resonator.
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1. Introduction

Inteferometry in general revolves around the interference
of a probe tone which has been subject to some sort of
phase shift due to propagation through the device-under-test
(DUT), with a reference tone which has not. Most inter-
ferometers (such as the case with the well-known Mach-
Zehnder, Michelson and Sagnac interferometers [1]) split
the probe and reference tones into two spatially separated
modes over which they propagate before recombination and
infer the relative phase difference between the two tones
from the output power resulting from their coherent super-
position. In the former two examples, the light is separated
into two distinct spatial paths, whilst in the latter example,
light is split into two directions of the same path which, al-
though spatially overlapping, still constitute separate spatial
modes.

In our proposed scheme, we take a different approach.
Instead of separating the signal into two spatial modes, we
separate it into two spectral modes using an electro-optic
modulator. We then propagate these two tones, which could
be considered to be the probe and reference tone, through
the exact same optical path - the DUT, wherein they acquire
a differential phase delay. In a traditional interferometer,
the two tones must be returned to the same spatial mode to
interfere and analogously, our tones too must be brought
to the same frequency mode for the same reason. In our
implementation, this is achieved using a second electro-
optic modulator driven at the same frequency as the first.

One major challenge presented by multi-path schemes,
such as the Mach-Zehnder and Michelson interferometer, is
the maintenance of mutual coherency between the probe and
reference tone until they interfere. This is usually achieved
by maintaining the paths of both the probe and reference
arms at similar lengths and isolating the system from me-
chanical vibrations to the greatest extent possible. The for-
mer places practical limitations upon the maximum length

of device which can be measured using such schemes [2],
whilst the latter complicates implementation and presents
challenges in harsh environments. Sagnac-interferometers
largely bypass such coherency challenges; provided that
the transit time of the light is short compared to the time
period of mechanical vibrations to which the interferometer
is subject, light travelling in both directions will essentially
pass through the medium in the same state and hence see
the same optical path length. This accounts for the great
stability of Sagnac interferometers, but propagation of the
probe and signal tone at the same frequency through the
same medium essentially precludes the direct application of
such schemes to the measurement of frequency dependent
phenomena such as chromatic dispersion. In our proposed
scheme, as both the probe and signal tone copropagate in
the same medium, in the same direction, the scheme is iso-
lated from mechanical vibration in much the same way as
the Sagnac interferometer, but without the same restriction
on optical transit time, all the while being applicable to the
measurement of phenomena such as chromatic dispersion.

A number of applications of the proposed technique are
immediately apparent and we shall demonstrate three of
these in this work: the first two, the measurement of chro-
matic dispersion and the determination of the Kerr nonlinear
coefficient, are relevant to almost all optical media whilst
the third, the phase transfer function of an integrated ring
resonator, demonstrates the application of our scheme to the
characterisation of photonic circuits, many of which are de-
signed to have very specific phase and intensity characteris-
tics. Beyond this, we envisage numerous future applications
in sensing and characterisation.

2. Concept

For simplicity, we shall explain the operating principle of
our scheme simultaneously with our implementation of it,
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although it is important to note that other implementations
are of course possible. Figure 1 provides a schematic of
the experimental set-up used, along with spectra at notable
stages of the lightpath. We separate the system into three
stages, as shown in Figure 1, Probe Generation (orange
panel), Probe Propagation (green panel) and finally Probe
Detection (blue panel).

2.1. Probe Generation

The DUT is interrogated by a probe signal which consists
of two coherent CW optical tones centred at f, with control-
lable relative phase and frequency separation f;. To obtain
these tones, a continuous wave (CW) laser (spectrum shown
in Figure 1-1) is passed through a Mach-Zehnder modu-
lator which is driven by an electrical sinusoid to create a
simple coherent frequency comb of frequency spacing f;,
(Figure 1-2) [3]. The frequency comb is passed through a
programmable optical filter (a Finisar Waveshaper 4000S),
which is capable of applying a frequency dependent com-
plex filter profile across the C-band. Using this filter, we
suppress all but two lines with spacing f; = 2nf,, (where n
is an integer) constituting the two probe tones and apply a
phase shift ¢ to one of them (Figure 1-3), the role of which
shall become clear later. Note, that whilst it is possible to
select any two lines, we choose lines symmetric about the
original carrier to simplify the following discussion. The
resultant field is:

Ye(t) = W (1) + (1) = A, /1004 g ool
(1

where the subscripts + and - indicate properties of the red-
and blue-shifted tones respectively and f, = f. — fs/2 and
f-= fo+ fs/2. Just before the two tones are launched into
the DUT, it can be seen that the tones will already have
each acquired a phase shift relative to the original carrier,
not only due to the action of the comb, but also any other
dispersive components in the lightpath up to the point of
launch. To maintain generality we simply encapsulate the
phase shifts experienced by the the red- and blue-shifted
tones as ¢, and ¢., respectively, and intentionally remain
agnostic to their specific origin.

2.2. Probe Propagation

With the two probe tones generated, they may now be prop-
agated through the DUT wherein they incur a phase shift,
0(w,) and 0(@.), due to the propagation constant of the
DUT of length, L, resulting in the following field:

ve(t) :B+ei[w+t+¢++9(w+)L] +B_ei[w,z+¢,+9(w,)L+a] )

where the magnitudes A, have been replaced by B, to indi-
cate the effects of attenuation in the DUT. The properties of
the medium we wish to measure are encoded in this phase
shift. Figure 1-4 provides the spectrum of the tones after

propagation. As expected, although the effects of attenua-
tion can be seen in the spectrum, the phase shift induced by
the DUT cannot be discerned (comparing Figure 1-3 and
Figure 1-4), hence the need for interferometric techniques.

2.3. Probe Detection

To measure the phase difference, we pass the two tones
through a second Mach-Zehnder modulator driven by the
same electrical sinusoid as the first. This second modulator
results in the creation of a comb from any CW tone entering
it, but this time, since the input to the modulator is not one
but two tones with frequency spacing fs = 2nf,,, the result
will be a series of overlapping side bands from each of the
original tones (Figure 1-5). To illustrate this, Figure 2 shows
the resultant combs produced by the second Mach-Zehnder
modulator, a) - when only the blue-shifted tone enters, b)
- when only the red-shifted tone enters and c) - when both
tones enter. The tones from a) and b) which interfere to form
c) are clearly visible in this figure. We focus our attention
on the central tone formed at f. (highlighted in yellow in
Figure 2), which we select using a second programmable
filter. The power of the extracted tone is detected using a
high sensitivity, slow photodetector connected to a transim-
pedence amplifier. We assume that the action of the second
Mach-Zehnder modulator is to produce two tones at f., one
arising from the tone at frequency f, as well as a similar
tone arising from the tone of frequency f:

Y — B ool nro] 3)

v = B{ei[wct+¢_’(fc)+9(w_)14] 4)

The presence of the primes in the magnitudes B’ and B’
indicate the potentially non-symmetric and non-unity con-
version efficiency of the comb, whilst the primes in the
phases ¢/ and ¢’ incorporate any relative phase shifts ac-
crued by the two tones due to the action of the two combs as
well as any dispersive component parts of the experimental
set-up. As these two overlapping tones are coherent, not
only because of their generation from the same original CW
tone, but importantly also because of their copropagation
throughout the set-up, the resultant field is of constant phase
and power, effectively constituting a form of homodyne
detection of the tone at f,. At this stage, it would be pos-
sible to sweep the frequency of the original carrier f, and
measure the power of this tone as it varies with f, effec-
tively obtaining an interferogram from which the relative
phase difference between the two tones could be inferred.
In our approach, we instead exploit the phase shifting func-
tionality of the programmable optical filter to extract the
relative phase difference between the two tones unambigu-
ously. By applying the phase shift o = {0,7/2,7,37/2}
radians to one of the tones and measuring the power of
the tone produced by the inteference at f., we obtain the
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Figure 1 Archetypal experimental set-up. Spectra are provided at various stages of the system.

following relations: forward to see that &, can be obtained by:
Wo—ol’ = [B’z + B2+ 2c05(Prer)| (52) [Wo-ol* = |Wousr|*
i ®d,,, = arctan 5 5 (6)
- x| — v
‘%:7 - [B’ + B 1 25in(®p0r) (5b) ‘% 3 ‘ You3u
2 (pn ” T In other words, we can perform a measurement of the phase
Vor|” = [B+ + B = 2c08( Do ) (3¢) " gifference between the two tones by successively applying
2 , one of four phase shifts to one of the tones before interfer-
‘ Yo_um| = [B/f + B2 — 2sin(P;y) (5d)  ence and each time measuring the power of an interfering

tone. Approaches using successive power measurements of
the interference whilst shifting the phase of one tone are
where @,y = ¢. — ¢, +0(@w.)L— 0 (@, )L+ ¢/(f) —¢_(f) some times referred to as phase-shift interferometry [1]. As
is the phase difference between the two tones. It is straight-  can be seen, we require no information about the underlying
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Figure 2 Spectra showing before (dotted line) and after (solid line) the second Mach-Zehnder modulator for the following scenarios: a)
blue-shifted tone only, b) red-shifted tone only c) interefence resulting from the modulation of both tones.

relative powers of the two tones, which proves that not only
can we tolerate variations in tone power (provided that this
is over time scales longer than that taken for the four mea-
surements given in Equations 5a, 5b, 5¢ and 5d), but also
that we may apply the scheme to devices with wavelength
dependent loss with no modification. An additional benefit
of this approach compared to taking a simple interferogram
is that the accuracy of each phase measurement is the same
regardless of the phase difference between the measured
tones. In contrast, regions of an interferogram with low
power (due to destructive interference) are of compromised
accuracy relative to higher power regions (formed from con-
structive interference) because of their lower signal to noise
ratio, due to, amongst other things, shot noise, dark current
etc. If further accuracy is desired, more values of ¢ can be
used and the resulting power of the interference measured.
It can be seen that such a measurement effectively traces out
a single sinusoid as the two tones pass between construc-
tive and destructive interference, and it is the phase of this
sinusoid which indicates the relative phase of the two tones.

3. Applications

At this point, measurement of the phase difference between
the two tones is complete. In this section, we will discuss
a number of applications of the spectral difference interfer-
ometry scheme. There are clearly many applications of a
scheme which can measure the phase difference between
two tones. In this work, we demonstrate the scheme’s per-
formance when it is applied to three tasks: the measurement
of chromatic dispersion, analysis of the phase transfer pro-

file of a ring resonator and finally, the determination of the
nonlinear coefficient of an optical fibre.

As the first two applications (the measurement of chro-
matic dispersion and analysis of the phase transfer profile
of a ring resonator) depend upon wavelength, we must nat-
urally measure the phase difference between the two tones
across the wavelength region of interest. To do this, we
sweep the frequency of the original carrier, f. in order to
sample the function @ (fe, f5), which we shall refer to as
the phase difference function. As ¢/(f) and ¢’ (f) depend
only upon the experimental set-up and not the DUT, a mea-
surement of ®(f,) without the DUT installed effectively
constitutes a measurement of the residual dispersion of the
measurement device. By subtracting the measurement of the
residual phase difference function, ®,.; = ¢/(f) + ¢/ (f).
from the measurement taken with the DUT in place, Eq. 6,
we can obtain the actual phase difference function of the
DUT, which can be seen to be equal to:

Dput(fe, f5) = Poot(fe, f5) — Pres(fe, f5)
=06(w.)L—6(w,)L

(7
®)
Once the phase difference function of the DUT,

DPpur(fe, fs), has been obtained, it may be used to obtain a
number of parameters of the device.

3.1. Chromatic Dispersion

In the context of chromatic dispersion, we can see that 6(®)
is more commonly represented by (®), the propagation
constant. The chromatic dispersion of the device can be
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simply obtained using the following relationship between
dispersion and propagation constant [4]:

d [/dp
D=—|-— 9
da (dw) ©)
Combining Equations 8 and 9, we may obtain an approxi-
mation to the first derivative of (. ):

dﬁ(wc> ~ Aﬁ(wc) _ cI)DUT(fmfs)

- - Lo -o,)

dow Aw (10)

Eqn. 10 can be seen to be an instance of the central differ-
ence derivative method [5] and hence has an error order
of O(f?). Naturally, decreasing the size of f; should be
expected to increase the accuracy of the approximation. In
our implementation, the smallest size of f; achievable was
limited by the spectral resolution of the programmable fil-
ter to 10 GHz, but other implementations can offer smaller
spacings. We note that there are other approaches to re-
ducing this error, such as Richardson Extrapolation [6,7],
to scalably reduce the error of the estimate of Eqn. 9. Al-
though reducing fs decreases the error in the derivative
approximation, there can be, in general, lower bounds to fs
beyond which further reduction of fg will increase uncer-
tainty in the determination of (wc). This becomes clear
when we consider the non-zero linewidth of fs (due to a non-
monochromatic RF source driving the modulators) which
creates variations in our exposure to (@) over time. This
error depends upon the relative size of the frequency separa-

tion to this linewidth and so should grow as o< 2?% Once

we have sampled Eqn. 10 for a range of values of A, we can
perform the differentiation with respect to A. Eqn. 10 can
then be substituted into Eqn. 9, yielding an approximation
for the chromatic dispersion of the DUT:

_d [ Dpur(fe,fs)
D‘M(L(w.—wu ) (4o

3.1.1. Results

With the measurement procedure described, we now pro-
ceed to present a number of proofs of the functioning of
the scheme (some of which were first reported in [8]). We
can split these measurements into two groups, those made
on devices long enough to challenge typical Mach-Zehnder
based interferometric schemes, and those made on devices
short enough that their net dispersion is below the sensitivity
of typical envelope detection based methods. We start by
performing a series of measurements on fibres with weak
birefringence, for which we make a small alteration to the
experimental set-up as shown in Figure 3, resulting in the
set-up shown in Figure 3, but other than this, the functioning
remains unchanged. We use a Faraday mirror after the DUT
in order for the signals to make a second pass through the
DUT, but with an orthogonal polarisation to the first pass.
This allows us to measure the mean dispersion of the fast
and slow axes of the fibre, which is a more meaningful mea-
sure for low-birefringence fibres exhibiting strong coupling

between polarisation modes. The first measurement to be
presented was performed on 200 m of dispersion flattened
highly nonlinear fibre (HNLF). The processing procedure is
illustrated explicitly in Figure 4. Firstly, @, (fc, f5) is mea-
sured with the DUT installed (orange triangles, Figure 4-a)
before a quadratic polynomial is fit to the resultant data (blue
line, Figure 4-a). A second measurement and quadratic fit
are performed with the DUT removed from the system, re-
sulting in the orange triangles and blue line of Figure 4-b,
respectively, providing a measurement of the residual phase
difference function of the system, ®,.(f, fs). Subtracting
the polynomial fit in Figure 4-b from that in Figure 4-a, we
obtain the curve in Figure 4-c, the actual phase difference
function of the DUT, ®pyr(fe, fs). This curve can then be
differentiated with respect to wavelength and scaled accord-
ing to Equation 10 to obtain the dispersion curve provided in
Figure 4-d, plotted with a solid black line. As can be seen, as
we fit the curve with a quadratic equation, we obtain a linear
approximation to dispersion in this region. If knowledge of
higher order dispersive effects is desired, the raw data can in-
stead be fitted with higher order polynomials. Alongside the
results obtained using the proposed measurement scheme,
we also provide a plot of the very same fibre measured using
the well-known differential phase method [9] (see also stan-
dard TTA-455-175 [10]). We can see a very good agreement
between the two techniques, proving comparability between
the two schemes for such net dispersions. Moving on, we
now apply the proposed technique to the measurement of
1 km of standard telecommunications fibre (SMF-28). Mea-
suring such a length of fibre, which has a net dispersion of
~ 17 x1=17psnm~'km~!, would present a challenge if
undertaken using a Mach-Zehnder interferometric scheme,
requiring a very long delay line to provide a reference wave.
Because of this, many interferometric measurements of the
chromatic dispersion of fibre are performed on very short
lengths (at most in the metres regime) of the sample [11,12].
As such, measurements of such short samples can only give
an estimate of the actual dispersion of the full length of test
fibre meaning direct measurements must be used if accuracy
is important. Figure 5 shows the results of this measurement
(solid orange line) plotted alongside an empirical formula
(dashed blue lines) provided by Corning to estimate the chro-

4
matic dispersion of SMF-28: Dag () ~ 32 (A — %), where
S0 <0.092 psnm~'km~! and 1302 nm< Ay <1322 nm. Us-
ing Sop =0.092 psnm~'km~! and A9 =1308 nm, we once
again see a strong agreement between the two plots, further
confirming the correct functioning of the scheme.

We now consider devices with much lower net dis-
persions of <0.2 psnm~'km™!. Firstly, we consider short
lengths of SMF-28, specifically patchcords of length 1 m,
3.1m and 6.1 m. As is well-known, in general, optical fi-
bre exhibits longitudinal variations in dispersion, variations
which can occur over metre-long length scales [13]. Hence,
it is unreasonable to expect that measurements on such
short lengths of fibre will agree with the nominal values of
bulk SMF-28. We therefore resort to a self-referencing mea-
surement, performing measurements on the afformentioned
fibre and various concatenations thereof. The 6 measure-
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Figure 3 Modified experimental set-up for fibres with low birefringence. Note the incorporation of a circulator and a Faraday mirror in
order for the probe tones to make a double pass through the fibre.
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Figure 4 Processing steps to obtain an estimate for chromatic dispersion from the raw phase difference function measurements. a)
Raw measurement of the DUT is fit with a quadratic polynomial; b) Raw measurement of the residual dispersion (with the DUT removed)
is fit with another quadratic polynomial; c) subtraction of b) from a); d) rescaling and differentiation of d) results in the dispersion curve
plotted with the solid black line, the results of the differential phase method (see text) are plotted with a dashed blue line for comparison.
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ment scenarios considered are shown in Table 1. If we have
performed an accurate measurement of, for instance, M1,
we should find that M1 + M5, which is equivalent to a to-
tal fibre length of 10.2 m, should be in agreement with the
direct measurement of M6 itself. Following this principle,
we consider the measurement combinations: M6, M1 + M5,
M2+ M4 and M1 + M2 + M3, all of which should result in
an estimate for dispersion equivalent to the full 10.2 m of fi-
bre formed when all three patchords are connected together.
The net dispersions of these combinations are plotted in
Figure 5 wherein very good agreement can be seen between
all of the combinations.

Next we quantify the repeatability of the scheme through
the standard deviation of successive dispersion measure-
ments on the same fibre. This study was first performed
for an DCF fibre of length 47 m (with a net dispersion of
4.3 psnm~! at a wavelength of 1545 nm). As always, a back-
ground measurement is essential, and so we take a large
number of measurements of the background differential
phase equation of the measurement system, in this case 150,
and average all of them together. A large number of measure-
ments was taken to reduce the uncertainty in the background
measurement. For the 47 m of DCF, we need not have as
many measurement of the differential phase equations, and
in this case acquired 43. The procedure described in Fig-
ure 4 was performed for each of the 43 DCF measurements,
resulting in 43 error curves. Figure 6 provides the results
of this analysis; in blue is plotted the mean of all of the 43
obtained dispersion measurements, whilst the dashed lines
indicate the range of one standard deviation of the dispersion
measurement about the mean. The standard deviation can
be seen to be a pretty constant 0.06 psnm~'km~! across
the measured wavelength range.

3.2. Phase Shift

In addition to using the differential phase shift function
to derive chromatic dispersion through differentiation, we
may also determine the frequency dependent net phase shift
resulting from propagation through a device. We make use
of Equation 10, once again, but this time multiply through
by L:

de(a)c) I~ cI)DUT(fcvfs)

do =7 (0.—o,) 12)

Integrating the left hand side of Equation 12 over ® yields:

do(m,
/ d(a) )de 0(w.)L+c=¢(w;)+c (13)
which, returning to Equation 12, indicates that:
P 5
o (o, —|—c~/ put (fe, f5) ZPUT e Js) ggy 4 (14)
(0. — o)

In other words, the wavelength dependent phase shift caused
by a device (plus some constant) can be obtained by integra-
tion of the phase difference function. As we are interested in
the relative phase shift across the band, and not the absolute
optical path length, we may safely ignore this constant and
set it to zero.

3.2.1. Results

We apply the technique above to the measurement of the
phase response of a ring resonator because of its strong but
well-studied phase and amplitude transfer characteristics.
The ring is a grating coupled, silcon structure, fabricated
using a CMOS compatible process. More details of the ring,
including its design, further characterisation and application
to the generation of optical frequency combs can be found
in [14]. The operating regime of ring resonators is generally
split into three categories: undercoupled when the roundtrip
loss is greater than the cross-coupling ratio, overcoupled
when the roundtrip loss is less than the cross-coupling ratio,
and critically-coupled when roundtrip loss is equal to the
cross-coupling ratio. Control of the PN junction bias allows
the coupling regime to be controlled [15].

Figure 7 shows the procedure by which we obtain the
phase transfer profile of the ring resonator. Figure 7-a shows
in orange the measured response of a straight, reference
waveguide (which naturally includes the residual dispersion
of the measurement set-up), whilst the plot in blue shows the
response of the ring itself. After subtraction of the straight
waveguide response from the ring resonator, the data is
rescaled by division by 27 x 60 x 10? (the radial frequency
spacing of the two probe tones), and shifted such that the
broad peaks of the curve lie at a phase difference of zero,
we obtain the plot in Figure 7-b. Knowing that the phase
transfer profile of a ring resonator should consist of flat-
topped steps, we vertically align the peaks such that their
tops lie at 0. We finally integrate the curve in Figure 7-b over
®, to obtain the actual phase transfer curve of the resonator
shown in Figure 7-c.

An optical micrograph of the ring resonator is provided
in Figure 8-a, for reference. As is known [15], the phase
shift imparted by a ring resonator upon its input is associated
with a concomitant modulation of the intensity of the output.
Figure 8 provides 3 plots, the first, Figure 8-b, shows a plot
containing 4 resonances exhibited by the (overcoupled) ring
resonator within the C-band. Each trough can be seen to
coincide with a vertical step in the phase transfer function.
We focus in on the resonance occurring about a wavelength
of 1545 nm, and apply an appropriate DC bias in order to
measure the intensity and phase transfer functions of the
ring in both the over- and undercoupling regimes. Figure 8-
¢ shows the response of the resonator with a forward bias
voltage of 0.96 V, in which case we can see that the system
is in the overcoupled regime. Increasing the forward bias
voltage further to 1.1V increases the loss of the ring to the
extent that it enters the undercoupled regime, as shown in
Figure 8-d.
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Measurement | M1 | M2 | M3 | M4 | M5 M6
Combination | Im | 3.Im | 6.Im | 1+6.1 | 3.1+6.1 | 1+3.1+6.1
Total Length | Im | 3.Im | 6.lm | 7.lm 9.2m 10.2m
Table 1 Fibre combinations.
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Figure 6 Estimate of the chromatic dispersion of a 200m length
of SMF-28e obtained by averaging 100 underlying measurements.
The mean of this measurement is plotted with the solid blue line,
whilst the standard deviation is indicated by the dashed orange
line and orange shading.

3.3. Nonlinearity

‘We now present the application of our proposed scheme to

om.

though our main motivation in performing this measurement
is to exhibit the versatility of the proposed measurement
scheme, adopting this method does indeed present some
advantages compared to, for instance, four-wave mixing
based approaches to measuring a medium’s nonlinear coef-
ficient, namely, being unaffected by any dispersive effects
in the medium. The mathematical relationship which allows
us to derive the nonlinear coefficent of the medium can be
obtained by considering the phase shift experienced by each
of the two tones launched into the medium due to self-phase
modulation (SPM) and cross-phase modulation (XPM):

¢. = yLP.+2YLP, +¢' (15)
~— ——
SPM  XPM
9, = YLP, +2yLP.+¢. (16)
~—~— e
SPM  XPM
Subtracting Eq. 15 from Eq. 16 leads to:
AD =YL(P, —P.)+¢/—¢] 17

i.e. we find that the phase difference between the two tones
changes linearly with the nonlinear coefficient, ¥, the length
of the medium, L and the linear power difference between
the two tones. It is clear from Eq 17 that plotting AP vs
P, — P. results in a linear curve with gradient yL and hence
we can obtain an estimate of 7.

the-measurement-of the nonlinear coefficientofa ibe Al —
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Figure 7 Processing procedure used to obtain the phase transfer function of the ring resonator from the phase difference function.
1) plots of raw measurement of DUT and the background measurement; 2) subtraction of the background measurement from the
measurement of the DUT, flat-topped peaks shifted to 0 rad; 3) integration and rescaling of 2) leads to the characteristic staircase
shaped phase transfer function of an overcoupled ring resonator.
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For further confirmation, we also estimate the nonlinear  ing can be considered to be independent of the dispersion,
coefficient by assuming that the evolution of four-wave mix-
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relying solely upon the nonlinear coefficient of the medium,
a seemingly reasonable assumption seeing that the tones
are spaced by only 60 GHz and given that the fibre has low
dispersion. This assumption allows us to use the method
proposed by Boskovic et al [16], which makes use of the
following analytical relation between the signal to 1st order
idler power ratio:

Py J5(2+/PoPiyL) + 33 (2+/PoPyYL)
P B(2VRPYL)+13(2\/PyPiYL)

where Py, P, and P_; are the pump, signal and 1Ist order
idler optical powers. To obtain an estimate for y, we simply
measure Py, P, P_1 and L, and search for the value of y
which allows Equation 18 to be satisfied using a simple
optimisation algorithm.

(18)

3.3.1. Results

We apply these two methods first to the measurement of a
low dispersion highly nonlinear fibre of length 300 m, at-
tenuation 0.79 dBkm™!, dispersion —0.08 psnm~!km~! at
1550 nm and dispersion slope 0.018 psnm~2km ™!, leading
to an effective length [4] of L ¢r of 0.292 km . Figure 9 pro-
vides a plot of A® vs P, — P. for this fibre, along with a linear
fit whose gradient is 2.55rad W~!, indicating a value for
the nonlinear coefficient of 2.55/0.292 =8.73 W~ km~!.
This value is in good agreement with that obtained using
Boscovic’s method of 8.42 W~ 'km~!.
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Figure 9 Plot of the phase difference between the two tones
as it varies with the difference in power between them. Data is
provided for an HNLF as well as a DCF. The gradients of these
curves can be used to determine the nonlinear coefficients of
each of the fibres.

We now consider the measurement of the nonlinear co-
efficient of dispersion compensating fibre. The dispersion
compensating fibre used had a length of 125 m, attenua-
tion 0.442 dBkm™', dispersion —106.49 psnm~'km~! at

1550 nm and dispersion slope —0.392 psnm~2km !, lead-
ing to an effective length [4] of L.ry =0.124km. As this
is highly dispersive, it places a greater challenge upon the
assumption that the fibre can be treated as dispersionless
over the bandwidth considered. We should, therefore ex-
pect the efficiency of FWM in the fibre to be suppressed,
leading to an underestimate of the magnitude of the non-
linear coefficient using Boscovic’s method. In contrast, our
proposed method, being insensitive to dispersion, should
offer an accurate measurement of the nonlinear coeffi-
cient all the same. Figure 9 indeed shows this is the case,
with Boscovic’s method implying a smaller value of y of
3.86 W~ km~! compared to that obtained using our method
of 0.60/0.124 =4.85 W~ km~'.

To support our attribution of the discrepancy between
our method and Boscovic’s method to the intolerability of
the latter to dispersion, we performed some simple sim-
ulations using the commercial photonics simulation soft-
ware, VPIphotonics DesignSuite. In the simulation, two CW
tones are launched into fibre with parameters matching the
HNLF and DCEF listed above, with the values of the nonlin-
ear coefficient being those obtained using our scheme, i.e.
Yuner =8.73W~'km™! and ypcr =4.85W'km~!. We
extract the appropriate signal and idler powers from the sim-
ulated field and perform Boscovic’s method to obtain the
inferred nonlinear coefficient of each simulated fibre. For the
simulated HNLF, we obtain Jyzr =8.66 W~ km~! whilst
for the simulated DCF, we obtain ypcr =3.88 W lkm™!,
both in very good agreement to what we obtained experi-
mentally, supporting our claim that the discrepency is due to
intolerance of chromatic dispersion in Boscovic’s method.

3.4. Features of Spectral Difference
Interferometry

The factors limiting the accuracy of interferometric schemes
are often practical ones - sensitivity to temperature varia-
tions, mechanical vibrations, limited wavelength tunabil-
ity of laser sources etc. Indeed, many interferometric ap-
proaches to chromatic dispersion measurement, for instance,
show only relatively small advantages compared to each
other in terms of susceptibility to fundamental noise sources
such as shot noise and thermal noise [17]. In this section,
we will discuss a number of practical features possessed by
our scheme.

We note that our scheme, with its single lightpath, shows
very high immunity to mechanical vibration, allowing it to
be implemented in optical fibre, deployed in mechanically
harsh environments, and used to perform measurements
on remote systems. This is in contrast to, for instance, the
Mach-Zehnder topology, whose mechanical sensitivity dic-
tates the adoption of increased complexity, for instance, fast
sweeping lasers [18], phase dithering [19] or other forms of
stabilisation feedback [20,21].

As discussed, many forms of interferometry utilise probe
and reference tones directly sourced from a tunable laser,
and hence the quality of this laser has a large impact on the
accuracy of measurements. The bandwidth of these tones
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should be as small as possible and ideally, they should be
monochromatic. In our scheme, the probe and reference
tones are derived from the output of an optical frequency
comb generated using a Mach-Zehnder modulator. The qual-
ity and stability of this comb, therefore, is important for de-
termining the performance of the scheme. As the two tones
are generated in the same modulator, drifts in the laser car-
rier frequency (which results in coherent broadening of the
tone bandwidth) do not cause a frequency shift between the
probe and reference tone (as they do in homodyne schemes),
but rather result in a drift in relative phase shift due to the
0 () of the DUT as well as potentially false attribution of
a measurement to a particular wavelength. The impact of
this effect upon our scheme relative to more typical, single
tone intereformeters will depend upon the drift of the source
laser and the gradient of 6(®) with ®.

Due to propagation through the DUT, there is a time de-
lay between the carrier passing through the first modulator
and the probe and reference tone passing through the sec-
ond. This means that any frequency jitter in RF tone driving
the modulators (which leads to incoherent broadening of
tone bandwidth) will directly result in a error in the phase
measured by the scheme, as the comb formed by the second
modulator will not have the exact same frequency spacing as
the first, necessitating the use of a high quality clock source
to drive the two modulators. For long duration measure-
ments, it is necessary to ensure that the two modulators are
sufficiently thermally stabilised, with temperature changes
over the time duration of a single carrier frequency sweep
(f.) being particularly harmful. In our demonstration, we
utilised PID controlled thermoelectric coolers to stabilise
the modulators, but approaches based on driving the DC
bias port of the modulator are also possible.

Our proposed scheme requires only minimal numeri-
cal processing to extract the desired parameters, in contrast
to fringe based white light [2] or sweeping arm [22] inter-
ferometry, but does, however, require four optical power
measurements to generate one measurement of the rela-
tive phase between the two tones. The fast swept laser ap-
proach aims to overcome environmental error by performing
a measurement over time scales faster than fluctuations in
the environment. This makes the scheme essentially a syn-
chronous method which requires the use of faster photode-
tection which comes at the price of reduced sensitivity. Our
scheme permits accumulation of power measurements over
longer periods of time, similar to classic homodyne detec-
tion methods, but without the need for complex stabilisation,
facilitating higher sensitivity measurement.

Naturally, given the use of multiple tones in our scheme,
performance is affected by the extinction ratio of the op-
tical bandpass filters and modulators used. Other schemes
have their own analogous issues, for instance, in general,
Mach-Zehnder and Sagnac interferometers rely upon a con-
stant coupling ratio between the probe and reference arms
(or at least knowledge of any discrepancies). Although we
found no challenge in meeting this requirement, we note
that suppression of the residual carrier tone after the first
Mach-Zehnder modulator did improve the performance of
the scheme. Improving the performance of the scheme fur-

ther will likely necessitate the use of higher extinction filter-
ing, although we believe that higher extinction modulators
would only be necessary for measurements in power limited
scenarios.

3.4.1. Advantages to the Measurement of Chromatic
Dispersion

Interferometric techniques are rarely used for measuring
long lengths of fibre; this is something for which envelope
detection schemes, such as the differential phase method [9],
are often applied. We have shown in Figure 5 that our
scheme may be applied to the measurement of net chro-
matic dispersions beyond 17 psnm™~! (equivalent to 1 km of
SMEF28). Most interferometric schemes require the length
of the reference arm to be matched to the length of the DUT
in order to maximise the mutual coherence between the two
tones or at least within the coherence length of the laser. This
requirement is met either using a free-space reference arm
or a fibre reference arm. In the former case, reference arms
tend to become increasingly more challenging to construct
with increasing length whilst in the latter case, long fibre
lengths increase a system’s susceptibility to mechanical and
temperature fluctuations, not to mention the complication
of having to adjust reference arm lengths to match different
DUTs of potentially disparate length. Our scheme has no
such issues, given that the probe and reference tones propa-
gate in the same medium during testing. Further insight into
the minimum and maximum measureable net dispersion
by common interferometric schemes and our scheme can
be obtained by considering the phase difference between
two successive measurements. For a simple fringe-based
interferometer this is given by:

AD = L(B(w.+ ATCO) — B(o

Aw

2 a9

where Aw is the radial frequency step-size of the probe laser
and @, is the radial frequency about which the two measure-
ments are centred. The equivalent form for our proposed
scheme, which essentially consists of the phase difference
between two phase difference measurements, takes the form:

AE :L([ﬁ(wc—%wjt%w)—ﬁ(wc—%w—%w)}
Bt 52+ 22 plont 52 - 22

(20)

Where dw is the radial frequency difference between the
two probe tones. Assuming a truncated Taylor series ex-
pansion for the propagation constant, (@) = o+ B (@ —
@) + 3 B2 (@ — ax)?, Equation 19 and Equation 20 can be
simplified to become:

AP = LA®(B; + (ay — o) B2)
E=LA0O®f;

21
(22)
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Equation 21 and Equation 22 expose a number of differences
between typical Mach-Zehnder interferometer and our pro-
posed interferometer. Firstly, we recall that in both cases
there is an upper limit to the measureable net chromatic dis-
persion, determined by the maximum tolerable phase shift
of each scheme as well as a lower limit, determined by the
sensitivity of each scheme to small phase shifts.

The upper limit is determined by the maximum change
in phase per frequency step, A®, which can be measured by
each scheme. For instance, given the modulo 27 nature of
phase arithmetic, the phase arad is not distinguishable from
a + 2nrad. If these phase step limits are exceeded, then we
effectively observe aliasing. As can be seen in Equation 21,
the phase shift between successive measurements derives
from a combination of the group velocity, 1, as well as
the group velocity dispersion, 32, (as well as higher order
terms, 33, B4, etc). If information about the group veloc-
ity is not desired, the maximum tolerable phase shift is
needlessly being expended through exposure to the group
velocity term. In contrast, as can be seen from Equation 22,
our proposed scheme has no dependence upon f;, and so
represents a more direct measurement of chromatic disper-
sion and higher order terms. The lack of exposure to f3;
increases the maximum chromatic dispersion which can be
measured.

The phase shift in both schemes can be seen to be lin-
early proportional to A® and so by decreasing this step-size,
we can decrease the corresponding values of A® and AE,
permitting for example, the measurement of larger values of
net chromatic dispersion, ;L. Inversely, increasing Aw in-
creases AP and AE increasing the sensitivity of the scheme
to smaller values of 3,L. For schemes based upon a tunable
laser, this approach depends heavily upon the wavelength
tunability of the laser, whilst for spectral approaches, the lim-
iting factor is the resolution of the spectrometer. Equation 22
shows that our scheme offers another degree of freedom, the
probe tone spacing 6 @. This parameter can be varied with
much the same effect as Aw, offering greater flexibility. This
allows the trade-off between sensitivity and dispersion toler-
ance to be tuned independently of the wavelength tunability
of the laser and the selected radial frequency step-size, A®.

3.4.2. Advantages to the Measurement of Phase Transfer
Functions

With respect to the measurement of the phase transfer profile
of integrated photonic devices, the scheme also possesses
a number of advantages relative to, for instance, the Mach-
Zehnder approach. The ring resonator we characterised pos-
sesses both an amplitude and phase transfer function. For
simple interferogram based schemes, for instance, it is dif-
ficult to identify whether changes in the power of the in-
terference are due to phase or amplitude changes in the
device. This will either increase measurement uncertainty,
or at the least, require further post-processing. Given our
scheme’s full-quadrature measurement, the scheme is agnos-
tic to wavelength dependent attenuation. Furthermore, the
lack of a reference arm means that remote devices located

over distances greater than the coherence length of the probe
laser can be measured, a notable advantage for sensing.

3.4.3. Advantages to the Measurment of the Nonlinear
Coefficient

Finally, as evidenced in Section 3.3.1, the scheme allows us
to directly measure the phase shift between two tones whilst
being insensitive to dispersion. This stands in contrast to,
for instance, the commonly used Boscovic method. We note
that Mach-Zehnder approaches to the measurement of the
nonlinear coefficient are also unaffected by the dispersion
of the device, but again require some method of decoupling
of amplitude and phase changes [23].

4. Conclusion

We have described and implemented a novel interferometric
scheme applicable to a wide range of characterisation and
monitoring tasks. To illustrate its versatility, we have applied
it to the measurement of chromatic dispersion on SMF-28
with lengths ranging from 10s of centimeters to kilome-
tres. We then applied this method to the characterisation of
the phase response of a ring resonator, and experimentally
identified the phase shift associated with undercoupling and
overcoupling regimes of a ring resonator. Finally, we have
utilised the scheme to measure the nonlinear coefficient
of some example fibres, showing that it offers advantages
over, for instance, Boscovic’s method in being insensitive
to the dispersion of the device. Beyond this, it can be seen
that the scheme can be modified to perform optical time
domain reflectometry, allowing for the characterisation of
optical properties along the length of a medium or used
to measure the temperature or strain of a device. Indeed,
when viewed as a novel interferometer, there is a large range
of phenomema to which the scheme can be applied. The
scheme shows excellent isolation from mechanical varia-
tions, with the probe and reference tones travelling in the
same medium at all times, as well as independent control
over the scheme’s sensitivity by tuning of the tone spacing.
Given that the scheme can be constructed using relatively
standard optical telecommunications equipment, resulting
in a robust system with high sensitivity, we believe that it
is an attractive option when considering new measurement
requirements.
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