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Effect of polarisation-dependent loss on the
performance accuracy of a ratiometric
wavelength measurement system

G. Rajan Q. Wang Y. Semenova G. Farrell P. Wang

Applied Optoelectronics Centre, School of Electronics and Communication Engineering, Dublin Institute of Technology, Kevin

Street, Dublin-8, Ireland
E-mail: ginu.rajan@dit.ie

Abstract: The polarisation-dependent loss (PDL) of a ratiometric wavelength measurement system and its
influence on system’s accuracy are investigated theoretically and experimentally. The PDL of a ratiometric
system and the corresponding power ratio fluctuation is modelled, from which the accuracy of the measured
wavelength can be estimated. An all-fibre wavelength measurement system is built to allow comparison of
modelled and actual results. The measured ratio variation lies within the estimated limits. The measured
wavelength error reaches about 1.41 + 0.09 nm at 1550 nm in the demonstrated example (with an edge filter
of average slope 0.22 dB/nm), which indicates the significant influence of PDL on the accuracy of a

ratiometric wavelength measurement system.

1 Introduction

Wavelength measurements based on a ratiometric system
[1-4] involving edge filters are attractive because of its ease
to use, low cost and absence of mechanical movement
involved. A typical ratiometric detection system consists of
a 3dB coupler and edge filter, both of which are
polarisation sensitive devices. If the system contains more
than one polarisation sensitive component connected by
standard optical fibres, its global polarisation-dependent
loss (PDL) may fluctuate [5] and hence the measured ratio
also fluctuates. The fluctuation in the ratio will have an
impact on the performance accuracy of the system. The
fluctuation arises because of the state of polarisation of the
input light to the system may vary randomly [6], for example,
because of stress variations in the transmission fibres or
change of source etc. Applications such as sensors based on
fiber bragg grating (FBG) also change the polarisation state
of the input light because of the refractive index variation
inside it [7]. A system calibrated at a particular input
polarisation state gives errors as the attenuation ratio will be
different because of the polarisation dependency of the
elements. Prior to the introduction of systems (such as dense

wavelength division multiplexing (DWDM)), which demand

very high wavelength accuracy, the role of PDL in a
ratiometric system was not considered important. DWDM
requires an accurate control of each channel’s wavelength, for
example, the allowable maximal frequency deviation for a
DWDM system with a channel spacing of 25 GHz
operating at 2.5 Gb/s, the wavelength must be set to within
4-5GHz or 32-40pm as defined by ITU-T
Recommendation G.692. It has been shown previously that
ratiometric wavelength measurement system can achieve an
accuracy [2], which allows it to be used for wavelength
setting or monitoring in a DWDM system. However, in a
system where a prescribed accuracy is required, the effect of
errors from a variety of sources must be taken account of. As
a contribution to a comprehensive error investigation, in this
paper, the error arising from PDL is presented.

All ratiometric wavelength measurement systems contain
components that exhibit PDL, such as optical connectors,
3 dB couplers, circulators, WDM multiplexers etc. Several
authors have investigated ratiometric measurement systems
[1-4, 8]; however, the polarisation dependency of the
entire wavelength measurement is not well documented.
A small amount of work has been done on the wavelength
dependency of PDL for bulk optical devices [9] and
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optical transmission systems [10]. For a commercially
available 3 dB coupler, it is known that PDL is not
wavelength flat, but varies with wavelength and is one of
the core components of any ratiometric wavelength
measurement system together with an edge filter. In this
paper, we studied the wavelength inaccuracy contributed
from the PDL of the components of a wavelength
measurement system based on bend fibre filter. The PDL
of the filter arm and its range are calculated theoretically
from the individual PDL of the components and an
experimental verification has been carried out. The
variation in ratio because of PDL and the wavelength error
because of this ratio variation is measured, which gives a
clear picture of how the accuracy of the system is
influenced by PDL, which is essential for any wavelength

measurement device.

2 Theoretical model to estimate
the range of PDL and ratio
fluctuation

In the fibre bend loss filter-based ratiometric wavelength
measurement system, the PDL components are the bend
fibre filter and the 3 dB coupler. The total PDL of the
system is not simply the sum of the contribution of each
PDL element. If the polarisation sensitive axis of the 3 dB
coupler and the fibre filter are not aligned with each other,
the resulting PDL depends on the relative orientation of
the PDL axes at each connection. In an all-fibre
configuration reported by the authors [2], the PDL will
fluctuate in the filter arm as it effectively contains two PDL
elements. The total attenuation ratio fluctuation of the
system depends on the PDL of both the filter arm and the

reference arm.

If T« and T,,, are the minimum and maximum
transmission coefficients of an optical element, then PDL
can be expressed as PDLgg = 10 logio (Zinax/ Tmin)- But
the more convenient way to express PDL as a three-
dimensional  vector of length ' = (T — Tinin)/
(Topaxe + Tonin) [5], If T's 4 and I'peng are the PDL of the
3 dB coupler and the fibre filter, the net PDL of filter arm
can be expressed as [11]

Y, 1- Fﬁend 1:

1+ Fgplhend

14 P3qplhend (1 —y1- Fﬁm) /Thend _

1—‘Ibend

1—‘3deend = 3dB

ey

+ =
1+ Fagplhend

The maximum value of the PDL will occur when I';4 and
IMyena are parallel and minimum occurs when they are anti-
parallel. The maximum and minimum global PDL of the

fibre filter arm (I'Gmax and I'gmin) can thus be expressed as

r I
l_‘Gmax = 1 f:]i-\—i_ l_k‘ye_nd and
3dB* bend

FG = |F3dB - Fbend| (2)
min 1 _ 1_‘ F
3dB* bend

Using this equation, the range of PDL of the filter arm can be
predicted and together with the PDL of the reference arm of
the system ratio error of the system can be estimated. The
maximum variation in the ratio from the calibrated value
happens when one arm gives the maximum attenuation and
the other gives minimum attenuation for a given state of
polarisation. From the expression for ratio of the system
[8], where the photodiodes give the integral power over the
wavelength range, by knowing the maximum and
minimum power at the arms of the system when the
polarisation  state changes, the maximum possible
polarisation-dependent change in ratio of the system for
any wavelength can be obtained and is expressed as

fP1 maX(/\)IAO(A)d/\}
J Py min DL p(A)dA

AR .. =10 10g10|:

fpl mm(/\)IAO()\)d)‘:| (3)

- 1°1°g1°[J“P2m<A>IAO<A>dA

where P, and P, are the maximum and minimum
output power of the filter arm when the polarisation state
changes and P4y and Py, are that of the reference arm.
I, is the narrow band input signal with central wavelength
Ao, which in this case is from a tunable laser source. By
knowing the wvariation in ratio, the corresponding
wavelength variation can be calculated.

3  Estimation of ratio and
wavelength fluctuation and its
experimental verification

An all-fibre ratiometric wavelength measurement system
based on macrobend fibre filter was built to investigate the
ratio and wavelength fluctuation because of PDL. A
commercially available fused 3 dB coupler was used to split
the input signal into two parts, one to pass through the
reference arm and the other to the bend fibre edge filter.
The fibre edge filter used has a bend radius of 10.5 mm
and 15 turns. This configuration of the fibre edge filter
gives a very good discrimination range and measurable
wavelength range of 1500—-1580nm without signal-to-noise
ratio (SNR) effects [8, 12]. The average slope of the edge
filter was 0.22 dB/nm. The input power level of the signal
to the system was 0 dBm, while there is an insertion loss
because of splicing and a 3.3 dB loss (including excess loss)
from the coupler. The power level of the signal, which goes
to the fibre filter and to the reference arm was
approximately —4 dBm. When the wavelength exceeds
1580 nm, the bend fibre arm’s output power drops below
—30 dBm resulting in a poor SNR, which affects the ratio
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response’s linearity. So the measurable wavelength range is

effectively limited from 1500 to 1580 nm.

Since the PDL is highly dependent on the bend radius
[13], it is very important to maintain a constant radius
throughout the measurements. The fibre was rolled on a
mandrel with fixed radius to maintain the radius of the
fibre filter. The input signal is fed to the splitter through a
fibre polarisation controller, which allows for changes in the
polarisation state of the input signal. For a wavelength
range of 1500-1600 nm, with an interval of 10 nm, the
PDL is measured independently for the 3 dB coupler, bend
fibre filter and for the combination of the coupler and the
filter. As the bend fibre is temperature dependent [14] in
the experiment, the temperature in the vicinity of the fibre
filter is monitored so that the temperature effects can be
determined. The temperature was found to be as
22 + 0.3°C. Based on the known variation of bend loss
with temperature for the fibre type in use, this introduces a
ratio variation less than or equal to +0.018 dB. The
electrical noise at the receivers and the power fluctuations
of the source used produce an uncertainty of 0.01 dB in the
measured PDL when the PDL is measured for the 3 dB
coupler alone and the bend fibre filter alone. When
these components are combined to form the ratiometric
system, the source power fluctuations are cancelled out
(independence from input power variations is a major
advantage of a ratiometric wavelength measurement
system). Thus the uncertainty arises only from the electrical
noise in both receivers. As the noise in both receivers is
uncorrelated, the ratiometric method cannot remove this
source of uncertainty. However, the effect of the noise on
the ratio was measured and has a maximum value of
0.003 dB, which is a small value and is hence neglected.
The experimental arrangement to measure the PDL and
ratio is shown in Fig. 1. The measured PDL of the arms of
the 3dB coupler and the bend fibre filter is shown in
Figs. 2a and 24. The arm 1 of the 3 dB coupler was the
reference arm and arm 2 was connected to the bend fibre
filtler. The error bar shows the uncertainty in the
measurements.

The photodiodes used at the receiver end and the connection
fibres are also polarisation dependent but with very small values
compared with the other elements. The measured PDL of the
photodiodes along with the connection fibres and the fibre
polariser are 0.021 and 0.017 dB, respectively, and are
included in the PDL values of the components and hence
not considered separately in simulation. The measured PDL

Bend fibre flter
(PDL device 2)

Fitire polarization |

[npat Sgnal
— controller |

3dB coupler
(PDL device 1)

Figure 1 Experimental arrangement to find the PDL of the
system
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Figure 2 Measured PDL of the components of the system

a Measured PDL of the arms of the 3 dB coupler
b Measured PDL of the fibre filter

of the 3dB coupler, fibre filter and the fibre filter arm
includes the PDL of the photodiode, connection fibres and
the fibre polarisation controller. The ratio spectrum of the
system is also measured at different polarisation states to
allow an estimation of the maximum wavelength error from
the calibrated value. The shift in the ratio spectral response of
the system at different polarisation states gives rise to the
variations in the measured wavelength. Fig. 34 shows the
overall response from 1500 to 1600 nm, which is obtained by
tuning the laser from 1500 to 1600 nm with a 1 nm interval,
whereas Fig. 34 focuses on the response over a narrower
wavelength range, 1545-1555 nm, to better illustrate the
variation in ratio that occurs with polarisation state changes.
The ratio response for polarisation state A is used as the
calibrated response, whereas the response curves for the two
other states B and C show the variation in ratio
response from the calibrated response as the polarisation state
changes. For the measured ratio spectrum, the slope is
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Figure 3 Overall ratio response and expanded ratio
response at different polarisation states
a Overall ratio response at different polarisation states

b Expanded ratio response showing ratio variation at different
states of polarisation for a narrower wavelength range

not linear and hence one has to find the local slope to determine
the wavelength error.

3.1 Estimation of maximum ratio and
wavelength fluctuation

Estimation of the maximum variation in measured
wavelength is important as we can determine the system’s
worst-case performance. The maximum and minimum
values of the fluctuation of PDL of the filter arm because
of the 3dB coupler and the fibre filter are calculated
using (2). A comparison of the estimated maximum and
minimum of the PDL of the filter arm with the measured
PDL of the filter arm is shown in Fig. 4. The measured
PDL lies within the estimated range. For the system, the
combination of both of the arms gives the total ratio
variation. The PDL of the reference and filter arms
obtained from the experiment provides the maximum and
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1 x 1 2 ! I
0.45 - o Measured PDL of the filter arm e
#* Estimated minimum 1
0.40 4 & Estimated maximum 4
o
0.35 ¢
] e O |
0.30 4 5 o - .
4 o + !
0.254 © _ )
] 3 ¢ 9 ]
0.20 #*
P o g
» ®
015 * #
* * T
0.10 5 . ¥
] * x
b *
05— T T T T T T T 1
1500 1510 1520 1530 1540 1550 1560 1570 1580 1590 1600

Wavelength, nm

Figure 4 Estimated maximum and minimum PDL of the
filter arm and its comparison with the measured PDL
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Figure 5 Estimated maximum variation

a Estimated maximum variation in the ratio of the system
b Estimated maximum variation in the wavelength of the system
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Table 1 PDL of the components and the estimated maximum error in ratio and wavelength at 1550 nm

Components contributing to PDL PDL

Estimated maximum ratio/wavelength error

3 dB coupler (arms 1 and 2)

—-0.07dB

arm 1(reference arm) —0.09dB,
arm 2 (arm connected to fibre filter)

ratio —0.301dB/wavelength
—1.402nm

bend fibre filter 0.1958 dB

minimum power levels of each arm. Based on that a
numerical simulation has been carried out to find the
maximum ratio variation and is estimated using (3). The
estimated variation in ratio and wavelength of the system is
shown in Figs. 54 and 54. To estimate the wavelength
error, the local slope of the ratio spectrum shown in Fig. 3a
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71 | © Estimated maximum ratio variation
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= ] R
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Figure 6 Variation in the ratio and wavelength of the
system because of PDL is measured and its comparison
with the estimated maximum variation

a Comparison of measured ratio error with the estimated
maximum ratio error because of PDL

b Comparison of the measured wavelength error with the
estimated maximum wavelength error because of PDL

is calculated with a 5 nm window at 10 nm intervals from
1500 to 1580 nm. The wavelength error, which is a
consequence of ratio variation, in practice, depends on the
slope of the system, which is low at lower wavelength
regions and high at higher, which obviously gives more
error at lower wavelengths than higher wavelengths. It is
estimated that the maximum wavelength change at
1500 nm is 1.9 nm from the original value, which is the
highest. Any measured error in wavelength should be
within this range. The PDL of the different components
involved in the ratiometric system and the estimated
variation in ratio and wavelength at 1550 nm is summarised

in Table 1.

3.2 Experimental verification of ratio and
wavelength fluctuation because of PDL

Using the experimental system as shown in Fig. 1, the
variation in the ratio and wavelength of the system because
of PDL is measured and its comparison with the estimated
maximum variation is shown in Figs. 6a and 64. The error
bars represent the possible variation in the measured ratio
and the wavelength error because of the temperature
variations monitored during the course of the experiment.
It is seen that the ratio variation increases as the wavelength
goes higher. As in the estimated case, the wavelength error
changes with wavelength because of the difference in slope
of the ratio spectrum, which being lower at lower
wavelengths gives a greater error at lower wavelengths. In
practice, when the measurement system is used for live
measurements at any spot wavelength, the system estimates
the slope of the ratio response in the vicinity of the spot
wavelength. Therefore small irregularities in the calibrated
ratio response can result in errors. The discrepancy between
the estimated and the measured wavelength variation at
1540 nm originates as a result of these small irregularities
in the calibrated response. At 1550 nm, the measured
wavelength error was 1.41 + 0.09 nm. The measured ratio
and wavelength variation of the system are well within the
estimated limits. The fundamental fact about the
fluctuation in attenuation because of PDL, which leads to
the variation in ratio and wavelength, is experimentally
confirmed with the above results. Without predicting the
wavelength error because of PDL of the components used
in the system, characterising a system to a wavelength
resolution or accuracy of 0.01 nm is meaningless. Thus for
determining the accuracy and resolution of the system the
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PDL of the system and its effects on the system has to be
determined.

4 Conclusion

The effect of polarisation-dependent loss on macrobend fibre
filter-based ratiometric system was discussed. The PDL of
the individual components are measured and maximum and
minimum limits of the PDL of the filter arm are calculated
from that. The measured PDL of the filter arm lies within
the estimated limit. The total ratio variation of the system,
which comes from the PDL of the filter and reference
arms, is measured and compared with the estimated
maximum limit. Because of PDL, for a system with an
average slope 0.22 dB/nm, the measured wavelength error
was 1.41 + 0.09 nm at 1550 nm. From our investigations,
we can conclude that PDL is an important factor in
determining the accuracy of a macrobend fibre filter-based
ratiometric wavelength measurement system. A recalibration
of the system is necessary to avoid the wavelength error and to
achieve the accuracy required for systems like DWDM when
the source’s polarisation state changes.
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