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FIBRE OPTIC INTERCONNECTING DEVICES
AND PASSIVE COMPONENTS -
BASIC TEST AND MEASUREMENT PROCEDURES -

Part 3-38: Examinations and measurements —
Group delay, chromatic dispersion and phase ripple

1 Scope

This part of IEC 61300 describes the measurement methods necessary to characterise the
group delay properties of passive devices and dynamic modules. From these measurements
further parameters like group delay ripple, linear phase deviation, chromatic dispersion,
dispersion slope, and phase ripple can be derived. In addition, when these measurements are
made with resolved polarization, the differential group delay can also be determined as an
alternative to separate measurement with the dedicated methods of |EC 61300-3-39.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

IEC 60050-731, International Electrotechnical Vocabulary — Chapter 731: Optical fibre
communication

IEC 61300-3-29, Fibre optic interconnecting devices and passive components — Basic test
and measurement procedures — Part 3-29: Examinations and measurements — Measurement
techniques for characterizing the amplitude of the spectral transfer function of DWDM
components

3 Terms and abbreviations

For the purposes of this document, the terms and definitions given in IEC 60050-731 and
IEC 61300-3-29 apply, together with the following.

BW Bandwidth: the spectral width of a signal or filter.

CD Chromatic dispersion (in ps/nm): change of group delay over wavelength:
CD=d(GD)/dA

D Detector

DGD Differential group delay (in ps): difference in propagation time between two
orthogonal polarization modes

DUT Device under test

DWDM Dense wavelength division multiplexing

) Step size of the VWS during a wavelength swept measurement

fRE Modulation frequency

GD Group delay (in ps): time required for a signal to propagate through a device

GDR Group delay ripple (in ps): the amplitude of ripple of GD

LN LiNbO,
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LPV Linear phase variation (in deg)
Ae Centre channel or nominal operating wavelength for a component
MPS Modulation phase shift
PBS Polarising beam splitter
PMD Polarization mode dispersion (in ps): average value of DGD over wavelength
PPS Polarization phase shift
PSP Principle state of polarization
()] Phase delay
RBD Reference branching device
SOP State of polarization
SSE Source spontaneous emission
SWI Swept wavelength interferometry
AD Phase ripple
TDC Tunable dispersion compensator
TJ Temporary joint
TLS Tunable laser source
VWS Variable wavelength source

4 General description

This document covers transmission measurements of the group delay properties of passive
devices and dynamic modules. In order to interpret the group delay properties, it is essential
to also have the amplitude spectral measurement available. For this reason, loss
measurements are also covered to the extent that they are required to make proper
dispersion measurements.

The methods described in this procedure are intended to be applicable in any wavelength
band (C, L, O, etc.) although examples may be shown only in the C band for illustrative
purposes.

This document is separated into two sections, one concentrating on measurement methods,
and one concentrating on analysis of the measurement data. The measurement methods
covered in this document are the modulation phase shift method, the swept-wavelength
interferometry method and the polarization phase shift method. The modulation phase shift
method is considered the reference method. The methods are selected particularly because of
their ability to provide spectrally resolved results, which are often necessary for passive
components and especially for wavelength-selective devices.

The appropriate measurement parameter to evaluate the group delay ripple, and the method
of estimating the phase ripple from the measurement result of GDR are shown in 7.4. The
phase ripple is important as a measure of the influence that GD of an optical device has on
the transmission quality since many tunable dispersion compensators use the interference
effect where ripple is a significant effect.
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5 Apparatus

5.1 Modulation phase shift method

5.1.1 General

The measurement set-up for the characterisation of the group delay (GD) properties of optical
components is shown in Figure 1. A detailed explanation of the various components of this
system and their functions is contained in 5.1.2 to 5.1.13.

e .
| ' |: : I
RF . : Detector
— ] generator I : — : (D1)
_'D— —D_‘— Phase — _I
I II'J 1 TJ2 comparator I
. I 1
I - I
: . tect
Tracking RBD1 | Amplitude Polarization e — ‘?E?;)or !
vWs | filter =™ modulator [=] controller f—] } Phase | —
(optional) (optional) RBD2 comparator I
(optional) |
|
|
Wavelength Data collection, :
monitor | @ e e e e e e e e o ——— = = = = —— qomputatlon gnd -
instrumentation
control 1
1
! |
e o o o -
_—— Electrical control and data interface
----------- Temporary reference optical connection
Optical connection
- — Electrical RF connection
IEC 986/12
Figure 1 — MPS measurement method apparatus
5.1.2 Variable wavelength source VWS

The variable wavelength source (VWS) is a polarized light source that can select a specific
output wavelength and can be tuned across a specified wavelength range. The power stability
at any of the operating wavelengths shall be sufficient so as not to cause significant errors in
the phase comparators. The relative accuracy and repeatability of wavelength, as determined
by the VWS and wavelength monitor together, shall be accurate to 3 pm for each point in the
measuring range and the absolute wavelength accuracy should satisfy the wavelength
specifications of the device under test. The linewidth of the source shall be less than 100 MHz.
The tuning range of the VWS shall cover the entire spectral region of the device and the
source shall also be free of mode hopping over the tuning range. The output power of the
VWS shall be sufficient to provide enough signal to ensure good comparison of the phase.

The minimum increment of the wavelength of the VWS should be adjusted to one tenth of
expected GDR period of the DUT.

51.3 Tracking filter (optional)

The tracking filter may be used for any DUT measurements if the dynamic range of the VWS
and the detector does not allow for measuring dynamic range of at least 40 dB due to the
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shape of the DUT and the broadband source spontaneous emission (SSE) of the VWS. The
filter shall track the VWS so as to provide the maximum SSE suppression and the maximum
transmitted power as the VWS is scanned across the measurement region. The spectral
shape of the filter shall provide enough out of band attenuation to allow for 40 to 50 dB
dynamic range at the transmission detector.

514 Reference branching device RBD1, RBD2

The configuration of the RBD is 1 x 2 or 2 x 2. If its configuration is 2 x 2, one port of the RBD
shall be terminated to have a return loss better than 50 dB. The splitting ratio of the RBD shall
be stable with wavelength. It shall also be insensitive to polarization. The polarization
sensitivity of transmission attenuation shall be less than one tenth of the device wavelength
dependency of attenuation or less than 0,1 dB. The directivity shall be at least 10 dB higher
than the maximum return loss. The split ratio shall be sufficient to provide the dynamic range
for the measurement of the transfer function and the power necessary for the wavelength
monitor to operate correctly.

5.1.5 Wavelength monitor (optional)

In this test procedure, the wavelength accuracy of the source needs to be closely monitored.
If the tuning accuracy of the VWS is not sufficient for the measurement, a wavelength monitor
is required. For this measurement method, it is necessary to measure the spectral peak of any
input signal within the device BW to an accuracy of 3 pm. Acceptable wavelength monitors
include an optical wavelength monitor or a gas absorption cell (such as an acetylene cell). If a
gas absorption cell is used, the wavelength accuracy of the VWS must be sufficient to resolve
the absorption lines. The VWS must be sufficiently linear between the absorption lines.

Included under this specification, is the wavelength repeatability of the VWS + monitor. It
should be understood by the operator that if the test apparatus has 0,1 ps of ripple with a
30 pm period, then a random 3 pm wavelength variation from reference scan to device scan
can result in as much as 0,03 ps of GD noise.

5.1.6 Device under test DUT

For the purposes of this document, the test ports shall be a single “input-output” path. The
method described can be extrapolated to obtain a single measurement system capable of
handling an m x n device. The device shall be terminated on either pigtails or with connectors.
Because this measurement set up is very sensitive to reflections, and is useful for detecting
reflections in the DUT it is important that reflections are not introduced by the measurement
system.

In many cases, the characteristics of DWDM components are temperature dependent. This
measurement procedure assumes that any such device is held at a constant temperature
throughout the procedure. The absolute accuracy of the measurement may be limited by the
accuracy of any heating or cooling device used to maintain a constant temperature. For
example, if a device is known to have a temperature dependence of 0,01 nm / C, and the
temperature during the procedure is held to a set temperature + 1 °C; then any spectral
results obtained are known to have an total uncertainty of 0,02 nm due to temperature.

5.1.7 Detectors D1, D2

The detectors consist of an optical detector, the associated electronics, and a means of
connecting to an optical fibre. The use of a detector (D2) is considered optional, but provides
correction for any instability in the GD of the instrument setup between the modulator and the
DUT between Step 3 and Step 4 of 6.1.3. The optical connection may be a receptacle for an
optical connector, a fibre pigtail, or a bare fibre adapter. The back-reflection from detectors
D1 and D2 shall be minimised. The preferred option would be to use an APC connector. It
should be noted that the use of an APC connector would contribute approximately 0,03 dB of
PDL to the measurement if terminated in air.
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The dynamic range and sensitivity of the detectors shall be sufficient for the required
measurement range, given the power level provided by the modulated source. The linearity of
the detectors shall be sufficient to provide accurate representation of the modulated signal.
The detector shall transfer the optical modulation phase to the RF output phase with good
stability and little dependence on the optical signal level.

Where during the sequence of measurements a detector shall be disconnected and
reconnected the coupling efficiency for the two measurements shall be maintained to at least
the accuracy of the mated connector.

5.1.8 RF generator

The RF Generator delivers an electrical signal that is used for driving the intensity modulator.
In addition, the signal is delivered to the phase comparator in detectors D1 and D2 as a
reference signal. The RF Generator produces a waveform with a single dominant Fourier
component, for example, a sinusoidal wave modulation. Typically, a sinusoidal signal with a
frequency in the range of 100 MHz up to 3 GHz is used. The RF generator shall have
sufficient frequency accuracy and stability for the required measurement accuracy,
considering that the frequency provides the time base for the GD measurement.

5.1.9 Amplitude modulator

The amplitude modulator uses the modulated signal from the RF generator to induce the
equivalent amplitude modulation on a continuous wave optical signal. The modulator converts
the modulated signal from the RF generator to a modulated optical signal. The modulator
shall have sufficient linearity to produce a good sinusoidal modulation. The modulation
amplitude should be matched to the dynamic range of the detector system.

5.1.10 Phase comparator

The phase comparator is built into the detectors D1 and D2, which compare the phase of the
modulated optical signal and the RF reference signal. Typically, a network analyser, or lock-in
amplifier is used as a phase comparator. A method known as phase sensitive detection is
used to single out the component of the signal at a specific reference frequency and phase.
Noise signals at frequencies other than the reference frequency are rejected and do not affect
the phase measurement. The RF signal level shall not affect the phase measurement.

5.1.11 Temporary joints TJ1, TJ2

Temporary joints are specified to connect the test input signal to the device under test to the
device output to the transmission detector (D1).

Examples of temporary joints are typically connectors or splices. However other methods
such as vacuum chucks, or micromanipulators may be applied. Due to the high sensitivity to
back reflections, it is necessary to ensure that all of these joints have back-reflection <-50 dB.

5.1.12 Polarization controller (optional)

The modulated laser signal is optionally sent to a polarization controller, wherein the
polarization can be adjusted to the 4-Mueller-states located on the surface of the Poincaré
sphere, three of them on the equator of the Poincaré sphere and separated by 90 degree
consisting of the 0°, 45° and 90° linear polarization states, and the fourth state on the pole of
the Poincaré sphere for circular polarization. If the DUT exhibits polarization mode dispersion,
averaging results from orthogonal polarization states allows the GD average over all input
polarization states to be determined. From a set of GD measurements at all the 4-Mueller-
states, the differential group delay (DGD) can be calculated. The polarization controller shall
be able to provide satisfactory polarization stability over the wavelength range of the
measurement.
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5.1.13 Reference jumper

The reference jumper is a single-mode fibre. The optical connection may be an optical
connector, a fibre pigtail, or a bare fibre. The reference jumper must have the same optical
connection as the DUT.

5.2 Swept wavelength interferometry method
5.2.1 General

The measurement set-up for this method is shown in Figure 2. A detailed explanation of the
various components of this system and their functions is contained in 5.2.2 to 5.2.7. The
setup shown illustrates a transmission measurement of a DUT with two optical ports.

The measurement of GD is usually of interest to determine its dependence on wavelength and
polarization. However, the GD of optical fibre and other components of optical fibre networks
is also sensitively dependent on outside parameters such as temperature, pressure,
mechanical stress, and noise. Therefore a setup for measuring GD should provide for stability
against fibre movement and external changes during the measurement. Since the SWI
method relies on tracing the optical phase, which is very sensitive to GD and GD changes in a
fibre, such provision is particularly important for this method.

Arerrssrrsrrsssrasseas .
: : Detector |_ _ _ _ _
DUT - (D1) |
TJ1 TJ2 Data
RBD1 computation,
TLS Polarization Detector collection and
-+ controller (D2) instrumentation
RBD2 RBD3 control
PBS
Wavelength | @ @ & o o o e e e e e e e e e e e e e e e e e e e e e e _:
monitor

= = == = Electrical control and data interface

------------ Temporary reference optical connection

Optical connection
IEC 987/12

Figure 2 — SWI measurement method apparatus

5.2.2 Tunable laser source TLS

The SWI method uses coherent interference, so a tunable laser source is necessary to
provide the variable wavelength signal. The TLS must be tunable across the required
wavelength range. Considering typical coherence and wavelength resolution requirements,
the line-width shall be less than 1 MHz. A typical device length of about 10m, including patch
cords, will give an interferogram period of about 20 MHz. Accurate characterization of this
requires a substantially smaller resolution. Typically closely spaced measurements are
required (depending on the length and GD range of the DUT as discussed in 6.2.1), so it is
highly recommended to perform the measurements during continuous wavelength scanning by
the source. Therefore the setup shall provide specified control and monitoring of the
wavelength while sweeping.
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5.2.3 Wavelength monitor

If the TLS does not itself provide adequate wavelength accuracy, this shall be achieved with
the wavelength monitor. The monitor improves absolute wavelength accuracy and relative
wavelength accuracy for each measurement point during the wavelength scan.

5.2.4 Reference branching devices RBD1, RBD2, RBD3

The branching devices, RBD2 and RBD3, are used to establish the interferometer by splitting
the optical path so that part of the light passes through the DUT and the other part passes
along a reference path. The light from the two paths is then recombined so that it interferes at
the detectors. These couplers will typically have a 50:50 coupling ratio. Further branching
devices may be used to tap light for monitoring, as for the wavelength monitor. These should
be selected to provide adequate signal for the monitoring function. The branching devices
have 1 x 2 or 2 x 2 configuration. Unused ports of the RBD shall be terminated to give less
than -50 dB back-reflection.

5.2.5 Detectors D1, D2

The detectors are used to trace the optical power with respect to wavelength. As described
below, the recommended configuration produces two such traces for light at two orthogonal
polarization states. The traces will generally yield oscillations in power with very short
wavelength period as explained in 5.2.1, so that a high density of measurements vs.
wavelength will be required. Therefore a high-speed data acquisition detection system is
recommended. The discussion below assumes that the output signal corresponds to optical
power. Since relative changes in power will be evaluated, the detectors should have good
linearity, and care should be taken to avoid approaching saturation.

5.2.6 Polarization controller

To obtain sufficient interference signal from the interferometer, it must be assured that light
from the two paths combines with the same polarization, since signals with orthogonal
polarization will not produce interference. Since in general the polarization state of the light at
the DUT output will be unknown, some control of the polarization is required. The polarization
controller and polarization analyzer of 5.2.6 combine to satisfy this function, as described in
Clause 5. Generally the polarization controller is used to establish the polarization at the DUT
input and to “balance” the power at the two detectors from the reference path of the
interferometer. The polarization controller shall be able to provide satisfactory polarization
stability over the wavelength range of the measurement, for example by using zero-order
retarding plates. The combination of polarization controller and analyzer also permits the
calculation of DGD from a set of GD measurements at different polarization conditions.

5.2.7 Polarization analyzer

The polarization analyzer is the second part of the configuration to assure favourable
interference conditions, based on polarization. A practical realization is to use the polarising
beam splitter (PBS) in combination with the two detectors. When the polarization controller of
4.2.5 assures that similar power from the reference arm is present at both detectors, then the
light from the DUT will also be split into two respective components with the same polarization
at the detector as the reference light. This assures a good interference signal.

5.3 Polarization phase shift method
5.3.1 General

Figure 3 shows a block diagram of the polarization phase shift method (PPS). A detailed
explanation of the various components of this system and their functions is contained in 5.3.2
to 5.3.8.



BS EN 61300-3-38:2012

- 14 - 61300-3-38 © IEC:2012
RF f—  e———  EE——— f EE—— O EE———— Y EE———— O E——— W EE—— O ES—— O S——— O s—
generator |r == s m—t m—— m— —. Detector
| (D1)
I . P Amplitude | _ _ _ _
. I and phase |
I comparator 1
. 1
I I I
1
: L. — . —} — .
I T L TR Rl . Detector Data
: : (D2) computation,
TLS Amplitude Polarization D DUT D i S Amplitude collection and
modulator controller and phase instrumentation
T TJ2 comparator control
Polarization
splitter
= = = = Electrical control and data interface

------------ Temporary reference optical connection
Optical connection

— « = Electrical RF connection

IEC 988/12

Figure 3 — PPS measurement method apparatus

5.3.2 Tunable laser source TLS

A tunable laser source is used as the light source. The wavelength tuning range of the laser
shall be sufficient to cover the wavelength range to be measured. To obtain a good SNR and
wavelength resolution of the measurement result, the laser should have sufficient power for
the required signal-to-noise ratio (SNR) of the result and the spectral line width should be
narrow enough for the required wavelength resolution. Generally, the completely self-
contained temperature controlled and current controlled wavelength stabilized external cavity
laser unit is employed. The output of the tunable laser source is connected to an optical
intensity modulator by a polarization maintaining fibre.

The wavelength increment of the VWS shall be optimized for the period of the group delay
ripple (GDR) of the DUT.

5.3.3 RF generator

The RF generator provides a modulated pattern for the optical intensity modulator. Some of
the modulated pattern is sent to the amplitude and phase comparator as a reference signal.
The RF signal source requires a broadband characteristic because it is necessary to provide
a sinusoidal modulated pattern whose frequency range is typically from 50 MHz to 3 GHz. In
the selection of the modulation frequency undesirable influences of modulation sidebands and
the CD measurement resolution shall be considered.

The sidebands are generated on both sides of the optical signal with a frequency difference of
f, which is the modulation frequency. This represents the optical spectrum spread. The

effective wavelength resolution, A4 (nm), is restricted by the sidebands, and is generally given
as:

22 xf
c

Ad =2x

(1)
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where

A is wavelength (nm)

f is the modulation frequency (GHz), and
c is velocity of light in vacuum (m/s)

In addition, the GD measurement resolution, AGD(ps), is also restricted by the modulation
frequency, f, and is typically given as:

Apx10°3
21f

AGD =

where
Ad is phase resolution of the phase comparator (radians)
f is modulation frequency (GHz)

5.3.4 Amplitude modulator

The optical intensity modulator modulates the intensity of light from the tunable laser source
synchronized to the modulated pattern from RF signal source. The optical performances such
as insertion loss, on-off extinction ratio and polarization extinction ratio shall satisfy the
required value over the wavelength range to be measured. In order to achieve these
performances, generally a LiINbO5 (LN) modulator is used. A polarization maintaining fibre is
used as an input fibre in order to connect with a tunable laser source. A driving voltage is
generally determined from the half-wavelength voltage (Vi) of the LN modulator, and the
output power of the RF signal source is adjusted so that the degree of optical intensity
modulation will be approximately 20 %.

5.3.5 Polarization controller

The polarization controller is used to launch light of specific states of polarization (SOP) to
the DUT. The polarization controller consists of three components: a polarizer, a 1/4-wave
plate, and a 1/2-wave plate. Rotating the set of two retardation plates can generate any
polarization state. The angle-adjustable resolution shall be less than = 0,1 degree and the
polarization extinction ratio shall be more than 20 dB over the wavelength range to be
measured.

5.3.6 Polarization splitter

The polarization splitter is placed after the DUT. The output light is separated into two
orthogonally polarized signals, P- and S-polarised lights. Each signal is led to the optical
detectors. The polarization splitter consists of a non-isotropic crystal such as a calcite prism
possessing a high polarization extinction ratio of more than 20 dB. The insertion loss shall be
less than 1 dB. The optical performances such as polarization extinction ratio and insertion
loss of the polarization splitter shall satisfy the required value over the wavelength range to
be measured.

5.3.7 Detectors D1, D2

The optical receivers convert the modulated light from the DUT into an electrical signal. A PIN
photodiode, with a good linearity and a low noise density of approximately 10 pA/(Hz)"? is
generally used. The PIN photodiode must have response characteristics sufficient to respond
to the modulation frequency of the RF signal source. In addition, to ensure a high signal to
noise ratio, a broadband and low noise amplifier shall be used after the optical detectors.
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5.3.8 Amplitude and phase comparator

The amplitude and phase comparator measures amplitude and phase by comparing the
signals for each polarized wave with the reference signal from the RF signal source. The GD
tau (ps) is calculated from the phase using the following equation:

3
.- ¢2;? (3)
where
) is phase (radians) and
f is the modulation frequency (GHz)

The reference signal, which is a part of the modulated pattern of the RF signal source, is
provided to the amplitude and phase comparator. The reference signal shall be synchronised
to the modulated pattern. The total phase accuracy including the frequency stability of the RF
signal source shall be less than + 0,3 degree or sufficient to ensure adequate measurement
precision.

6 Measurement procedure

6.1 Modulation phase shift method
6.1.1 Measurement principle

GD, Tgs is defined as the derivative of the optical phase Dot with respect to its angular
frequency o, = 2nf ¢ according to

_ 1 Ao {fopt)

_ d®gpt (wopt)
(en)= 2t diy

d Cl)opt

(4)

Tg

@0 (0]

In the MPS method, a wavelength tunable source is modulated in amplitude with a sinusoidal
waveform at a radio (RF) /microwave frequency frg, typically in a range of 100 MHz to 3 GHz.
The modulated optical signal is transmitted to the device under test and detected in the
receiver. The phases of the RF signal relative to the reference modulation source o¢grgy,
ORf2, --- PR, are recorded at wavelengths A4, Ay, ... A, corresponding to optical frequencies
fopt1s fopt2s --- T optn- These measurements are used to determine relative group delay, that is
the change in group delay over a wavelength interval. From measurements of the RF phases
at two adjacent wavelengths A, to 5t the change in GD, Arg(ki,kj) can be obtained as

2 )= .
Arglin;)= (/’RF(;LRTFW (5)

6.1.2 RF modulation frequency

The RF modulation frequency has to be selected carefully. A trade-off has to be made
between GD noise on the measurement trace and the spectral resolution of the curve. Table 1
displays recommended maximum RF modulation frequencies for a certain required spectral
resolution.

Particular attention should be paid to the relation between wavelength sample spacing and
the modulation frequency. In particular, for devices showing high dispersion, the GD
difference over the wavelength sample spacing limits the maximum modulation frequency that
can be used without risking phase shifts of more than 180 degrees, which lead to ambiguous
results due to phase-wrap errors. The modulation frequency should satisfy
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1

Ammax

(6)

fRF <

where At is the maximum GD difference over the sampling spacing.

In the case where the spectral resolution due to modulation is equivalent to the wavelength
sample, the measurements acquired at successive wavelengths can be averaged to
synthesize (i.e. to give a result similar to the use of) a higher value of fzg, because the phase
contributions from the upper side-band of one acquisition are cancelled by the equal but
opposite phase contributions of lower side-band of an adjacent acquisition.

Figure 4 illustrates an example case of three acquisition points where the wavelength sample
spacing is equal to the modulation frequency. Each ellipse depicts the optical spectrum at
each wavelength snapshot. As described above, the three successive snapshots can be
averaged resulting in a single equivalent snapshot with an effective modulation frequency
equal to 3fgr and an effective central wavelength equal to A, (i.e. mean of (L4 A, 13) ).

Table 1 — Modulation frequency versus wavelength resolution for C-band

Modulation Frequency Wavelength resolution
(GHz) (pm)
0,1 1,6
0,2 3,2
0,3 4,8
0,5 8,0
1,0 16,0
2,0 32,1
3,0 48,1
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6.1.3 Test sequence
Using the setup shown in Figure 1, follow these steps:

(1) A sinusoidal waveform is generated by an RF generator. The frequency fgg is typically
selected in a range of 100MHz to 3GHz. This sinusoidal waveform will be used to drive the
amplitude modulator and to synchronise phase detector D1 and D2. Optionally, the
frequency fzg is selected to be related to the wavelength sample spacing such that
consecutive samples overlap as shown in figure 4.

(2) Optionally, the polarization controller is adjusted to be at 0° linear polarization. The actual
orientation of this polarization is arbitrary, but usually refers to the state generated in the
polarization controller. Further SOP are referenced to this one in Step 7.

(3) With no DUT attached, connect a fibre patch-cord between TJ1 and TJ2. Scan the
wavelength of the TLS, recording the wavelengths and phases from D1 and D2 for points
with the selected wavelength sample spacing. The results are an array of values (i,
Prer (D)., 9rer (D2),). This provides a “zero-loss” reference for normalizing the phase of
the DUT signal.

(4) Attach the DUT at TJ1 and TJ2. Scan the wavelength of the TLS, recording the
wavelengths and phases from D1 and D2 for points with the selected wavelength sample

spacing. The results are an array of values (i, @pyr(D1);, ¢pyr(D2),). This provides a
phase of the DUT signal.

(5) Steps 3 and 4 can be repeated individually to reduce random noise in the phase
measurements by “averaging” the multiple scans.
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(6) Optionally, as described in 6.1.2, if the modulation frequency fzg is equal to the
wavelength sample spacing, a boxcar smoothing can be applied to achieve the
measurements as if it were acquired at higher modulation frequencies.

(7) As an optional but recommended extension, steps 3 to 6 can be duplicated with the
polarization controller at 45° and 90° linear polarization states, and the fourth state on the
pole of the Poincaré sphere for circular polarization. This allows determination of the GD
average over all input states of polarization.

6.1.4 Special notice for measurement of GDR

The wavelength resolution shall be chosen carefully to optimize for the period of group delay
ripple (GDR) of DUT. The wider wavelength resolution reduces the group delay noise but
degrades ability to resolve group delay ripple due to smoothing.

6.1.5 Calculation of relative group delay

In 6.1.3, step 3 and step 4 provide a “zero-loss” reference and the phase measurements of
the DUT signal. The relative GD at the wavelength A; can be calculated as shown

(¢out (D2); - prer (D2)) - (PouT(D1) - Prer (D1)i)1012
2nfxF

Tg(/li): (7)

where ¢ is the phase in radians, fxg is the modulation frequency in Hz and GD is in ps.

6.2 Swept wavelength interferometry method
6.2.1 Measurement principle

This method uses an optical interferometer and a tunable coherent light source to measure
the dependence on wavelength of the optical phase of the light, ¢, transferred by the DUT.
The absolute GD is then calculated according to its definition as the derivative of phase with
respect to optical frequency,

cp-3¢ (8)
do

Here the phase ¢ refers to the phase of the optical (electromagnetic) wave, and o is the
optical frequency, expressed in rad/s. For example, the electrical field strength of light
propagating in vacuum in the x-direction could be expressed as

E(x,t)= Eocos(znej - th (9)

where the argument of the cosine function is the phase, ¢, and the amplitude of the field Ej is
proportional to the square root of the optical power.

Note that this method is different to Method D of JEC 60793-1-49, called “interferometry”, for
measuring the CD of optical fibres, in which a low-coherence light source is used. In that
Method D, it is the length of the reference arm of the interferometer that is varied to match the
optical length of the arm including the DUT. That method is not appropriate for measuring
components like filters requiring high wavelength resolution, because a broadband light
source is needed to provide good resolution of GD.

The interferometer measures the relative change vs. wavelength in the phase of the light from
the DUT with respect to the light through the reference path. When the phase is such that the
light combines constructively, the power is higher at the detector than when only light from the
reference path is present. When the light combines destructively, the power is lower.
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Generally the power level will oscillate as the wavelength is scanned, because the phase
advances at different rates in the two paths as the wavelength is changed, if they have
different optical length. The greater the path length difference, the more rapidly the detected
power changes with wavelength. The period of the oscillation, AL is given by

AL =72/AL (10)

where AL is the optical path length difference. Note that for a difference of 1 m, this gives a
period of only 2,4 pm. If the difference is 10 m, then the period is only 0,24 pm. Thus it can be
seen that a setup flexible enough to measure different devices without reconfiguration should
be able to measure with a wavelength resolution smaller than 0,1 pm.

After recording the trace of power vs. wavelength, the interferogram, the dependence of
phase on optical frequency can be extracted, which then allows calculating the absolute GD.
The GD is then also a function of frequency or wavelength.

6.2.2 Test sequence
Using the setup shown in Figure 2, follow these steps:

(1) With no DUT attached, so that TJ1 and TJ2 are not connected, adjust the polarization
controller to obtain equal power at D1 and D2. This establishes the first input state of
polarization. It is recommended to make this adjustment with the TLS set to the middle of
the wavelength range to be measured. Directivity should be better than 50 dB for the
branching device.

(2) Attach the DUT at TJ1 and TJ2. The reflectance spectrum of the DUT can also be
measured, for instance by using a 2 x 2 coupler at RBD2 and attaching TJ2 to the
additional port on the left side of RBD2. For measurements with low uncertainty, it is best
to wait a few minutes after attaching for the temperature and position of the fibre pigtails
to stabilize.

(3) Scan the wavelength of the TLS, recording the wavelengths and signals from D1 and D2,
for points with spacing 0,1 pm or smaller, as required by the length of the DUT. The result
is an array of values (i;, P1;, P2;).

(4) Optionally, a normalization measurement with a fibre patch-cord between TJ1 and TJ2 can
also be made. This provides a “zero-loss” reference for normalizing the amplitude of the
DUT signal, allowing accurate measurement of the attenuation. This measurement also
produces an array of values (A;, N1;, N2,), where N is the power trace from each detector.

(5) Steps 3 and 4 can be repeated to reduce random noise in the spectra by “averaging” the
multiple scans. Because it is not desired to smooth out the interference oscillations in this
process however, the averaging should be performed with the results of analysis on the
raw data arrays of steps 3 and 4.

(6) As an optional but recommended extension, steps 2 to 5 can be duplicated for the second
polarization state adjusted to the orthogonal state compared with the first polarization
state, using the polarization controller. This allows determination of the GD averaged over
all input states of polarization and of the DGD.

6.2.3 Special notice for measurement of GDR

The wavelength resolution shall be chosen carefully to optimize for the period of group delay
ripple (GDR) of DUT. The wider wavelength resolution reduces the group delay noise but
degrades ability to resolve group delay ripple due to smoothing.

6.2.4 Calculation of group delay

The result of step 3 above actually yields two interferograms, given by the arrays (;, P1,) and
(; P2;). (Including the results of step 6, there are four such interferograms in total.) These are
separately processed in the same way in the following calculations. Each will yield a GD
spectrum, which may differ if the DUT has non-zero DGD.
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The interferogram, which is here expressed in terms of w =27c/ 1 as P(w), has values

P(w) = R(w)+ D(w)+ 2y/R(w)y/D(w)cos(p(w)) (11)

where R is the power at the detector from the reference path, D is the power at the detector
from the DUT and ¢ is the optical phase difference between the two optical paths. All of these
are functions of w. To obtain the third term of this equation with the phase information, the
interferogram P(w) is high-pass filtered. The cut-off of the high-pass filtering can be estimated
by using a Fourier transform to identify the interferogram frequencies related to the GD of the
device. The Hilbert transform of this term is then used to obtain the w-dependent values of
amplitude and phase:

2JR()yD(w) and ¢(w), respectively. (12)

These arrays can then be averaged over repeated wavelength scans if required, as mentioned
in step 5 of 6.2.2. The high number of data points can now also be reduced to the desired
wavelength resolution, using boxcar averaging.

The GD is now obtained as:

GD(@HZ""@): ¢(a2)+11):<;(w.) (13)

This calculation is performed for the interferograms of both detectors and the results are
averaged to form the polarization-averaged GD spectrum for this input polarization state,
which may then be expressed as a function of o or A. The fully averaged GD spectrum is
obtained by also averaging the results for GD obtained from the same analysis on the results
of step 6. Note that, given a zero length reference measurement, the GD values are absolute
and indicate the length of the device.

The insertion loss of the DUT can also be determined from these data, after performing a
similar analysis on the normalization results of step 4 to obtain 2,/Ria;i,/DNia)) as the

amplitude from the Hilbert transform of the corresponding N(w) data. Then the polarization-
averaged transfer T, of the DUT is given by

Tave(a))zz% (14)

where the summation is over values from the two, or four if step 6 is used, polarization-
resolved interferograms.

The average insertion loss of the device is then given by the average of this from the
interferograms of both detectors, expressed in dB.

IL(w) = ~10109(Taye () (15)

6.3 Polarization phase shift method
6.3.1 Modulation frequency

The modulation frequency shall be chosen based on the required wavelength resolution and
GD or CD noise. For more information, refer to 6.3.2.
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The wavelength resolution shall be chosen carefully to optimize for the period of group delay
ripple (GDR) of DUT. The wider wavelength resolution reduces the group delay noise but
degrades ability to resolve group delay ripple due to smoothing.

6.3.2 Wavelength increment

Two wavelengths are required to obtain a CD value because the wavelength differentiation in
this wavelength increment, AL, is used when calculating a CD. The phase difference that can
be measured with the phase comparator is within + 180 degrees. Therefore, the maximum GD
difference, A1, that can be measured between the adjoining wavelengths is given by the
following expression.

, 180 10° 1o3
360 fl 2

(16)

ATmax <

This wavelength increment, AXA, will be called wavelength step size. To measure up to a
certain value, the wavelength step size is decided as follows.

+ ATmayx
CDmax

A< |t (17)

where

AA is wavelength step size (nm),
Atax IS the maximum GD of the DUT in ps,
f is the modulation frequency in GHz, and

CD,,ax is the maximum CD to be measured in ps/nm.

The minimum increment of wavelength of VWS shall be chosen to optimize for the period of
the group delay ripple (GDR) of DUT.

6.3.3 Scanning wavelength and measuring CD

The tunable laser source is used to perform a wavelength sweep along the desired
wavelength range, and the GD value is calculated at each wavelength. In addition, the CD
value of the DUT can be calculated from the wavelength differentiation of the GD value in
each measurement wavelength based on the GD value that has been obtained.

This method uses a pair of orthogonal polarized waves (the 0-degree and 90-degree linearly
polarized waves). The 0-degree and 90-degree linearly polarized waves are launched into the
DUT and the output is separated into two polarized wave components by the polarization
splitter. After that, the amplitude and GD for each of the polarized waves (the P- and S-
polarized light) at a specific measurement wavelength are measured. That is, the P- and S-
polarized light amplitudes (|T44|°mea @nd |Toql*mea respectively) and the GDs (dg4/dwes
and d@,4/dw .4, respectively) for the 0-degree linearly polarized wave are measured For the
90-degree linearly polarized wave, the P- and S-polarized light amplitudes (|T12| meg and

|T22|2mea) and the GDs (d¢,/dw and dg,,/dw are measured.

mea mea)

6.3.4 Calibration

A calibration is performed on a single-mode fibre whose length is less than 1 m before the
DUT measurement. First, adjust the 1/4- and 1/2-wave plates to generate the 0-degree
linearly polarized wave that matches the P-polarized wave of the polarization splitter. Next,
generate the 90-degree linearly polarized wave that matches the S-polarized wave of the
polarization splitter. After that, at a specific measurement wavelength, measure the amplitude
and GD characteristics for each of two polarized waves (the P- and S-polarized light) that are
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separated by the polarization splitter while the 0-degree and 90-degree linearly polarized
waves are alternately launched. That is, the P- and S-polarized light amplitudes (|T11|an| and
ITo41%car respectively) and the GDs (d®,4/dw,, and d®,,/dw., respectively) for the 0-
degree linearly polarized wave are measured. For the 90-degree linearly polarized wave, the
P- and S-polarized light amplitudes (|T5/°%ca and [Ty,l°%ca) and GDs (dd4,/dw., and
d®,,/dw.,) are measured. The CD value is calculated from the measured values using the
expression described in 6.3.5.

6.3.5 Calculation of relative group delay and CD

The P- and S-polarized light GDs are calculated using measured values from 6.3.3 and 6.3.4.

P-polarized light GD: APy _ 9P 911 - 14 and 12
0] do mea do cal
[dq’ﬂ . d®12j
Average GD in P-polarized light: %: do  do 5
(4]
S-polarized light GD: APmn _9Pmn P22 2 29 and 22 (18)
® do mea d@ cal
(d(Dm . dd)zzj
Average GD in S-polarized light: dq;ﬂz do do 5
w

The GD and CD values on each wavelength are calculated by the next expressions.

[d(Daveﬂ + d(DaveZJ
that does not depend on polarization: GD(1) = do do 5 (19)

average that does not depend on polarization: CD(1) = (GD(k+A;)X—AiD(k—Ak))

GD

average

CD

The error of measurement caused by PMD can be excluded from the measurement result by
obtaining averaged GD and CD that doesn't depend on the polarization.

6.4 Measurement window (common for all test methods)

The spectral width of the measurement window is typically given in the specification of the
DUT. Generally, the measurement window is defined in two different ways. First, the
measurement window is centred on an ITU wavelength with a defined width. For example, the
GD is required to be analysed within a 25 GHz optical BW centred on the ITU frequency as
shown in Figure 5 for a multiple channel DUT. Each channel is plotted against the
corresponding ITU frequency.

Secondly, it also may be required to analyse the dispersion properties of the DUT in a
measurement window that is defined by the loss properties of the DUT. For example, the DUT
is a filter with a wavelength dependent loss as given in Figure 6. The dispersion measurement
will be carried out afterwards in a window that ranges from 4 to A,. A4 and i, are given by the
minus x dB points of the loss curve. Typical values for x are in the range 0,5 dB to 5 dB.
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Figure 5 — Measurement window centred on an ITU wavelength with a defined width
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Figure 6 — Measurement window determined by the insertion loss curve at 3dB
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7 Analysis

71 Noise reduction of group delay measurement
711 Averaging

Multiple measurements of the phase difference between the reference signal and the detected
optical signal may be averaged. If the noise is non-deterministic the noise level will decrease
by the square root of the number of averages. Averaging does not sacrifice the wavelength
resolution, but has a time trade-off.

7.1.2 Spectral filtering

Filter methods may be applied for reducing the measurement noise. The most commonly
applied filter is averaging over a defined spectral window. Where DWDM components are
being characterized typical widths of such windows are 5 to 10 pm. Broadband components
may allow window widths of up to 1 nm and more. It has to be taken into account that the
optical signal is spectrally broadened due to the RF modulation and therefore already
provides a spectrally averaged measurement value. For these reasons it is required to state
the applied RF frequency and the width of the spectral filtering window in the measurement
protocol.

For DWDM components, when averaging over a spectral region, multiple measurement points
over a spectral window are averaged. This delivers smoother measurement curves by
reducing the spectral resolution. Particular care has to be taken not to average out relevant
details of the measurement.

7.2 Linear phase variation

If the phase response of a linear phase system is strictly linear, it will cause a delay, but no
distortion. Any deviation from linearity within the BW of the signal will distort the signal.

The linear phase system is expressed as
¢(fopt ) = ¢(fopt0 )+ 27ty (fopt - foptO) (20)

where the GD T, is a constant. For most components, a linear fit to the phase is performed,

and then this linear curve is subtracted from the original phase. The remaining phase value is
the departure from linear phase.

7.3 Chromatic dispersion
7.3.1 General

It is well known that CD is the derivative of the GD as a function of wavelength.

CD(2)= d%ﬂ) (21)

However, in practice, this derivative must be performed numerically.

) _ z'g(/iiﬂ)_ g (ﬂi—1)
At = A

CD(4 (22)

where i = 1,2, ..., n. Ak = k41 — A = A, — ¢ represents the wavelength sample spacing. If the
wavelength sample spacing AL is relatively small, the GD noise will be amplified in the CD
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calculation. There are many ways to minimise the calculated CD noise. Normally, two
methods are recommended.

7.3.2 Finite difference calculation

The spectral filtering (or averaging) method is applied to reduce the GD noise before
performing the CD calculation. It is normally applied for narrow band devices. The number of
measurement points filtered (or averaged) over a spectral window depends on the CD noise
improvement, avoiding averaging out relevant details of the measurement and not distorting
the processed GD curve.

7.3.3 Curve fit

A curve is fitted, by least mean squares procedure, to the GD data over a measurement
window defined in 5.1.5. CD is calculated from the differentiation of the fitted GD curve with
respect to wavelength in order to reduce the GD noise. It is normally applied to a broadband
device, i.e. a long spool of fibre. However, if the GD variation is relatively smooth in the
measurement window, this method can also apply for the narrow band device. One example
of a multiple channel DUT is shown in Figure 7. CD is processed in the following ways for
each channel.

1) A 6™ order polynomial curve is fitted, by least mean squares procedure, to group delay
data over a 25 GHz optical BW centred on the ITU frequency as shown in Figure 8.

2) The offset frequency, in GHz, from the ITU grid frequency is used for the frequency axis to
minimize decimal place requirements for good fit. The fit is within £0,5 ps of the raw data.

3) CD is calculated from the differentiation of the fitted GD curve with respect to wavelength.
The wavelength step used for calculation is 6 pm.

80 T T T T )

60

40

CD (ps/nm)
N
o

-15 -10 -5 0 5 10 15
Frequency (GHz)

IEC 992/12

Figure 7 — Calculated CD from fitted GD over a 25 GHz optical BW centred
on the ITU frequency
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Figure 8 — A 6th order polynomial curve is fitted to relative GD data over
a 25 GHz optical BW centred on the ITU frequency

7.4 Phase ripple
7.4.1 General

The method of estimating the phase ripple from the measurement data of GD is shown below.
This is only valid for DWDM dispersion compensators.

7.4.2 Slope fitting

Calculate linear-fit value of group delay measurement results for the bandwidth specified in
the DUT specifications (unless otherwise specified, the 3 dB bandwidth of the insertion loss
characteristics), using least-square method and get the deviation between linear and group
delay. These values contain group delay ripples.

7.4.3 GDR estimation

Determine the amplitude and period of the group delay ripple using the above result. The
amplitude should be determined over two cycles of the group delay ripple. The maximum
amplitude in the measurement range should be chosen as the peak-to-peak group delay ripple.
The period should be chosen as the average over several cycles including the maximum
amplitude. Determine the period based on the crossings of the mean value of group delay for
each ripple. Figure 9 shows an example of GDR estimation. This only works if the GDR is
plotted against frequency.
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Figure 9 — Estimation of the amplitude of the GD ripple and the period

7.4.4 Phase ripple calculation

IEC 994/12

Calculate peak-to-peak phase ripple (A0) from group delay ripple using following equation.

A6 = foeriod™Arip (Unit: radians)

where,
Arip peak-to-peak group delay ripple (unit: s)
fperiod period of the group delay ripple (unit: Hz).

8 Examples of measurement

8.1 50GHz band-pass thin-film filter

Example results for the GD and IL spectra of a 50 GHz band- pass thin-film filter are

Figure 10.
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Figure 10 — GD and loss spectra for a 50 GHz-channel-spacing DWDM filter
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8.2 Planar waveguide filter component

Figures 11 and 12 show the examples of GD and CD measurement for a planar waveguide
filter component.
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Figure 11 — Measured GD and loss spectra for planar waveguide filter
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Figure 12 — Measured CD and loss spectra for planar waveguide filter
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8.3 Tunable dispersion compensator (fiber bragg grating)
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Figures 13 and 14 show the examples of GD deviation from linear fitting and phase ripple
measurement for a fibre Bragg grating using Polarization average MPS method. The

modulation frequency fgg is 500 MHz.
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Figure 13 — Measured GD deviation of a fibre Bragg grating
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Figure 14 — Measured phase ripple of a fibre Bragg grating

8.4 Random polarization mode coupling device

1550,3

IEC 999/12

Figure 15 shows a GD measurement example for a device with random polarization mode
coupling, showing the advantage of averaging GD over the polarization states. Without

averaging, the GD curve can vary by one half of the DGD.
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Figure 15 — Measured GD for a device with random polarization mode coupling

Figure 16 shows a CD measurement example for a device with random polarization mode
coupling.
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Figure 16 — Measured CD for a device with random polarization mode coupling

9 Details to be specified

The following details shall be specified.

e Measurement uncertainty

e Test method used

e Wavelength range

e Wavelength accuracy

e Wavelength resolution

e Environmental characteristics (T, P, H)

e RF modulation frequency

e Number of averages of phase measurement

e Spectral averaging window
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Annex A
(informative)

Calculation of differential group delay

A.1 General

The methods of this standard use polarized light sources. For the measurement of
components exhibiting polarization dependence, which is often the case, the measurement
should be performed for a sufficient set of input polarizations to assure determination of the
polarization-average GD spectrum, as described in 6.1. Such a procedure also provides
sufficient measured data to determine the DGD spectrum, DGD(L), as described in this Annex.
The intention of this Annex is to support the simultaneous measurement of GD and DGD with
the same measurement apparatus. Methods dedicated specifically to DGD or PMD are
described in JEC 61300-3-32 and IEC 61282-9.

A.2 Calculation of DGD from measurements made with the MPS method at 4
states of input polarization

This method requires repeating steps 3 to 6 of 6.1.3 for four different input states of
polarization, chosen to a Mueller set of input SOPs. A Mueller set of input SOPs is most
easily described on the Poincaré sphere, as shown in figure A.1.

D(0, % )| Circular right handed

Linear
vertical

Linear Linear
—45° +45°
y
T
B(—,0
( 2 )
X
Linear
horizontal

Circular left handed

IEC 1002/12
Figure A.1 — Mueller states on Poincaré sphere

SOPs that are orthogonal are 180° apart on the Poincaré sphere. Three of the SOPs are on a
great circle of the sphere and are inter-mutually separated by 90°, as illustrated in figure A.1.
Using the right hand rule relative to the “north pole”, starting at an arbitrary point, A, on the
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great circle, positions B and C follow by successively adding 90°. Position D is orthogonal to
the other points and oriented “up” using the right hand rule. The following spherical co-
ordinate system describes the normalised input Stokes vector, sg, the parameters of which
are used to define an example of a Mueller set where the great circle is on the equator. The
parameter, 0, is the linear orientation of the associated normalised Jones vector, jo. The
parameter, u, is the phase difference of the x and y elements of that vector.

cos20 0 [ i1/
cos O exp|-
So =|sin20cosu| jo ={ sineexp [“;2]]} (A1)
sin26sin u PUK

Table A.1 shows the example of Mueller set.

Table A.1 — Example of Mueller set

Position 7] U Description
A 0 0 Linear polarization @ 0° (horizontal)
B n/4 0 Linear polarization @ 45° (45°)
C n/2 0 Linear polarization @ 90° (vertical)
D n/4 n/2 Circular polarization (spherical)

For each, position, A, B, C, and D, measure the phase shifts (radians), designated, ¢5(%),
dg(1), dc(r), dp(r), respectively, as in 6.1.3.

Calculate the average phase of the two PSPs, ¢rp(2), as:

dre (1) = ¢A(l);¢c(ﬂ) (A.2)

Adjust the measured phase values by the average phase as:

drrp(2) = ¢8(2) - drr(2)
#re.p(2) = ¢p(4) - dre (4) (A.3)
Calculate the phase difference, dgg(2), as:
Srr(4)=2 arctan{ [tan2 (dre A (2))+ tan?(gre g (1) + tan?(dre o (ﬂ))]”z} (A.4)

The DGD (ps) is calculated using Sgp()) (radians) and the modulation frequency, f, (GHz) as:

DGD(z)=1o3&;Lﬂ$f) (A.5)

A.3 Calculation of DGD from measurements made with the MPS method while
scanning the states of input polarization, “all states method”

This measurement may be made by scanning the state of input polarization with the
polarization controller of Figure 1, while fixing the VWS at fixed wavelength steps, and
measuring the relative GD for a large set of SOP. The DGD, expressed in units of ps, is
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determined as the difference between the maximum and minimum GD values at a particular
wavelength.

To obtain the desired accuracy, it is necessary to assure that the set of SOP is sufficiently
large, by scanning at a sufficiently fast rate or for a long enough time, and sufficiently
polarization-resolved, by averaging the individual samples over sufficiently short time with
respect to the polarization scanning rate.

An improvement in the noise level and thus accuracy of the DGD determination can be
obtained by evaluating the complete distribution of GD samples over the SOP, instead of
basing the determination only on the two values of maximum and minimum GD in the set.
When the state of input polarization is scanned in a random manner, there is a simple
relationship between the standard deviation of the distribution of GD values and the range
between the minimum and maximum values. As can be seen for instance by regarding the
representation of the SOP on the surface of the Poincaré sphere, the density of polarization
states with respect to the difference between the components of the polarization along two
orthogonal states of polarization is constant. When these two orthogonal states are chosen to
be the two principal states of polarization, PSP, of the component, this means there is a
constant density of polarization states versus measured GD, over the range from minimum to
maximum GD. Therefore the size of this range can be obtained from the standard deviation of
the GD samples according to the equation:

DGD = GD,,,ax — GDin = 2430 (A.6)

where o is the standard deviation of the GD samples.

A.4 Calculation of DGD from measurements made with the SWI method

The SWI method described in 5.2, including the measurement at two orthogonal input states
of polarization described in step 6 of 6.2.2, provides the amplitude and phase of the
component’s transfer matrix elements for two orthogonal input and output states of
polarization. The wavelength dependence of this matrix can be used to calculate DGD
according to the Jones Matrix Eigenanalysis, JME,

The transfer matrix, T(w), for this purpose is assembled in the following manner. From the -
dependent values of amplitude and phase for the two output states of polarization at the first
input state of polarization, the complex matrix elements T4 and T,4 are computed from the
results of 6.2.4 according to:

@)= £ (1o - P2l0) g (o (A7)

and T21
DN11(“’ DN21(0’

Similarly from the results for the second input state of polarization, the complex matrix
elements T, and T,, are computed according to:

Dy (@

v

T12 EXp +7Z')) and T22

DN12(‘0 Dsz(“’

—=——Exp (j p2(@ (A.8)

Note that the phase of T, is reversed here with the offset of n, because the phase
relationship from the reference arm of the interferometer at the two detectors is reversed for
the second input state with respect to the first, when the setup of Fig. 2 is used.

These elements are then combined to form the matrix T(w):
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- T T
T:( 11 12J (A.9)
To1 Too

Next the eigenvalues, p; and p,, are found for T(w,,4)T (®,), where o, and o, are the
optical frequency for adjacent points in the measured spectra. The DGD values, At, averaged
respectively over the interval from o, to .4, are given for each interval by:

M (A.10)

@Ony1 — WOn

AT =

where Arg() denotes the argument function, such that Arg(aei‘f’)=q>. In this way, the DGD
spectrum can be generated for the measured range. An example is shown in Figure A.2 for
the same device as in Figure 10.
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Figure A.2 — DGD spectrum for a 50 GHz bandpass filter,
measured with 30 pm resolution BW
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A.5 Calculation of DGD from measurements made with the PPS method

The PPS method is described in 5.3 and 6.3. The following parameters are calculated using
measured values in 6.3.3 and 6.3.4.

— AO A®
N e 2w M
By=t ddqq ddg ddy  dPqp
"4l do do do  do
7 _1({dPqq  ddyy  ddyq ddyp (A1)
4\ do do do do
2 2
Tyef” =T
62%003_1 | 11|2 | 21|2
[Ta4]” + [T
2 2
Taf? |
C032®0 :%
[Taa|” + [T
where
A;, A; are the initial and the final wavelength of 5
2 |Tk||2mea dq)k| dq)k| dq)»]»]
Tal” =3 = - kl =11 and 12
|T11| cal do do mea do cal
2 |Tmn|2mea do do dd oy,
Ton|” = 5 mn _ —_mn - mn = 21 and 22 (A.12)
|T22| cal do do mea do cal
The DGD value for each wavelength is calculated using a4, B4, v4 and @, as:
DGD(2) = 2y/ai? + B, + 74 + 2B4174 cos 20, (A.13)

The calculation technique can result in a series DGD values versus wavelength. Figures A.3
and A.4 show examples of such characteristics.
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Figure A.3 — DGD versus wavelength for a random polarization
mode coupling device (example)
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Figure A.4 — DGD versus wavelength for a fibre Bragg grating filter (example)

The derivation of DGD concerning this method is described here, and is similar to the Jones
Matrix Eigenanalysis method. The optical transfer function matrix can be expressed as:

T(o)= [Tyq|xexp(=j@q1) [Too|xexp(-j®qz)
[Toq|xexp(-j@21) [Tao|xexp(-jdy,) (A.14)
_[cos@xexp(-j¢~jy) ~sin@xexp(-jg+jy) cexp(_j @)

sin®xexp(+jp—jw) cosOxexp(+jp+jy)
where
(€] the polarization angle
¢ the phase difference between T4, and Ty
v the phase difference between T4, and T,
) the polarization-independent phase shift
The output of polarization vector, E°*(), is expressed using T(w) as:

E°(w) = T(w)xEM () (A.15)

where Ei”(o)) is the Fourier transform of an optical input signal.

E°”t(o)) which is described by Taylor expansion around the optical carrier frequency o, is
expressed as:

dEOUt
dw

1 dZEOUt
2 do?

E°(o) = EO (e ) + 5w+ 5w? (A.16)

w=wQ

w=wg

where do=m-og.
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The first order PMD operator D(w) that should be called a transfer function differential
operator is expressed as:

D(w)= xT(w)’ (A.17)

Therefore, the following expression is obtained by substituting A9 for A8.

4]

5&)2}XEOUt(Q)0)

E%% () = 114 Dow + D250 + 92 552l EOU ()
2 2d

(A.18)

1dD

= expsDow + ———

2dw

where the high order term is negligible. D(w) is the first order PMD operator and dD(w)/dw is
the second order PMD operator. They are not commutative with each other.

The following expression is obtained by diagonalising D(w) with the unitary operator X.

X< E® () = X Texp (D x 5o) X x X B (e )
_[exp(- /T, x o) 0
- 0 exp(— jT_ x éw)

A.19
x XTEOU (o) (A.19)

Where -jI'y,. are the eigenvalues of D(w) and TI',, I'_ are respectively the maximum and
minimum group delay.

That is, the difference between the imaginary parts of the eigenvalues of D(w), I',-T"_, is the
first order PMD called differential group delay.

Four independent parameters O, ¢, v and ® described in expression A.14 make the following
expression using Taylor expansion.

O=0g+ 16w + %Ezé‘a)z

— 1_
# = do + P10+ frd0°
~ . (A.20)
¥ =yo + 7460+ 5725602
O =g + ﬂ15a)+%ﬁ25a)2
Where
dm=0—-0,
g, dg, Vg, g the values of O, ¢, y, ® at v-m =0
o4, Bq, v1, B4 the first order coefficients of Taylor expansion of ©, ¢, y, ®
oy, Ba 79, Bp  the second order coefficients of Taylor expansion of ©, ¢, v, ®
The first order PMD operator D(w) is expressed using expression A.20 as:

(1 0] B4+ 7100520 —ja1+y45in20)xe /29
D0)=-Jp g o |-i( =l12reese [/ 745in20) (A.21)
0 1 +ja1+7/1sm2®)><e / — B4 —71€0S 20
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Therefore, the eigenvalues of D(w) are expressed as:

jTe==j Bt jai + B2 + 7 +2B7;c0s20 (A.22)

Where B4 is the polarisation-independent group delay.

The differential group delay, Ar, is given by the difference between the imaginary parts of the
two eigenvalues as:

AT =T, —T_ =2ar + B2 + 742 + 21710520 (A.23)

The PMD value within the wavelength range is given by the average value of DGD over the
measured wavelength range.
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