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Abstract: Photonic integrated circuits (PICs) play a key role in a wide range of applications. Very often,
the performance of PICs depends strongly on the state of polarization of light. Classically, this is
regarded as undesirable, but more and more applications emerge that make explicit use of polarization
dependence. In either case, the characterization of the polarization properties of a PIC can be a
nontrivial task. We present a way of characterizing PICs in terms of their full Miiller matrix, yielding
a complete picture of their polarization properties. The approach is demonstrated by carrying out
measurements of fabricated PICs.

Keywords: photonic integrated circuits; polarimetry; optical polarization; photonics; optical
characterization

1. Introduction

The characterization of the polarization properties of photonic integrated circuits (PICs) can be
a challenging task. Fiber-based systems introduce unknown rotations in the fibers, while free-space
systems are challenging to align and automate. This is why typically, measurements are carried out in
terms of extinction ratios between the transverse electric and transverse magnetic components (TE and
TM) rather than full polarimetric measurements [1-5]. Consequently, information on the relative phase
between TE and TM gets lost, leaving the birefringence of a device impossible to characterize directly.

In this work, we present a methodology to fully characterize PICs via the Stokes—Miiller formalism
using a fiber-based measurement setup. By measuring the Miiller matrix of a given PIC, we obtain
information on its polarization dependent loss (PDL), birefringence, rotation of the propagating
modes as well as depolarization. We demonstrate this type of measurement with two kinds of
integrated devices: polarization rotators and electro-absorption modulators (EAMs). We find that
our measurement approach allows deep insight into both device types that go beyond the usual
characterizations carried out for those devices [6,7].

Our polarimetric approach is based on a setup calibration consisting of the following three major
steps: in the first two steps we collect measurement data for arbitrary but distinct states of polarization
(SOP) at different positions in the fiber link. This is achieved by rotating the linear polarizer (LP),
quarter-wave plate (QWP) and half-wave plate (HWP) in a polarization controller. The third step is to
fit this data to the mathematical model we use to describe the setup. Once this calibration is performed,
we use classical polarimetric techniques to characterize a device under test.

In the following, we call ¢ and x the angle of the major axis and the ellipticity of the polarization
ellipse, respectively. This makes 21 and 2 the spherical coordinates of a SOP in Stokes space.
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2. Measurement Methodology

2.1. Setup Calibration

The basic approach in this work was to, first, fully characterize a measurement setup in Stokes
space in the absence of any device under test (DUT). Then, this characterization was used as a calibration
to characterize actual DUTs.

The measurement setup is shown in Figure 1. It consisted of a tunable laser source (TLS),
a polarization controller (PC), tapered fibers coupling in and out of the DUT, and a polarimeter (PM).
All devices were in series in that order, interconnected by single-mode fiber (SMF). Note that no
polarization maintaining SMF was used. We define Stokes vectors as follows: ?tls is incident to the PC
described by M-, ?in is incident to the DUT, ?out exits the DUT, and ?meas is the PM measurement.

The polarization rotations of the SMFs are described by the Miiller matrices M Fiber,in and M M fiver out for
the fibers before and after the DUT, respectively. SMF Miiller matrices are modelled via
Mgy = My (03)My (02)M, (61) (1)

where, M, ,, and M, , are the Miiller matrices of quarter- and half-wave plates, respectively. They are
given in Appendix A. This model is inspired by the popular “mickey mouse” polarization controllers,
which consist of three fiber coils of different winding number that can be rotated relative to one another.
Thus, the two fibers in the setup are parametrized by three angles each. The model accounts for any
possible polarization rotation that can occur [8].

Stis Sin §out §meas
PC
TLS DUT PM
0,p,03/4,0;
MPC Mfiber.in Mfiber,out

Figure 1. Schematic overview of the measurement setup.

The particular PC used here (HP 8169A) uses a linear polarizer LP, and a quarter- and a half-wave
plate (in that order) to control the SOP. These three elements can be rotated by the respective angles
Orp, 0574 and 0, 5. We found that the modelling accuracy was improved significantly by taking
into account their residual ellipticity. In addition, the two waveplates were found to be not exactly

T
quarter- and half-wave retarders. For example, the fast axis of the HWP should be ( 1100 )

and it should retard by half a wavelength. Therefore, its fast axis 1 would have spherical angles
> = 0and x,» = 0 and the retardation would be 6 = 7. The imperfections of the waveplate are
modelled via 1,[}—» = AI,D,\ and Xo = AXA for its fast axis and 6 = 7 + A(SA for its retardation. The QWP
is treated analogously. Slmllarly, the fast axis of the LP has residual angles Arp and Axrp. We call
the Miiller matrices of the PC LP, QWP, and HWP MLP, M Y and M Y respectively. The tilde denotes
the inclusion of residual ellipticity and retardation errors. A final refinement of the model is to
include the polarization dependent loss (PDL) of the PC. It is modelled by an elliptical diattenuator
(see Appendix A and [9]) with Dppy, ¥ppr, and xppr. Then, the PC Miiller matrix is written as a
composite as follows:

Myc(01p,01, 04 ) = My (0, s (03 ), p(01p) @)

With that, we get
Sin = Meiper inMpc S tis ®)

Since the absolute orientation of s 11 is arbitrary, we find that Ag[m can be absorbed in it. Now, all

open parameters of the setup model are given. They are summarized i in Table 1. In total, the model has
18 degrees of freedom.



Appl. Sci. 2019, 9, 2987 30f12

Table 1. Summary of the open parameters to describe the measurement setup.

Parameter(s) Occurs In Description
Wi, Xils before PC SOP incident to the PC
AYrp, Axrp in PC residual rotation LP diattenuation vector
AX)/a in PC residual rotation QWP retardation vector
APy 2, AX) 2 in PC residual rotation HWP retardation vector
DpDL, #’PDL/ XPDL in PC PDL of PC
Qfs, ApF after input fiber scalar loss
01, Fiber ins 6, Fiber ins 63, fiber in in input fiber SMF model as in Equation (1)
01, fiver outr 02, fiver outr O3, fiver out in output fiber SMF model as in Equation (1)

The first step of the setup calibration procedure was to replace the DUT, PM, and the interconnecting
fiber by a free-space path, as shown in (1) in Figure 2. A lens collimates the beam, which is then filtered
by an LP that is set to transmit only TE. A photodetector (PD) measures the transmitted optical power
Prs. The three angles Orp, 0, /4, 0,/ in the PC are swept in the ranges [-45°,45°], [-90°,90°], and
[-45°, 45°] with 5, 5, and 3 equidistant steps, respectively, yielding 5 X 5 x 3 = 75 measurement steps in
total. For each step, i, the free space power, Prg ;, is recorded and stored.

Measurement

FIPLP: Axpp,BX2,0%2,8X2, Dppr, YppL, XpoL
4 2 2

= . Ars
Stl Si
—

Hfiber,in

,p € [—45°,45°]

03/4 € [—90°,90°] 5x5x3=75

012 € [—=45°,45°] combinations
+

Stis PC Sin=Sout AF2F = 2
2) TLS e i PM Smeas,0r---rSmeas, 74
A———— Mf iber,in

Mf iber,out

PV’LP: Axip,Axa, DY, Axa, Dppr,YppL XpoL
4 2 2

Calibration P

Insert data from 1) and 2),

! .
3) Pes =aps(1 0 0 0)MipMfiberinMpc (BLP. 9%. 9%) Sus|  find PC parameters,
R ! 5 Mﬁher,in/ Mﬁher,out and §t]s
Smeas = al"zl"Mﬁbcr,outhibcr,inMPC (eLP' elu 9&) Stls that satisfy the equations
4 2

Figure 2. Summary of the calibration strategy pursued in this work. In (1), the output stage of the
setup is replaced by a free-space path including a linear polarizer LP. Seventy-five combinations of
(OLp, 04 /4,0) /2) are set in the PC, the power Prg is measured each time. In (2), the same combinations
are set but with the setup in the final fiber-based configuration including the output path. In (3), the
setup model as in Equations (4) and (5) s fitted to the data.

The second step is to replace the free-space path by the actual SMF + PM link that is intended for
device characterization, see (2) in Figure 2. The same PC angles are swept in the same 75 steps as in (1).
Now, however, the Stokes vectors ?meas,i are recorded for each measurement.

The measurements are used as input for a numerical solver that is implemented in python using
the SciPy package [10]. The solver fits the model to the measurement with

—

Prs,; = aPs( 1000 )MLpMﬁber, inMpc(GLP,i,lei,Q%,i)Stls 4)

and
— —

Smeas,i = OF2F Mfiber, outMﬁber, inMPC(QLP,i’ 6%,1” 6%,1') Stls ©)
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With these equations, the 2 X 75 measurements give rise to 5 X 75 equations. i.e., 1 X 75 via
Equation (4) and 4 x 75 via Equation (5). With that, the 18 open parameters are fitted and the
overdetermination of the equation system is used to reduce the sensitivity to measurement noise via
least squares fitting. Note that the equation system is nonlinear in the open parameters due to the
occurring trigonometric functions.

All of the above is performed on a per wavelength basis. The TLS in the setup can be swept
over an optical bandwidth of 100 nm spanning from 1.47 pm to 1.57 um. The calibration, as above,
is performed every 5 nm in this wavelength range. For intermediate wavelengths, the open parameters
are interpolated using cubic spline fits.

2.2. Device Measurement

With the setup calibrated, it can be used to characterize actual PICs in transmission experiments.
The goal of this section is to show the path towards the measurement of the Miiller matrix of a given
DUT as well as the interpretation of the results.

With the knowledge of the entire setup polarization behavior, the SOP exiting a DUT when
measuring ?mms at the PM is

?out = al;ZlFMJ:I%er, outgme”s (6)

The SOP incident to the DUT ?in can be set arbitrarily via the PC angles (O1p, 0, /4, 0, /2). To achieve
this, we numerically solve Equations (2) and (3) for (O1p, 0, /4, 0, /2) to yield the desired ?iw

With arbitrary control over E)in and complete knowledge of the corresponding ?out, the DUT is
characterized in terms of its Miiller matrix via

— —
Sout = MPIC Sin (7)

To obtain M-, we follow the solution to the polarimetric measurement equation (PME) as in [11].
We use a special case of the PME here (see Equations (A7) and (A8) in Appendix B) that directly gives
the elements of the Miiller matrix. We call E)out, 0, ?out, 1, g)out, >, and ?out, 3 the SOPs exiting the DUT
when setting Sin to TE-, +45° linearly-, right-hand circularly, and TM, respectively. Then it can be
shown that the elements m; ; of M, ;- are:

mo,0 Sout,0,0 T Sout,3,0

mi 0 Sout,0,0 — Sout,3,0

ma,0 —Sout,0,0 + 250141‘,1,0 — Sout,3,0
ms, —Sout,0,0 + 2Sout,2,0 — Sout,3,0
mop,1 Sout,0,1 1 Sout,3,1

mi Sout,0,1 — Sout,3,1

mp —Sout,0,1 t 2S0ut,1,1 = Sout3,1
ma1 | 1 =Sout0,1 + 2S0ut2,1 = Sout3,1 (®)
mop 2 Sout,0,2 + Sout3,2

mip Sout,0,2 — Sout,3,2

my2 —Sout,02 + zsout,l,z — Sout,3,2
msp —Sout,0,2 + 2S0ut,2,2 — Sout,3,2
mp,3 Sout,0,3 1 Sout,3,3

mi3 Sout,0,3 — Sout,3,3

mp3 —Sout,0,3 + 2Sout,1,3 — Sout,3,3
ms3 —Sout,0,3 + 2S0ut,2,3 = Sout 3,3

This enables the direct calculation of M, from the four measurements. The measurement
principle is illustrated in Figure 3.
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Figure 3. Illustration of the measurement and calculation of the device under test (DUT) Miiller matrix
Mpyr- TE-, +45° linearly-, right-hand circularly, and TM SOPs are launched into the DUT, giving
four respective SOPs ?out,i at the DUT output. The polarimetric measurement equation (PME) as in
Equation (8) is used to calculate M, ; from these four measured SOPs.

2.3. Measurement Analysis

Once M, is obtained, it is desirable to extract tangible parameters from it like retardation, PDL,
or rotation. To do this, we make use of the work of Lu and Chipman in [9]. They have shown that any
experimental M, ;- has a polar decomposition

Mpyr = MpM My )

Mp, M, and M represent an elliptical diattenuator, depolarizer, and retarder, respectively.
From the eigenvectors of M, and M, the total diattenuation and retardation and their respective fast
axes can be deduced. M, contains information on the depolarizing power of an element, which can be
related to its noise performance [12].

3. Results

3.1. Calibration Validation

With the measurement methodology in place, the experimental results are presented in this section.
The wavelength dependent values of the 18 parameters fitting Equations (4) and (5) are plotted in
Appendix C. To verify the fits, we compare the measured free space powers Prs and SOPs 'S meas with
the predicted values by the fitted model. For this validation, 37 steps per element (LP, QWP and HWP)
and wavelength are measured. This is much more than during calibration, where between three and
five steps per element and wavelength are recorded. Therefore, we validate if the fit holds for settings
that have not been measured during calibration. The results for Prg are summarized in Figure 4 and
the results for ?mms are shown in Figure 5. For the latter, the setup is brought into its back-to-back
configuration, i.e., no DUT.
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Figure 4. Comparison of the measured values (markers) and the fitted model for the free space
power behind the linear polarizer transmitting TE (see top left) for all wavelengths. The three plots
show sweeps of the linear polarizer (top right), quarter-wave plate (bottom left) and half-wave plate
(bottom right). The average error between measurement and model is below 1% for all wavelengths
and angles.
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Figure 5. Comparison of the measured values (markers) and the fitted model for the state of polarization
(SOP) at the polarimeter (PM) (see top left) for all wavelengths. The three plots show sweeps of
the linear polarizer (top right), quarter-wave plate (bottom left) and half-wave plate (bottom right).
The average error between measurement and fitted model is 2°.

The final validation step is to set ;in using the PC and measure ?out in the back-to-back case.
Ideally, these two SOPs should be identical. To quantify any error between the two, we use the spherical
distance of the two SOPs on the Poincaré sphere and call it A&, see Figure 6. We call this the angular
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error and it stays below 3° for all wavelengths and over the entire Poincaré sphere, with an average
of 1.5°.

1.55 um 28171
5
4
- 3
~_10 2
. =20
Stis e Sin = Sout Smeas -30 1
n !
Op 02 0, Mfiber,in Mft‘ber,out
Mpc in [°]
5
—— 1.5um
sl 1.51 pm
—— 1.52 ym
—— 1.53 pym
=3] — 154um
e —— 1.55 ym
<
2 1.56 um
1.57 |Jm M,
1 ) '%" A ﬁ \,
V]
—80 -60 -40 -20 0 20 40 60 80 -40 -30 -20 -10 0 10 20 30 40

win [°] Xin [°]

Figure 6. Validation of the calibrated setup accuracy by setting Sin and measuring Sout in the
back-to-back case (no DUT). We express the error in terms of the angular error A& between the two
SOPs, see illustration top left. Ideally ?in = ggut, i.e., AE = 0. The angular error over the entire
Poincaré sphere at 1.55 um is shown in the top right. Plots for all wavelengths for zero longitude x;,
(zero latitude 1;,) on the Poincaré sphere are shown on the bottom left (bottom right). The average
angular error is 1.5° for all wavelengths and over the entire Poincaré sphere.

3.2. PIC Characterization

To demonstrate the setup capabilities, we give experimental results that are obtained from
integrated devices in indium phosphide (InP). They are fabricated in our generic integration
technology [13,14]. The devices are already published elsewhere [15,16], but here we pay special
attention to the Miiller matrix properties.

3.2.1. Integrated Polarization Rotator

The results obtained from integrated polarization rotators as in [16,17] are shown in Figure 7.
The devices are designed to have a retardance of 0.5 (180°) and a fast axis of 45°.
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Figure 7. Polarization rotator measurements. The DUT temperature is 20 °C and the input power is
3 dBm. (Left) results in terms of polarization extinction ratio (PER) and excess loss. The excess loss is
dominated by a crystal defect in the input waveguide of the device. (Right) results in terms of fast axis
and retardance. The ideal values for both parameters are depicted as dashed lines. The fast axis is
measured with respect to the TE state on the Poincaré sphere, so a 45° fast axis in real space corresponds
to a 90° fast axis in Stokes space.

3.2.2. Electro-Absorption Modulator

The characterization of EAMs enables insight into their birefringence and PDL as a function of
bias voltage. Results obtained from an EAM with an active length of 200 um are shown in Figure 8.
The birefringence is deduced from the retardance measurement together with the device length.

0.0015 1] ]
T A g 0.001 ““‘&\
]
0.0010 -5 _ gl 0.000
z &
¢ 0.0005 -102 ¢ _o.001 —— A=1555um
g H [ —+— A= 1.560 pm
£ 0.0000 -159 =5 —4 =3 =2 . —— A= 1.565 pm
& a o —_
7} o =
= -0.0005 209 = A= 1.570 ym
) X ch A= 1.575 um
-0.0010 —— lossmin | _25 2 =20
—— 10SSmax o
-0.0015 -30 -40
5 -4 -3 -2 -1 0 -5 -4 -3 -2 -1 [}
Voltage [V] Voltage [V]

Figure 8. Electro-absorption modulators (EAM) measurements. The active length of the EAM is 200 pm,
the substrate temperature is 20 °C and the input power is 3 dBm. (Left) Birefringence (orange) and loss
(purple) at a wavelength of 1.57 pum. (Right) summary of the birefringence and polarization dependent
loss (PDL) for all measured wavelengths. The band edge of the device is at 1.54 um.

By assuming that the refractive index and loss change induced by the bias voltage in an EAM is
negligible along TM as compared to TE, one can show that the chirp v may be written as

d 41t JdAn
V=25, ¥ X apDL (10)

Together with the measured depolarization of the EAM, the deduced chirp parameter is given in
Figure 9.
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Figure 9. EAM measurements. (Left) Chirp parameter according to Equation (10). (Right) Depolarization.
For some wavelength-bias combinations, the exiting signal power was below the polarimeter sensitivity
and therefore some data points are missing.

4. Discussion

The polarimetric approach proposed in this work makes use of a complete polarization model
of our measurement setup. Other setup configurations may be implemented, but for our particular
setup, the three-step calibration technique proves successful. The first step involves free space optics
to distinguish the input path from the output path. The second step is to bring the setup into its final
configuration. Both steps involve a considerable amount of measurement data. In the third step, we
use a numerical least-squares fit for the 18 open parameters. During this work, we find this amount
of parameters necessary to achieve the highest accuracy possible. We also find that the calibration
remains stable over the duration of two weeks, if one takes care fixating all fibers to the optical table.
To validate the stability, we rerun the measurement as in Figure 6 after two weeks. The maximum
error increased from below 3° to below 5°. This excellent stability is achieved by carefully fixating all
SMFs, allowing a robust measurement schedule.

As shown in Section 3.2, polarimetry allows the extraction of a wide variety of device parameters
of integrated devices. We could retrieve retardance, birefringence, fast axis, PDL, and depolarization
of a given DUT. Under the assumption of strong polarization dependence (Antg > Anrp) the chirp
parameter can be extracted. New insights into device performance can be gained this way. For instance,
we find that the depolarization of the EAM decreases with stronger bias voltages at most wavelengths.
This could be attributed to the fact that photocarriers are depleted faster, decreasing their probability to
recombine radiatively, and therefore to contribute to spontaneous emission noise. However, this needs
further investigation. Furthermore, since the fast axis of the DUT is readily accessible, any polarization
conversion can be revealed and analyzed.

5. Conclusions

We have shown a new way of measuring the polarization characteristics of PICs. To the authors’
best knowledge, this is the first demonstration of true polarimetry being applied to PICs. We find that
an accurate model of the entire fiber setup can be obtained by taking into account residual ellipticity of
the involved elements. Doing so, we achieve a measurement accuracy of better than 3° over the entire
Poincaré sphere and 100 nm wavelength span, with a typical accuracy around 1°.
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Appendix A. Miiller Matrices

1 0 0 O 1 0 0 O
01 0 O 01 0 O
Mi=lo0 -1 0fMi=l00 0 1 (A1)
00 0 1 0 0 -1 0
Rotation of an element is written as
Ma/e = B(e)'Ma'B(_Q) (A2)
with
1 0 0 0
| 0 cos(20) sin(20) 0
R(6) = 0 -—sin(20) cos(20) 0 (A3)
0 0 0 1

We write elliptical retarders (diattenuators) in terms of their retardation (diattenuation) vectors.
Their length is given by 6 (D) and their spherical coordinates on the Poincaré sphere by 2¢, 2xr (2¢p,
2xp). The derivation of how to compute the Miiller matrices from these vectors can be found in [9].

Appendix B. Polarimetric Measurement Equation

Suppose that for a given DUT, we carry out N measurements, each with an input polarization
gin,q/ withg =0,1,...,15. We record each output polarization gout,q. By defining N analyzer vectors

5
a4, N measured powers are defined as:

—)T — —)T i

Pq = A4 Soutq = ﬂqMDUTsin,q (Ad)

>
By rewriting M}, ;1 as a vector m, the powers P; can be written as

a4,05in,9,0 Mmoo
a4,0Sin,q,1 mo1
A4,05in,q,2 mo2
Py = wgm = | %08ing3 || ™Mo3 (A5)
aq,lsin,q,O mio
A4,35in,4,3 m33

Writing all powers Py in the N-vector P, we finally arrive at the PME

P = Wn (A6)
In this work, we use N = 16 and
1 0 0 0
o dy=| o b du = g b A dn=| ) e @0 | @)
0 0 0 1
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as well as
1 1 1 1
Sin0s Sinds Sin8s Sin12 = ; Sindse-+s Sin13 = ) Sin2s---s Sinld = ; Sin3s---s Sin15 = (AS)
0 1 0 0
0 0 1

For this special case, the W can be written down in closed form and inverted to give Equation (8).
For the full derivation of the PME and more details refer to [11].

Appendix C. Setup Model Parameters

- — Awer = Arar |
15 Axip =6 — Qs
— 20 — BXarz
%‘ 5 —— Bxxa 5 -7
. 2
-10
-15 -9
-20
4370: 1490 1510 ;2330 1350 1570 11470 1450 1510 1530 1550 1570
wavelength [nm] wavelength [nm]
80 WepL ™ DPDL-O.IO 20 — Wus
60— XpoL 0.08 15 — Xtis
L 5§ o
£ 20 06 % =
£ -20 0.04 £ £ -5
—a0 |\ 2 -10
-60 0.02 -15
-80 -20
1470 1490 1510 1530 1550 1570 °°° 1470 1490 1510 1530 1550 1570
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1470 1490 1510 1530 1550 1570
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Figure A1. Experimental values of the fitted setup parameters after setup calibration.
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