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Figure 2-14: An example algorithm for unidirectional polarization control

There are three main modules in this unidirectional polarization control system: calibration,
algorithm and implementation.
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The calibration module is to determine the behavior of the actuators. In a PPC, there are
typically three piezoelectric actuators. Each actuator will rotate the output SOP around a
different DES. The calibration step is to determine the DES that characterizes each actuator.
After the calibration is done, the user can input their target SOP.

Once the user has entered their target SOP, the algorithm runs to determine the angular trajectory
of the SOP from itsinitial state to the target state. The algorithm is divided into two steps. The
first step is to determine if only one actuator can reach a target SOP. This can be done by
applying Equation (2.32). If this step shows that none of the actuators can reach a target SOP,
then two actuators are used instead. The algorithm runs to determine the two SOP circles that
need to be formed for the SOP to travel from the input SOP to the target SOP (see Figure 2-8).

The third module is to tranglate the angular trajectory into voltages necessary for the PPC. The
voltages are then applied to the PPCs, which will then transform the initial SOP to the final SOP.

Combining the three modules, we can demonstrate a unidirectional polarization control system
that can accurately reach the target SOP within 2.7%.

The calibration and implementation module can be customized for any physical polarization
control system while the algorithm is universal to any unidirectional polarization control system.
For a more detail explanation of how the agorithm and the implementation modules were
implemented, see Appendix A. With the basic description of how the unidirectional
configuration can be modeled and controlled, we can now apply those same modeling tools to

the bidirectiona configuration.



Chapter 3

Bidirectional Mode with One Control Element

The unidirectional system provided modeling tools that can be extended to the bidirectional
configuration. To develop a model for the bidirectional configuration, we will in this Chapter
focus on a system (shown in Figure 3-1) with one polarization control element. A model for the

system consisting of multiple control elements will be developed in Chapter 4.
3.1 System Model and Considerations

Polarization

Input ——p Controller \
Output ¢—-voo / | ‘ ‘ ‘

Figure 3-1: The basic system with one polarization control element. The input signal propagates
through the fiber into the PC. The signal exits the PC into the fiber and travelsto the FBG. The
FBG reflects the signal back to PC where it exits the system.

Each of the physica components in Figure 3-1 will be modeled as a system block and an

equivalent transmission matrix.

A signal with input SOP,s;,,, propagating through a PC with reflections in the system can be
visualized as a system block diagram Figure 3-2
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Figure 3-2: The system block diagram of a signal propagating through a PC with an FBG

The unidirectional model was developed under ideal conditions as stated in Section 2.2. Those
assumptions are also applied to the bidirectional model. Some additional assumptions include 1)
the FBG is a frequency dependent mirror that is completely reflective and is not polarization
dependent; and 2) the PC is an ideal piezoelectric actuator that only alters the birefringence on a

point on the fiber.

The system block diagram in Figure 3-2 can be difficult to analyze, so another approach is to
treat the FBG as a system component with a transmission matrix [23]. The components in front
of the FBG can be mirrored and the signal can be visualized as propagating through the system

in one direction instead of two as seen in Figure 3-3.

Sin PC (forward) Fiber FBG Fiber PC(reverse) Sout
— ] ] ] ] >
Rpecr Rer Ruirror Rir Rpcr
A A
Voltage u

Figure 3-3: Equivalent system block diagram detailing how an output signal is transformed as it
propagates through each component. Note: there is only one actuator but the signal passes
through the actuator twice in different directions.

This method allows us to apply a transmission matrix approach to the cascaded system. Even
though Figure 3-3 depicts a signal passing through another PC and another fiber section, it
should be noted that physically these two components are still the same. However, the
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transmission matrices for these components in the forward and reverse directions are different,

which will be discussed in the next section.

With the aid of the system block diagram in Figure 3-3, the output SOP, §S,,,; in relation to the
input SOP §;,, can be described as:

§out = RPC,R Rf,R Ryirror Rf,F RPC,F §in (3-1)

Like the unidirectional system, in order to measure the output SOP, $,,,;, a polarimeter is used
which means that an additional fiber section is connected to the output of the PC as seen in

Figure 3-4:

Sin | pC (forward) | | Fiber | | FBG | | Fiber | | PC(reverse) SW; Fiber t
Rpegr Rer Ruirror Rer Rpecr Repor
Voltage u ? T

Figure 3-4: In addition to the system components, a polarimeter is used to measured the output
SOP. In order to measure the output SOP, fiber is connected between the polarimeter and the PC
which will rotate the output SOP, §,,,.to an SOP, t.

The fiber connecting the polarimeter to the output of the PC will rotate the output SOP 3,,,; .
Therefore the measured SOP, £ isrelated to the output SOP §,,,, by:

t= Ry pot Sout (3.2

In the next section, the transmission matrix for the reflective element will be discussed, followed

by a discussion on the relationship between the forward and backward components.

3.2 Transmission Matrix of the FBG

The FBG is afixed optical component and can be represented with a transmission matrix. Since
the FBG acts like a mirror, it can be described with the transmission matrix for a mirror. From
[23], the Jones matrix that describes the effect of amirror is:

9 (33)

Unirror = [ 0 1
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Here, we assume 100% transmission of the FBG. Even if the FBG transmission is less than
100%, as long as the polarization dependence on transmission is negligible, one can still use
Equation (3.3) with a scaling factor, which would not change the result derived in this section
other than the scaling factor. So, for the purpose of our theoretical model, the assumption that
the FBG is a perfect mirror is reasonable. Furthermore, this assumption simplifies the
development of the model. In order to apply the transmission matrix of the mirror in this model,
Equation (3.3) needsto be converted to Stokes Space. Equation (2.5) isapplied to U,iyror-

1 0 0
Rpirror = |0 —1 0 (3-4)
0o 0 -1

3.3 Relationship between Forward and Reverse Transmission
Matrices

As mentioned, the matrices that describe the forward and reverse transmission matrices of the PC
Rpcr, Rpcr and the forward and reverse transmission matrices of the fiber R¢r , Rp g isin the
form of Equation (2.22). As it was aluded to Section 3.1, the transmission matrices in the
forward and reverse propagation direction are different. However, there is a method to relate the

transmission matrix in the forward direction to the reverse direction.

px,in] px,out

py,in > U > [py,out]
PC .

0 R A O 56

Figure 3-5: Forward and reverse transmission in Jones Formulation

The direction of propagation and its effect on the transmission matrix has been studied in Jones
space [23]. In Jones space, the transmission matrix’s effect on an input SOP in the forward
directionis:

[px,out] U px,in]

Dy out o (3'5)

py,in
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where p, and p,, describe the x and y components of the electric field in the forward direction
and the subscripts in and out denote that the components are the input and output Jones vectors
respectively. U is the Jones transmission matrix. In the reverse direction, the transmission

matrix does not have to be changed provided the order of operations follows this[19]:
[Qx,out Qy,out] = [qx,in qy,in] -U (3-6)
where g, and q,, describe the x and y components of the electric field in the reverse direction.

The components that describe the field are a row vector instead of a column vector. To put this

back in the traditional order of operations, atranspose3 of Equation (3.6) isapplied.

o R "

Hence, the transmission matrix in the reverse direction is just the transpose of the transmission

matrix in the forward direction.

Consider the following forward transmission matrix with the following components:

11 Tiz2 T3
Rp =|"21 T22 T23 (3.8)
31 T32 733
with DES,
Qx
ar = !ay] (3.9
aZ

To obtain the transmission matrix for the reverse direction in Stokes space, we convert (3.8) to
Jones space through Equation (2.5) and determine the reverse transmission matrix in Jones

space. After converting back to Stokes space, the transmission matrix for the reverse directions

is
11 21 —T31
Rp=|T21 T2 T3 (3.10
—T3 —T3  T33

3 . .. .
Note: Thisis not the Hermitian transpose but the normal matrix transpose
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Without requiring a conversion from Stokes space to Jones space to determine the new reverse
transmission matrix for an optical component, a transformation in Stokes Space that describes

the new transmission matrix was determined from inspection as seen:

10 0 10 0
Rk=10 1 o0|-RF-{o 1 0] (3.11)
0 0 -1 0 0 -1

As aresult, the DES of the backward transmission matrix is slightly different. Anayzing the
elements of Equation (3.10) and relating it back to the Equation (3.8), it can be shown that the
DESis:

ax
dp = [ a, ] (3.12)

With the knowledge of each component in Equation (3.1), it is possible to describe how the
system will react to any input SOPs. In addition, this model can be further simplified using the
techniques discussed in the next section.

3.4 System Simplification

Though it is possible to determine the output SOP using the 3x3 Stokes matrices and the
relationship found in Equation (3.1), it can be difficult to use this approach for polarization
control, especially when multiple actuators are involved. A couple of simplifications are made to
the model in Figure 3-4, from our understanding of the system components and the techniques
that are described in Appendix B. The overall effect will be that al fixed-rotation components
will be combined into the variable-rotation components leaving a system block diagram that
looks like:
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ay = @1’? a = 5-’1"%
— PC > PC >
Effective Input (Forward) (Reverse) Output
SOP SOP

A A

Voltage u

Figure 3-6: The simplified system block diagram with the effects of the mirror included into the
first actuator and the input

where,
Rpcr = Rpcr (0, ap) (313)
@r = RpotRy g Rmirror Ry Gr (3.14)
and,
RIIDC,R = Rpcr (0, ag) (3.15)
@ = Rpoy Gg (3.16)
and the new effective input to the system ¢, is:
(3.17)

fo = Rpol Rf,R Rf,F §in

which is aso the initial output of the system; i.e. when Rpcrand Rpcr are inactive and

represented by an orthogonal matrix. Note, £, is an experimentally obtainable parameter.

The derivation of Equations (3.13) - (3.17) is based on the simplification technique described in
Appendix B.

When simplifying the transmission matrix relationships, the effect of fixed-fiber rotations can be
effective taken account of by rotating the DES vectors of the matrices. To account for the effects

of Rpirror» Rer, Rer @nd Ry, that precede Rpc r, We rotate dp by those rotation matrices to
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yield ar (Equation (3.14)). Similarly, since Ry, precedes Rp¢ r, We account for R,,,; by rotating
ag toyield @ (Equation (3.16)).

With these simplifications, the evolution of the output SOP, £, from a reference SOP £,,, can be
described by

t= Rpcr (0,8) Rpcp (6, @F) to (318)

The relationship between 6 and the control variable u is known, and @, and &y can be found
using the geometric model described in the next section. Therefore, £, can be predicted through
Equation (3.18).

3.5 Geometric Model for Bidirectional Configuration

In this section, we develop a geometric model that can describe the SOP evolution in a
bidirectional configuration. Also, in this section, the DES parameters, @ and @ and the output £
have been relabeled as &, , @, and £, respectively (see Figure 3-6). When a sweep of Rp  from
6 =0 to 6 = 2m is applied, the output SOP, £,, traces a circle on the Poincaré sphere with a
rotational axis along the DES @, similar to Figure 2-8 and can be described with Equation (2.28).
The output #; is then used as the input to the next actuator, Rp¢ . Therefore, Equation (2.28) is

used to model ¢, but with ¢; astheinput and &, asthe new DES of Rp ; to get £,.

£,(8) = #,cos 0 + 7 sin 6 + 0, (3.19)
where,
0,(0) = (£,(0) - &) &, (3.20)
7,(0) = £,(6) — 0,(6) (3.22)
(3.22)

71 (0) = (£(8) — 0,(0)) x @,

Since, each of the individual parameters of £, is a function of £;, a further expansion can take

place (see Appendix C for the derivation). The final equation will have the form:

£,(0) = A, cos26 + A, sin26 + B, cos 6 + B,sin 6 + C (3.23)
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where:

- 1 ~ ~ ~ ~ ~ ~ A~ A~ ~ A~ A~ ~ N ~
A = E(to —(Eo-a)a; — (to- @) @y + (Lo - @)@ - @) @y —to X @

(3.24)

X @)
> 1., R R PN R N R N A 3.25
A; = E(to X (@1 + @) — (Lo - ap)(@ X ay) — ((to X ay) - 052)0(2) (3:25)
= A AN A Y A NrA A NA A s A~ 3.26
By = (o @) a; — 2(ty - @)(@ - @x)a, + (t - @) @, (3:26)
= A A Nra A A A A\ A 3.27
By = (- )@ x @) + (B X 1) - 8,) &, (3.27)

C= (fo @) (@, - ay)a;,
1 . o PO o o an " N

+ E(to — (to - @p)ay — (ty - @)a, + (ty - @) (@ - @x)A, + 1ty X a4 (3.28)

X @)

Also, there are three main frequency components associated with Equation (3.23) —one at 2w, w
and at DC if wetake
0 = wu (3.29)

where u relates to the applied step voltage to the PC and w is a constant that converts the applied

voltage to angle.
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The general form of Equation (3.23) can be visualized as alemniscate or alimacon [24] that has

been projected onto the surface of a sphere as seen ir]lFigure ST

F’ F
0.5 -
f
@ f
1
0.5 - N
1 — ]
1 05 0 -05
s2
(a (b)

Figure 3-7: Sample SOP traces from the bidirectional system configuration that resemble a (a)
lemni scate-type shape and a (b) limacon-type shape.

Thus, Equation (3.23) is a geometrical method that allows us to explain the behavior of the SOP
under a bidirectional configuration. This model also allows us to experimentally extract the DES

and determineif a point is on the SOP trace, which will be explained in the next section.

3.6 Geometric Model Properties and System Parameters

Each of the individual frequency components of Equation (3.23) can be plotted in Stokes space

as seen in Figure 3-8.
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£,(8) = A; cos26 + A,sin26 + B, cos @ + B,sin 6 + C

Y= : | Ay cos 20 + A, sin 26

5 T § B cos @ + B,sin 6
; e . fg
s L LA S AN
A\ ' »
. AN , ;
)
3 o lmE A —
S0.5 T i s L
-1 ; f 7
1 0.5 0 0.5
2

Figure 3-8: The individual frequency components of Equation (3.23) being plotted onto the
Poincaré sphere. The fundamental harmonic forms an ellipse (blue), while the second harmonic
forms a circle (red) and the DC component is a vector (green). The curve, t,, (black) can be
constructed from the sum each of the individual components.

From inspection, the component at the second harmonic, 2w, forms a circle; the component at
the fundamental harmonic, w, forms an ellipse; and the DC component is a vector. All three
components are in Stokes space, but they do not lie on the Poincaré sphere. Instead, the sum of
all three components will generate the polarization curve that will lie on the Poincaré sphere.
The élipse at the fundamental can be thought of as the envelope of the curve upon which the
circular component of the 2™ harmonic rotates around to form the general shape. The DC
component can be considered the “ center of mass’ of the entire shape and is what puts the entire

shape onto the surface of the Poincaré sphere.
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1- /Tlc0529+/fzsin26 e .

Figure 3-9: The second harmonic component of Equation (3.23) plotted in Stokes Space. Zland

A, are equal in magnitude and are orthogonal, and thus form a circle. The rotational axis to the
circleisa,.

One of the interesting aspects of the second harmonic component is the cross product of /Tl and

/Tz of Equation (3.23) givesthe direction of the DES,&,:

. A XA (3.30)
Ay = w5 — S
|41 x Aq||

To get @;, we make use of the model in Figure 3-6 and Equation (3.18). Rearranging Equation
(3.18):

/ A 2 ] A 2 2 331
Rpcr (8,@;) - t; = Rpcp (0,81) tg = &4 (3.31)

which is really the output of the first system block, £;. The resultant curve from applying this
operation is seen in Figure 3-10.
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0.5

05

Figure 3-10: When multiplying the output curve with the rotation matrix with a DES of &, and
the resultant curve isthe output of the first system block diagram.

By determining the central axis of the circle by taking the cross product of two vectors in the

plane formed from the circle will yield &;.

If we need to determine if an SOP, f;4,ger iS ON the SOP trace t,, then we will need to

investigate some properties of £,. We first look at the dot product of Equations (3.24) to (3.28)
with &@,. Applying these operations would result in some of the terms to cancel out. First, we

will examine the output projected onto &,:

t,-a, = (ffl c0s 20 + A,sin260 + B, cos 6 + B, sin 0 + 5) - @, (3.32)
Simplifying the results:
(3.33)

£, @, = (B, cos® + B,sind + C) - &,

Rearranging Equation (3.33):



3.7 FROM EXPERIMENTAL DATA TO THEORETICAL MODEL 47

oe]]
D

! (-0 & — tan”

- 2 — 2 .
\/(Bl N &2) + (BZ * &2) 1

1202°

2 (3.34)

2

6 = cos™

|

D

To test if f1qrger IS ON 5, We substitute f,4,4¢¢ iNto £, in Equation (3.34). However, from the
math, Equation (3.34) will yield two possible solutions for 6 on the interval [0,2rr]. In order to
check whether ;4,4 is on the SOP trace, #,, we substitute both solutions of 6 into Equation
(3.23). If both 6 yields SOPs that are different from the SOP, £,y get, then f;4yg.¢ does not lie
on the SOP trace, £,. If one of the 6 solutions yields the target SOP, then £;,.4.. lies on the SOP

trace £,.

3.7 From Experimental Data to Theoretical Model

To arrive a Equation (3.23) requires knowledge of the initial output SOP and the DES.
Therefore, starting in reverse from the experimental data to obtain the initial output SOP and the
DES is necessary; i.e. it is necessary to characterize the system. The experimental data consists
of a set of SOPs, where each SOP is characterized by the three Stokes parameters. Each SOP is
measured when the control parameter to a PC isvaried. The initial output SOP is available from
the dataset when the PC is in its initial state, but the DES vectors are not available which are
essential in describing the SOP evolution, especially when multiple actuators are used. To obtain
the DES vectors, Equation (3.23) iswritten in its equivalent form first:

£,,:(8) = A;cos(20 + ¢p,;) + Bicos(0 + ¢ ;) + C; (3.39)

where i isthe x, y, zcomponents of the vectors that correspond to the S;, S,, S5 Stokes parameters

and,

2 2 |
Alx + AZ,X

:

3.36
A2+ AL (3:36)

N NN
= R

—_—
Il

2 2
Al,z + AZ,Z_

:
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Bix + By

:

(3.37)

=>7)
Il

:

ny + ny

’ 2 2
| Bl,Z+BZ,Z_

bax
¢A,y =
¢A,z

142y (3:39)

|

ct
QO
=]

$A:

1By (3:39)

and C remains the same as Equation (3.23). Equation (3.23) and Equation (3.35) are equivalent.
Equation (3.35) is used instead since it is obtainable from the experimental data. The data can be
split into three separate datasets based off the three Stokes components. Then, an FFT is applied
to each individual dataset. Thiswill reveal three frequency components — one at DC, one at the
fundamental frequency component w, and another at the second harmonic, 2w as seen in Figure
3-11.
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Figure 3-11: A 4016 point FFT of the first Stokes Component of the curve shown in Figure 3-8

resulting in (@) the amplitude, |T,| and (b) the phase £T,,.

To obtain each component, 4, B and C, the amplitude information of the FFT is used in the

following way:

AX = 2|Tx(2w)|:
By = 2|Ty(w)|,
Cx = |Tx(0)|l

Ay, =2|T,(2w)
B, = 2|T,(w)

y = |Ty(0)

)

)

)

¢, = |T,(0)]

A, = 2|T,Qw)|
By = 2|T,(w)]

(3.40)
(3.41)
(3.42)
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whereT,, Ty, T, are the FFT of theindividual Stokes component.

$, and ¢ are obtained directly from the phase data of the FFT plots.

Pax = 2T Qw), oy =2T,Qw), ¢a,=2T,(2w) (3.43)

box = LTo(w), gy =2Ty(@), g, =2T,(w) (3.44)

With each of the parameters in Equation (3.35) determined, the output SOP £, can be described.
To obtain DES @,, A and (EA are used to get /Tl and /Tz:

A; cos(ZH + qu,l-) = A; cos(qu,l-) cos(20) — A4; sin(qu,l-) sin(26) (3.45)

Wherei = x,y,z
Ar; = A;cos(day) (3.46)

Ay = —A;sin(¢ay) (3.47)

And by applying Equation (3.30), @, can be obtained. Equation (3.31) can be used to obtain &,
and since we already have the initial output SOP from the experimental data, the system can thus
be modeled by applying the transmission matrix model and with the necessary parameters

extracted from experimental data using the geometric model.



Chapter 4

Bidirectional Model with Multiple Control Elements

The basic bidirectional system with one polarization control element was completely modeled
with the DES transmission and geometric model in Chapter 3. However, typicaly a PC has
more than one polarization control element. In this section, we will be considering a PC with
multiple actuators and how multiple actuators will affect the SOP evolution.

4.1 Two Actuator Model

To understand the effect of how multiple actuators affect the output SOP curves, we only need to
consider two actuators at a time like we did in Section 2.5. One actuator will be applied with a
fixed voltage (i.e. 85;x # 0) and will be referred to as the fixed-voltage actuator. The other
actuator will be swept through its controllable range 6,4z = [0,2m] which will generate all
available output SOPs that can result from that actuator; i.e. this actuator creates a bidirectional
output SOP trace as was seen in Figure 3-7. This actuator will be referred to as the variable-
voltage actuator. Operating two actuators at a time has two effects: 1) it affects the effective
input SOP and 2) it affects one or both of the effective DES vectors of the variable-voltage
actuator depending on the physical order of the actuators. The goa will be to simplify the
system by integrating the fixed-voltage actuator’s effect into the rest of the system.

4.1.1 Cascaded System Effect on the Effective Input SOP

The fixed-voltage actuator will affect the effective input, £, when the rotations caused by the
fixed-voltage actuator are being integrated with the rest of the system. Consider the case where
the variable-voltage actuator is initialy set with 6 = 0; i.e. the variable-voltage actuator’s

forward and reverse transmission matrices will be the identity matrix. As a result, the order of

51
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the fixed-voltage actuator and the variable-voltage actuator does not matter. In addition, the

effective system will only have one active actuator as seen below:

o ) . , . f'
Tput’ Rp (HFIX: 51) Rp (QFIXr 52) ﬁtpu?

Fixed Voltage
Or

Figure 4-1: The effect of the fixed-voltage actuator on the effective input, £,. @px represents
the fixed angular setting on the actuator. 8, and &, are the DES vectors of the fixed-voltage
actuator. All other actuators are inactive; i.e. the other actuators' rotation matrices are the
identity matrix. £; isthe new effective input after passing through the fixed-voltage actuators.

Thus, the new effective input, £ to the systemiis:

to = Rg Rp Lo (4.2)

Furthermore, £, will be observed at the polarimeter as the initial output when the variable-
voltage actuator is inactive. In fact, if we examine the SOP trace that £, would form if we
performed a sweep of 65,5 over the range of [0,2r], then we will observe that this is just the
SOP trace that would be formed by the fixed voltage actuator.

4.1.2 Cascaded System Effect on DES Vectors

As in the unidirectional model, the order of the actuators matter when we consider how the
rotations of the fixed-voltage actuator affect the DES vectors. Therefore, the second effect of
multiple actuators in rotating the effective DES has to be analyzed with two cases. 1) when the
fixed-voltage actuator precedes the variable actuator (Figure 4-2) or 2) the fixed-voltage actuator
follows the variable-voltage actuator (Figure 4-5).
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4.1.2.1 Fixed-voltage actuator precedes the variable-voltage actuator

~

t
Output SOP

Al

to
Input SOP

Actuator B Actuator B
(Forward) +—— (Reverse)

Rp (9VAR: 31) Rpp (GVAR' [?2)

A

A
Variable Voltage

BOvar

Fixed Voltage
gF[X

Figure 4-2: The system block diagram for a fixed-voltage actuator, A, preceding a variable-
voltage actuator, B. This system has already accounted for the effects caused by the FBG.

In this scenario, the fixed-voltage actuator, actuator A, is what the signal encounters first as seen
in Figure 4-2. This is followed by the next actuator, actuator B, which is the variable-voltage
actuator; i.e. Actuator B is being swept through its controllable range 6 = [0,2r]. This model
can be simplified, as was done in the one actuator scenario, by considering the effects of the

fixed-voltage actuator.

With the simplification techniques, we can create an equivalent system that integrates the
rotation effects of the fixed-voltage actuator into the parameters of the variable-voltage actuator.
The resultant system will only have two effective blocks (see Figure 4-3) instead of four as in
Figure 4-2. With the configuration shown in Figure 4-2, the effects of the reverse transmission

matrix of actuator A, R, g, can be accounted for by rotating the effective DES, B, and f3,.
3{ = Ryr (OFix, @2) 31 (4.1)

.éé = Ryr (Bpix, @3) .BAZ (4.2)

Thus, the new forward and reverse transmission matrices of the variable-voltage actuator will
have the above DES. The effects of the forward transmission matrix of actuator A, R, has
adready been accounted for in the effective input ¢ as was explained in the previous section. R, ¢
does not affect the DES vectors of actuator B, because the forward transmission matrix of
actuator A, precedes actuator B’s transmission matrices. The resultant simplified system looks

like below with the new effective DES, B, 5 and the new input SOP £}
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£ Actuator B Actuator B £
—»  (Forward) (Reverse) —»
Effective

nput Sop | Re.&(Ovar.Br)|  |Rer(Byar.f2)| Outout SOP

T !

Variable Voltage

Ovar

Figure 4-3: The smplified system with the combined effects of the fixed-voltage actuator
incorporated into the variable-voltage actuator’ s rotation matrices.

As mentioned in the previous section, the initial output becomes the effective input to the
system. The fixed-voltage actuator’s effect on the existing DES and the resultant output SOP
traces for different fixed voltage settings were simulated and mapped onto the Poincaré sphere:

'~ Sphere
e 6F=O

‘ 6F=m’8
E 6F=11:/4

OF=3m'8
o OF=m’2
OF=5m’8
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Figure 4-4: The output SOP traces as simulated for different fixed-voltage settings when the
input signal enters the fixed-voltage actuator before the variable-voltage actuator. The black
circle represents afixed nodal point that is common for all curves.

The resultant curves appear to rotate around a point on the Poincaré sphere. Thisis analogous to
how the system operates in the unidirectional model when a fixed-voltage actuator follows the
variable-voltage actuator resulting in circles that rotated around the Poincaré sphere, which was
seen in Figure 2-11b). One of the observations made with the ssmulation is that there is a nodal
SOP that is common to al curves in Figure 4-4. The SOP trace goes through this nodal SOP

twice from the [0,27] range.

4.1.2.2 Fixed voltage actuator follows the variable-voltage actuator

Actuator B f
(Reverse) |—»

RB,R (BVAR!B\Z) OUtpUt SOP

£ Actuator B
—»| (Forward)

Input SOP RB,F(BVARiﬁl)

A i
Fixed Voltage

g FIX

Variable Voltage
Ovar

Figure 4-5: The system block diagram for when the variable-voltage actuator, B, precedes the
fixed-voltage actuator C.

In this case, the input signal will enter actuator B first, which is the variable-voltage actuator as
seen in Figure 4-5. Actuator C, the fixed-voltage actuator, can have its transmission matrix
integrated into the preceding system components. Like in the preceding case, the fixed-voltage

transmission matrix affects the DES by:
B{ = RC,R (HFIXr ]72) R(’:,F(GFIX:?l) '31 (4'2)
B; = B> (4.3)
The first effective DES is rotated twice by the two effective DES of the fixed-voltage actuator.

The second effective DES of the variable-voltage actuator is not affected since all the fixed
transmission matrix components of Actuator C precede the reverse component of the variable-
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voltage actuator. With the simplifications, the new system isjust like Figure 4-3, except the DES
components are modeled by Equation (4.2) and Equation (4.3). Simulations were done for
different operation voltages of the fixed-voltage actuator followed by a sweep of the variable-

voltage actuator. A set of curves are formed as seen in Figure 4-6.

' 'Sphere

—_— 8F=0
BF=n/8

—_— 9F=mf4
f_=3n/8

F

e 9F=n/2

0 =5m/8
UF T

Figure 4-6: The output SOP traces as predicted by ssimulation for different fixed-voltage settings
when the input signal enters the variable-voltage actuator before the fixed-voltage actuator. The
black circle represents a fixed nodal point that is common for all curves.

The resultant curves all appear to stem from a central point and expand outwards. This is
analogous to the unidirectional model where circles are concentric about a central DES, when a
fixed voltage actuator followed the variable-voltage actuator which was seen in Figure 2-11a).
Similar to Figure 4-4, anodal SOP is also apparent in Figure 4-6 that is common to SOP traces.
We will describe a method of using the node for modeling the DES of multiple actuators in the

following section.
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4.2 Multiple Actuator Analysis

to

—

Effective Input
SOP

R (8var, B1) [ Ryp(r, P1.0) Rop(d2912) 1°° Ry p(dy, 715) —‘

LRy,R("B)“?Z,y) * o| Ry r(2,722) [ Rip (1, 721) (— RR(HVAR'ﬁZ) ¢

Output
SOP

Figure 4-7: A system with multiple actuators. The variable-voltage actuator (yellow-box) has a
forward-transmission DES vector, B, and reverse-transmission DES vector, B,. There are x-

actuators (red boxes) that precede the variable-voltage actuator with forward transmission DES
vector @, ; and reverse transmission DES vector, @, ;, where i € [1, x]. There are y-actuators
(green) that follow the variable-voltage actuator with forward transmission DES vector 7, ; and
reverse transmission DES vector ¥, j, where j € [1,y]. The various ¢ refer to the fixed-rotation
angle as aresult of the different applied voltages applied to the fixed-voltage actuators.

We can extend the simplification techniques that were described in the previous section to more
than two actuators. Consider the system in Figure 4-7, where we have multiple actuators. Note
that there is only one variable-voltage actuator distinguished by its variable rotation angle, 6y 4z,
and DES vectors 8, and 8, which are the forward and reverse DES vectors of the variable-
voltage actuator (see yellow boxes in Figure 4-7). Even if there are multiple variable-voltage
actuators, we can create an equivaent system where there is only one variable-voltage actuator

being considered at atime.

The variable-voltage actuator in Figure 4-7 follows x number of fixed-voltage actuators with
forward transmission DES vector, &, ; and reverse transmission DES vector, &, ; wherei € [1, x].
Following the variable-voltage actuator are y number of fixed-voltage actuators with forward
transmission DES vector, 7, ; and reverse transmission DES vector, 7, ; where j € [1,y]. ¢ will

refer to the fixed-angles as caused by an applied voltage to afixed-voltage actuator.

It is especially important to note that the actuators being considered have been activated with an
applied voltage. If the applied voltage to an actuator is O, then the actuator’s transmission
matrices are identity. Consequently, inactive actuators are not considered in Figure 4-7.
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The goa will be to integrate all fixed-voltage actuator rotations into the variable-voltage
actuator’s rotation matrices. Thus, we would like apply the simplification techniques on Figure
4-7 to create a system that looks like Figure 4-8.

f(’) N
! Al ! Al t
—» R.(6 , - R,(6 , —p
Effective Input F ( VAR '81) R( VAR '82) Output
SOP SOP

Figure 4-8: The equivalent system when we applied the simplification techniques on Figure 4-5;
i.e. al fixed-voltage rotations have been integrated into 8, B> and Z;.

Similar to the two-actuator model, the steps to creating this simplified system are 1) to determine
the new effective input SOP, £, and 2) to determine the new DES vectors of the variable-voltage

actuator.

4.2.1 New Effective Input

For the new initial effective SOP, t;, we consider the effects of all the fixed-voltage actuators
like we discussed in Section 4.1.1. The new effective input, £ is a product of all the fixed-

voltage transmission matrices:

n=x

to = nR(x—Hl),R (¢(x—l+1)' (722,(x—l+1)) )
=1

(4.4)

n=y n=y n=x
1_[ Riy-k+ R (@—k+1) P2y—k+1)) 1_[ Rip(¢),71)) (1—[ Rip(¢i81;) o )
k=1 j=1 i=1

to will also be the new initial output that will be observed at the output.

4.2.2 Equivalent DES Vectors

The next step is to determine the new DES vectors. As already mentioned, the DES vectors of
the variable-voltage actuator depend on those actuators that precede and follow them. We can
apply the steps shown in Section 4.1.2 for the configuration in which the variable-voltage

actuator follows the fixed-variable actuators and for the configuration in which the variable-
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voltage actuator precedes the fixed-variable actuators. The results of following those steps,
yields DES vectors that ook like:

n=x
[?1' = Rik-i+1)r (¢(k—i+1)'&2,(k—i+1)) '
k=1
- - (4.5)
1_[ Rey-jsnr (B-j+1) 2-j+1) 1—[ Rir (¢0710)B1
i1 i=1
n=x
B = 1_[ Riz—is+1)r (O (x—it+1) 072,(x—i+1))/?2 (4.6)

=1

where we have accounted for the effects of the fixed-voltage actuator rotations. Again, the
reverse transmission matrix DES vector, 3, of the variable-voltage actuator is only affected by
the reverse transmission rotations caused by the fixed-voltage actuators that precede the variable-
voltage actuator. Conversely, the forward transmission matrix DES vector, 3, of the variable-
voltage actuator is not affected by the forward transmission rotations of the fixed-voltage
actuators that precede the variable-voltage actuator. However, the variable-voltage actuator’s
forward transmission matrix DES vector, B, is affected by al other rotations of the fixed-

voltage actuators.

4.3 A Nodal Approach to Modeling Multiple Actuators

In Section 4.1.2, we provided the model that explains how the SOP traces will evolve with
multiple actuators. In this section, an aternative method for modeling multiple actuators is
provided in order to reduce some of the experimental limitations that will be discussed in
Chapter 5 and Chapter 6. We will observe that the extracted experimental DES vectors using the
method described in Section 4.2 will predict SOP traces for the multiple actuators scenario that
do not have fixed nodal SOP. Thisis contrary to what was observed in our simulations and what
we will observe from experimental data. This nodal SOP modeling approach will try to resolve

this limitation.

We observe that the nodal SOP remains stationary regardless of which actuator is the fixed-
voltage actuator or the variable-voltage actuator (see Figure 4-4 and Figure 4-6). This
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observation leads us to use the nodal SOP as an additional parameter when predicting any SOP
traces formed by operating both actuators. In a system with multiple actuators, we determine the
DES vectors associated with each actuator independently using the procedure discussed in
Section 3.7. In addition to determining the DES vectors associated with each actuator, we can
determine the nodal SOP. The nodal SOP will serve as a reference SOP that we will use to
determine the forward transmission matrix DES vector which we will discussin this section.

Another observation that was made from simulations is that the nodal SOP appears to be
dependent on the input SOP, 3;,,; the nodal SOP changed its position when we vary §;,. This
effect will be verified experimentally in Chapter 5 (Figure 5-11).

_ PC FBG PC (In reverse) |
RPC,F(Q' &F) Rmirror EPC,R(HI C?R)

l (g 1

Figure 4-9: The system when we ignore the fiber rotation effects between the actuator and the
FBG.

In Figure 3-3, we had to include the effects of the fiber between the PC and the FBG. When we
ignored all the fiber rotation effects between the FBG and the PC (Figure 4-9), and repeat the
simulations, we observed a relationship between the input SOP and the nodal SOP. For example,
if the input to the system is given by:

S1
§. = !Sz] (47)

Then from simulations, the nodal SOP is related to the §;,, parameters by:

$1
thode = [ S2 ]

(4.8)

and when the actuators are inactive, the initial output, fo, would be:
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S1
EO = [—52] (4.9
In this section, the tilde is used to denote SOP parameters and rotation matrices that describe a
system where the effects of the fiber rotations between the PC and the FBG have been integrated
with the rest of the system such that the system has an output SOP curve that is equivalent to the
experimental SOP curve (see Appendix D). Equation (4.7)-(4.9) are smilar and only differ by
their signs. Furthermore, the equations that related @, to @z were shown in Equation (3.9) and

Equation (3.12). If we combined the mirror’s effect onto @

a
2 — [_azl (4.10)

Comparing Equation (4.10) and (3.12), we notice this relationship describing the DES vectorsis

similar to the relationship between fnode and fo. However in a real system, the relationship
between the DES vectors does not hold due to the fiber between the FBG and the actuator. If we
use the techniques in Appendix D, then the DES vectors, &; and @,, would have the direct
relationship found in Equation (4.10) and Equation (3.12). The goal to derive an equivalent
system in which the relationships between the DES vectors, and the input and nodal SOP would
hold. In this manner, we can then generate SOP curves with a specific nodal SOP.

However, we need to somehow relate these observations back to the experimental data. Through
the derivation in Appendix D, we can integrate the fiber rotation between the PC and the FBG
and only consider the rotation caused by the fiber section from the output of the PC to the
polarimeter via the circulator. The effect of this fiber rotation from the output of the PC to the

polarimeter can be estimated.

7213

in Rotation t
T o FBG PC (In reverse) caused by Fiber ——»
|nput RPC,F (6, a):') Ruirror RPC,R (6, aR) ﬁ (¢ 52) OUtpUt
SOP pol \7 SOP

Figure 4-10: The equivalent system with an equivalent fiber rotation, ﬁpoz, from the output of
the PC to the polarimeter to ensure that this systemis equivalent to Figure 3-4.
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t = Rpor Rpcg Rmirror Rpcr Sin (4.11)
where the tilde represents an equivalent system parameter. t is still the actual experimental
output SOP as obtained through Equation (4.11). As mentioned, the fiber rotation, ﬁpol will
conceal the direct relationship between the effective input, 1?0 and the nodal SOP, fnode, and the
DES vectors &; and @,. In order to make use of these relations, we use the experimental

parameters £, and £,,,4, and relate it back to £, and £,,,4. The relationship between £, and , is
related to the equivalent fiber rotation Rpol:

to = Rpor o (4.12)
fnode = ﬁpol fnode (4.13)
By superposition, we can subtract Equation (4.13) from (4.12)
Enode = to = Rpot (fo = Enode) (4.14)
and with Equation (4.8) and Equation (4.9), we get:
X o 0 (4.15)
thode — to = Rpor 282]

If R, has the form of Equation (2.22), with DES vector 5= [dy d, d,]T and arbitrary

angular parameter, ¢, then we can simplify Equation (4.15) to:

dyd,(1 —cos¢) +d,sin¢
cos ¢ + d3(1 — cos ¢)
dyd,(1 —cos¢) —d, sin¢

(4.16)

thode — to = 25

As mentioned, t,,,4., o are obtained experimentally. In Equation (4.16), there are 5 unknowns.

We can determine the value of s, by applying the fact that the fiber rotation matrix is orthogonal:
I2noae — Loll = ||Enoae — Lo = 12521 (4.17)

Since we are uncertain if s, is negative or positive, both cases will have to be considered when
we try to solve for the parameters for the fiber rotation matrix. After applying Equation (4.17),
there are still 4 unknown parameters and 3 equations. We also know the DES vector, &, has a

norm of unity:
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dZ+d2+d2=1 (4.18)
Using a least-sguare fit, an estimate of the parameters for the rotation matrix can then be
determined. With R,,,;, we can determine the DES vector of the equivalent forward transmission
matrix &, by finding &, through Equation (3.12) and Equation (4.10). We first use the estimated
rotation matrix, ﬁpol, on the experimentally determined @, to obtain the equivalent system

parameter &,.

D
N

Il

N

, (4.19)
, (4.20)

ISy

)
N

Il

=]}
S |
QSR

D

From Equation (3.12) and Equation (4.10), we then relate @, back to @;. We can then estimate

@, With the rotation matrix R,,,;.

L (4.21)

ST

a, = Rpol

Since we use the nodal SOP to determine the rotation matrix, and the relationship between the
nodal SOP and initial output is similar to the relationship between two DES vectors, we can
obtain system parameters that will yield SOP traces with the experimental nodal SOP.

The system in Figure 4-10 represents a one actuator system. However, this alternative method
with the nodal SOP can be extended to the multiple-actuator configuration. In order to extend to
the multiple-actuator configuration, we would create an equivalent system from the multiple-
actuator configuration that integrated all the fixed-voltage rotations first into a system that
resembled Figure 4-3. Since the system in Figure 4-3 is similar to a one-actuator system, we can
transform the one-actuator system to the system shown in Figure 4-10. Then, we can apply the

steps used to determine the forward transmission matrix DES, &;.



Chapter 5

Single Polarization Control Element Model
Validation

In Chapter 3, a theoretical model was developed for the polarization control system in the
bidirectional configuration for a single polarization control element. In this Chapter, the
theoretical model for one actuator in a PC will be verified experimentally through a two-step
process. 1) extracting system parameters that characterize experimental SOP trace and 2) using
the extracted parameters to model the observed results. The system parameters will then be used
to predict the SOP evolution when the input SOP to the bidirectional configuration is varied.
Experimental errors that affected the model will also be discussed in this Chapter.

5.1 Experimental Setup

The fiber-based bidirectional configuration used to validate the model for one polarization
control element is shown in Figure 1-8. The actual components of the system are listed in Table
5-1.
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Figure 5-1: Experimental setup of the bidirectional configuration

Table 5-1: System components used for the experiment. Index corresponds to components in

Figure 5-1
Index Component Equipment Characteristics
(1 Source HP8168F Tunable Laser | 1,:1551.34 nm
Source P: 1.36dBm
2 Polarization Controller General Photonics Manual fiber squeezing
(Input PC) PolaRITE PLC004 and twisting based PC
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3 Reflective Structure Fiber Bragg Grating Ao: 1551.34 nm
3dB Bandwidth: 262 pm
(4) Piezoelectric Polarization General Photonics Piezoelectric polarization
Controller PolaRITE 111 controller (PPC) with a

piezoelectric driver board

(5) Controller Computer Digital Input Output Card to
interface with the PPC’s
piezoelectric driver board

GPIB for reading SOP data
from polarimeter

Matlab Instrument Control
Toolbox for data processing

(6) Polarization Analyzer Tektronix PAT9000B GPIB output
(Polarimeter)

5.2 Modeling Experimental Data with One Actuator

Figure 5-2 shows the SOP evolution when one of the actuators of the piezoelectric polarization
controller (PPC) is swept from 6 = [0,2r]. The techniques developed in Section 3.6 and Section

3.7 are used to characterize this SOP data and the results will be shown in this section.
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Figure 5-2: The experimental SOP trace from varying the applied voltage to a piezoelectric
actuator from 0 to 67.5V. 30 data points were collected and plotted on the Poincare sphere.

As mentioned in Chapter 3, Equation (3.35) is used to describe the SOP evolution in the
bidirectional configuration. Equation (3.35) can be determined from the experimental trace by
applying an FFT to each of the three experimental Stokes parameters. Figure 5-3 shows the
results of the FFT as applied to the S; component:
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Figure 5-3: The (@) amplitude and (b) phase information from a 384-point FFT applied to the
first Stokes parameter, S ;.

As expected from the theory developed in Chapter 3, there are three frequency components that
appear at m,2m and at DC in the FFT as seen in Figure 5-3(a). The amplitude and phase data

allows us to model the Stokes parameters against the angle,f, as seen in Figure 5-4.
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O S1 Data
82 Data
52 Fit

--()-‘S3 Data
53 Fit

Stokes Parameters

Figure 5-4: The Stokes parameters versus angle of rotation with the trigonometric fit Equation
(5.1) applied as determined from the FFT.

The following fit equation was determined from the FFT.

ty rie(6)
0.0945] 3.1340
=10.4183 cos<29+ —0.2049>
0.4693 1.3007 (5.1)
0.7839] —2.2379 —0.0808
+10.6283|cos| 8 +|—1.5967| |+ ] 0.3271
0.3966 0.2204 —-0.3178

We can aso plot Equation (5.1) and compare it with the experimental SOP trace on the Poincare

sphere as seen in Figure 5-5.
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70

.| —— Experimental

The curve as determined from the FFT fitting (blue) as plotted with the

Figure 5-5:

experimental data.

To calculate the error between the fitted data points and the experimental data points, we look at

the percent angular deviation which is given as:

(5.2)

frie) x 100%

texp '

3 cos"l(

%Error

The resulting error versus the applied voltage is displayed in Figure 5-6.
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Percent Deviation

0 10 20 30 40 50 60
Applied Voltage (V)

Figure 5-6: The percent angular deviation of the fitted curve with the experimental trace. No
corrections have been made to correct a discrepancy between the applied voltage and the angular
rotation 6.

To acquire the system parameters, we need to convert Equation (5.1) to its equivalent form

described by Equation (3.23) whichiis:

ty ri(6)
[—0.0945] —0.0007 —0.4850
=1 0.4095 | cos26 +| 0.0851 |sin28 + |—0.0163|cos @
| 0.1252 | —0.4523 0.3870 (5.3)
[ 0.6159 ] —0.0808
+| 0.6280 |sin@ + | 0.3271
| —0.08671 —0.3178

To determine the DES vectors, we use Equation (3.30) and (3.31). The parameters to be used in
Equation (3.30) are:

_ [-0.0007] _  [-0.0585
A =|00851 |, 4, = —0.0108] (5.4)
—0.4523 0.4579
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A; and A, arethen used to determine &, .

Equation (3.31) is used to determine the intermediate SOP trace,f;. From t;, @ can be
determined with the steps outlined in Section 3.6. The resultant curve from applying Equation
(3.31) to Equation (5.3) is shown in Figure 5-7.

Figure 5-7: The curve that represents the output of the forward transmission matrix in Figure
3-6 experimentally.

Figure 5-7 shows a curve that resembles an oblong circle.  From the model, the plot was
expected to be a circle on the Poincaré sphere as was seen in Figure 3-10. This results from the
limitations of the DES model which cause the SOP to deviate from an ideal circle. The
limitations of the DES model will be discussed in the Section 5.4. We can still use the results
from Figure 5-7 to approximate the DES &;. This parameter is then used in a nonlinear least
squares fitting algorithm to refine the value of @,. Table 5-2 summarizes the DES vectors that

were determined.



5.2 MODELING EXPERIMENTAL DATA WITH ONE ACTUATOR 73

Table 5-2: Parameters necessary to characterize the system as was determined from the
characterization steps

DES Vector Value
@, [—0.1359 0.2378 0.9618]"
@, [0.9577 0.2791 0.0694]7

Using the model developed in Chapter 3, we input the system parameters into Equations (3.24)-
(3.28). Theresultant equation for the model isin Equation (5.5).

fz,mod(g)

[—(0.1288] 0.0017 —0.4654

=1 04177 | cos26 +| 0.1027 |sin28 + |—0.0109| cos @
| 0.0979 | —0.4360 0.4032

(5.5

[ 0.6413 ] —0.0685

+1] 0.6384 |sinf + | 0.3161
| —0.06481 —0.3059

There is a slight deviation between £, ,,,,4 and £, r;, which is the result of the limitations of the
DES model which will be discussed in the Section 5.4. Nonetheless, we plot £, ,,,4 With the

experimental data collected (Figure 5-8(a)). The percent angular deviation between each

experimental datapoint and the modeled datapoint is shown in Figure 5-8(b).
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Figure 5-8: (a) The experimental data and modeled data, Equation (5.5), using the extracted
DES vectors. (b) The percent error between the experimental datapoint and the modeled

datapoint as determined by the ratio of surface distance over the maximum distance that two

points can be from each other on the sphere.
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There is a dlight deviation between the expected angular response and the actual angular
response to the applied voltage which is due to the PPC. To correct for these dlight deviations,
we can shift the 6 in relation to the applied voltage (Figure 5-9) such that the error is minimized
(Figure 5-10).

Applied Voltage vs 6

—— Theoretical
—e— Experimental

Theta @)

0 10 20 30 40 50 60
Applied Voltage (V)

Figure 5-9: The assumed angular response to the applied voltage (red) compared with an
adjusted angular response to the applied voltage (blue)
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Error Between Experimental and Modeled Data

Percent Deviation
|_\
(@3]

0 10 20 30 40 50 60
Applied Voltage (V)

Figure 5-10: The percent angular deviation between the experimental and modeled data with
the angle correction.

The result of these corrections allowed the error between the experimental and modeled data to
decrease with a maximum deviation of 2.6%. Additional sources of error will be discussed in
Section 5.4.

5.3 Validity of One Actuator Model

To demonstrate the validity of the model, we vary the input 3;,, to the system. We use a PC
placed before the circulator (Input PC) to vary the input SOP as was shown in Figure 5-1. From
theory, the DES of each actuator should remain the same as was characterized in Section 5.2. By
varying only the input SOP, §;,,, we should be able to use the system parameters from Section
5.2 to predict the experimental data. The results are shown in Figure 5-11
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(d) (€)

Figure 5-11: Different experimental SOP traces (red) and the modeled data (blue) for varying
the input SOP 3;,, to the bidirectional system. The effective input of each trace are: (a) ty, =
[-0.6307 0.7670 0.0830]" (b)Z,, = [-0.1460 0.9700 —0.1930]", () Zo3 =
[-0.9750 0.1820 0.1300]7 (d)%ys = [0.3320 0.8270 —0.4600]7 (&) o4 =
[-0.0660 0.3250 —0.9430]7

There is good correspondence between the predicted curves and the experimental data. The
errors between the experimental and predicted curves are shown in Figure 5-14 with the

maximum error being 7.7%.
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Figure 5-12: The percent angular deviation between the experimental and modeled data for

each varying t, with the & — V corrections.

Another way of verifying thismodel is to characterize each of the individual experimental curves

in Figure 5-11 and to extract the DES vectors. Figure 5-13 shows the forward and backward

DES vectors plotted on the Poincaré sphere.
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Figure 5-13: The forward DES vectors, @, (blue) and backward DES vectors, @, (cyan) of the
experimental curvesin Figure 5-11.

Table 5-3: The mean system parameters as extracted from each of the curvesin Figure 5-11.

DES Mean Vector Value Standard Deviation
a, [—0.1164 0.2628 0.9553]T 6.67%
a, [0.9522 0.2892 O.O784]T 0.82%

In Figure 5-13, we can see that the DES of each experimental curve does not change much as
expected and in Table 5-3, the standard deviation of the DES vectors are relatively small.

These results validate the model that was developed for the bidirectional configuration for a

single actuator. However, there are a number of errors that prevented the fit to be as precise as

can be. We will discuss those errorsin the next section.

5.4 Experimental Limitations

As was mentioned in Chapter 2 and 3, the polarization control model was devel oped under ideal

conditions. In practice, there are number of practical limitations. The piezoelectric actuator has

some nonideal characteristics such as hysteresis. Furthermore, the limits of the DES model do

not hold over the entire range over which the piezoelectric actuator operates. We will discuss
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the limits of the DES model, how hysteresis of the piezoelectric material affects polarization
tracking, and how resetting the actuator can eliminate some of the nonidealities.

5.4.1 Limits of the DES Model

The DES model holds for a small variation around the physical control variable; i.e. the DES
model is afirst order approximation to the SOP evolution (see Chapter 2). As aresult, the DES
model may not hold for high applied voltages, which implies there might be a departure between
the model and the experimental results. We present a scenario where the deviation is pronounced
by characterizing a piezoelectric actuator in the single pass configuration similar to Figure 1-7.
At low applied voltages, the SOP evolution follows a circular trace as was mentioned in Chapter
2 and can be modeled with the method outlined in Section 2.3 and Section 2.4. But at higher
applied voltages, the curve deviates away from the circle and a new DES vector can be

calculated as result of the deviation as seen in Figure 5-14(a).

05- 051~

05 0.5

€Y (b)

Figure 5-14: The (a) experimental output SOP trace, €, in a unidirectional configuration. The
curve initially has a DES 8, but evolves to &, at high applied voltages and spirals outwards. As a
result the the centre vector of the output SOP trace, 61 also shiftsto 52. The theoretical circular curve
based on theinitial DES &, is shown in (b).

The spiral shape, rather than a closed circle, is due to the slight change in DES under high stress.
Nonetheless, for small magnitudes of applied stress to the fiber, the path can still be

approximated by acircular trgjectory Figure 5-14(b).
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The DES calculated at lower applied voltages does not hold at higher applied voltages, and this
effect will also cause the SOP trace to spiral in the bidirectiona configuration as seen in Figure
5-15.
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Figure 5-15: An experimental SOP trace for the bidirectiona configuration when the spiraling
effect is pronounced

This spiral deviation in the SOP trace will skew the FFT fit and the accuracy of the DES
calculations. Hence, the assumption that the DES vectors do not vary over the 2m range is not
entirely valid; i.e. the DES vectors calculated are an average vaue of the actual DES vectors. It
is also this limitation that will affect the SOP prediction for multiple actuators which will be
discussed about in Chapter 6. A higher-order DES model might able to resolve some of these
limitations which is reserved for future work. For the purpose of this work though, we will show
a method in Chapter 7 that will reduce the effects of the DES limitations in predicting the SOP
when operating multiple actuators.

It should be noted that not all polarization control elements will show the extreme spiraling

effect. In Figure 5-2, the spira effect is less noticeable. The spiral effect depends on the
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construction of the piezoelectric actuators, the fiber placement within the actuators, and the
birefringence of the fiber, which makesit difficult to predict and model.

5.4.2 Hysteresis of Piezoelectric Material

In addition to the limits of the DES model at higher applied voltages, hysteresis effects are
apparent with the piezoelectric actuator. We demonstrate this by first increasing the applied
voltage to the PPC which will form one SOP trace, followed by decreasing the applied voltage to
the PPC which will form another trace. In Figure 5-16, we observe that the there is a phase shift

between the two curves for each of the Stokes parameters.
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Figure 5-16: The Stokes components versus the applied voltage when the applied voltage is
increasing from OV to 67.5V (red) and when the voltage is decreasing from 67.5V to OV (blue).
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There appears to be a phase shift between the two curves as evident in the () S, (b) S, and (¢)
S Stokes parameters. The data was collected from 10 data runs.

This phase shift can be attributed to the hysteresis response of the piezoelectric material and is a
well-documented effect [25].

5.4.3 Response Time of Piezoelectric Material

After resetting the actuator, a transient response with a long relaxation time was observed in the

Stokes parameter as seen in Figure 5-17.
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Figure 5-17: The response of the Stokes parameter over a period of time after the actuator has
been reset.

The hysteresis and the slow reset response limit endless tracking of the SOP. The slow response
will be a source of error and cannot be controlled without sacrificing time to wait for the SOP to
settle. However, the phase shift can be dealt with through resetting the actuator; i.e. we apply OV
to the PPC before applying the necessary voltage to get to the target SOP. To demonstrate this,
we can compare the SOP trace that is obtained normally through an increasing applied voltage
which was done in Section 5.2, to a trace formed from resetting the actuator first and then

applying the voltage value to the actuator.
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Figure 5-18: Resetting the actuator before applying a voltage (red) in comparison to the
characterization trace (blue) for the (a) $; (b) S, and (c) $; Stokes parameters. There appears to
no phase shift between the two curves. The data was taken over 10 data runs.

Figure 5-18 shows there is a good correspondence between resetting the actuator and not
resetting the actuator when the applied voltage is increasing. Similar results are obtained from
resetting the actuator before a decreasing voltage is applied to the actuator as shown in Figure
5-19.
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Figure 5-19: The Stokes components (a) S, (b) S5, and (c) S5 versus the applied voltage when
the applied voltage isincreasing from OV to 67.5V (red) and when the voltage is decreasing from
67.5V to OV (blue). Prior to applying a decreasing voltage, areset is done on the actuator. The
data was collected from 10 data runs.

Resetting the actuator allows us to essentially remove the hysteresis effect. However, since the
time between resetting and applying the next voltage is approximately (0.77+0.20)s, there might
be a dight perturbation in the output SOP. In systems with a varying input SOP, SOP
fluctuations can occur as fast as 100us [26], but more typically they change at a rate of about 5
rads/s on the Poincare sphere [27]. Nevertheless, for the purpose of our model, we will not be
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considering the time delays and perturbations incurred which can be suppressed with a faster
polarization tracker and afaster controller in which our algorithm can be implemented in.

Furthermore, we can compare the accuracies of reaching an SOP state by resetting and not
resetting the actuator. The comparison was done by first sweeping the actuator from 0OV to
67.5V which corresponds to an angular sweep of 8 = 0 to 2. We then do a random sampling
of applied voltages (Table 5-4) and plotting that data against the initial data obtained. We expect
that the SOP produced by applying a certain voltage will correspond with the curve obtained by

applying an increasing voltage to the actuator. The results can be seen in Figure 5-20 (a).

Table 5-4: A set of voltages applied to the actuator in the following sequence.

Test Voltages (V) | [9, 13.5, 33.75, 22.5, 16.875, 1.125, 52.5, 30.75, 4.125, 41.25]
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Figure 5-20: A set of voltages applied to the PPC in comparison with the characterization trace
when the actuator is first (a) reset and (b) and when actuator is not reset. The error bars signify
the standard deviation of the data over 10 datasets.

To demonstrate how resetting the actuator is critical, the same data is collected without resetting
the actuator as seen in Figure 5-20(b). The resultant SOPs do not lie on the trace at their
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supposed location. The percent angular deviation between resetting and not resetting the
actuators with the ten randomly applied voltages are shown in Figure 5-21.

12

—e— Reset
—*— No Reset

10+

Percent Deviation
[e)]

0 L L L L |
0 2 4 6 8 10

Testpoint Index

Figure 5-21: The percent deviation between the SOP as obtained from the randomly chosen
applied voltages and the SOP as obtained from the characterization curve when areset is applied
prior to applying the voltage (red) compared to when no reset is applied prior to applying a
voltage (blue).

Therefore, it is necessary to reset the actuator first before applying a voltage as this method will
solve some of the hysteresis problemsin the PPC. Resetting the actuator first will also be critical

when we consider how to control the SOP.
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5.4.4 FFT Error
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Figure 5-22: The FFT of the §; component in Figure 5-3(a) over the entire range when the
window size covers (a) 54V compared with the FFT whose window size covers (b) 64.8V.

The FFT is necessary to determine the fit for the SOP curves, and it also used for extracting the
DES vectors, @, and @,. The window size is essential for the FFT to work. The window sizeis
dependent on a dataset that covers a complete period of its revolution. There are a couple of
factors that affect knowledge of the window size and can skew the FFT fit. The largest
contribution to the FFT error is the DES model limitation. At higher applied voltages, the curve
may start spiraling and if the spiral effect is large, it will affect the overall FFT fitting, as it will
no longer be representational of a trigonometric curve with two frequency components. Another
smaller factor in the FFT error is the discrete data points. There is a possibility that the data
collected does not cover the datapoints of a complete revolution, which will also skew the FFT
fit.

Based on analysis of the curves with little deviation at higher applied voltages (e.g. Figure 5-2), a
complete revolution occurs at approximately 54V. For speed in characterizing the SOP traces,
we chose 25 data points spaced out by 2.16V. Thus, N = 25 isthe window size used. However,
due to the two main factors influencing the FFT, higher frequency components are observable in
the FFT (Figure 5-22 (@) but are largely suppressed. In Figure 5-22 (b), alarger window sizeis
chosen (e.g. N= 30 which corresponds to 64.8V) for more data points, but since N=30 does not

correspond to 27, the higher frequency components are more pronounced.
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5.4.5 Additional Sources of Error

Other errors include the fiber sensitivity to the environment and detector noise. Additionally, in
the PPC the actuator’s mechanical jaw may not engage or dlip with the fiber when the PPC is
activated. Furthermore, when a voltage is applied to the piezoelectric actuator, there might be a
small discrepancy in the desired voltage and the actual applied voltage to the piezoelectric
actuator. The piezoelectric driver board converts a digital voltage value from the computer to an
analog voltage value that is applied to the actuator. This digital to analog conversion may have
resulted in a dightly fluctuating voltage value that can also be aggravated by a step-up converter
that amplifies the voltage value. Nonetheless, all of the above mentioned errors are fairly small
between the experimental data and the one actuator model, especially after most of the larger

errors were accounted for.



Chapter 6
Multiple Polarization Control Elements Model
Validation

We were able to verify the theoretical model in the single polarization control element case.
However, for polarization control, a single polarization control element cannot reach every target
SOP; so it is necessary to use multiple control elements to control the output SOP. In this
section we will verify the theoretical model for multiple control elements that was developed in
Chapter 4. We will also present how characterizing each element in the PC alows us to predict

the experimental results.

6.1 Experimental Data with Multiple Actuators

In this section we will present the experimental data as obtained from operating multiple

actuators in sequence.

Figure 6-1 is the set of output SOP traces when operating in the configuration that was presented
in Section 4.4.1; the input signal enters the fixed-voltage actuator first, followed by the variable-

voltage actuator (see the configuration in Figure 4-2).

92
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Figure 6-1: The experimental output SOP curves for different fixed-voltage settings when the
input signal enters the fixed-voltage actuator before the variable-voltage actuator. The different
color lines represent different voltages applied to the fixed-voltage actuator. The black circle is
the nodal SOP of the set of curves.

Figure 6-1 resembles the expected behavior for the SOP evolution in this configuration; the
curves appear to rotate and appear to have a nodal SOP (black circle). Thisis similar to what

was observed in Figure 4-4.

The results for the other configuration, where the input signal enters the variable-voltage actuator

first before the fixed-voltage actuator (Section 4.1.2.2) are shown in Figure 6-2.
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Figure 6-2: The experimental output SOP traces for different fixed-voltage settings when the
input signal enters the variable-voltage actuator before the fixed-voltage actuator. The different
color lines represent the different voltages applied to the fixed voltage actuator. The black circle
represents the nodal SOP.

The results shown are similar to what was predicted in Section 4.1.2.2. The curves appear to
expand outwards and are fixed to a nodal SOP as well (black circle), which is the behavior that

was observed in the smulations (Figure 4-6).

From the curves shown in Figure 4-3, we can characterize and model each of the experimental

curves at the different step-angles, 6., using the method that was outlined in Section 3.7. The
resulting modeled datais plotted in Figure 6-3 together with experimental data for comparison.
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3 (b)

Figure 6-3: Using the method of characterization as developed in Section 3.7 to model each
curve in both configurations. The first configuration (a) is where the signa enters the fixed-
voltage actuator first followed by the variable-voltage actuator while in (b) the signal enters the
variable-voltage actuator first followed by the fixed-voltage actuator.

As can be seen in Figure 6-3, the model agrees with the experimental SOP data quite well.
However, instead of characterizing each curve at each step-angle, 6.,, it would be more
practical if we could predict the behavior of the curves with the system parameters as extracted
from operating each actuator independently of the other actuators as developed in the theory in
Chapter 4. The next section will show how this behavior can be model ed.

6.2 Modeling Experimental Data with Multiple Actuators

With multiple actuators, each individual SOP trace can be characterized as was shown in Figure
6-3. However, we would like to know if characterizing each actuator independently will allow
us to predict how the curves will evolve when the actuators are operated together. The first step
is to extract the system parameters from the SOP trace formed from sweeping each actuator.
This is then followed by using the model developed in Chapter 4 to estimate the curves formed
from changing the step-angle, 65.,. In section 6.2.1, we will attempt to predict how the curves
will evolve through the system parameters as extracted from each SOP curve that is formed by

the individual actuators. We will show that the system parameters do not provide an accurate
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description of the SOP evolution through multiple actuators. In section 6.2.2, we will try to

compensate for these deviations by using the nodal SOP method as was described in Section 4.2.

6.2.1 Predicting Curves through System Parameters Only

We will first attempt to model Figure 6-1(a) with experimentally determined DES vectors
associated with the actuators of the PPC. The curves obtained in Figure 6-1(a) was through the
configuration shown in Section 4.1.2.1; the input signal enters the fixed-voltage actuator first
followed by the variable-voltage actuator (Figure 4-2). The fixed-voltage actuator is Actuator A,
and the variable-voltage actuator is Actuator B; and their DES vectors are listed in Table 6-1 as
determined with the method that was demonstrated in Chapter 5.

Table 6-1: The system parameters for two actuatorsin the PPC

Actuator DES Vectors Values
A a [0.4145 0.6802 —0.6046]"
a, [-0.4085 —0.8281 —0.3839]7
5 B, [0.4849 0.3472 0.8027]"
B, [0.1537 —0.4605 0.8742]T

And theinitial output of the systemis: £, = [-0.6303 0.1146 —0.7658]".
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Figure 6-4: (a) The resultant modeled curves (red) are plotted against the experimental curves
(black) using the method in Section 3.7 and the theory in Section 4.1.2.1. The signal enters the
fixed-voltage actuator before entering the variable-voltage actuator. (b) The percent error
between the experimental data and the predicted curve. The error gradually increases. The
maximum error is at 29.02 % which occurs when the applied voltage to the fixed-voltage
actuator is highest.
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The percent deviation between the experimental and predicted datasets (Figure 6-4(b)) is
increasing at higher applied voltages to the fixed-voltage actuator. Furthermore, the predicted
data curves do not appear to have a fixed nodal SOP; instead the nodal SOP appears to rotate
with the predicted data as seen in Figure 6-4(a). These errors can be attributed to the limits of the
DES model as mentioned in Section 5.4.1.

If we flip the configuration such that the variable-voltage actuator is the first actuator that the
signa enters followed by the fixed-voltage actuator, and apply the theory in Section 4.1.2.2 to
predict the curves in Figure 6-1b), then the results are shown in Figure 6-5.

The result of the predicted curves follows the general shape (Figure 6-5(a)), but there are a
number of deviationsin this configuration aswell. For example, the curves appear to stray away
from the nodal SOP, and at higher applied voltages to the fixed-voltage actuator, the percent
error between the predicted SOP and the experimental SOP is also increasing (Figure 6-5(b)).
It appears that the DES vectors as extracted with the method discussed in Section 4.1.2 lack
accuracy when they are used as inputs to the DES model. The modeled curves formed do not
agree well with the behavior of multiple actuators in an experimental setting, which is largely
due to the DES limitation, and the fluctuating SOP states. An alternative method for predicting
the curves with the nodal SOP was provided in Section 4.2 and the results will be detailed in the

next section.
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Figure 6-5: (a) The resultant modeled curves (red) are plotted against the experimental curves
(black) using the method in Section 3.7 and the theory in Section 4.1.2.2. (b) The percent error
between the experimental data and the predicted curve. The error gradually increases. The
maximum error is at 22.42 % which occurs when the applied voltage to the fixed-voltage
actuator is highest.
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6.2.2 Modified Method of Modeling with System Parameters

In this section, we will examine the validity of the nodal method (Section 4.2) for predicting the

output SOP traces when multiple actuators are operated.

We use the procedure discussed in Section 4.2. The DES vectors remain the same as Table 6-1,
but we will only use the reverse transmission matrix DES vector, &,, 8, for the analysis in this

section. &; and f3; will be determined through the nodal method.

The initial output of the system remains as £, = [-0.6303 0.1146 —0.7658]". The node is
thode = [-0.5406 0.2925 -0.7888]", which is obtained experimentally.

For the configuration when the input signal enters the fixed-voltage actuator first followed by
the variable-voltage actuator (Section 4.1.2.1), the results are shown in Figure 6-6.
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Figure 6-6: (&) The resultant modeled curves (blue) are plotted against the experimental curves
(black) using partialy the theory in Section 4.1.2.1, supplemented by the nodal SOP as an
additional parameter in the prediction process. The signa enters the fixed-voltage actuator
before entering the variable-voltage actuator. (b) The percent error between the alternative
method of predicting the experimental curve when the applied voltage to the fixed-voltage
actuator is changed. The maximum error is 30.73% which occurs when the voltage to the
variable-voltage actuator is at its highest.
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The maximum error in Figure 6-6(b) is 30.73% which is due to the limits of the DES model at
high applied voltages as already mentioned in Section 5.4.1. At low applied voltages the percent
deviationisrelatively low.

For the configuration when the input signal enters the variable-voltage actuator first followed by
the fixed-voltage actuator (Section 4.1.2.2), the results are shown in Figure 6-7. The modeled
SOP curves appear to agree well with the experimental SOP curves. In addition, the model SOP
curves nodal SOPs do not deviate much from the supposed nodal SOP as marked as a purple
circle in Figure 6-7(a). The maximum deviation between the predicted and experimental error is
12.82% and the deviation between the predicted and experimental error does not increase

significantly at higher step voltages to the fixed-voltage actuator as can be seen Figure 6-7(b).

In both cases, the errors are still relatively high. In the first configuration (Figure 6-6), the
experimental and predicted data is comparable to the results in Section 6.2.1, but in the second
configuration (Figure 6-7), the results held better at higher applied voltage. This can be attributed
to the constant reverse transmission matrix DES vector of the variable-voltage actuator, &,,
which from theory does not change when in the configuration described in Section 4.1.2.2; we
only have to predict how the forward transmission matrix DES vector of the variable-voltage
actuator, @1, will evolve. Thisisunlike the first configuration, where the signal entered the fixed-
voltage actuator first, and both DES vectors of the variable-voltage actuator are rotated. Thus,
for polarization control, we will be considering the second configuration; the signal enters the
variable-voltage actuator first. The error is till significant with this configuration, but we will

show that the errors can be compensated for when we discuss polarization control.
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Figure 6-7: (@) The resultant modeled curves (blue) are plotted against the experimental curves
(black) using partialy the theory in Section 4.1.2.2, supplemented by the nodal SOP as an
additional parameter in the prediction process. The signa enters the variable-voltage actuator
before entering the fixed-voltage actuator. (b) The percent error between the alternative method
of predicting the experimental curve when the applied voltage to the fixed-voltage actuator is
changed. The maximum error is 12.82%
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6.3 State of Polarization Coverage on Poincaré Sphere

In the bidirectional configuration, we would like to know if it would be possible to obtain any
SOP; i.e. is there a voltage combination within the range of the PPC such that we can reach any
target SOP? Unfortunately, as this system does not have a linear model, we cannot use matrix
methods for determining if the SOP coverage on the Poincaré sphere [28]. Instead, we can
determine SOP coverage by modeling all possible configurations of the system and plotting on
the Poincaré sphere.  With the DES for the three actuators in this system (Table 6-1), we can
predict which SOP can be obtained without having to try al possible combinations
experimentally as seen in Figure 6-8.

|:ISph»Earnez
Vary 1 Step 2
Vary1 Step 3
Vary 2 Step 3

Figure 6-8: The SOP coverage by using three different combinations of actuators as labeled by
the cyan, magenta and yellow traces. The DES vectors were taken from experimental data.
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(b) (c)

Figure 6-9: Three separate views of the Poincaré sphere for (a) the §; — S, plane, (b) S, — S5

plane and the (c) §; — S5 plane. The nonoverlapping areas suggest regions where certain
actuator combinations cannot reach.

As can be seen from three different views of the Poincaré sphere in Figure 6-9, there are no
uncolored regions on the Poincaré sphere that would indicate that a SOP is not reachable. We
can attempt to verify this experimentally through the same procedure as in the theoretical
method; we step through the control parameters of one actuator, and at each step we vary the
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control parameter of another actuator. This is done for al possible combinations of the PPC.

The results are shown in Figure 6-10.

Figure 6-10: The experimental data for stepping and varying three different combinations of
actuators.
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Figure 6-11: The experimental data as collected from operating two actuators at a time for three
separate views of the Poincaré sphere: (@) the §; — S, plane, (b) S, — S5 plane and the ()
S1 — S3 plane. The nonoveralapping areas suggest regions where certain actuator combinations
cannot reach.

In this case, we do observe white spots through the Poincaré sphere on the curvesin Figure 6-11.
However, this is due to a sparsely populated dataset; i.e. the datapoints taken were not dense
enough to cover the entire Poincaré sphere. However, from the data collected, we can still
conclude that these SOPs do appear reachable and that there are no definite uncolored region that
would indicate that there are SOPs that are unreachable by the combination of actuators.



Chapter 7

Bidirectional Polarization Control

In the previous chapter, we were able to determine the system parameters that would characterize
the SOP evolution for multiple PC elements. In this chapter, we will demonstrate different
methods of polarization control with multiple control elements. We will use the model that we
developed as a method of polarization control and we will show the effectiveness of our model.
We will aso show a feedback method and the results of just using a feedback loop with no
knowledge of how the actuators respond to an applied voltage. Lastly, we will demonstrate how
feedback combined with the model developed provides a far superior method of polarization

control.

7.1 Controlling to Target SOP

For testing the different polarization control scheme, we will be using 20 randomly chosen target
SOP vectors as shown in Table 7-1 and as plotted on the Poincaré sphere (Figure 7-1).

Table 7-1: Thetwenty target SOP

Index Target SOP Vector
0.2753 -0.8474 -0.4540
-0.4800 0.3250 0.8150
0.2840 0.8680 -0.4070
0 -0.8910 -0.4540
0.4755 0.3455 -0.8090
0.3052 -0.9393 0.1564
0.2500 0.1816 0.9511
0.9511 0.3090 0
0.6545 -0.4755 0.5878
-0.5590 -0.7694 0.3090
-0.9877 0 -0.1564
-0.4156 -0.5721 -0.7071
0 0.8090 0.5878
0.7991 -0.5805 -0.1564
-0.5590 0.7694 -0.3090

108

SlEIB|lo|lo|Nolalsw Nk

=
w

H
~

=
(6]




7.2 OFFLINE BIDIRECTIONAL CONTROL SYSTEM 109

16 0.8090 0 -0.5878
17 0 -0.8090 0.5878
18 0 0 -1.0000
19 -0.7991 0.5805 0.1564
20 0 0 1.0000

Figure 7-1: Target SOP as plotted on the Poincaré sphere

Each of the polarization control schemes will attempt to reach the twenty different SOP vectors.
We will show the results of how close it gets to the target SOP, and with the polarization control
methods that use a feedback loop, the number of voltage updates necessary to reach the target
SOP.

7.2 Offline Bidirectional Control System

The offline control system relies on the model that was developed in Chapter 4 and verified in
Chapter 6. There are three parts to the offline method: 1) characterizing the actuators for the
DES vectors and their angular response to the applied voltage; 2) calculating the angular
rotations for each of the actuators that are needed to reach the target SOP; and 3) trandlating the
angular rotations to applied voltages for the PPC. This process can be visualized in Figure 7-2.
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Characterization

Input target SOP

Algorithm

Implement

Figure 7-2: Flow chart for offline polarization control. The algorithm needs to characterize the
actuators first for the system parameters before a user can input a target SOP. The algorithm
then calculates the necessary angular rotation on which actuators to reach the target SOP.
Finally the system converts the angular rotations to voltage values.

The details of the control system are detailed in the following sections.
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7.2.1 Characterization

Vary through
voltage range of
actuator

Measure SOP
data

Model SOP trace
with FFT

Calculate DES
vectors

Determine the
@-Vrelationship

Figure 7-3: Flow chart for the characterization process of one actuator

Characterization involves determining the system parameters of each actuator, and the angle to
applied voltage relationship, as shown in Figure 7-3. This involves varying the applied voltage
to each actuator independently and obtaining the SOP trace formed by each actuator (Figure

7-4).
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Figure 7-4: SOP evolution for the three actuators as determined from the initial characterization
step

From the SOP traces, we apply the modified method of extracting system parameters (Section
6.2.2) to obtain the DES vectors which are listed in Table 7-2.

Table 7-2: The actuators DES vectors

Actuator DES DES Vector
1 @, [0.9082 —0.3586 —0.2160]"
a, [-0.7100 —0.3074 —0.6336]"
) B4 [-0.0218 0.7732 0.6337]"
B, [-0.1856 0.7008 0.6887]"
3 71 [-0.8568 —0.4924 —0.1531]"
Y2 [0.2415 —0.8085 0.5366]"
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In addition to characterizing each actuator, we also obtain the relationship between the angular
rotation and the applied voltage which will be used when converting the angular results of the

algorithm to applied voltages (Figure 7-5).

7 _
— Theoretical
6| —©— Actuator 1
Actuator 2
5 —o— Actuator 3

0 10 20 30 40 50 60
Applied Voltage (V)

Figure 7-5: The angular rotation versus applied voltage for the three actuators

7.2.2 Algorithm

To determine the configuration necessary to reach atarget SOP, we use the system parameters to
model the SOP curves that would be formed and calculate the necessary angular rotations, 6,
and 6 needed from the variable-voltage and fixed-voltage actuators. We use the actuator
configuration where the input signal enters the variable-voltage actuator first (see Section

4.1.2.2). The benefit of using this configuration is the second DES, f3,, of the variable-voltage
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actuator does not change as was discussed in the theory. Instead, we only have to model how f;

will evolve when the voltage to the fixed-voltage actuator is changed.

To determine if an SOP is reachable, we first use the variable-voltage actuator’'s system
parameters to model an SOP curve. We then use Equation (3.34) to calculate the angular
rotation. If the target SOP does not lie on the modeled curve, we then increment the angular
rotation 6 on the fixed-voltage actuator by some fixed amount. In our implementation, it was
incremented by A8, = m/12. As a result of incrementing the fixed-voltage actuator’s angular
rotation, we also change the new input £) and the DES vector ;. A new SOP curve is formed
and the process is repeated until we can find the SOP curve on the trace. If the target SOP
cannot be found, then a new set of actuators are chosen and the whole process repesats itself.
From Section 6.3, we determined that every target SOP is reachable, so we can find atarget SOP

with some configuration of the actuators.

The algorithm to determine the necessary control parameters to the actuators such that the system

can reach the target SOP is shown in Figure 7-6.
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Calculate new
p1; to

Model SOP trace with
system Ba[ameters

ﬁllﬂz N
and input ¢,

Increment fixed-voltage
actuator’s angular
rotation

Is target SOP on
SOP trace?

Record variable-voltage
and fixed-voltage
actuator angular

rotations

Figure 7-6: Flow chart that outlines how the algorithm determines the actuator settings to reach
the target SOP.
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7.2.3 Implement

The angular results, 6, and 8, need to be converted to applied voltages, which is done through
relating the angular change 6 to the applied voltage V. This relationship was obtained in the

characterization step.

7.2.4 Results

Figure 7-7 shows the results of using the offline method. In most cases, the algorithm was fairly
accurate in reaching the target SOP (under 20%). There were a couple of target SOP where the
final SOP was not able to reach it within 20%. However, we will show that we can greatly

reduce the angular deviation later on.

30

25

20 $

15 @ \ 4
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0 5 10 15 20

Index for Target SOP Vectors

Figure 7-7: Percent deviation between target SOP and implemented SOP
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7.3 Online Control through Dithering

Polarization control can be done without any system characterization. This method of
polarization control involves two types of operations: increasing and decreasing the applied
voltage to each actuator and measuring the resultant SOP. If the new SOP gets closer to the
target SOP, then we continue with the operation that achieved the improved results as seen in
Figure 7-8. If the operation yields an inferior result, we stop move onto the next operation. This
continues, until we reach a target SOP within a certain error tolerance level, or no operation on
either actuator will yield an improved result. The tolerance level used for this algorithm was

10% angular deviation.

There are a number of drawbacks to this method. When we take the dot product of the target
SOP with the modeled SOP, Equation (3.23), we can see that the relationship may have multiple
local maxima. Thus it is possible that there are combinations of the applied voltages that will
result in a state such that any operation on the applied voltages to either actuator will not yield
any improvements on reaching the target SOP.
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Figure 7-8: Flow chart for nondeterministic polarization control
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Figure 7-9: The percent deviation from the final SOP state and the target SOP for the twenty
different target SOP in Table 7-1 through the dithering algorithm when the actuators are initially
in their reset state

Furthermore, the number of changes to the actuators might be large if we are using small voltage
steps, while large voltage steps might result in us missing a state that will alow us to get to the
target SOP in fewer steps.
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Figure 7-10: The number of updates to the applied voltages of the actuators.

Figure 7-9 and Figure 7-10 were the results of starting the actuators at their reset state; i.e. when
no voltage was applied to the actuator. When we are at the reset state, the actuator cannot
decrease anymore due to the limits of the control parameters, and in some cases, there are no
voltage updates that will allow the actuator to get close to the target SOP. As a result, we
examine the performance of the dithering algorithm when the actuators voltages are initially at
half of their control voltage range (e.g. 6, = m and 6, = m). The results are shown in Figure
7-11.
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Figure 7-11: The percent deviation from the final SOP state and the target SOP for the twenty
different target SOP in Table 7-1 through the dithering algorithm when the actuators start
initially from@, =mand 0, =
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Figure 7-12: The number of voltage updates to the actuators in order to reach their final SOP
state.

Ideally, getting as close to the target SOP and then dithering would allow the control system to
reach the target SOP in as few steps as possible. 1t would also reduce the likelihood of reaching
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an SOP state that results in alocal maximum in the dot product of the target SOP and the SOP

trace. Hence, it would be logical to combine both the offline and online algorithms.

7.4 Combined Offline and Online Control Scheme

Input target SOP

Run
offline
algorithm

s deviation between fina
SOP state and target
SOP within range

Run dithering
algorithm

Figure 7-13: The flow chart for the combined offline and online algorithm

The offline method was able to reach the target SOP fairly close. However, to improve the
performance of reaching the target SOP, we can also apply the dithering algorithm to the system
(Figure 7-13). The first step is to execute the offline algorithm. At the end of the offline
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algorithm, the system will have reached a final SOP state. In the cases where the percent
deviation between the target SOP and the final SOP is less than a user-defined percent deviation
tolerance level, there is no need to continue on with the dithering algorithm. However, in the
situations, where the percent difference is greater than the percent-deviation tolerance level, we

applied the dithering algorithm. The following are the results of this combination.

16

14 S
c 12
9O
8 10 s
]
A 8 L 3
= .
é 6 ®
o . o ¢ ¢ . P
a 2 2

4

o
2 * . *
0 &
0 5 10 15 20

Index for Target SOP Vectors

Figure 7-14: The percent deviation from the final SOP state and the target SOP for the twenty
different target SOP in Table 7-1 using the combined deterministic and dithering algorithm

With the combined method, the largest error is 13.70% (Figure 7-14) which is significantly better
than the other cases. We can also take a look at the number of voltage updates as required as

shown in Figure 7-15.
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Figure 7-15: The number of voltage updates to actuators to reach the final SOP state using the
combined deterministic and dithering algorithm.

With the offline method executing first, the starting point of the dithering agorithm is

significantly closer to the target SOP, unlike the fixed initial SOP state that was provide to the

dithering algorithm. Hence the number of voltage updates are fewer (at most 12 voltage updates

as seen in Figure 7-15 with the test cases considered) and there is less likelihood of running into

alocal maximum with the dot product of the target SOP and the final SOP state.
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7.5 Comparison of all Polarization Control Methods

To summarize the results of the polarization control system, we graphed both the angular
deviation of the final SOP state and the target SOP (Figure 7-16(a)) and the number of voltage

updates for each of the control system studied (Figure 7-16(b)). The numerical results are shown

in Table 7-3. The combined offline and online algorithm consistently outperformed all the other

systems.
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Figure 7-16: The comparison of (a) the angular deviation between target SOP and final SOP and
(b) the number of voltage updates to reach the final SOP of each of the control systems studied.

Table 7-3: Performance data of all three systems

Per cent Angular Deviation (%)

Number of Voltage Updates

Algorithm . _
Mean Maximum Mean Maximum
Offline 10.7 26.7 N/A N/A
Offline + Online 55 13.7 3.1 12
Dither from @ = 0 37.0 89.4 17.3 63
Dither from@ =mn 17.7 64.5 19.9 53




Chapter 8

Conclusion

We developed a theoretical polarization model based on the DES for signals propagating in
fiber-based bidirectional systems employing reflective elements. Two methods were devel oped:
the transmission matrix method and the geometric approach. Both modeling methods were able
to describe how the SOP would evolve when a reflective element (e.g. a FBG) was placed in
conjunction with a polarization dependent element that is sensitive to externa influences (e.g.
PPC). We were also able to describe how multiple user-controllable PC elements would affect
the SOP evolution. Furthermore, we provided a method that would use both the transmission
matrix method and geometric approach for extracting the system parameters from experimental
data.

To verify our model, we collected experimental data with acommercial PC in the setup shownin
Figure 5-1. We could extract the system DES vectors and reproduce the experimental data with a
maximum of 2.6% angular deviation between modeled and experimental datapoints. We were
also able to validate the results by accurately predicting the SOP traces formed from varying the
input SOP. External effects such as hysteresis from the piezoelectric actuator, and limitations in
the model were also studied. A reset method on the PPC was introduced to overcome the
hysteresis effects. Compensation for the nonlinearity between the applied voltage and the
angular rotation was provided by obtaining SOP traces of the actuators and correcting for the
nonlinearity. We then went on to validate the experimental results when multiple actuators were
controlled. Even though, we were able predict the SOP evolution curve that qualitatively agree
with the shape of the experimental SOP curve, we provided an alternative method that overcame
the substantial deviations (~30%) observed through a model based purely on the DES. This
aternative method was based on simulation and experimental observations that the noda SOP
stayed fixed when the input SOP is constant.

Finally, we examined several methods of polarization control. We found that our offline method

combined with a feedback loop was able to get within the target SOP with a mean angular

127
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deviation of 5.5% between the target SOP and the final SOP state as opposed to the best
dithering algorithm which resulted in a mean angular deviation of 17.7%. Applying the offline
method alone resulted in a mean angular deviation of 10.7%. Furthermore, the combined method
required fewer voltage updates to the PPC (on average 3.1 updates), as opposed to the best
dithering algorithm which required on average of 17.3 updates. In short, we were able to
demonstrate polarization control method for a bidirectional polarization control system using a
commercial PPC, controlled by an agorithm based on our polarization model. Our polarization

control method proved to be superior to the other methods that were examined.

8.1 Future Work

We were able to show polarization control with a commercia polarization controller. We can
improve upon the model and system developed here through a combination of refining the theory

and improving the implementation of the polarization control system.

In theory, we observed that at higher applied voltages, the DES model was not as applicable due
to the approximations made when deriving the DES. The physical manifestation of this limitation
led to the SOP trace spiraling at higher applied voltages. We aluded to the possibility that it
might be possible to overcome some of these shortcomings by developing a DES model with
higher order approximations. By relating a higher-order DES model to the experimental data, an
offline control system could perform better and faster without having to resort to a feedback

loop.

Furthermore, since we only considered both an offline and dithering algorithm as separate
modules in the polarization control scheme, it might be possible to integrate the model directly in
the feedback loop and create a proportional control scheme. In addition to the possibility of this
being a better polarization control scheme, proportional control might be more responsive to
disturbances to the SOP as caused by environmenta fluctuations or faulty devices. However,
future work needs to be done to assess how proportional control can be achieved and if indeed it

does perform better.
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Also, some of the practical applications such as endless polarization control and reset-free
operation should be considered. Since the piezoelectric polarization controller was considered,
hysteresis effects made it difficult to consider reset-free operation due to the physical constraints
of our system such as the lengthy polarization measurement time. With a faster feedback loop,
where the output signal is measured amost continuously, it might be possible to do reset-free
operation, by making adjustments to the software control system. Endless polarization control
with the bidirectional model might be possible if we consider a third actuator to avoid running
beyond the control limits of actuators.

In addition to the control aspects of the system, this system could be improved by replacing
certain components in the polarization control system. The controller should be replaced with a
microcontroller or an FPGA instead of a PC thereby speeding up the algorithm for searching for
solutions to reach the target SOP; the polarization tracker could done by tracking the SOP data
through an analog method and converting the signals with a fast analog to digital converter that
would greatly decrease the time necessary for characterization and making adjustments to the
reach the target SOP in the feedback system. However, the speed limits might be constrained by
the response of the SOP to the applied birefringence changes as was observed in Section 5.4.2. It
might be possible to resolve this with software solutions.

Furthermore, there are many applications that would require polarization control in the presence
of multiple wavelengths. In the serial configuration of fiber-based pulse-shaping system [11],
frequency discrimination is done through the use of multiple FBGs. In that serial network, there
is a separate PC for each wavelength. The polarization control scheme developed in this model
can be extended to develop an automated polarization control scheme for multiple wavelengths

and multiple polarization controllers.
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Appendix A

Unidirectional Polarization Control

In this Appendix, we will go over the details for unidirectional polarization control. Details for
obtaining the relationship between the angular distance and the applied voltage will be discussed
in addition to the details of the algorithm

A.l. Unidirectional System Calibration

In the calibration step, we need to determine the DES vectors (in which we already provided a
method of doing so in Section 2.4) and the relationship between the angular distance, 8, (which
describes the angular distance between each output SOP, £(8), and the initial SOP £,) with the
applied voltages to the actuator, V. In this section we will discuss how to obtain the 6 — V

relationship for the unidirectional system.

In Equation (2.28), @ is used to describe how the output SOP, £ changes with respect to the initial
output SOP, £,. To calculate 8 requires knowledge of the center of the circular trgjectory. The
vector formed from the origin to the center of the circle, 0, can be determined by projecting the
vector formed from one of the SOPs and the origin onto the DES vector. We can do this with the
initial output SOP, £,

0= (@pEs - fo) - Apgs (A1)

Vectors can be formed from the output SOP data points and the centre vector. Taking the initial

output SOP, t,, and another experimental output SOP, £, and subtracting them with the center

vector, 0, two vectors are formed, #pand 7 .

A-1
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These two vectors can then be used to determine the angular separation between any output SOP
(see Figure A-1) with theinitial output SOP by using an inner product identity.

Ty T
01 = cos™t 21 (A.4)

7o 171

T
E-j . =

e TSN
i s e |
04 ’.__1.‘? : .“.‘._ ‘H.‘g%ﬁ
06| - 1“{}
08 K ¥

Figure A-1: The 7, and 7; vectors as plotted on the Poincare sphere which are used to
characterize the system for the DES vectors and the angular response to the applied voltage.

The angular relationship between two output SOPs are proportional to the voltage that is applied
to the actuators. The relationship between applied voltage and angular separation is necessary to
predict the evolution of the output SOP for polarization control. The calibration data provides
information on how the output SOP varies with the applied voltage. From testing, it was
discovered that the angular separation between output SOPs with the initial output SOP had a
guadratic variation with applied voltage. To approximate this, the angular separation between
the first two points of the calibration data set and the angular separation of the last two points of
data set are used to form a relationship that can be used to model the response of the output SOP
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in relation to an applied voltage. The model isfirst developed as a discrete function as each 6 is
obtained by applying discrete step voltages.

0 n=0

al — AGim'tial) . (‘ "5)
— >
N1 (i—-1) ,n>1

n—1
(Agf'n
ABinitiar + ;
=1

f[n] =

where

Abinitia1 = 02 — 04
(A.6)

Agfinal =0y —Oy-1

Where 0; refers to the angle from £, to £(6;) and i is a value on the interval [1, N]. n refersto
the number of steps on the digital output card made to a particular angle, 8 and N is the number
of steps on the digital output card to the last calibration datapoint. Each increment of n is related
to an increment in the applied voltage.

Vapp = nVstep (A.7)

Through this summation, a continuous model for the voltage response can be derived using the

summeation identities:

00 = 5o (2 = ) — L (2 — 2N — 1ym) (9

Applying Equation (A.7) to Equation (A.8), will yield the relationship of 6 with respect to the
applied voltage

G(Vapp) _ AHﬁnal chpp _ Vapp _ Abinitial Vazzpp —@QN-1) Vapp (A.9)
2N —2 Vstep Vstep 2N —2 Vstep Vstep

This equation will translate an applied voltage to the angular separation between two output
SOPs.
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The above method is then repeated for each actuator involved in the polarization control scheme.
Each actuator must be swept over its operational range to obtain the SOP data required to
calculate the DES.

A.2. Unidirectional System Algorithm

Once the calibration has determined the system parameters, the algorithm can calculate the
voltage required for each piezoelectric actuator to obtain the desired output SOP. In order to do
this, the system calculates the trgjectory that is needed. There are two approaches: the first is to
check if one actuator can achieve polarization control; the other is to use two actuators.

A.2.1. Polarization Control with One Actuator

The system will first determine if the desired output SOP is along any of the actuators path
through the model in Equation (2.28). To do this, the system has to determine the planes on
which the target SOP, .4, 4. and theinitial output SOP, £, are situated.

The first step is to calculate the center vectors of both the initial output SOP and the desired
output SOP.

51 = (dpgs - f0) : &DES (A.10)

0, = (&DES : ftarget) : &DES (A.11)

If these two centre vectors are the same, then the desired output SOP lies on the trgjectory of the
initial output SOP. If the difference between the two centre vectors is relatively small, then it
might be acceptable to use a SOP that is close to the target SOP, f;4,g¢;. IN OUr experimental
results, we used a percent angular deviation of 10% as our acceptable tolerance deviation. The
criterion deciding whether the difference between the target SOP and the reachable SOP is
acceptable depends on the application being considered. In the situation that the difference is
acceptable, we need to determine the SOP that lies on the trgjectory formed by £, and the DES
Vector @pgs, that is closest to f;4,4¢. TO determine the closest SOP, £;4, 4. is translated to the

plane with the initial output SOP.
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Ef = ftarget + (52 - 51) (A.12)

However, Ef is not really an SOP; it is a point on the plane formed from the initial output SOP,
to, so it may not lie on the circular trajectory. In order to determine the actual SOP, a line
described by a parametric equation is formed from this point on the plane with the center of the

circular trgjectory.
Eline = Ef + k(ff - 51) (A.13)

where k is areal number parameter. Since the point on the line that is on the circular trajectory
has a norm of 1, the norm of Equation (A.13) is taken. This results in a quadratic equation,
where k needs to be solved. Once k is solved, the point can be determined. There are at most
two solutions to this equation; the solution that is closest to the desired output SOP is the one that
isused. With this SOP, the angle 6, can be determined with Equation (A.4).

A.2.2. Polarization Control with Multiple Actuators

If one actuator cannot achieve the target SOP, then at least two other actuators will be used to
change the initial output SOP to the final output SOP. We will first show how polarization

control can be achieved with two actuators.

Using two actuators, two circles can be formed. One from the starting output SOP and the other
from the desired output SOP. The polarization trajectories formed from each of the piezoelectric
actuators can either have one intersection, two intersections or no intersections. If it has no
intersection, then the two actuators cannot change the initial output SOP to the target SOP. In

that case, another pair of actuators has to be used.

To determine if apair of actuators can achieve polarization control, the circular trajectories of the

individual actuators are treated as planes. The standard equation of the plane will take the form:

Ax+By+Cz+D=0 (A.14)
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The A, B, C coefficients are determined by the DES of the actuator as the DES vectors are the
normal vectors to the planes. For example, since two actuators are typically necessary for
polarization control, consider actuator 1 and actuator 2. |If actuator 1's SOP trgectory is

described by the DES vector d with scalar components ay, az, and as:

a,
- H (A.15)
as
Then the equation of the plane will be:
ax +ay+azz+D =0 (A.16)

In order to determine D, a point on the plane must be used. In this case, we could use the initial
output SOP for the first actuator. Any other point that lies on the trgjectory will satisfy Equation
(A.16). By solving thisequation, D isfound. For the first actuator, let this D be known as D; .

A smilar step is followed with the second actuator, using the components of its DES,
represented by b1, b, and b3, but this time the target SOP and the data from the second actuator is
used to solve for the equation of the plane. This will yield another D which for the second

actuator will be known as D,.

Now with two equations, the intersection points need to be determined. As there are two

equations and three unknowns, the solution to these two equations will be aline.
a1X + a2Y + agz + Dl = 0 (A17)
biX +b,Y +bsZ+ Dy, =0 (A.18)

To solve the system of equations, one of the variables is set to 0, which reduces it to two
equations and two unknowns. From which, a solution is obtained. This is then put into a

parametric equation such as the following one:

tO,x

X c,
Z fo,z 0
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Where s is a parameter and &y .., £y, o, are the scalar components of £,, the initial output SOP.

C; and C, were the solutions to Equation (A.17) and Equation (A.18) when the Z component was
set to O.

By applying the additional constraint that the points must lie on the unit sphere, it reduces the

solution to at most two points.

When the additional constraint is applied to each individual component of Equation (A.19), a
guadratic equation isformed. If the circles do no intersect, then the quadratic equation will yield
complex solutions. In this scenario, we cannot use the two actuators to attain our target SOP.
Instead, we will need to apply this algorithm on a different combination of actuators to determine

if there are control settings to attain the target SOP.

If there are two solutions, then a deciding criterion is used to choose between the two possible
intersection points. The decision to use which intersection point is decided by the one that
requires the least amount of energy. Since the energy required will be directly proportional to
the voltage applied, the path that requires the minimal sum amount of the voltages between the
two actuators will be used. In order to determine the voltages, four angles are determined. The
angle between the initial SOP to each intersection point yields two angles, followed by the two
angles between the intersection points to the target SOP. As the system starts from a zero
voltage state, then there are only two possible paths, one through each common point. Thus, the
minimum path would be the shorter of the two paths.

If there is only one solution, then no deciding criteriais needed.

Once the angles to the intersection points have been determined, the next step is to calculate the
voltage that needs to be applied to each actuator. Using Equation (A.9), the voltage for each

actuator can be determined once the quadratic equation is solved.






Appendix B

System Simplification Techniques

B.1. Simplification Techniques for Cascaded Components

The system block diagram in Figure 3-4 can be ssimplified, using some of the techniques that
were developed for the bidirectional model. Consider the following system:

T red Ry ) 9

Figure B-1: System with two polarization rotational elements that transform the input SOP g to
an output SOPf

with the following system equation:

R R < B.1

g=R2(¢,ﬁ)R1(9,a)f B
where § and f are the input and output Stokes vectors to this system and R, and R, are two fixed
rotation matrices characterized by @ and f, the DES and 6 and ¢ ,the rotation angles of the
respective components. Since these are rotation matrices, certain ssimplification can be made.
For instance, let

f'=R,f (B.2)
and,
so that,
g=Ri6,a)f (B.4)

B-1
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where,
&' = R,a (B.5)

Equation (B.4) is allowed, because the operation R, R, is equivalent to the rotational axis of R,
being rotated by R, which was aluded to in [18]. The angle of rotation of R, is also preserved
by the rotation of R,. In addition to that, it is necessary to account for theinput, f being rotated

to the new input ' by R,. The new system would look like:

>

— > R;(H, &’) L»

Figure B-2: The simplified system with only one system component. All other components
have been integrated into the one system block and the input has to be changed to reflect the
effect of the existing system component.

This method allows us to combine multiple components into one provided we ensure that the
DES and the input SOP are changed to reflect the rotation effect of the component being
integrated into the rest of the system. In addition, the fixed-rotation components being integrated
into the rest of the system only affect the system components that precede them and not the
components that follow. Furthermore, it is possible to group multiple system components
together to create one effective system block. For example, consider the system:

f A X R h
— Ry(6,Q) Ry (¢, B) R:;(p,7) —>

Figure B-3: A system with three rotational polarization components and a new output h

which can be described by:
h = R3(p,7 )R, B) R1(6,8) f (B.6)

Using the above technique, the first two system blocks can be combined.
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h = R3(p,7)R1(6, R, @) (Rf) (B.7)

h=Rs(p,7) R1(6,8) f' (B.8)

And the effective system block diagram becomes:

! A A ii
—» R{(B8,a) R;(p,7) H——

Figure B-4: The effective system block diagram after combining R, and R, together from
Figure B-3

Consider again the system in Figure B-3. Instead of combining R;and R, together, another
equivalent system can be to integrate the R; system block component with the other two

components.

Using the rules above, the output is

R = Ry(, Rsp) R1(8, Rs®)(Rs f) (B9

k= Ry(9, )R (6,22 (810

And the final system block diagram will look

L Rea) Ry ) s

Figure B-5: The effective system after integrating R5 into the other two system components.
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We do not combine the system components any further, as these are the components that are
directly related to the control parameter. As a result, their rotation matrices will change with

respect to the control parameter.

These techniques provided the basis in understanding how to model the bidirectional system.

Consider the system:
§in PC (forward) | | Fiber | | FBG | | Fiber | | PC(reverse) §0u£ Fiber t
Recr Rer Ruirror Rer Rpgr o Repor
Voltage u ? T

Figure B-6: The vectors as plotted on the Poincare sphere used to characterize the system for
the DES vectors and the angular response to the applied voltage.

We proceed with the same system equation that characterizes the input-output characteristics of
the PC:

$out = Rpcr Rer Rmirror Rr,r Recr Sin (B.11)

where Rp¢ r @and Rp( p describes the actuator’ s forward and reverse transmission matrices and
R r, Rer describe the sections of fiber between the PC and the FBG and Ry, describesthe

reflection matrix.

Using the simplification techniques, the new effective input and transmission matrix becomes

RIIJC,F = RPC,F(B:R]‘,R Rnirror Rf,F &1) (B.12)
$in = Re g Rmirror Rer Sin (B.13)

So the new relationship becomes:
Sout = Rpcr R}’C,F Sin (B.14)

At the polarimeter, the output SOP measured is also affected by fiber:
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t = Rpor Sout (B.15)

Consider when the actuator isinactive. By substituting Equation (B.13) in Equation (B.15), we

find the new effective input, £, is:

f0 = Rpol Rf,R Ruirror Rf,F Sin (B.16)

Now consider when the actuator is active. Using Equation (B.13) and rearranging Equation
(B.15) and putting the results into Equation (B.14), we get:

t= Rpol Rpcr RIIJC,F (Rf,R Ruirror Rf,F §in) (B.17)
Rearranging,
Ryoi t = Rpcr Rpcr(Rpr Rmirror Rer RiF Rntrror Ri & Rpor £o) (B.18)
and simplifying,
Rpo1 £ = Rpcr Rbcr Rpor o (B.19)

Thus we can see the relationship between the input and output SOP is equivalent to the
relationship between measured output SOP and the initially measured SOP.
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Bidirectiona Geometric Model Derivation

In this Appendix, we present the derivation of Equation (3.23), the geometric equation for the
bidirectional model.

C.1. Derivation

From Chapter 3, the output of the bidirectional model was given in the form of Equation (3.19).
The expanded form of Equation (3.19) is:

t,(0) = (£1(0) — (£,(0) - @) @,) cos 0 + (£,(8) — (£1(6) - &,) @)

; 1)
X @, sin@ + (£,(0) - @,)a,

where, @, is the reverse DES vector of the system block diagram in Figure 3-6. £,(0) is the
output of the forward transmission matrix block in Figure 3-6. The complete form of £,(0) is

given as.

810 = (B — (o - @1)@1) cos 8 + (g X @) sin 0 + (& - @1)@;) (C.2)

where @, is the forward DES vector and , is the initial output SOP of Figure 3-6. We now

substitute Equation (C.2) into Equation (C.1) and we expand.

fz(e) = ((fo - (fo . &1)&1) Cos 6 + (fo X &1) Sin9 + (fo . &1)&1) COS 6
— (((fo — (£p - @1)@;) cos O + (£g X @) sin @ + (£ - @)@;) - &2) @, cos 0
+ ((fo - (fo * &1)&1) COS 6 + (fo X &1) Sin9 + (fo * &1)&1) X @2 Sil’l 9 (C3)

+(((Bo = (fo - @1)@) cos 0 + (B x @) sin 6 + (B - @1),) - &) @

C-1
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£,(0) =tycos?0 — (£, - @)@, cos? 0 + (£, x @;) sinf cos O + (£, - &)@, cos O
— (Lo - @y)a, cos? 6 + (ty - @) (@, - @)@, cos? O
— ((£g x @) - @;)@, sin @ cos 8 — (£, - @,)(@; - @,)@, cos O
+ (£ X @) cos Osin — (- @;)(@; X @,) cosOsinf + (£, X &@;)
X @, sin? @ + (o - @;)(@; X @) sin 6 + (£, - @)@, cos O
— (£ - @1)(@y - @)@, cos 0 + ((£y X @) - @, )@, sin

+ (t - @) (@ - @) &,

Using trigonometric identities,

N . 14+ cos?20 ~ <. 1+4cos26 . _.sin26
£(6) = b ——— = (Fy - @)@ ———— + (B X @)
A ~ .. l+cos20
+ (ty - @)@, cos O — (Ly - az)azf
o o 1+cos26 n < . Sin26
+ (& - @1)(@y - @, QZT_((toxal)'az)az
A A A NA R _.sin26 a _ .sin26
— (to - @)(@y - @)@, cos O + (Tp X aZ)T — (o - @ (@ X &)
. . 1—-cos26 o
+ (ty X @) X Iy + (ty - @,)A, cos 6

- (fo * @1)(&1 ° &2)&2 Ccos 9 + ((fo X &1) ° &2)&2 Sin9

+ (o - @) (@y - @r)a,

And finally, the full bidirectional model is given by:

APPENDIX C

(C.4)

(C.5)
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R 1, PN P A NrA A A A
t,(0) = E(to — (o @ay — (to - Ax)@; + (Lo - @) (@ - @)@ — (tg X @)
X @,) cos 26
(to x @) — ((to X ay) - 0-’2)“2 + (o x @)

-y (@; X az)) sin 20
to - @)@y — (b - @) (@ - @)@, + (Lo - @z)a,

-@,)(@, - @,)@,) cos 8

(C.6)

to - @) (@ X ;) + ((to X @) - “2)“2) sinf + (& - @) (@, - @,)a,

+= (g = (F - @)@y — (B - @)@, + (o - @) (@1 - @28, + (Fg X @)

a
1
t3
— (&
+((
~ (&
+(ct
1
2
&)

X






Appendix D

Equivalent System Transformation for Nodal SOP
Method of System Parameter Extraction

This appendix will detail how we can create an equivalent system that does not include any of
the fiber effects between the actuator and the FBG as was discussed in Section 4.2. This method
will alow usto fix an SOP trace to a particular nodal SOP.

D.1. Equivalent System Proof

The system we are considering is the one in Figure 3-4 and it has the following transmission

matrix relation:

£ = RpoiR(6,@r)Ry R Rmirror Ry R(6,@F) to 0.1
with equivalent DES vectors,
(D.2)

a, = Rf,R Rmirror Rf,F ar

2 = &R (D3)

D

We have ignored the effects of the fiber, R,,; connecting the actuator to the polarimeter for now

in Equation (D.2) and Equation (D.3).

We are looking for a &, and a &, such that they satisfy the relationship Equation (3.12) and

(4.10). In order words, we want a system where:

a;
_a3

D-1
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IS
Q.
=

2 = [ 2 ] (D.5)
—ds

We show thereis arotation matrix by which we can multiply Equation (D.2) and Equation (D.3)
that will yield the relation in Equation (D.4) and Equation (D.5). Consider multiplying Equation
(D.2) and Equation (D.3) by R;¢.

@ = Rfllz Ry g Rmirror Ry p Gk (D.6)
C?1 = Rnirror Rf,F &F (D'7)
&2 = Rf_,lle Ar (D.8)
Let
a;
Qp = [azl (D.9)
as
And based on Equation (3.12),
a;
ap = [ a; ] (D.10)
Also, let
"1 Ti2 Ti3
Rf,F = [7'21 T2 7’23] (D.11)
31 T32 T33
By Equation (3.11)
N1 21 —T31
Rep =| N2 T2  —T32 (D.12)
—Ti3 —Tz 133

As the rotation matrices are orthogonal matrices, the inverse of Equation (D.12) isjust the

transpose:
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11 21 131
RF}; =| T2 Tz T3 (D.13)
—T3 —T3 133
Let’s expand Equation (D.6) and Equation (D.7):
~ r1101 + 720, + 7303 [ dq ]
Ay = | 772101 — T2Q3 —T23A3| = [—a; (D.14)
—T31Q1 — 1320 — 73303 —as]
(D.15)
R r110q T 720, + 7303 [ aq ]
dz = 144 + 20, + 303 = az
—T3141 — 1320, — T3303 —as]

which is consistent with Equation (D.4) and Equation (D.5).

However, with the new &, and &,, they still need to be able to generate the same output, £. We

rewrite Equation (D.1) as.
t= RpolRf,RRf_,}lz R(@, aR) Rf,R Rmirror Rf,FR(Br &F) EO (D'16)

And the equivalent system from applying the simplification techniques (Appendix B) and
Equation (D.6) and (D.7):

t= Ry ﬁ(e, &Z)ﬁ(e, &1) to (D.17)
where,

ﬁpol = RpOlRf,R (D18)

and,

(D.19)

>

r_ a
0o — Rmirror Rf,FtO

Hence, we are able to create an equivalent system where there is a relationship between the DES

vectors and arel ationship between the input and the nodal SOP.





