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Control of the measurement frames that project on polarization entangled photons is an
important experimental task for near term fiber-based quantum networks. Because of the changing
birefringence in optical fiber arising from temperature fluctuations or external vibrations, the
polarization projection direction at the end of a fiber channel is unpredictable and varies with
time. This polarization drift can cause errors in quantum information protocols, like quantum key
distribution, that rely on the alignment of measurement bases between users sharing a quantum
state. Polarization control within fiber is typically accomplished using feedback measurements
from classical power alignment signals, multiplexed in time or wavelength with the quantum signal
that coexist in the same fiber. This thesis explores ways to use only measurements on the entangled
photons for polarization control and perform entanglement measures without multiplexing alignment
signals. This approach is experimentally less complex and can reduce the noise within the quantum
channel arising from the alignment signals. In the first part of this dissertation, we study how to use
distributed measurements on polarization entangled photons for polarization drift correction in a
7.1 km deployed fiber between the University of Maryland and the Laboratory of Telecommunication
Sciences for two individuals sharing a near maximally entangled Bell state, p=|¥~)(¥~|. In the

second part of the dissertation, we examine how to use feedback measurements to maximize the



violation of a Bell’s inequality used as an entanglement measure. Both polarization drift correction
and the maximization of a Bell’s inequality violation use iterative optimization algorithms to
actuate upstream polarization controllers. In the Bell’s inequality investigation, three numerical
methods: Bayesian optimization, Nelder-Mead simplex optimization, and stochastic gradient descent
are implemented and compared against each other. For complete polarization control and Bell’s
inequality violation experiments, we developed a polarization and time multiplexed detection
system that reduced the number of photon detectors needed and mitigated the demand on the

coincidence counting electronics for real-time feedback and control.
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Contributed Works and Dissertation Outline

The motivation of this dissertation was to nd a solution for polarization drift and polarization
control of quantum signals being sent through a quantum network using only the quantum signals.
When a photon's or entangled photons' information is encoded in polarization, the polarization
state may change due to the birefringence of the single-mode ber they travel through. This
change in the quantum state can affect downstream measurements on the photons, leading to
errors in quantum information protocols that use them. We wanted to investigate if measurements
on entangled photons could be enough to correct the relative polarization drift between two users
sharing an entangled state in deployed ber. The scope of this work was to investigate methods
that could be applied to the developing quantum network in the Washington DC metro area, DC-
Qnet, which is discussed more in section 1.7. The work leading up to this dissertation has been

published in articles:

» Non-local polarization alignment and control in ber using feedback from correlated measurements

of entangled photons [1]

» Automated Bell Inequality Violation Searches for Estimating Entanglement Quality in Future

Quantum Networks (in prepublication)

and presented at conferences:

» CLEO 2023: Automated Bell Inequality Violation using Uncalibrated Fiber Squeezing

Polarization Controllers[2]

» APS March Meeting 2022: Polarization Drift Compensation in Fiber using Feedback from

Correlated Measurements of Entangled Photons [3]

» APS March Meeting 2021: Self-guided method to search for EPR state correlations using

uncalibrated polarization controllers in a plug-and-play optical system.[4]



The outline of this dissertation is as follows. In chapter 1, the basic physics concepts are
introduced. In chapter 2, the experimental details for the creation, manipulation, and detection
of polarization entangled light is discussed. In chapters 3 and 4, the results from the papers
mentioned above, where polarization drift is corrected and entanglement measures are attained
from automated algorithms using feedback from measurements on entangled particles. Lastly, in

chapter 5, the main ndings of this dissertation are summarized and future work is presented.



Chapter 1

Introduction, Motivation, and Essential Physics

We are currently in the midst of a
second quantum revolution. The
rst quantum revolution gave us the
rules that govern physical reality.
The second will take these rules
and use them to develop new

technologies.

Jonathan P. Dowling

To understand the contributions of this dissertation one must know what polarization and
guantum entanglement are. Within this introduction, | will attempt to explain polarization and
guantum entanglement in a brief but hopefully complete way. While doing so | will motivate the
interesting problem of controlling for polarization drift in ber networks. | will discuss the pros
and cons of existing polarization control techniques and how our method of using feedback from
measurements on entangled photons attempts to address some of those problems for quantum
networks. | will then brie y examine how this ts into the infrastructure of future quantum

networks.

1.1 Polarization and Polarization Control - Classical Electrodynamics

Quantum mechanics as we will soon see, often forces us to accept that the world works in
nonintuitive ways. Instead of beginning there, let us start with something more tangible: real and

imaginary, three-dimensional waves oscillating trillions of times a second in time and space.



In rst-year physics courses, one learns that the propagation equations of electric and

magnetic elds determined by Maxwell equations within empty space are plane waves

E(rt)=<(Eoe 't KNy

ok
H (r:t)= %jﬂ_ E(r:t)

(1.1)

where! isthe frequencyk is the wave vectok is the real part, anth and ¢ are the permittivity

and permeability of empty space [5, 6]. Each solution has a speci ¢ phase velocity and wavelength.
These transverse waves oscillate in the direction perpendicular to the direction of propagation
speci ed by wave vectok=2 = k. Polarization is historically de ned as the direction of the
electric eld. As equation (1.1) showg; (r ;t) gives the full description of both the electric and
magnetic elds.

For nearly all wavelengths of light, the electric eld oscillates too rapidly to determine
its orientation, or its potentially time-dependent orientation, for experimentalists to measure.
As an example, the slowest oscillating light in the visible spectrum (red light at 750nm), still
oscillates 400 trillion4 10'#) times each second. Instead of directly measuring the orientation
of the electric eld, the polarization is mapped to intensity measures along speci ¢ electric eld
projection directions. For electric elds of constant polarization orientations, the intensity measures
are time-independent and can be easily measured experimentally. This mapping is summarized
in the equivalent descriptions of polarization: Jones vectors (electric eld) and Stokes vectors

(intensity measures).

1.1.1 Polarization Ellipse and Two Equivalent Polarization Formalisms

To study the polarization of light, let us rst make our expressio&aimpler by choosing

r=0. We set the direction of propagation to eqaalo thatk= 2-2. Breaking the complek (0;t)



into two orthogonal componentsy we see

0 1

I x
E(0t)=Ege ™ =%E°Xe ge it (1.2)
EOyeI y

whereEoyx, Eoy, x,and y are real numbers. The real-valued counterpart can be written as
E (0;t)= Eoxcos(t + 4)&+Egycos(t + )y (1.3)

De ning the time-dependent amplitudes as

X (t)= Eoxcos(t + )

Y (t)= Egycos(t + )

one can observe that (t) andY (t) trace out an ellipse with respect to time. The derivation is
shown in the appendix A.1. The polarization ellipse can be written as

X2 Y? XY
R

2—

cos(y x)=Sin?(y x) (1.4)

This equation shows that at any instant of time, the locus of points described by the trajectory of
X (t) andY (t) will trace out an elliptical curve.

For = y =0 we get linear polarization states where the orientation is determined by
the angle wheretan =Eoy=Eox. For = =2and = =4 we get the right and left circular
polarization states for plus and minus4 respectively. For all other states ofand the

polarization can be described as elliptical. The electric eld vector can be rewritten in terms



of these ellipse parameters 0 1

E:EO% °o° § : (1.5)

sine'!

q_——
whereEo= E§ + Egy. When normalized to unity this complex 2-row column vector is called
the Jones polarization vector [7-9]

0 1
cos
icEsEml & 16)

sine

The state of polarization is completely described by the quantitiesd . If you were looking
towards a propagating wave £ direction) an example of the polarization ellipse is seen in

gure 1.

Figure 1: Polarization ellipse for an electromagnetic w&getraveling in the positive direction
with ellipse parameters and . At the screen's locatiorg, E will rotate in time at frequency
around the ellipse in the counterclockwise direction for positive, nonzero

Since the electric eld oscillates with angular frequetcyany measurement of the electric
eld must have a time resolution better than 1/ For all optical waves, this is impossible.
Instead, the polarization quantities &nd ) can be estimated through a series of 6 intensity

measurementd § ;lv;lp;la;lr;lL) in different measurement bases. Rotating the measurement

basis from horizontat and vertica can be described as a unitary transform, wigtgY=1. In



general, this description can be written in Cayley-Klein form using complex entries a and b

1

0
0 (a;b)= % 2 b§ (1.7)
b a

where the Hermitian conjugat#Y(a;b)= U (a ; b) andjaj®+ jbj°=1. Polarization transformations
will be described more in the following section. Measurements themselves can be described by
a projection matrix. A projection direction along a speci c linear polarization direction where

describes the rotation from horizontal is

0 1
cog sin cos

sin cos sin?

Intensity measurementb{;lv;lp;la;lr;lL) are then described by

D E

k= M () =EJuM ( )Et

(1.9)
=EYOYM ( )E
For horizontal, vertical, diagonal, and anti-diagonal intensities, the unitary transform before the
measurement is the identity matrix, and the measurement anglestare 2; = 4; = 4respectively.
For right and left circular intensities, the unitary transform is done by 4 rotated quarter-
waveplate to convert R and L circular polarized light into linear horizontal and vertical light,
respectively (=0; = 2). 0 1
1B1 i
OQWP 1 :Fb% §
A 1
[

The intensities can be written for the electric eld (1.5) by using the appropriate unitary and



projection matrices in (1.9)

ly=E&cog =2
ly=EZsin? =2
Ip= EZcod +E@sin® =4+ EZcos sin=2 cos
(1.10)
Ia= Edcog +E3sin? =4 EZcos sin=2 cos

Ir= Ejcos +Ejsin® =4+ Ejcos sin=2 sin

| = E3cod +EZsin?> =4 E3cos sin=2 sin

Combinations of these intensities can be combined into four terms called the Stokes parameters,

which are de ned by the equations

1
So=lp+ly==ZE2
0=TH*+1Iv=5E0
1,
Si=1ly IVZEEOCOS2
(1.12)
1 .
S,=1p IA:EEgsmz oS
1_,. .
S3=1Rr IL=§Eosm2 sin

For pure polarized light and normalizing the electric eld magnitude to urggs1, the
real-valued Stokes vect@=( S1;S»;S3) uniquely describes the polarization just like the Jones
vector (1.5). One can think about the quanftyas the amount of polarization in the horizontal
versus vertical direction. Similar arguments can be madeSfoand Sz with diagonal/anti-
diagonal and right/left circular directions. When looking at the equations (1.11) one notices the
parameters$:;S,;S3 look like the equations for a point on the surface of the sphere with radius

%Eg and with angle® being the angle from the positi& axis and being the angle from the



Figure 2: Poincd sphere representation of the state of polarization for Stokes polarization
vectorS. S; represents horizontal/vertical polarizationS, represents diagonal/anti-diagonal
polarization, and Sz represents left/right circular polarization.

positive S, direction in theS,=S3 plane projection. This sphere is dubbed the Poiasmhere

and can be seenin gure 2. This transformation gives additional insights into the nature of unitary
polarization transformation as the equivalent Stokes vector transformation is a three-dimensional
rotation about a Stokes vectomwith precession angle. The Jones vector can be reconstructed

from the Stokes vector (up to a complex constant) as

2(1+ Sl)
E (S1;52:S3)= (1.12)
2(1 S )e|arctan2(83;82)

wherearctan, is the two-argument arctangent valid for a positive and neg&iveThe Stokes

vector can be reconstructed from the Jones vector as

1 0 1

0
S cos2
)= asz =Bsin2 cos 1 (1.13)

sin2 sin

The Jones vector for the 6 nodes of the Poiacphere can be written in terms of the horizontal,



R, and verticaly, measurement bases

01 01

Es,=E(1;0,0)= =X E s,=E( 1,0,0)= % §=’y

(1.14)

The normalized Stokes vect@gj=1; can be written in a nice compact form using the normalized

Jones vectojj i= E SE 1

0 10
S ghindii

S=asz =BHjrjjig=hint (1.15)
Ss Minii

where the Pauli matrices and Pauli matrix vector are de ned as

N=N 181+ 0 285+ 383 (1.16)
0 1 0 1 0 1
1 0 0 0 i
1= % § 2= % 3= § (1.17)
0 1 10 i 0

and$; are unit vectors on the Poinésphere (Stokes space) in iffe direction. For normalized

vectors jji=1, we can construct the projector in terms of the Stokes vector

ii ihjj:% 1+S A (1.18)

10



By multiplying equation (1.18) on the right yi we can see the compact way to map Stokes
vectors to Jones vectors. One needs to calculate the eigenvector associated-iliteitieEnvalue
of matrixS ":

S Ajji=jji (1.19)

1.1.2 Polarization Transformation and Control

Polarization transformation is the act of changing the polarization from one state to another.
Speci cally, each transformation is a unitary transformation on the polarization Jones vector
or, equivalently, a rotation operation on the polarization Stokes vector. Any two-level unitary

transform can be decomposed into the form

O (r; )=cos( =2)l; isin(=2)r ~ (1.20)

wherer is the Stokes eigenvector &f and is the rotation angle about the eigenvector on
the Poincag sphere. From the arbitrary Cayley-Klein form of equation (1aAcos( =2)
irisin( =2) andb=i(ro ir3)sin( =2) with r=(rq;r;r3) andjjrijj=1.

A given polarization Jones vectqjpoi, is transformed into a new Jones vector by matrix
multiplication

jiri=0jjoi (1.21)

Each unitary has an eigenvector and eigenvalue

Jjj i=e "jj i (1.22)

where' is some phase and the eigenvegjoli is the determined through the Stokes vectand

11



equation (1.12).
This transform is equally described by the polarization Stokes v&gtand 3x3 real entry

rotation matrixR and the matrix multiplication
Si=RSo (1.23)

where in vector form

R(r;)=(rr )+sin (r ) cos(r )(r ) (1.24)

and the equivalence betweBnandR is given explicitly by

1 n (6]
Rjyc= 5Tr 0 0y, (1.25)

Figure 3: Rotation of polarization stafig to S; by rotation axig* and rotation angle.

For complete polarization control from a sender of a polarization state to the receiver of that
polarization state the Poin@spheres within the sender's frame and the receiver's frame must be
aligned. When this is done, any polarization stateent from the source will be measuredSas
and not some other rotated st&® This can be accomplished by sending two orthogonal Stokes

vectors, typically aligned in th&, and$; directions, and having the receiver rotate the polarization

12



states until the signal referring 8., points along the direction &f;.» within their measurement

frame. Once this is done, the two measurement frames will be aligned and any arbitrafy state
will be measured aS. This can be extended to two individuals measuring a shared quantum state
where one is not the sender, but both are receivers. Through joint measurements on the quantum
state and feedback to upstream polarization controllers, if they can aligréiheineasurement

projection directions their measurement frames will be aligned.

1.2 Polarization Drift in Fiber

Ina ber communication network, information is carried not by plane waves, but by guided
optical modes down ber. The most widely used optical ber is single-mode ber, which has a
cylindrical core of a higher refractive index that is surrounded by a lower-index cladding layer.
When the core dimension is suf ciently small, the optical ber supports only one transverse
propagating mode, hence the term "single-mode ber“. Because of the cylindrical symmetry
of the ber, shown in gure 40 of the appendix, there are actually two degenerate eigenmodes
corresponding to the two orthogonal transverse polarization states. More details are provided in the
appendix A.2. However, in the real world, bers aren't perfectly symmetric due to manufactured
defects, applied stresses, and bending from deployment. Additionally, environmental impacts such
as vibrations from cars, trains, and wind, as well as temperature changes, can change the index of
refraction along different polarization directions. If propagation due to the index of refraction is
different along the different polarization directions the ber is said to be birefringent. When the
ber exhibits any birefringence the polarization of light injected into a ber can be different than
the light exiting it.

To see this, let us examine a birefringent ber of lengthAssume the index of refraction

along theH direction,ny, is greater than the index of refraction along ¥helirection,ny,, and

13



the difference of indexes can be de ned as=ny ny. The total relative phase lag between the

two perpendicular eigenmodes in tHeandV direction can be expressed as:

2
=— nL
(1.26)

nL

|
c
From (1.20) and (1.24) the polarization transformatib(r; ) andR(r; ) rotates the initial
polarization state according to equations (1.21) and (1.23). Whasethe eigenvector of the
ber's unitary transform (1.21).

In general, the birefringence can be along any direction and one can de ne a birefringence
vector in Stokes space

—Ty

(1.27)

— Nrs
Cc

where the magnitude =| represents the birefringent phase per unit length between the polarizations
eigenvectors . The rate of polarization change from this birefringence while light propagates
down the ber in the z-direction is

= S (1.28)

The new polarization after propagating a leng#L, using equation (1.24), is juSg =R (r+ ;j jL)So.
Equally, the rate of change of the polarization with different input frequencies through the birefringent

media gives an identical differential equation

ng S (1.29)
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Figure 4: Schematic of long ber with birefringent elements with birefringence vectaqr.

Typical birefringence values of early 1990s ber arei=n 10 7 which corresponds to a beat
length, a commonly reported length scale of the birefringelnge, o= n  20m at a wavelength
of 1550 nm.

The birefringence of a speci ¢ ber section, equation (1.27), means that the two principal
polarization directionsy , travel at different speeds down the ber. This time delay is called
the differential group delay (DGD), , and the DGD per unit length can be obtained from

differentiating the magnitude of (1.27) with respect to the frequency

L d (1.30)

When bers become long enough, the birefringence can no longer be described by a single,
homogeneous birefringence vectot,acting over the entire length [6, 10-12]. Instead, the ber
can be broken intdl sections with their own birefringence vectog, as shown in the schematic
of gure 4. In general, each section's birefrigence vectgpis randomly oriented on the Poinear
sphere with differing magnitudes. Since each section has a different fast and slow polarization
propagation mode, that might add or subtract from the prior sections, the DGD is no longer linear
with respect to the propagation length, A statistical treatment is needed for the analysis of
birefringence over the whole of the ber length to get the collective behavior. When more than
one concatenated birefringent sections are put together we begin to enter the study of polarization

mode dispersion (PMD). For long bers, with many randomly oriented birefringent sections, the
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DGD grows as the square root of the

P——- p—

RMS = h 2|:Dp L (131)
whereD,, is often termed the PMD parameter, where the expectation value is an ensemble average
over all possible random con gurations of. It is common to nd single-mode bers witlD ,
values in the rang®:1 0:3 ps/km™2 and with the best bers havin® values less than 0.1

ps/km-=2 for light in the telecom wavelength range of 1550 nm [13].

1.2.1 Time Varying Drift

After N sections of birefringent elements, shown in gure 4, an overall birefringence
can be attributed to the ber. Ignoring the frequency behavior of PMD the total polarization
transformation on the state can be considered unitary. This implies that the inner angle between
polarizations at different frequencies remains the same. This assumes the bandwidth of the signals
propagating is relatively narrow and the ber propagation distances are not suf ciently large
where the cumulative PMD effects are signi cant. If the overall birefringence is caused by the
environment, it is natural to assume the direction and magnitude will change over time due to the
changing temperature and mechanical vibrations the ber is exposed to. A randomly changing
birefringence can be modeled by sequences of random matrices [14]. For a given snapshot in

time, tj, the unitary transform given by equation (1.20) is
Or( (tj))=r2cog j i(b )sinj ] (1.32)

where (tj)=j jb is the current birefringence vector at that time, and b=(by;bp;bs) is a

unit vector in Stokes space that points along the direction(of). Each of the three elements
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within =( 1; 2; 3) are random variables from a zero-mean Gaussian distribution with standard
deviation §=2 pT whereT is the measurement integration time ang is the polarization

line width or the speed at which the polarization drifts per integration period. Attijriige total

equation

Or, = 0r ( () OFyr, , (1.33)

This produces a random walk on the Poiricaphere shown in gure 5.
Experimentally, one can measure the polarization drift speed to reach some error rate [15].
This is de ned as the

Pgs=cos 1(S(tx+ ) S(tk))= (1.34)

with units rad/s, where is the drift time due to a given variation angtes 1(S(tx+ ) S(tk)).

The error between two polarization signals that are meant to be coaligned is

1 S1S, 1 cosip

Error=1 jh j4jj 2ij = > >

(1.35)

where 15 is the angle between Stokes vect8rsand S, with corresponding Jones vectqgysi,
jj 2. Ifthe goal is to keep the polarization drift below a certain error threslegldthen the critical

polarization drift speed to hit the error threshold is

Pas=cos (1 2ey)= e, (1.36)

where ¢, isthe time it took to go from zero error &, . In order to reduce any accumulated error
due to polarization drift a polarization controller and measurement system must be able to correct

on time scales shorter tha?bsl. Ding et al proposed that any polarization control technique
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Figure 5: Polarization random walk on the Poircaphere prodtbced from random unitaries
(1.32). In the simulation, we set the initial polarization $g=1= 3(1;1;1) with T=1 and

»=10 4. a) The state of polarization (SOP) Stokes vector components as a function of time,
S(tk)=( S1;S52;S3)= Op;tk So. The dotted lines represent time step f t10;t100;t 1000t 100009 b)
Snapshots of the evolution & at time steps; = ft1o;t100;t1000;t100000. The red vector is the
initial point, Sg, the orange vector iS(ty), and the blue trace is tHherandom kicks/steps the
polarization took to get from the initial to nal orientation.
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Figure 6: Histogram of the inner angle between the initial polarizaign pl—é(l;l;l) and the

nal polarization U (t)So for 5000 different polarization drifts. As time progressies, 1, then
the polarization state statistically covers the surface of the Pd@rsgdrere evenly.

should meet the requirement that

Vh Pysi+3 (1.37)

wherev is the required real-time tracking speed of a polarization contrdiggi and are the
mean and standard deviation of the polarization variation speed, respectively [15]. Using the
simulated data from the prior gure 5 wite, =5%, T=1, and ;=10 4 the averagéys over
the course of th&=10000 iterations wasPysi =3:69 10 ’with =2:79 10 ‘. The histogram
of this drift speed over the course of tke10000 iterations is shown in gure 7. Even when
the polarization linewidth is p=1e 4 the drifting speed our controllers must be able to track is
v 1:20 10 °if we can tolerate up to 5% error.
The statistical modeling of polarization drift has shown that the correlation between two
polarizations with the same frequency, but at different tilmeandt,, can be related to the PMD
coef cient of equation (1.31). The correlation is

jtz t1

-l 1)i= - -

(1.38)

wheretg is the drift time due to the index of refraction difference of the fast and slow ber
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Figure 7: Statistical analysis of the polarization drift speed of gure 5a fef,&5%. The
averaged drift speed over the10000 data set wasPys5i=3:678 7 with a standard deviation
of =2:787 7.

axis, unique to any ber span of length, and needs to be experimentally measured [16]. The
decorrelation time, or drift timgy can be de ned atg=21t7=(2! 2D§L) wherehS(t;! ) S(t+tg;! )i=
1=e

Additionally, the correlation between two polarizations with different frequencies atttime

depends on the frequency spread

hS(t:! 1) S(t;! »)i=exp RS (?!, 2 ')° ; (1.39)

This last equation is important within the discussion of how correlated an aligning pilot tone signal
at! 1 is to your quantum signal at, over long ber spans.
Table 1 reports the polarization drifting rates of various deployed bers reported in the

literature using the drift timé i, ~of (1.36) or the drift timety of equation (1.38).

1.3 Methods for Drift Compensation with Quantum Signals

Drifting polarization in ber is not a new problem and was rst documented in the 70s and

80s by Imai, Harmon, Poole, and Wagner in several research papers [10, 11, 22, 23]. They noted
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Polarization Drifts
Author Environment Length (km) Drift Times
Ding et al.[17] Underground 23.3 h i, =50 =402:3 s
Ding et al. [17] Underground 69.7 hig, =50, =6:125
Ding et al.[17] Underground 85.1 hig, =50, =1:07s
Ding et al.[17] Aerial 1.78 hig, =50,=15 S
Waddy et al. [18] | Aerial 6.5 tg=10 ms
Karlsson et al. [16]|| Underground 127 tq=3 days
Imai et al. [10] Underground 21.8 tq=10 hours
Imai et al. [10] Submarine 10 tq=1 hour
Poole et al. [11] Lab 31.6 tq=30 minutes
De Angelis et al.| Aerial 48 tq=5 minutes
[19]
Zhang et al. [20] Submarine 240 tg=5 minutes
Lietal. [21] Aerial 48 tq= 10 ms

Table 1: Reported polarization drifts within the literature.

that the polarization of ber, even in still laboratory conditions drifted over the course of hours to
days. In the 80s and 90s new electronically controlled polarization controllers were developed to
correct for the drifting polarization of classical signals [24—29].

In our application, we seek to control or compensate for ber polarization drift when
guantum light is transmitted over ber. Because the streams of photons are too weak for conventional
polarimetry measurements, often alignment signals that are strong enough to be recorded by
polarimeters are multiplexed along the same ber in either wavelength or time with the quantum
signal. Examples of these are shown in gure 8a-b. For reference, our entanglement source
generated 0P photon pairs per second, but due to photon losses through the Iters, controllers,
splices/connectors, and the ber path itself, common count rates are 19thel0* per second at
the detectors. Although these photons are statistically unpolarized their signal would not register
on our polarimeter (Agilent N7788B) because it has a lower-end sensitivity of -50 dBi@tbr

photons per second at 1550 nm.
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In gure 8a the alignment signals, ., are usually separated by a constant wavelength

above and below the wavelength of the quantum signal,

1,2= q

The alignment signals are sent down the same ber path as the quantum signals through a wavelength
multiplexer. The alignment signals are then demultiplexed where the H/V and D/A polarizations

of 1.2 are recorded on a polarimeter and if they have drifted fé@mthen upstream polarization
controllers correct for the drift. However, for longer ber spans, PMD can cause the polarization

of the quantum and alignment signals to become uncorrelated. Using (1.39) into (1.35) the
angular separation and probability of error between two coaligned signals, separatéddfter

propagating down a ber of length is [30]

RMS =arccos 2ys !2=3
(1.40)
o _1exp Gus !?=3 _1 exp DjL 123
err 2 2
As an example foD,=0:1 ps/kmt=2, =5 nm! ! =3:9 10%rad/sec for =1550nm, and

for ber propagation lengthl.=10 km, the expected error rate due to lost polarization correlation

is Perr =20%. In addition, the wavelength multiplexer and demultiplexer must have high ltering
and extinction so that the classical power signals do not leak into the quantum channel and cause
measurement errors or blind the detectors. The limitation of transmission distance for differing
wavelength pilot tones and high isolation requirements between WDM channels is a hurdle for this
mode of polarization drift correction. To combat these issues, smallaralues with high-quality

WDM and ber with lowerD, can be used.

Figure 8b and 8c show two different types of time division multiplexed polarization drift
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Figure 8: Representative experimental gures for how quantum polarization drift is corrected for
using measurement feedback. a) Wavelength division multiplexed strategy. b) Interruption based
time division multiplexed strategy. ¢) Continuous time division multiplexed strategy. d) Quantum
signal based strategy. WDM = wavelength division multiplexer, PC = polarization controller, PBS
= polarization beam splitter, BS = beam splitter. The color of the ber is used to indicate the
wavelength of light being sent down it.

strategies. In 8b, either at regular intervals or when an error marker is hit at the receiver side, the
guantum signal is switched off, and the aligning pilot tone is turned on. The alignment signal,

1, at the same wavelength as the quantum signal, switches between polarizations H/V and D/A
for the upstream PC to adjust according to the polarimeter measurements. Once alignment has
been restored the quantum signal is turned back on. This interruption based polarization drift
compensation fundamentally reduces the rate at which photons can be sent from the send to the
receiver due to the downtime from the classical signal alignment. In this con guration, additional
measures need to be taken to protect the quantum detectors from blinding due to the classical
power of the alignment signals and the detectors used.

In 8c, the alignment signals are much weaker, but still strong relative to the quantum signals
with which they are copropagating. The alignment signal's power can be con gured so that
n numbers of photons per pulse, on average, arrive within an alignment signal pulse. As the
alignment pulse no longer blinds the detectors, the same detectors can be used to measure both

the quantum and alignment signals. The alignment signals are pulsed with a temporal separation
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of t from the quantum signal. After polarization projection by a PBS, a 50/50 beamsplitter
directs the photons to two temporally separated detectors. Assuming the alignment signal is well
polarized and an order of magnitude, or more, larger than the quantum signal, the single photon
count rates, to rst order, determine the alignment signal polarization orientation. Whereas the
coincidence detection from events at the interarrival timg®f£0 or tj,; =2 t corresponds to

the detection of photons from the alignment and quantum signals. Knowledge of the polarization
state of the alignment signal can be used in feedback with the upstream polarization controller.
Gating of detectors can improve the signal-to-noise ratio of the quantum signal detection. In
addition, a pulsed alignment signal can be used for clock recovery, another problem for quantum
ber networks for synchronizing events at distant locations [31]. The drawbacks of this method
are alignment signal leakage and laser repetition rate limitations [30]. Additionally, common
photon detectors used in this time-gated setup are avalanche photodiodes (APD), which can place
constraints due to their deadtime and aterpulse effects [32, 33].

A different strategy, shown in gure 8d, has been explored in the past several years to
reduce the complexity of multiplexing alignment signals in time or wavelength by using only
measurements on the quantum signal for feedback for the correction of polarization drift. This
alignment strategy has the advantage of reduced experimental complexity, as it requires fewer
optical elements. One problem with this method is the lower count rate of the quantum signals
and the larger integration time required for a given measurement. The number of photons in a ber
of lengthL decreases a0 = 19 where is the attenuation due to propagation expressed in dB
per km. Low loss single mode bers for wavelengths near 1550 nm have common transmission
losses of =0:1 0:3dB/km. As an example, for bers with=0:2 dB/km only 1% of the photons
survive to the receiver after traveling 100 km. Often these transmission losses are only a part of

the total losses due to experimental component losses, lossy ber connections and splices, and
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free space couplings. Longer integration times mean that the speeds of drifts these strategies can
correct for using feedback strategies are inherently slower. The methods we developed, shown in
chapter 3, work using the feedback from entangled photons and work to correct the relative drift
between two user's measurement bases [1].

Once a polarization alignment measurement or objective function has been identi ed, there
are many different alignment algorithms used on the polarization controllers from the feedback
signals. If the polarization transformations of the polarization controllers are known from prior
calibration then analytic solutions to undo the polarization misalignment may be performed [34—
39]. If the polarization controllers are not calibrated, or if the polarization controllers themselves
are subject to slow drift in their actuation, iterative techniques can be used where the polarization
controller settings are varied by an algorithm until the polarization drift is corrected in a convergent
fashion [31, 40—43]. The mechanisms for how our polarization controllers work and the algorithms
we used for measurement base alignment are provided in the following chapters. Table 2 reports
some of the quantum experiments correcting for polarization drift within their ber paths. The
feedback methods, with some variations, all roughly t into the four methods shown above with
abbreviations: WDM=wavelength division multiplexed, ITDM=interruption time division multiplexed,
TDM=time division multiplexed, and QM=quantum signal based. While all compensation speeds
depend on the feedback mechanism, the polarization control algorithm, the repetition rate of the
alignment signals, the length of the ber/losses, the speeds of the polarization controller, etc. the

table 2 gives a reference for the compensation speeds people have reported in the literature.
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Polarization Drifts Compensation with Quantum Signals

Author Environment | Fiber Length| Method Compensation
(km) Speed
Xavier et al. [34] Lab 8.6 WDM 10 ms
Xavier et al. [35] Lab 16 WDM 5ms
Chen et al. [44] Lab 50 TDM 1-2 min
Treiber et al. [40] Lab 25 ITDM 1-2 minutes
Lietal. [21] Aerial 45 WDM 1-5ms
Wengerowsky et al. [45]| Submarine | 96 ITDM 1-2 minutes
Ding et al. [41] Lab 50 QM 1 minutes
Agnesi et al. [31] Lab 26 QM 10s
Perant et al. [42] Lab 1.6 TDM 8 minutes
Perant et al. [42] Lab 1.6 ITDM 6 minutes
Perant et al. [42] Lab 1.6 QM 2 minutes
Shi et al. [43] Underground| 10 QM 20 minutes
Dowling et al. [1] Underground| 7.1 QM 10 minutes

Table 2: Polarization drift compensation strategies within the literature.

1.4 Polarization of Photons

Several novel experiments done in the 1970s tell us that the classical description of electromagnetic
waves isn't complete and instead reveal that the electromagnetic eld is transmitted by discrete
bundles of energy termed photons [46, 47]. In classical electrodynamics, polarization is de ned
as the orientation of the electric eld of an electromagnetic wave, seen in equation (1.2), but for
single photons, polarization is an inherent property due to the fact they are spin-1 bosons. This
intrinsic spin angular momentum measured along the direction of motion is founchidRbenk's

constant, corresponding to the right and left circular polarization we discussed earlier. As we have
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seen right- and left-circularly polarized light can be expressed in terms of the linear horizontal and
vertical polarization bases. The most general polarization state of a single photarrealization
of a qubit, can be expressed as a linear combination of perpendicular polarization bases existing

in superposition.

1.4.1 Notation for Quantum Objects

Before stating the mathematical description of a photon we must have a brief overview of
the mathematical notation used to describe and measure a quantum state. The physical state of a
guantum object's polarization (or any other degree of freedom) is determined by its complex state
vectorj i in a Hilbert space. This vector is called a ket, following the notation invented by Dirac,
and is postulated to contain the complete information about the physical state. The exact Hilbert
space is dependent on the system being studied, but in general is de ned as the total phase space

for all normalizable complex state vectors, i.e. any vector that satis es

hiji=1

is within a Hilbert space. Herd, j, is the bra vector dual to the kieti. Computationally, the dual
bra is the complex conjugate transpose of the ket vector.
An observabIeA, such as the electric eld direction of a photon, is represented as a

Hermitian operator that transform one ket to a new ket

Aj i=ji (1.41)

Normalized eigenkets of an observable form a complete orthonormdl set, and any ket can
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be spanned by a linear combination of these special kets

1

1 0
h qf i k
X h o i k,
ji=  kijii= (1.42)
k

h nj i

wherek , are complex constants, and for simplicity, we assumed a nite dimension Hilbert space

of lengthN .

Operationally, each ket (and bra) vector has an inner and outer product operation that has

been used above, but now is rigorously de ned as

0 1
hji:1 ééll+22++,\,,\,

0 1 0 1 (1.43)
1 11 12 1N

2 21 2 2 2 N

i j= 1 2 N:
N N 1 N 2 N N

Here, we see that the inner product is a complex number, and the outer proddict iBlamatrix

that functions equivalently as an operator.

When measurements are performed we can calculate the probability of detecting a speci ¢
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eigenstatg ;i from Born's rule

P( ji)=jhjj ii?= hjji hjji=hjjjihjji
(1.44)
=hj jih jji=jk ,j?

D E
Above we used the notationA =h j/Qj i that is often labeled as the expectation value of a

measurement operatqr,jih jj. For all the coef cientsk ; within (1.43) to make sense, given

Born's rule, the total probabilities must add to unity

X
jk %=1 (1.45)

The collapse of the wavefunction due to measurement and determining that the statg was in
can be mathematically written as

. “projective. - (j ih jj i

! = 1.46
measurement  (h j(j ih j)j i)¥? (1.40)

This update rule is useful for the description of the polarization of your photons after a polarizer

oriented to, in this case, thepolarization direction.

1.4.2 Polarization Qubits

While there are three special bases for polarization: horizéhyalkerticalV ), diagonalD )/anti-
diagonalf), and rightR)/left(L) circular, in any basis polarization is described as a two-dimensional
superposition

j i=a i+ Li (2.47)
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Because of this, the polarization of a single photon is often the prototypical example of a physical
qubit, the quantum analog of a classical bit. A classical bit is represented by a binary system, 0
or 1, where the prototypical classical bit is the conducting or nonconducting state of a transistor.
The photon's polarization exists in a superposition of being in stateith probabilityjaj2 and

» with probabilityjbj?=1 j aj?. If we de ned the statg¢ i as“on”andj -»i as “off,” the ability
for a quantum bit to be in a superposition of “on” AND “off” is dramatically different than a
classical bit, described by classical physics, where it must be either “on” OR “off,” and never can
be some combination of the two at the same time. Superposition combined with the inherent role
of probability within measurement is often one's rst departure from classical physics lines of
thought.

Through the second quantization of the electromagnetic eld, a single photon can be described

by the action of a creation operator acting on the (zero-photon) vacuunjGitaide polarization

qubit in the three special bases mentioned above can be written

j iz ku&),+ky&, joi

kp &) +kat jOi (1.48)

kral+k & jOi

whereky.v;parL  are constants withky j2+ jky j2= jkp j2+ jkaj?= jkrj®+ jkLj?=1 and & are
creation operators that create a photon in polarization mo@eeation and annihilation operators
satisfy the commutation relation

[8i:8)]= (1.49)

where j is the Kronecker delta function that is zero wh&j and one whem=j for i;j inthe

basis H/V, D/A, R/L, or general = , . The polarization qubit i can be written as a one-by-two
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column vector like (1.6) 0 10 1
Hojayj i Ky
ji= % §: % § (1.50)
hojayj i kv
The creation operators are related through the same relations that we saw for the electric

eld (Jones vector) and horizontal and vertical measurement bases (1.14):

1 1 :
a’é:p—é &)+, aﬁzpfi & +ia),
(1.51)
1 1 :
a{\:% al, & a{:% o, i)

This relationship from creation to electric elds isn't by chance as the electric eld operator is

directly proportional to the creation operator

X
Er= e AoV & expl i k(1R expl k(rib)]
k; (1.52)

k(rt)=1yt kr

whereey is a unit vector,V is the volume of the cavity the eld is in, and is one of the

two orthogonal polarization modes. This can be derived explicitly through the comparison of the

energy density of the electromagnetic eld in a cavity to the quantum harmonic oscillator [47, 48].
So far we have only discussed pure polarization states like (1.48). Quantum mechanics also

permits more classical mixtures of quantum states. Like a coin ip might produce heads or tails

50% of the time, a quantum source might produce one pure state or another with some probability.

When we work to include both the superposition allowed within quantum pure states and their

classical mixtures we get the most general form of a quantum state, a mixed‘st@tmsider a
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that describes this source is the density matrix
A= opijiihgj o (1.53)

The probability of a measurement yielding the outcgonies given from trace of the measurement
operatofj ih jand”

P( )=Tr f~ ih jg (1.54)
and the state afterwards is updated to

A _ J it
an‘ter—-l-rf

For mixed states that describe only one qubit, it is always possible to write the density
matrix in the form

Az% (o1 A (1.56)

wherel’% is the 2x2 identity matrix. Ifr j=1 we have a pure state andif< 1 the state is mixed. A
polarization transformation caused by rotation about rotation vacaod angle can be described
by de ning the component of parallel toa, r =(r a)a, and perpendicular ta, ro=r ry.

Using those vectors and equation (1.20) the mixed state is transformed to

Notated O MDY= Z I +(r+cos r» sin (a ro)) ™ (1.57)

NI =

Moving to two qubits sent to two observers Alice and Bob, the most general density matrix
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description of that system is with Stokes vectarandb for each respective qubit

1 X3 X
N= Z (\2 (\2+ a I"2+ r\z b + Tjk Aj N (1.58)
j=1k=1

wherejaj landjbj 1, is the tensor product linking the Hilbert space of qubiand Hilbert
space of qubib, andTjx are the coupling coef cients between the two qubits that contain the

special quantum correlations, termed quantum entanglement.

1.5 Quantum Entanglement

“...  would not call that “one' but
rather “the' characteristic trait of
guantum mechanics, the one that
enforces its entire departure from
classical lines of thought. By the
interaction, the two representatives

have become entangled.”

Erwin Schidinger

As we have seen from the prior section, quantum mechanics forces us to acknowledge the
fundamental role superposition, probability, and measurement have in how the world operates at
the quantum level. Nevertheless, as we begin to comprehend the peculiar nature of single-qubit
guantum mechanics, nature unveils yet another counterintuitive attribute for two or more particles:
guantum entanglement. Loosely described, quantum entanglement is the phenomenon that occurs
when groups of particles cannot be described independently but rather must be described as a
collection of the group's shared properties.

As we will see, when two photon's polarizations are perfectly entangled, there is no information
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when looking at the polarization of any one photon, yet the measurement of both reveals perfect
correlation 100% of the time (when measured correctly), even when the photons might be measured
independently across vast distances. These quantum collective correlations allow for special and
“stronger” correlations than can exist classically and, to some physicists, are the primary departure
of quantum mechanics from classical physics.

Entanglement and correlated behavior between qubits can be stated more succinctly for

pure two-qubit states. The most general pure two-particle polarization ket can be expressed as
j i=Kyn JHaij Hai+ kyy jH 1ij Vai + Ky 1 jVaij Hai + ky v jV1ij Vai (1.59)

P
where jk;j?=1 and for simplicity we use the notatigji =’ajyj0i andjjiqjki,=jji,j ki, and

is the tensor product. The ketjij 2i can be represented as a 4x1 state vector

0 1
ac
01 01
- e . a C ad
i1 2|=%§ %§= : (1.60)
b d b
bd

The general two-qubit state, equation (1.59), is entangled if it cannot be rewritten in the factorized

form

j i=( wiHai+ vjvii) ( wjH2i+ vjVai) (1.61)

Equation (1.61) describes a perfectly separable state where the rst qubit has no coupling to the

state of the second qubit, and, therefore, no special quantum correlations are present. This is only
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possible if the coef cients within (1.59) are related to one another by

Kih= 1 1 kav=n v kvu= v 0 kvv= v v (1.62)

However, it doesn't take much playing around with (1.59) to see this is impossible for some
choserk; values. For instance, suppose welgt; =kyv=0 andkyy = kyp=1 :p 2. This is

a perfectly valid, normalized, two-qubit state, bukjfy andky\ are zero, then eithery or

n are zero and likewise either, or y are also zero. However, this means that for whichever

pair you pickkyy andkyy will be zero from (1.62) when we have required them tokh =

kvy=1= 2. Therefore, itis impossible to write such a state in an unentangled/factorized form.

This entangled state, written in its ket form is

j izpl—z iH1ij Vaij Vaij Hai (1.63)

If a measurement were to be done on just the rst photon the probability of nding it in the

horizontal or vertical polarization state is

X
P1(Hi)= RN %=
i 2fi I-)|(2i§iV2i9 (1.64)
P1(Vi)= hvajhij ij2= 3
j 2fj H2i;jVaig

meaning its equality likely to be horizontally or vertically polarized. But the probability of

observing anti-correlated polarization states (one being horizontally polarized and the other being

vertically polarized) is

Pant= P (jH 1ij V2i )+ P (jVaij Hoi)= jiH 1jVoj i 2+ jhvajhH ) ij %=1 (1.65)
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Therefore, while there is no information when looking at the single photon count rates there is still
correlated information when comparing which polarization was observed for both photons.

While an in nite number of entangled states exist, the special coef cients | chose creates
one of the four maximally entangled states (and the one we ideally generate in the lab), named the

Bell states

jHi Vi) VijHiy * — jHi jVig+jVi,jHi,
(1.66)

SN

= JHijHIi ] VigjViy * JHiJHi+ Vi jViy

1.5.1 Entanglement Measures

To quantify the amount of entanglement present in a quantum state, one can de ne an
entanglement monotone or a nonnegative function that increases in the presence of more entanglement
but does not increase under local operations and classical communication [49]. There are several
entanglement functions people have developed to quantify quantum entanglement, such as entanglement
entropy, entanglement of formation, concurrence, tangle, and negativity, to name a few. While
two qubit entanglement quanti ers are well understood, in general, for high dimensional quantum
systems with large numbers of interacting particles, describing quantum entanglement is still an
active area of research.

For two interacting qubits, their shared entanglement is well de ned. Following Wootters
derivation for entanglement of formation and concurrence [50], we start by looking at the “polarization

ip' transformation for a single particle. For an arbitrary one-qubit mixed statehe polarization-
ipped mixed state is

where” is the polarization ipped state anfl is the complex conjugate df The action of*3
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on both sides of (1.67) acts to ip the sign of equation (1.56), f.‘e.%((\z r ) [48]. Thisis

extended to two qubits with the transform

= N3 Mg N N33 (1.68)

The Hermitian matriXR (R=RY) of the two qubit density matrix is de ned as

9p—p—
R= AR (1.69)
The positive eigenvalues & can be arranged in decreasing sizg; »; 3; 4. The concurrence,

an entanglement measure, is then de ned as

C™M=max 0,1 2 3 4 : (2.70)

If C>0 then there is entanglement th For pure state$ i the concurrence equation (1.70)
can be reduced t6(j i)=]j j.where the polarization ipped state =3 ”3j i. For the

maximally entangled Bell statg¢, i, the polarization ip transform leaves the state unchanged
(except for an overall minus sign), and the concurrence returns the maximalG{aluei)=1.

Any value ofCbetween 0 and 1 quanti es the degree of entanglemdrats between its qubits.

The entanglement of formation monotone quanti es how much entanglement is needed to

create the stat&, can be de ned in terms of the concurrence

1+|01C2 1+|01C2 1 1C
— log, 5

Er (M= log, 1# o (1.71)
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Figure 9: Nonlocal measurements on quantum staty measurement projectofs=a * and

B=b~.

1.6 Bell Nonlocality

... the statistical predictions of
guantum mechanics are
incompatible with separable

predetermination.

John Bell

The 2022 Nobel Prize in Physics was awarded to John Clauser, Alain Aspect, and Anton
Zeilinger for their experiments using entangled photons for, among other things, violating inequalities
put forth by John Bell. The violation of these inequalities proved that quantum mechanics cannot
be described by a local real theory. Instead, nonlocality appears fundamental to quantum mechanics,
adding another tally to the departures from classical lines of thought.

To describe a quantum source from a local, real description let us examine a typical Bell
experiment that can be performed when two photons from a sotrae distributed to two
spatially separated observers, Alice and Bob, shown in gure 9. Alice and Bob are then able to

perform a joint measurement using equation (1.54)

n (0}
P(ab)=r A B (1.72)

whereA=a ~ andB=b ” anda andb are the Stokes' measurement projection directions for their
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polarization projecting PBS. The measurement outcomes are either to the positive detector, labeled
with the +, or to the negative detector,. To describe the anticorrelations discussed in section
1.5,i.e. whem=j ih janda=bthe detectors always redas or +,ahidden variable,

, unknown to Alice and Bob used within the source may structure the photons to emerge with
opposite polarizations. This hidden variable is determined the moment the photons are created
and/or interacted and creates a local, real description for the anticorrelations experimentalists
observe. Labeling the outcomes of Alice's and Bob's PBSasndy (corresponding to
detection events or 1) the local, realistic theory of quantum mechanics says the correlations

of Alice and Bob are dictated by the conditional probability

P(a;bjxy)=P(ajx; )P (bjy; ) (1.73)

where for exampl® (ajx; ) is the conditional probability of Alice observing eventvith hidden
variable given her PBS is oriented alorzg The locality is imposed by not allowingof Alice's
measurement base outcome to dependb @ny and shown within the separability of equation
(1.73).

Any correlations between the measurements carried out by Alice and Bob will be revealed
in the joint probabilities for their measurement outcomes. The probability that they measure the
same polarizationsH+ or ) minus the probability they measure different polarizations (

or +)is expressed in the correlation coef cie@t

z
C(ab)= d ()X(a;)Y(b;) (1.74)

where ( ) is a classical probability distribution describing the set of hidden variables aamt

Y are the functions determining the measurement outcomgsor Alice and Bob, that depend
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on the measurement orientation and hidden variable

Letting there be two other measurement direct@?andbCit can be shown that the quantity

S=C(a;b)+ C(a;bd+ C(a’b) C(a®b9 (1.75)
Z

= d () X(a; )Y(b; )+ X(a; )Y (0% )+X(@% )Y(b; ) X(@%)Y(®%) (1.76)
Z

= d ()X(a ) Y(b »+Y(®%) +X@%) Y(b ) Y(©®S) (1.77)

is bounded. To nd the bound for this quantity, remember sidcer Y must be+1 or 1fora

given value of and projection directioa;a®%b or b% With this the *” terms inside th€ ) of
R

(1.77) can be either 2, 2, or 0. When one is 2 the other( ) term must béd. Since d =1

andjX j=1, S must be bounded by the inequality
iSj 2 : (1.78)

This is the CHSH inequality an8 is termed the CHSH parameter after the inventors Clauser,
Horne, Shimony, and Holt [51].

However, for quantum state=j ih  j a given correlation term is
C(a;b)= a™ b~ = ab (2.79)
and fora=(1;0;0), a%(0;1;0), b=1 P 2(1;1;0), b1 P 2(1; 1;0) we get a CHSH parameter of
Si= P pe L P =2
PIZ P P P RS
This breaks the inequality of (1.78) showing that quantum mechanics allows special nonlocal
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correlations that local real descriptions (which govern classical physics) cannot allow. Horedeki
et al has shown that all violations §8j> 2 require quantum entanglement and therefore showing
a violation of equation (1.78) is a tool in the quantum information toolbox to test for quantum

entanglement [49, 52].

1.7 Quantum Fiber Networks

The goal of near-term quantum networks is to utilize the infrastructure of the current city-
scale ber optic networks of the communication grid. These quantum networks are going to
consist of quantum sources, quantum channels, quantum memories, and quantum measurement
systems [53-55]. An example of a star network, or nodes sharing a common quantum source
is shown in gure 10. The channels transmit the quantum state to each user, and the quantum
channels for city-scale networks are likely to be ber optic channels. Because of transmission
losses, the quantum channels can only be hundreds of kilometers before most of the quantum
signals are lost to absorption. Whéencodes the quantum information in the polarization degree
of freedom, the polarization drift from the ber may cause errors within the measurements between
the users and source or relative measurements between the users themselves.

The work of this thesis examines the use of distributed measurements on polarization
entangled photons for automated feedback to correct for polarization drift and estimate the amount
of shared entanglement. Polarization drift is a problem for certain applications of quantum information
protocols where the measurement base must be aligned with the source or the relative alignment
of two or more measurement bases with each other. As we have seen, when the guiding medium,
ber, is exposed to time-dependent experimental conditions, whether it be mechanical vibrations,
shifting stresses, or changing temperatures, it will cause local polarization transformations for

the light propagating through it. When the quantum source is being transmitted to two or more
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Figure 10: Schematic of a three-node star quantum network. Users share a quantum source
producing state®. The quantum channel carries either the whole state for single qubit sources
or part of the state for entangled sources to each user or node. Each user can then store the
guantum state in memory (M) and measure the state via projection measurements, shown as a
PBS and photon detectors.

individuals the issue is compounded as the channels will drift independently with respect to one
another.

It should be noted that polarization drift in ber is only one of a few problems to overcome
with distributed measurement bases sharing an entangled source. Another key problem is clock
synchronization, or the syncing of when events coming from one quantum source happen at
spatially separated nodes in the presence of local clock time drifts [31, 56—59]. No two clocks tick
at the same rate so when separated clocks at each node in the quantum network drift apart from
one another, errors will occur in photon arrival time measurements, which presents a challenge for
reliably detecting coincidences. Methods can use Global Positioning System (GPS), White Rabbit
protocols, or post-processing on the data stream. If methods require classical signal powers to
propagate down the same quantum channel, interference, and detector blinding can occur.

This work is motivated by the application to solve problems relevant to the goal of creating

a quantum network in the DC metropolitan area (DC-QNet), shown in gure 11. DC-QNet is
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a consortium of U.S. government research laboratories in the Washington, D.C. area, including
the U.S. Army Combat Capabilities Development Command Army Research Laboratory (ARL),
the U.S. Naval Research Laboratory (NRL), the U.S. Naval Observatory (USNO), the National
Institute of Standards and Technologies (NIST), the Laboratory for Telecommunication Sciences
(LTS), and NASA. The aim of the consortium is to build a quantum network testbed at a regional
level. While more work needs to be done before implementation within this larger scale network,
the application of the ideas within this dissertation have been implemented within the local network
between LTS and the University of Maryland College Park, shown in gure 11a. We found the
ability to not only correct for the polarization drift within this 7.1 km of deployed ber, but we were
able to track faster, arti cially created drifts. When this thesis project began, no other experiment
had been performed examining the use of distributed measurements on entangled particles as a
means for feedback to correct for polarization drift or to maximize violations to Bell's inequalities
in deployed ber. While conducting this research, two groups did manage to publish before
our group, but in the case of polarization drift, did not systemically examine the ability to track

polarization drift and in the Bell inequality violation study, did so using free space optics [43, 60].

Figure 11: a) Fiber network between the University of Maryland's campus and the
Laboratory for Telecommunication Sciences. b) Planned ber quantum network within
the DC Metropolitan area. Image credit to NIST's employees Abdella Battou and
Thomas Gerrits https://www.nist.gov/news-events/news/2023/09/nists-quantum-experts-present-
ways-improve-washington-dc-quantum-network.
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Before concluding this introduction section, it is worth investigating one of the rst applications
of quantum networks and how polarization drift affects it. Quantum key distribution (QKD) is the
distribution of shared private random keys between users using the rules of quantum mechanics to
provide security. While QKD was not implemented in the experiments of this thesis, it is worth
giving a high-level overview of two QKD protocols that use entangled photons to demonstrate the
utility of QKD, quantum networks, and how QKD breaks down under the presence of polarization
drift in single mode bers. Additionally, the entanglement source and measurement setups of the
experiments within this thesis are also required to conduct entanglement-based QKD.

QKD allows users to share private keys and detect the presence or absence of an eavesdropper
because the eavesdropper must measure the quantum state, and this fundamentally changes the
guantum state, seen in equations (1.46) and (1.55). The state they emit towards the intended user,
based on their measurement results, will not share the same properties as the state they intercepted.
When the two users compare their measured results, the two users will know if their private random
key is secure or if an eavesdropper was observing. Once two individuals share a private random
key, encrypted messages can be exchanged between them by using the random key as a one-time-
pad over classical communication channels. Provided that the private random key is as long as the

sent message, one-time-pad encryption is perfectly secure [61, 62].

1.7.1 Quantum Key Distribution using Entangled Photons

One-time-pad encryption relies on the users sharing an identical, private, random key or
strings of Os and 1s. The purpose of QKD, in general, is to provide a reliable method for
transmitting a shared random key to each party, Alice and Bob. QKD began with the BB84
protocol proposed by Bennett and Brassard in 1984 [63] with Alice emitting single photons for

Bob to measure. When two users share an entangled source, like gure 9, an extension of BB84
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was developed by Bennett, Brassard, and Mermin in 1992, often called the BBM92 protocol [64].
It works in a similar fashion to BB84, only extended to two users sharing a two-particle quantum
source. A year earlier Ekert developed a slightly different approach, E91 protocol [65], using
the CHSH inequality of equation (1.78), to check for eavesdroppers. An overview of the most
common QKD protocols is well described in the review by Gisin et al. [66].

The BBM92 protocol goes as follows: Alice and Bob share the maximally entangled singlet
state,”=j ih |, and both measure either in the horizontal/vertical basis or diagonal/anti-
diagonal basis. These are nonorthogonal, complementary bases where a perfectly polarized state
in one basis gives a 50% detection to both detectors in the other basis. Regardless of the chosen
measurement basis, if they measure a click on the positive detector, they record it as a “1,” and if
they measure a click on the negative detector, they record it as a “0”. Becayjse ihis globally

invariant to rotations, i.e

0, O, =00 = (1.80)

if they both chose to measure in the H/V basis or D/A basis their detectors will be anti-correlated

(+ or +). Expressed differently, the stgte i is the same in all measurement bases
=fa—é jJHi jViy] VigjHi ZEFE jDijAiy] AigDiy (1.81)

They ignore times when one's detector clicks and the other does not (due to loss of photon in
one channel) and when they choose opposite measurement bases (which happens 50% of the
time). Because of the anti-correlations, Bob inverts his bit string soOthat and1! 0 giving

identical bit strings between Alice and Bob. A simplistic example of ve pairs of entangled
photons undergoing the BBM92 protocol is shown in table 3. If Alice and Bob chose to share

a portion of their measured results, they can rule out the presence of an eavesdropper if the error
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BBM92 Protocol

Alice Bob | Alice Bob | Alice Bob | Alice Bob | Alice Bob
Basis HNV D/IA |HN H/NV | DIA D/IA | DIA DIA |HNV DIA
Outcome + + | - + + - - + + +
Bit 1 1 0 1 1 0 0 1 1 1
Same Basis? No Yes Yes Yes No
Inversion 0 0 |1 1|0 0
Shared Key 0 1 0

Table 3: Outline of BBM92 protocol.

rate is below 25%. This is because an eavesdropper can at most guess the correct orientation
of the other's choice of measurement base 50% of the time and send a photon with the
polarization state in that measurement base where again a 50% measurement error will occur with
actual intended recipient, leaving a lower bound error rate of 25%. The security of this is based on
the use of non-orthogonal measurement bases, a single entangled pair, and the no-cloning theorem
[48, 67].

The E91 protocol begins with Alice and Bob randomly choosing to measure in one of three

nonorthogonal bases:

a1=(1;0,0) by= 91—2(1;1;0)

ar= %(1;1;0) b,=(0;1;0) (1.82)

as=(0,1,0) bs= 91—2(1; 1,0)

After doing so they report which measurement base they measured in. In basés)(and
(a2, b1), the measurements are anti-correlated, and Bob's bits would be inverted. These three

pairs of bases are chosen 2/9 of the time and will create random bit strings. However, the other
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combinationsd1, by), (@1, bs), (as, b1), (a3, bs) can be used to calculate the CHSH parameter

S=C(a1;b)+ C(az;b3)+ C(az;by) C(as;bs)
N+r (;b)+ N (a;b) Ni+ (a;b) N +(a;b) (1.83)

DN @B N @b Ny (ab)* N - (ab)

whereN. is the coincidence count rate from Alicets detector ring with Bob's  detector

ring. If jSj>2, then an eavesdropper could not have been present as their in uence is identical
to a classical hidden variable, which violates the CHSH inequality, and having a classical hidden
variable is impossible, as shown in section 1.6 [66].

The provided QKD description is just a high-level overview of these methods as this thesis
does not implement QKD. While the entangled photon source studied could be applied to conduct
QKD, instead, this thesis seeked to tackle one of the hurdles QKD and other distributed polarization-
resolved measurements have, the coordinated alignment of measurement frames in time-varying
single mode ber. This can be easily imagined when Alice and Bob measure in the same basis, but
an uncontrolled polarization transformation has rotated Alice's measurement frame with respect
to Bob's. This would cause Alice, for instance, to record detection event when it should have
been a , or vice-versa, resulting in an error in Alice's and Bob's shared bit string. This error
due to misaligned measurement frames is captured in equation (1.35). The bit error attributed to
incorrect measurements on quantum systems is called the quantum bit error rate (QBER). QBER is
de ned as the ratio of the number of times the wrong detectors click together versus the number of

total coincidence counts. If the two users, Alice and Bob, share an entangled 4sijirceih
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and have two measurement bases that are supposed to be coaligned the total QBER is

N N
QBER= QBER-y + QBERy_p = — 0 + 00
Noot ., Not __
- ) (1.84)
_X 1 aj b
- 2

[
for i=f1;2g corresponding to the H/V and D/A basis. The last term is the sum of the error

probability of Alice's and Bob's two measurement base orientations. If the measurement bases

drift with respect to each other the QBER will increase.
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Chapter 2
Experimental Entanglement Generation and Control of the Measurement Frame

Orientation
“Basic research is like shooting an

arrow in the air and, where it lands,

painting a target.”

Homer Burton Adkins
This chapter aims to introduce the subtleties of how we perform polarization control, generate
polarization entanglement, and measure polarization within the lab. In section 2.1 we preview the
piezoelectric actuator based polarization controllers and present their pros and cons. In section 2.2
we discuss how we generate polarization entangled photons from the arrival of two cross polarized
photons at a 50/50 beamsplitter. Finally, in section 2.3 | brie y outline how we measure a photon's
polarization with polarization beamsplitters and superconducting nanowire single photon counting

detectors (SNSPDs) and their pros and cons.

2.1 Fiber Squeezers as Polarization Controllers

“Controller? | hardly know ‘er.”

Adam Ehrenberg
In our lab, we primarily used voltage-controlled piezoelectric actuators as polarization
controllers. These controllers clamp onto the ber and apply a compressive force due to the
expansion of the piezoelectric crystals when voltage is applied. The applied strain induced by the
compressive force creates a fast and slow axis parallel and perpendicular to the applied force

respectively. These controllers exhibit nearly 0 dB loss as the light stays within the guiding

49



medium. The speed at which voltage values can vary depends on the high-voltage drivers, but
they often have millisecond response times. The drawback to using these controllers is that they
often display hysteresis, where the strain induced by the controllers, and hence the effect on the
polarization transform, is dependent on the prior path rather than purely the voltage applied [68].
As we will see this is one of the main limitations to using these controllers within calibrated
alignment algorithms.

An experimental schematic of these controllers is seen in gure 12a. The phase retardance
of the eigenmodes of each piezoelectric actuator is then a function of the applied vo{tdge
Experimental data for the rotational axis of the second piezoelectric actuator can be seen in
gure 12b for various different input polarizations dictated by different voltages across the rst
piezoelectric actuator. The rotation of a polarization state by a variable birefringent element is
speci ed by equation (1.23), where a voltage causes a rotation about the actuator's birefringence
vector.

For four piezoelectric actuators whose orientation around the circumference of the ber's
parameter, piezo S€en in Fig. 12a, ar@ , 45, 0, and45 the rotation axes ideally would be
placed90 apart from each other on the Poingaphere. Provided the birefringent axes are
oriented as shown in Fig. 12a, only three actuators are needed in order to allow for an arbitrary,
programmable mapping of any input polarization state to any desired output polarization state, see
chapter 5.2.1.

However, when manufacturers package piezoelectric actuators, they are assembled under
compression, to ensure that the actuators remain in contact with the ber under all applied voltages
[68, 69]. Therefore the zero voltage doesn't correspond to zero birefringence, as one might
expect. This non-null birefringence,(V=0)= ;, changes the orientation of the rotation vectors

mentioned above to some nonstandard orientation that needs to be calibrated for. Additionally,
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Figure 12: Polarization controller based upon voltage-controlled piezoelectric actuators at
different orientations. a) Schematic of the polarization controller based on four piezoelectric
actuators clamped on a ber at relative orientatidhs45 ;0 ;45 respectively. The amount

of birefringence each actuator gives to the ber is proportional to the force exerted by each
piezoelectric actuator, which in turn is proportional to the voltagg, across them. b)
Experimental data of a continuous wave 1550nm laser coupled into ber propagating through our
polarization controller (PC) and the polarization state measured by a polarimeter. The rotational
vector for the second piezoelectric actuatorseen as blue vectors, is found to be ne&glyThe

6 rotations around, occur for differentV; values changing the initial polarization state prior to

the rotation about,.
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