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Abstract

Since the feasibility of free-space Quantum Key Distribution (QKD) was realized, a
new race has begun amongst researchers to achieve the highest secure key rate and the
most efficient protocols to form quantum communication channels allowing the creation of
a global quantum communication network. Since 1992, multiple demonstrations have been
executed that resulted in the first quantum network with 4,600 km coverage using optical
fibres and Micius quantum satellite in three Chinese cities. In Canada, the Quantum
Encryption and Science Satellite (QEYSSat) mission works towards establishing ground-
to-satellite quantum links and forming a secure communication network across the country.

This thesis investigates the design of a transceiver telescope capable of both transmit-
ting and receiving quantum signals at 785 nm, with higher efficiency than similar com-
mercial options. This telescope is aimed to be one of the quantum ground stations of
the QEYSSat project, which establishes a ground-to-satellite link (uplink configuration),
to perform QKD with polarization encoded photons. Commercial telescopes and lenses
are either not designed or optimized for the specific wavelengths required for a free space
quantum link, or are not available in the required size to minimize link loss for beam trans-
mission to a satellite in Low-Earth-orbit (LEO). Thus, a refractive telescope was designed
with a custom-designed 8-inch lens and two motorized folding mirrors to emit a quantum
signal at 785 nm while tracking the beacon light of the satellite at either 980 nm or 1550
nm wavelengths.

Furthermore, the atmospheric turbulence formed by temperature gradients is the main
reason for link attenuation in an uplink configuration. Turbulence is highly dependent on
the altitude and weather conditions, which makes the prediction challenging. However,
it is formulated such that it suggests the maximum length, in which the spatial phase of
a travelling light can be saved. By considering the diffraction of the transmitted beam
and estimating the turbulence strength we could obtain the lens diameter that has the
least link loss in presence of atmospheric turbulence. The manufacturing aspects, like the
capability of constructing large lenses and the related costs, were taken into consideration
as the important factors in determining the optimal aperture size.

The telescope lens was designed specifically for the desired wavelengths, by selecting
the optimal material, thickness and radius of curvature. Therefore, the Seidel aberrations
that distort the transmitted wavefront were minimized as much as possible. Since the
wavefront distorted by the imperfections of the optics or the atmospheric turbulence can
be defined by Zernike polynomials, we developed a model to simulate both the lens and
the atmosphere structure to predict the far-field beam detected by the satellite. These



analyses shed light on the lens specifications and accuracy needed in the manufacturing
process, which reduced the costs.

Finally, our custom-designed telescope was characterized by applying tests such as
polarization measurement to confirm its performance in maintaining the polarization of a
transmitted beam at 785 nm. Moreover, the wavefront measurement results and the non-
aberrated image of a point light source in a star test validated our optimizations in the
lens design. Since the new ground station has passed the preliminary tests for establishing
a free-space quantum channel with polarized photons we are looking forward to calibrating
the telescope and developing our tracking systems for further QKD experiments, once the
QEYSSat microsatellite is launched in near future.
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Chapter 1

Introduction

1.1 Quantum Information

Quantum information has extended the frontiers of physics in the past few decades. Since
the birth of quantum mechanics and the emergence of quantum information and quantum
computers, numerous investigations sharpened our intuition about the mysterious world of
guantum physics and push the horizons of our understanding of the current applications
and technology. Quantum computers [41], quantum sensors [40], and quantum commu-
nication [70] are three major outcomes of the quantum information, which are still very
active elds of research all over the work. In Quantum Photonics Lab (QPL) at the In-
stitute for Quantum Computing (IQC), we focus on quantum communication to establish

a free-space quantum channel and take advantage of Quantum Key distribution (QKD)
to establish secure communication between the ground stations and satellites orbiting the
earth.

1.1.1 Quantum Key Distribution

Charles Bennett and Gilles Brassard introduced the rst quantum cryptography protocol
based on Quantum Key Distribution (QKD), called BB84 [7], in 1984 and since then
other protocols such as B92, BBM92 and E91 were developed [23][6]. These protocols use
two laws of quantum mechanics to provide secure transmission of data, the Heisenberg
uncertainty and no-cloning theorem [32][89][21][57]. Heisenberg uncertainty is typically
dened as x , > ~=2; This equality is not limited to the position and momentum of



a quantum system and it is valid for any pair of complimentary variables of a particle,
such as the polarization of the photon on di erent axis or two orthogonal components of
the total angular momentum. Interestingly, the no-cloning theorem argues that copying an
unknown quantum state is not feasible, unless the two states are orthogonal. The following
example is a proof of this theorem [54]: Consider a cloning device that copies slot A to
slot B. Slot A contains the data in form of a pure statg i1 which needs to be copied to a
standard pure statejsi in slot B. If the device starts with the initial sate ofj i j si and

a unitary operator U performs the duplication, then this procedure can be de ned as :

Ug ijsi)=jij i: (1.2)
Now if we intend to copy the two pure stateg i andj i, we will have

Ug ijs)y=jij i,

1.2
Ugijsi)=jij i: (1.2
(UG i j si)uG i sip=0 ij :Gij i) (1.3)
hjihsjsi=hjih ji; (1.4)
Hence,
hji=(hji) (1.5)
Therefore, for Eg. 1.5 to hold, eithej i = j i orj i andj i must be orthogonal. As a

result, copying an unknown quantum state is not possible and no general cloning device
exists [54]. However, by sacricing the delity of the copied states, quantum copying
machines (QCM) can exist. Universal QCM, State-dependant QCM, Symmetric QCM
and Optimal QCM are examples of quantum cloners that can copy the input states only
with limited delities and under certain circumstances [71].

Photons are mostly used in QKD experiments, since their properties allow for the
encoding of information onto them and they travel close to light speed and hardly interact
with their environment (e.g. they can travel through optical bre or atmosphere while
maintaining their properties). Degrees of freedom of a photon such as its polarization or
angular momentum provides the required basis for this purpose. Thus in this project, the
polarization states of a photon are considered as our QKD tool.

In quantum information studies, the fundamental unit is known as a quantum bit
(qubit) which can be expressed as 0, 1 or a superposition of them. These units can be

2



mapped to points on the surface of a sphere, called Bloch sphere, to graphically visualize
them. The unit vectors on thez axis (+2 and 2) represents thejOi and jli states and
any unitary operations rotate the vectors to create new states (Please refer to [54] for
more information). Since the polarization of a photon is also a two-state system, it can be
visualized by Bloch sphere as well. In optics, this sphere is also known as Poincae sphere,
which is commonly used to represent the polarization states (Fig. 1.1). It is conventional
to considerjOi as the horizontal polarization state andjli as the vertical state. Below
are the three bases typically used to refer to the polarization states of a photon in QKD
experiments.

Horizontal (+’2) and Vertical ( 2):
jHi = j0i ;jVi = jii (1.6)

Diagonal (+%) and Anti-Diagonal ( %):

iDi = jOi +§le AT = JOllglzl' (1.7)
Right (+%) and Left ( ¥
jri = 0 +_;‘1' L= 10, 1A _;1' (1.8)

Light Polarization

Polarization of a transverse wave is referred to the geometrical orientation of the plane in
which the wave is oscillating. This plane is perpendicular to the propagation axis of the
light. Monochromatic light has two oscillating planes that contain the electric eld and
the magnetic eld separately. Polarization of light is conventionally known as the path of
the plane that the electric eld is oscillating in as the beam propagates. This path can
be linear, circular, elliptical or etc, but the rst three are more common in polarization
studies. There are 6 common polarization states as mentioned aboyeli, jVi, jAi and
jDi are the linear polarizations andLi and jRi are the two circular ones. In investigating
the re ection or refraction of light, it is convenient to use another coordinate formalism,
which is de ned by S and P. If the polarization of the wave is parallel to the incident plane
before/after the re ection or refraction, the polarization is indicated asP (Parallel) and if

it is perpendicular to the plane it is identi ed as S (German word for perpendicular).

3



Figure 1.1: Representation of polarization states on Poincae sphere.

Interaction of light with the atoms of a medium is wavelength dependent and can result
in absorption, scattering and re ection or refraction. Birefringent materials have di erent
indices of refraction for the two orthogonal polarization states of a transmitted light. They
consist of a fast axis and a slow axis. If the polarization of light is along the fast axis,
it experiences a lower index of refraction and as a result, it gains the maximum phase
velocity, whereas the opposite occurs for the slow axis. The phase di erence between the
two axes is known as the phase retardance and is typically reported in wavelength units.
The phase retardance is dependant on the material and the thickness of the medium, which
is the baseline of constructing waveplates. In generating the six polarization states, a Half
Waveplate (HWP) and Quarter Waveplate (QWP) are required to rotate the polarization
and obtain the desired states. If the polarization vector is at anglewith respect to the fast
axis, HWP and QWP rotate the polarization by 2 and respectively [68]. In chapter 5,
to mathematically investigate the impact of waveplates on an input polarized light, we
introduce Stokes vectors and use Mueller matrices to model HWP, QWP and a polarizer.



Stokes vectors are de ned as 0 1
So

0 1
S= §i§ = %8§ (1.9)
Ss v

where | is the total intensity and Q, U and V represent H/V, D/A and R/L intensities.
Fig. 1.1 shows the visual representation of polarization states with Stokes parameters on
the Poincae sphere.

Bennett and Brassard 1984 QKD Protocol

The Bennett and Brassard 1984 QKD protocol (BB84) uses a quantum commutation chan-
nel and a public classical channel to transmit data securely between 2 parties, Alice and
Bob. Alice is traditionally known as the sender and Bob is the one who does the measure-
ments required to receive the message. This protocol uses any two pairs of the polarization
bases to transmit the qubits and generate a secure key between Alice and Bob. BB84 as-
sumes the possibility of having an eavesdropper (Eve) in the quantum channel, disturbing
the system by measuring the photon sent by Alice and changing the qubit going to Bob.

To demonstrate the protocol, rst, Alice and Bob agree on the 2 pairs of bases and
the assigned bit values for each state. Here, we consider havingpasis {(Hi andjVi) and
z-basis {Di and jAi) states. Then the protocol is performed as below [7][54]:

1. Alice chooses random data bits, to be sent to Bob.

2. Alice chooses the bases, in which she wants to send the bits and she records both the
bits and the bases.

3. Alice sends the selected states to Bob.

4. Once Bob receives the qubits, he measures them in eitheor z basis and records
the results.

5. Alice announces her used bases over the public channel.

6. Bob compares his bases with Alice's and discards the bits that were measured in the
wrong bases.



7. Alice randomly picks a subset of bits to compare with Bob's measurement results.
Any di erence between the measured bits and the initial ones, indicates the presence
of Eve'.

8. Alice and Bob announce the chosen subset of bits to determine the number of the
bits that agree. If this number is su cient, according to the error tolerance of the
protocol, the channel is considered safe and the remaining string of the bits can be
used to form the raw key. If not, the protocol is aborted.

9. Alice and Bob perform post processing such as error correction [28][22][50][13] and
privacy ampli cation [17] on the remaining raw key. Finally, they use their shared key
with encryption algorithms such as One-Time-Pad [86][72][85] to securely transmit
information .

The presence of Eve or any polarization distortions, results in a change in Bob's mea-
sured bits which is known as Quantum Bit Error Rate (QBER). The simplest attack model
is the measure-resend attackhat Eve interferes and measures the qubits going to Bob.
There is a 50% chance that Eve measures in the correct basis and ips the bit before send-
ing it to Bob. Moreover, there is 50-50% chance that Bob receives either the manipulated
bit from Eve or the original bit from Alice. Therefore, presence of Eve, there is always a
25% error in the strings of bits shared between Alice and Bob. Hence, zero QBER implies
having a secure channel free of Eve! A more generalized attack by Eve involve coherent
interaction with the qubits. The ultimate security threshold of BB84 was rst reported as
11% QBER [75], however by modifying the protocol the bit error tolerance has been in-
creased up to 20% [51][31][30]. Furthermore, imperfections of the used component at each
end and the the properties of the medium that the photon is traveling in, such as a lossy
bre or a turbulent atmosphere, can increase the QBER. Particularly, in free-space com-
munications, atmospheric turbulence and the imperfections of the optics can distort the
polarization of the transmitted photon noticeably. We argue these e ects in the following
section and suggest possible solutions to minimize the link loss.

1.2 Implementation of Quantum Key Distribution

QKD was rst demonstrated in a research lab over 32 cm free space in 1992 [6] and
extended to 100 km using optical bres and Decoy state QKD, after 15 years [67][58].

L1f Alice and Bob do the measurements in the same basis, the bits must also agree, if not the polarization
of the photon could be distorted due to imperfections of the system or the bit could be changed by Eve.
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Later, in 2016, Hua-Lei Yin et al. was able to reach up to 404 km over optical bres,
in their QKD experiment by taking advantage of the measurement-device-independent
method [34] and then this limit was stretched to 509 km in 2020 [8][19][7]. However, to
create a global commutation network, optical bres alone are not su cient, and free-space
links are required to establish such wide network across various global locations. A free-
space entanglement-based QKD performed over 144 km bjrsin, R., et al. [384] was
an important milestone in 2007, that paved the path for ground-space communications.
In 2017, Sheng-Kai Liao, et al. [48] achieved a satellite-to-ground QKD over 1,200 km
using Miscius satellite in low-Earth-orbit (LEO). The key rate of 1.1 kbit/s obtained in
this experiment was improved to 47.8 kbit/s by the same group in an article in 2021 [20].
The recent work, accomplished a quantum communication network between four cities of
China, using about 700 bre links and two high-speed satellite-to-ground free-space links,
covering 4,600 km in total. The development of QKD since it was rst introduced, has been
tremendous in the the past few decades and has demonstrated the feasibility of attaining
a global QKD network in near future.

1.3 Ground-Satellite Quantum Key Distribution

Ground-satellite QKD can be performed in an uplink or downlink con gurations. A down-
link refers to having a satellite-based transmitter and a receiver on the ground. This
con guration generates a higher key rate since it experiences less photon loss and lower
dark counts, as well as being almost immune to the atmospheric turbulence [9][39][33].
However, having the transmitter mounted on the satellite increases payload's total weight,
which could elevate the complexity and cost of the project. On the other, uplink has no
limitation on the weight or number of photon sources and can carry other optical compo-
nents needed for error corrections or characterizations, such as polarization compensation
as well. Nonetheless, the e ect of atmosphere in attenuating the link and reducing the key
rate is unavoidable.

The Quantum Encryption and Science Satellite (QEYSSat) mission funded by the
Canadian Space Agency (CSA) is a ground-satellite QKD demonstration in an uplink
con guration for secure communications across Canada [35]. This experiment consists of a
ground station and a microsatellite, orbiting the Earth at 500-600 km altitude in LEO, with
a 30 cm aperture to detect the quantum signal transmitted from the Earth [©]. The ground

2The photon generated by the photon source travels through optics such as a telescope to be transmitted
to the satellite. The polarization state might be distorted before leaving the telescope, so a polarization
compensation is required at the aperture to do the correction.
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station receives a beacon signal from the satellite and emits the quantum signal, such that
it reaches the predicted location of the satellite. For this purpose, an Acquisition-Pointing-
Tracking (APT) system is considered at both ends to track the satellite and establish the
guantum channel successfully.

The science team working on this nationwide project is lead by Dr. Thomas Jennewein
in Quantum Photonics Laboratory (QPL) group. A series of experiments performed by
QPL group veri ed the feasibility of having a ground-to-satellite link and helped with the
improvement of this mission [9][11]. The outdoor experiment that established a QKD link
between a ground station and a receiver carried in a ying airplane at 3-10 km altitude, to
model an airborne receiver, is one of the noticeable achievements [62]. In this experiment,
for some passes of the plane over the transmitter, links were generated for few minutes,
resulting in up to 868 kbit keys with 3-5% QBER. Hence, the viability of QEYSSat mission
was con rmed.

In order to enhance the key rate to be practical for secure communications, we studied
the ground station to minimize the link loss induced by the physical properties of the
transmitter, such as the imperfections of the optics. In an uplink system, atmospheric
turbulence has a dominant e ect on the distortion of a transmitted beam. As the signal
encounters the turbulent medium, it deviates from its original path and creates beam
wandering on the receiver. In addition, the absorption and scattering of the photons by
the atmosphere as well as the bre coupling e ciencies at each end, reduce the detected
power on the satellite. In polarization-based QKD, the turbulence and imperfections of
the optics distort the wavefront of the quantum signal. As a consequence, it increases the
QBER and the link attenuation. In this thesis, we investigate the factors that a ect the
link budget® in an uplink channel, such as atmosphere structure (chapter 2) and optical
properties of the transmitter (chapter 3).

1.3.1 Requirements of a Free-Space Quantum Link

To reduce the link loss caused by the imperfections in the components, the ground station
requires a transceiverthat is optimized to have the highest performance at the wavelengths
used in the experiment. Considering the absorption of the atmosphere and the limited
wavelengths that are compatible with current technology of photon detectors and photon
sources, 785 nm has resulted in a higher key rate. Hence, it is recommended to be used as

3Link budget is an accounting of all the power losses and power gains that a signal experiences in a
telecommunication system.
4A system that can be used both as a transmitter and a receiver.



the quantum signal [9]. However, the commercial optics and telescopes are not typically
optimized at this wavelength which can signi cantly aberrate the transmitted beam. Also,
the coating of the optics controls their transmittance and re ection, so it is crucial to select
the coating such that it minimizes the link attenuation. Moreover, refractive telescopes
are more preferred in this work since the secondary mirror of re ective telescopes blocks
a portion of the transmitted beam which reduces the total power received on the satellite
and also using them in polarization-encoded QKD experiments requires post processing to
compensate for the polarization change in the re ection of the beam from the mirrors.

In chapter 2, we discuss the e ective aperture size of our ground station, for which the
link attenuation of an uplink is minimized®. We obtained an 8-inch lens is a reasonable
trade-o between its performance and the costs. However, an 8-inch refractive telescope
or an o -the-shelf lens designed and corrected for 785 nm use, is not easily available,
since refractive telescopes typically come in smaller apertures and are mostly considered
functional at visible or NIR spectrum for astronomy purposes, and commercial lenses with
unique speci cations are often built in small dimensions (1 inch) to be used in optics
research labs. Furthermore, commercial telescopes commonly have a large eld of view
to allow observation of a larger portion of the sky, which is not ideal for satellite-ground
communications, that desires to collect as much photons as transmitted by the ground
station, on a small aperture on the satellite.

1.3.2 Custom-Designed Transceiver

Considering the constraints and requirements mentioned in the previous section and hav-
ing almost no options in using commercial optics, we decided to have a custom-designed
telescope. In chapter 3, the procedure of designing the lens and optimizing it for certain
wavelength are provided. Furthermore, the speci cations of the lens have been determined
by modeling a far- eld beam transmitted through our lens and detected by a satellite in
the presence of atmospheric turbulence. As a result, we were able to reduce the total
manufacturing costs by avoiding unnecessary procedures such as having smaller surface ir-
regularity than needed, to achieve the required spot size and quality for the far- eld beam
at the satellite (Chapter 3).

Moreover, we designed the mechanical parts to facilitate the alignments and calibration
of the telescope by adding folding mirrors. This approach was also bene cial in reducing the

5The link loss in free space in due to diraction of the beam and the strength of turbulence. At a
particular aperture size, the di raction e ect is dominant and increasing the diameter no longer helps with
reducing the total link attenuation.



total length of the telescope, which made the scanning of the sky at higher elevation angles
easier and kept the tube's thermal condition more stable. The details of the mechanical
design are thoroughly discussed in Chapter 4. Finally, we characterized the telescope's
performance to validate our designs and con rm our ground station's ability to transmit
signals at certain wavelengths, with minimum wavefront distortion and high polarization
preservation (Chapter 5).

QPL new ground station consisting of the custom-designed transceiver, two di erent
photon sources (weak coherent pulses and entangled photon sources[36]), the APT system,
and any potential optical con gurations for error correction is going to be used in free-space
QKD tests and studies to improve the link budget and the secure key rate generated in the
upcoming QEYSSat experiments and ultimately, get Canada one step closer to establish a
secure quantum communication network across the country.
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Chapter 2

Atmosphere vs. Free-Space Optical
Links

An important aspect of quantum communication is analyzing and approximating the trans-
mission loss in the quantum channel. Particularly, for free-space quantum communication
the impact of atmospheric e ects such as beam wander, beam spread, scintillation, point-
ing error, and link attenuation that occur to the detected beam due to traveling through a
turbulent medium, must be well understood to obtain a successful communication between
the satellite and the ground station. Furthermore, choosing the right orbit for the satellite,
the best location for the ground station and the best time for the experiment can help with
mitigating the errors signi cantly.

In this chapter, we introduce the factors a ecting the link e ciency and discuss the link
attenuation for an uplink. Speci cally, these discussion are used to determine the optimal
telescope aperture size required for the quantum photonics lab (QPL) quantum optical
ground station telescope for the QEYSSat mission. Later on, we present the tracking
system used for establishing a channel with a moving satellite and propose the modi cation
needed for our current device.

2.1 Atmospheric Turbulence

Fluid dynamics introduces \Turbulence"as a chaotic change in the pressure or velocity of
the uid. Considering the atmosphere as a viscous uid, the temperature gradient changes
the velocity of the wind which gives a rise to uctuations in the index of refraction of the
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atmosphere. In other words, the atmosphere acts like small lenses with random indices of
refraction which are called optical turbules or eddies. As a result, the beam spot radius
spreads more than that from the di raction alone, which causes power loss in the detected
beam. Temporal and spatial uctuations in the irradiance (scintillation) and phase of
the beam, are other impacts of eddies on the propagating beam through the turbulent
atmosphere.

To study the turbulence, dierent models are presented such as H-V model, HAP
model, AFGL AMOS Night model, and SLC Day and Night models [4]. In this work,
we are looking at small zenith angles (less than 60or 45 in case of strong ground-level
turbulence) and using weak uctuations theory based on the Rytov approximation. Based
on Hufnagel-Valley (H-V) atmospheric model [4][43], th&tructure Parameter (C2) of the
atmosphere can be de ned for di erent altitudes [) considering the geographical location
conditions (V and A). This parameter measures the strength of the uctuations in the
refractive indices at di erent parts of the atmosphere. For exampleC2 can be considered
constant over xed horizontal paths during short time intervals. However, for vertical
or slant paths, C2 varies noticeably with height. At low altitudes, the atmosphere has
a thermal exchange with the Earth surface which is called atmospheric boundary layer
(ABL) and extends to 1 or 2 kilometres [43]. In this region, the temperature gradient
varies in day and night. During daytime, thermal plumes occur which guide warm and
less dense air to rise. However, at night the Earth is surrounded by cold air which is less
likely to rise and it is more stable. Thermally neutral condition happens near sunset and
sunrise. Atmospheric structure parameters of ABL varies with altitude as below [16]:

c2(h) = cﬁ(ho)(hﬂo) 2 2.1)

Where h is the altitude, b is experimentally found between 4/3 for unstable conditions
(day) and 2/3 for neutral or stable conditions (night). As a result, a plot of path-averaged
values ofC?2 over 24 hours, near the ground (6 m above the Earth), shows a diurnal cycle
that reaches its maximum in the mid-day, is almost constant during the night and has
its minimum near the sunset and sunrise. Therefore, near the sunset, which is thermally
stable and has less sun re ection than the sunrise, has been suggested as the ideal time for
free-space optical communication.[43]

To model the propagation of a beam that travels on a vertical or slant path, di erent
models are presented. The propagated beam pro le can vary from day to night. Here, we

1Zenith angle is the angle measured from the vertical. As the zenith angle increases, the beam path gets
longer (considering the same height). As a consequence, the beam experiences more turbulence e ects.
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use a more general and widely used? pro le model based onH -V, which predicts that
the atmosphere structure changes exponentially relative to the altitude [43],

Y h h h
2 —0N- 2 51L\10 . 16 .
Ci(h) = 0.0059457) (10 >h)~exp( —1000?+2.7 10 “"exp( —150(}+ Aexp( 10¢ ): (2.2)

Here, V is RMS wind speed which is normally 21 m/s anfio = 1:7 10 m 3 is the
nominal value ofC?2 on the ground. C2 > 10 ¥m 2= is considered as a strong turbulence,
whereasC? 10 ®*m 2= is within weak turbulence regime at ground level [16][30]. As
suggested by many researchers, the last term of this equation can be replaced by Eqg. 2.1,
to consider temperature gradient during di erent times of a day at lower altitudes The
optical wave experiences loss of spatial coherence and uctuations of its intensity as it
goes through the turbulence. Therefore atmospheric coherence diameigfalso known as
Fried's parameter) for a beam propagating over a path of length H is de ned as,

ro = (0:423 ok?sec ) s;
Zn (2.3)
o= CZ(h)dh:

ho

Fried's parameter indicates that how long the spatial coherence of the signal can be
preserved, so it a ects the irradiance and phase uctuations of the detected beam. For
instance, a largery means that the coherence is preserved over a longer path and the
turbulence is relatively weaker. Moreover, Fried's parameter can be interpreted as the
radius of an aperture that the propagating beam is passing through. The di raction occurs
due to this aperture, increases the beam divergence which results in the power loss at the
far- eld beam. (The link attenuation is discussed in Sec. 2.1.6.)

The atmosphere stretches to approximately up to 700 km above the Earth, but the
most turbulent regions are at low altitudes. Hence, the e ects of turbulence is signi cantly
di erent in an uplink and downlink since in an uplink the transmitter is close to the tur-
bulent layers whereas, in a downlink the receiver is based on the Earth. The issues caused
by the turbulence at the beginning of the path persists throughout the beam propagation
toward the satellite so the turbulence is much more detrimental in uplink. On the other

2Larry C. Andrews, has modied Eq. 2.2, in his recent paper, by considering Eq. 2.1 and a scaling
factor to represent the strength of the average background turbulence at high altitudes, to have a more
precise model of the atmosphere structure [30].
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hand, in downlink the beam is larger and has a higher spatial coherence when it confronts
the turbules at the end of its path, so that it is saved from signi cant distortions. This
research focuses more on uplinks and studies the behaviour of a beam propagating toward
a satellite in Low Earth Orbit (LEO).

2.1.1 Earth Orbits

Before discussing the turbulence experienced by the optical signal propagating during an
uplink, we will rst argue the reason behind choosing LEO for QKD experiments. Orbits
of the Earth are divided into 3 groups according to their altitude and are used for di erent
purposes based on these speci cations. Fig. 2.1 and Table 2.1 show the orbits altitudes
and orbital periods[56][66][43].

Figure 2.1: Earth orbits at di erent altitudes. LEO (Low Earth Orbit): Mostly used for science
applications. MEO (Medium Earth Orbit) suitable for navigation and communication satellites.
GEO (Geostationary Orbit): Important to weather forecasting satellites. HEOs (Highly Elliptical
Orbits): Tundra and Molniya orbits are two well-known HEOs. Communication satellites in
theses orbits provide continuous coverage for the users in higher latitudes such as the North/South
Poles, Russia, North America and etc. [77]

A Geostationary Orbit (GEO) is the furthest to the surface of the Earth and at the
altitude of about 35,786km and which takes 23 hours 56 minutes and 4 seconds to orbit
the Earth (Almost the same as the Earth's) [91][43]. Therefore, a satellite in this orbit
is always spotted over a single place which is extremely valuable for weather forecasting
satellites [66].

Medium Earth Orbit (MEO) is about 2,000 to 35,786 km which orbits the Earth every
12 hours and is mostly used for navigation and communication satellites such as GPS [66].
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Orbit Altitude Orbital Period

Geostationary (GEO) 35,786km-41,680 km| Equal to Earth
Medium Earth Orbit (MEO) 20,200 km 12 hours
Low Earth Orbit (LEO) 180{2000 km 90 min

Table 2.1: Di erent Earth orbits

Low Earth Orbit (LEO) is the closest to the Earth with an orbital period of about
90 minutes. This orbit is from 180 to 2,000 km and has the fastest speed relative to the
other orbits. Moreover, typically at 600 km to 800 km, a sun-synchronous orbit exists,
which indicates that a satellite in this orbit always has the same relative position to the
sun. As a result, it allows the satellite to always pass a particular part of the Earth at
the same local time. Also, the angle of the sunlight on the Earth is kept as consistent
as possible which makes this orbit useful for science applications, particularly quantum
communication experiments [66].

Since LEO is the closest orbit to the Earth, it experiences the minimum di raction loss,
which is advantageous for quantum key distribution experiments. However, a slower orbit
(such as MEO or GEO) enables a continuous link which allows for performing QKD for a
longer time. Despite this advantage, MEO and GEO su er from a high rate of radiation
and greater propagation loss [56]. In addition, other complications such as the higher prob-
ability of sunlight re ecting o of the satellites to the ground station can be problematic
and probably more detrimental is the nancial burden since MEO and GEO missions re-
quire larger budgets. As mentioned earlier, LEO has a higher speed which not only reduces
the allowable link time between the ground station and the satellite but also increases the
pointing requirements. However, the reduced amount of loss, smaller amount of di raction
as a consequence of the short link distance, and requiring a lower budget comparing to the
other orbits, make the LEO the preferred orbit for QKD satellites [56]. As a consequence,
the QEYSSat mission has chosen LEO for free-space quantum communications. Hence, in
this section, we investigated the properties of a link, established between a ground station
and the QEYSSat satellite at 600 km above the Earth, to comprehend the potential sources
of link loss in a quantum communication channel.

2.1.2 Beam Spread and Beam Wander

Turbulent atmosphere generates eddies that vary in size. Big eddies can cause a signi cant
deviation in the path of a beam toward a satellite (Fig. 2.2(a)). Since the turbulence is
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Figure 2.2: (a) A Beam transmitted from a ground station deviates from its original path due
to turbulent eddies [73]. (b) Short/long term beam spread on the satellite [42]. r2 %2 is the

beam wander which represents the distance from the center of the short term spot to the long
term one.

changing randomly, the beam can be detected on di erent spots on the satellite, so a good
approximation of the beam location is the average spot location over a certain time. We use
Short Term (Wst) and Long Term (W, 1 ) beam spread to distinguish between the detected
spots in short intervals and the averaged one (Fig. 2.2(b)). From weak uctuations theory
(W_T) is de ned as:

Wit = Wp1+T,
T=1:33 2 %

where W is diracted beam waist, 2 = 1:23C2k"*®H1*¢ is the Rytov variance which
indicates the scintillation index of a plane wave in weak uctuations regime and it is
proportional to the atmosphere structure C2) and the distance between the transmitter
and the receiver (H) to imply the strength of the turbulence, = 2H=kW?2 (k is the wave
number) is the beam parameter and T represents the change in the mean on-axis irradiance
of the beam on the satellite [43]. To be more speci ¢, we can rewrite the equation in terms
of large-scale and small-scale turbulence :

WG = W2+ W2Tgs + W2T s = W& + 12 : (2.4)

Here, Tss refers to Small Scale (SS) eddies that cause on-axis irradiance uctuations,
so W2Tgsg adds an additional beam spreading to the diracted beam spotW) on the
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satellite which is known asBeam Breathing Therefore, W2 + W T2 can be considered as
the short-term beam spreadW2;. Moreover, The last term in Eq. 2.4 is responsible for
the displacement of the spot center on the detector, that occurs due to Large Scale (LS)
eddies. This e ect is calledBeam Wander (Ir2i). Finally, by substituting T and using
approximations each term is derived as below. (Please refer to [43][26] for more details.)

h? 4:2h r 1
— W2 . 0,1 2,
- ikl 26(—> 2.5
Wsr = Wg(1+ Zo)+2 Kro 1 026(W0)3 , (2.5)
[ 2Wo, s
2l = 0" - 5.
hr2i =0:73H hg)sec( )(ZWO)( o )6, (2.6)
_ W@+ (2)H: o (&) 1
Wi = W(L+(B2)5)5 1< (Po)<1 7

W, is the initial beam waist at the exit of the transmitter and Dg is the telescope
aperture diameter. HereDg is considered as D3 = 23W¢. Using Eq. 2.7, the long term
beam spread transmitted from a 20 cm aperture, in presence of a weak turbulenge 8:5
cm, results in a 5.58 m beam on a receiver in LEO.

2.1.3 Strehl Ratio

Intensity of the detected beam on the satellite can be reduced due to turbulence and optical
aberrations. This change is de ned by Strehl ratio (S), which is the ratio of the measured
on-axis intensity of the detected spot @ (O;L)i = 1o(WZ=WZ ) ), to the di raction-limited
one.

_hOL)iw, _, W 1

O, W) Te T 28)
o @+(E)H o (B 1
hSi = (1+(?—§)%)?6 1< (20)<1 (2:9)

3This assumption is discussed later in Section 2.2.3
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Figure 2.3: (a) Measured and theoretical on-axis mean Strehl ratio for both uncorrected and
tilt-corrected beam provided in [42]. (b) Calculated on-axis mean Strehl ratio for = 785 nm
and H = 600 km according to Eq. 2.9 and Eg. 2.10 .
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(2.10)

If the size of the beam is much smaller than the Fried parameter, Strehl ratio can be
about one, but if it gets larger orro decreases (strong turbulence) then Strehl ratio goes
to zero. However, by utilizing adaptive optics and implementing tilt corrections this ratio
can be increased. Fig. 2.3 shows the plots for a measured and theoretical mean Strehl
ratio for both uncorrected and tilt-corrected beam presented in [42] and the results of our
calculations for a beam at 785 nm and a receiver at 600 km above the Earth.

In conclusions, it is preferred to keep the beam waist in the same order as the atmo-
spheric coherence parameter to obtain a high on-axis Strehl ratio on the satellite. Details
on a tilt corrected beam can be found in [42] and [43]

2.1.4 Scintillation

In addition to the reduction of the average intensity of the beam in far- eld, there can also
be temporal uctuations in the irradiance. Since the beam goes through random turbules,
the detected power on the satellite varies according to the ratio of the beam waist to
the coherence parameter. To estimate the uctuationsScintillation Index is used which
represents the variance of intensity over the mean value:
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Figure 2.4: Beam pro le in far eld for di erent Wy and rg ratios [42]

= Hi : (2.12)
HereHh i is the mean irradiance on the detector at H distance. Intensity can be de ned in
2 terms: 1) On-axis intensity, 2) Intensity at r distance from the optical axis. Therefore,
we can rewrite the scintillation index as 2(r;L) = 2(0;L)+ ﬁr (r; L), where it represents
the longitudinal and radial components separately. More detailed calculations of this index
are beyond the scope of this work. They have been investigated in details in [26] and [43].

, hZ hli%
|

Fig. 2.4 shows a far- eld beam in presence of atmospheric turbulence, for di erent ratios
of Wp=rg, which goes from a di raction-limited image to speckles of light after the beam
breaks up and saturation happens [42]. In other words, when the beam waist is much
larger than rq, the turbulence acts like a series of di erent lenses that each refracts the
light separately.

However, in polarization-encoded QKD having beam speckles or aberrations are ac-
ceptable only if the detected beam has the required gain and the initial polarization is
preserved. As a result, the transmitter with an aperture equal or larger than the atmo-
spheric coherence diameter will be optimal for the photon transmission.

2.1.5 Pointing Error

In establishing a ground-to-satellite link, pointing and tracking are of great importance to
have a better link budget. Lead-Ahead Error, Aperture Mismatchand Beam Wander are
the main reasons for a pointing error in ground to space communication. Since the satellite
is orbiting the Earth with v velocity, the signal leaving the transmitter should be pointed
towards the future location of the satellite to avoid missing the satellite aperture, this is
called lead-ahead error (Fig. 2.5b). To facilitate the tracking and reduce the pointing error,
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Figure 2.5: (a) aperture mismatch and lead a head error in a ground-to-satellite optical link [69].
The pointing aperture must have an overlap with the tracking aperture. ( is the pointing angle).
(b) Wander-induced pointing error [43]; The middle white circle indicate the pointing error for
Wo < p.

the satellite has a beacon light, which is detectable by the ground station and helps with
transmitting the quantum signal at the correct angle. Due to the constraints on the design
of the ground stations and satellites, the location and size of the apertures receiving and
sending the beacon light, might vary. If this di erence is not taken into consideration, it can
increase the pointing error, that is commonly known as aperture mismatch (Fig. 2.5a). As
a conclusion, to obtain the correct pointing angle in transmitting a signal to a satellite, it is
crucial to study the impacts of lead-ahead and aperture mismatch as well as the turbulence
e ects such as beam wandering, to minimize the loss in a free-space link [59][69].

To formulate the wander-induced pointing error, we use the same approach as Eq. 2.1.2.
We considerW?T as the variance of the pointing error that occurs to a detected beam on
the satellite, that has a waist smaller than the spatial coherence widthVy <rqo. (Wo >T g
beam breaks up and we can no longer look at the beam wander of the centroid)[43][42]

The pointing error variance Se is expressed as:

2W¢
rr2 1
o= 10 @ (o)) (2.12)
1+C2p

hri is the mean beam wander from Eq. 2.6 an@? is a scaling factor which is typically
about 2 . We can simplify this equation based on its asymptotic behavior for di erent
2Wo=r( values, as below [43].
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In other words, if Z‘r"’—oo 1then 2, hrZi and since the beam waist at the satellite is quite

pe
2

large, T = 7 gets relatively small; and if% 1, Se goes to zero. Therefore, it can be
said that, in an uplink con guration, beam wander has small e ects on the scintillation of

the centroid, in either way [42].

2.1.6 Link Attenuation

To compare the dierence in the mean power received by satellite and the mean power
transmitted by the ground station, we use a parameter calledlink Attenuation. Link
attenuation depends on the pointing error of the experiment, diameter and transmission
factors of both the ground transmitter and satellite telescope. If

1. The receiver is at far- eld of the transmitter (H D—‘2).
2. The telescope is di raction-limited.

3. There is no atmospheric turbulence.

the link attenuation can be expressed as,

H2 2 1
A= : 2.14
DZD2Tr(1I Lp)Tr’ (2.14)

Where is the wavelength of the beam transmitted from a telescope witB+ aperture
diameter and T+ transmission factor andLp the pointing loss, and received by a satellite
with Dg and Tr. This equation can also be used in a downlink (2.2.2) where turbulence
e ects are negligible [5].

On the other hand, as mentioned before, turbulent atmosphere can cause a signi cant
loss in an uplink (2.2.3), so we need to introduce an atmospheric parameter in Eq. 2.14 to
have a correct estimate of the link loss [5]:

_HAR A Gw) 1 A

A 10 w0 ; 2.15
D7 Tr(d Lp)Tx (13)
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Figure 2.6:; counter plots of link attenuation in (a) an uplink and (b) a downlink, for di erent
aperture diameters of the receiver and the transmitter. Ground aperture: 1m, LEO aperture: 20

to 30 cm, transmission factors: T+ = Tg = 0:8, pointing loss: Lp= 0.2, ro =9 cm and = 800
nm. [5]
Where 1 = — and m = — are the divergence angles due to the transmitter aperture

and the presumedo radius aperture caused by the turbulence, respectively.

It should be noted, that link attenuation includes the beam spreading due to atmo-
spheric turbulence, beam di raction and pointing error. However, losses due to optical
elements and detector e ciencies are not consideréd

Fig. 2.6 illustrates that increasing the aperture size of the transmitter is not linearly
proportional to the loss. With increasing the diameter of the transmitter, link attenuation
reduces but beyond a certain number, enlarging the aperture has no e ect on the link
budget. Fig. 2.6a shows a contour plot of A as a function of the transmitter aperture
size. It determines that for any size of the aperture, the attenuation is less than 60 dB. In
addition, it suggests that for a 30 cm satellite and relatively weak turbulence, the e ective
diameter of the transmitter (Dt = 2W,) should be about 40 cm, since a larger aperture
has no advantage on reducing the loss [5][9].

In practice, this parameter depends signi cantly on the altitude and weather of the
experiment location. Clearly, having no fog, haze or clouds, and choosing a high altitude
location helps with mitigating atmospheric e ects.

4These losses were reported as 3 dB for each photon link and 3.5 dB for each detector in [5].
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2.2 Ground-Satellite Link

2.2.1 Wavelength Considerations

A major contributor in having a low loss ground-satellite channel is the choice of wave-
length. There are several factors to consider when nding the optimal wavelength for
a quantum communication link. For instance, di erent wavelengths experience di erent
absorption and scattering rates while propagating through the atmosphere. Longer wave-
lengths su er less from atmospheric turbulence and absorption, whereas, shorter wave-
lengths have less di raction loss. Furthermore, the availability of di erent wavelengths for
photon sources and single photon detectors are limiting factors that must be taken into
consideration while choosing the wavelength. Bourgoiet al [9] investigated the existing
challenges with commercially available photon detectors and provides key rates achieved at
di erent wavelengths for an uplink and a downlink using both weak coherent pulse (WCP)
and entangled photon sources. As a reult, 78tm is suggested as an optimal wavelength
for free-space QKD. Currently, InGaAs APDs and superconducting single photon detectors
are used for Infrared wavelengths. InGaAs APDs have low e ciency with high dark count,
while superconducting single photon detectors can have higher performance. However,
with today technology, they only work at cryogenic temperatures which makes them im-
practical for low cost ground-satellite projects. In the future with improvements in photon
detectors, longer wavelengths with higher key rates will be more applicable [9].

2.2.2 Downlink

If a satellite carries an optical transmitteP, and a ground station is used as a receiver, the
channel created is calle@ownlink. Downlinks do not su er as much as uplinks from atmo-
spheric turbulence, since the turbulent layers are closer to the receiver on the ground, and
the beam only confronts the eddies at the very end of its path. Therefore, the turbulence-
induced aberrations can be ignored, and only the bre coupling loss due to beam wander
needs be considered. As a consequence, the downlink experiences less link loss and has
better key rates, when compared to an uplink. However, setting up the transmitter on

the satellite can be quite challenging due to the payload capacity of satellites and the big
budget and advanced technologies required for that.

5An optical transmitter is a telescope that uses a photon source to transmit photons towards a receiver.
In other words, the signal is prepared at the focal point, to obtain a collimated beam after the telescope
aperture and propagates on a path that the telescope is pointing to.
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Figure 2.7: Preliminary estimation of link attenuation as a function of wavelength for a downlink,

at 0 , 30 and 45 zenith angles. The shortest distance between the transmitter and the receiver
(0 zenith angle) is 600 km and atmospheric turbulence is neglected. Telescopes transmission
factors, T1 = Tr = 0:8 ; Pointing loss Lp = 0:2 ; Transmitter and receiver diameters,Dt = 30
cm, Dr =20 cm.

To estimate the loss of the channel, one can ignore turbulence e ects at rst orders,
take EqQ. 2.14 into consideration and add the bre coupling e ciencies, detectors e ciency
and other optics imperfections. Fig. 2.7 shows the link attenuation for 600 nm to 1700
nm wavelength for di erent zenith angles. Larger angles correspond to longer paths of the
beam. So clearly, the minimum loss occurs when the satellite is above the ground station.
Modelling a downlink with regard to potential loss sources such as single mode and multi
mode bre coupling e ciency is beyond the scope of this work but in plans for future
works.
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Figure 2.8: Uplink con guration between QEYSSat satellite [35] and our custom-designed tele-
scope, in presence of atmospheric turbulence {; C2). H, distance between the transmitter and
the receiver; , zenith angle; pe, pointing error; , atmospheric transmittance.
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Figure 2.9: Variation of atmospheric coherence diameter (§) over 0 to 60 zenith angles at 785
nm. This is calculated using Eqg. 2.3 and Eq. 2.16.

2.2.3 Uplink

The purpose of this thesis, as mentioned before is building the optical transmitter of our
ground station for having a better link budget in an uplink. As illustrated in Fig. 2.8, in

an uplink con guration, the beam goes through turbulent layers of the atmosphere shortly
after leaving the transmitter. So it is crucial to have the right beam size to pass the eddies
successfully and get detected by the satellite. In this section we discuss the analysis of
determining the appropriate aperture size of the telescope for a successful high e ciency
uplink. This analysis considers the both atmospheric e ect discuss in Section 2.1 and
manufacturing limitations.

E ective Aperture Size of the Telescope

Our ground station is designed to establish a quantum channel with a satellite at 600
km above the Earth, in LEO orbit. The satellite carries the photon detectors and it is
considered to have a 30 cm aperture to receive the signal. The practical pointing loks )

Is set at 0.2 and the transmittance of the transmitter and the receiver are assumed to be
0.8 at 785 nm [9]. Given these parameters, we estimated the link attenuation to determine
the optimal aperture size. Since the major loss in an uplink is caused by the turbulence,
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Figure 2.10: Calculated link attenuation as a function of transmitter aperture size. The atmo-
spheric loss is almost constant for apertures larger than 25 cm.

in Fig. 2.9 we plotted the atmospheric coherence diametery), over 0 to 60 zenith
angle using Eg. 2.3, to achieve the maximum coherence diameter, we can expect given the
initial design constraints mentioned above. However, thesg values are only estimations
over short intervals of time and one location for which the weather condition is relatively
constant. In reality, rq is continuously changing, since the atmosphere structure varies for
di erent conditions. Furthermore, as increasing the zenith angle results in a larger distance
between the satellite and the ground stationHl ), we considered the distance as a function
of the zenith angle in Eq. 2.3:
Ho
cos

Ho is 600 km as the shortest distance, where the satellite is above the transmitter£ 0 ).

(2.16)

Fig. 2.9 shows that the maximum coherence diameter we expect in a relatively normal
condition for which Ag = 1:7 10 ¥m 5, is 8.5 cm, while at 60 it decreases to 5.8
cm. Clearly, bad weather condition can reduce it signi cantly. The Fried's parameter can
be calculated at di erent conditions by considering the nominal value of the atmosphere
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structure parameter on the ground A,) and using it in Eq. 2.3.

As mentioned in Sec. 2.1.4 and 2.1.3, if the beam waist is smaller thas the spot
is di raction limited and log normal statistics with unity mean value is observed, at this
region Strehl ratio is at maximum. However, when the beam waist is roughly as big as
ro the image gets focused and contains the highest intensity on the optical axis, so Strehl
ratio still remains about 1. Once the beam radius gets larger than Fried parameter, the
beam breaks up, so the on-axis intensity falls down noticeably. As a result on-axis Strehl
ratio goes to Zero. However, as discussed in Section 2.11, as long as the detectors receive
the required intensity, the link can stay strong and stable. Therefore, having speckles of
light is not an issue for QKD purposes. Hence, we consider the radius of the beam, leaving
the telescope, to be the same or larger than the atmospheric coherence diameter, which is
considered 8.5 cm at maximum. However, if the beam diameter is much larger theg
(2Wo=ro 1), roughly speaking, the pointing error can be ignored, as seen and discussed
in Section 2.1.5.

Furthermore, enlarging the telescope aperture is not always e ective in reducing the
atmosphere impacts on the beam, see 2.1.6. Beam di raction determines the base line of
the link attenuation. Therefore, after a certain aperture size, making it larger does not
help with reducing the loss. Once the optimal aperture size is determined and satis es the
conditions mentioned above, one can choose the e ective lens size for a desired transmitter.

In Fig. 2.10, EqQ. 2.15 is plotted for a receiver with a 30 cm aperture. The plot shows
the link attenuation for di erent diameters of the transmitter aperture, at 0 to 60 zenith
angles. It indicates that the asymptotic loss of a channel at &zenith angle is 35.5 dB and
after 2Wy = 25 cm, link attenuation varies less than 1 dB for larger apertures. Therefore,
2W, = 25 cm can be considered as the minimum diameter, beyond which enlarging the
aperture is no longer bene cial. Nevertheless, manufacturing costs must be taken into
consideration. As lens get larger, the number of the manufacturers capable of building
the lens reduces. As a result, the price increases signi cantly. Considering manufacturing
costs, we found that changing the lens size from 10 inch (25.4 cm) to 8 inch (20.32 cm), is
optimal for both performance of the lens and the price. An 8 inch aperture has only 0.3
dB more attenuation than a 10 inch, but it reduces the costs remarkably. However, the
price was still varying between 14,000 USD to 70,000 USD. So careful optimizations are
required to control the cost drivers such as surface speci cations, which are discussed in
Chapter 3.
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(b)
(a)

Figure 2.11: (a) The maximum far- eld on-axis intensity is achieved at Wp=a 0:89. W and a
are respectively the beam and aperture radii. [76] (b) far- eld on-axis intensity versus di erent
ratio of 2Wy to transmitter aperture, in presence of turbulence. The maximum intensity occurs
at 2Wg < 0:89D1. d = 2Wp, where Wy is 1= beam radius. [95]

Optimal Coupling of Gaussian Beam to the Telescope

One assumption for transmitter aperture is considerin®+ = 2W,, that suggests having a
Gaussian beam truncated at its £€ diameter by the aperture. Nonetheles€)2 = 8W¢ has
been used by many authors [43][42][15]. Here we discuss the best ratio of the transmitter
aperture and the Gaussian beam width.

Anthony E. Siegman in his "Lasers" book [76], investigates a truncated Gaussian beam
going through a circular aperture. He reviews aperture diraction and far- eld beam
properties to de ne the optimum transmitter diameter for the maximum on-axis intensity.

By increasing the beam width to Il the aperture, far- eld angular spread reduces and
beyond a certain number, the total power also decreases, since the beam is cropped by a
xed circular aperture.

The intensity of a Guassian beam near/on the optical axiszj for a near and far- eld
is de ned as:

1(r; 2) [va‘;)]zjl 2N Jo2Nr=a)2  (r  a); (2.17)
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Where , e =W represents the wave amplitude at the edge of the beam that is
cut o by the aperture. So , 1 and , = 1 corresponds to a uniform plane wave at
the aperture. a is the aperture radius, whileN and Jo(r) are related to Bessel function
de ning a Gaussian beam. Siegman plotted far- eld on-axis intensity over di erent ratios
of beam radius WWy) and aperture radius @). He concluded that the maximum on-axis
intensity happens atWy=a 0:89 and the maximum intensity is 81% of the total power
(Fig. 2.11a). In other words, the aperture of the transmitter must be 2.247 times of the
1=€ beam waist.

Later, H. T. Yura studied the optimal truncation and presented a precise analytic
approximation for a far- eld beam irradiance distribution [95]. He expanded his analysis
to the propagation of a beam in presence of turbulence. As mentioned in Section 2.1.3
if Wo=ro 1, the Strehl ratio drops rapidly by increasing the aperture size. Therefore,
there is a trade o between ful lling 2Wy=Dt  0:89 which mitigates truncation e ects,
and 2Wy ! 0 which maximizes the Strehl ratio. Since the Strehl ratio of\®, < 0:89D is
larger than the Strehl ratio of 2V, > 0:89D 1, the optimal ratio in presence of turbulence
must be 2V, < 0:89D+. Figure 2.11b compares on-axis intensity oveM2,=D+ for di erent
D=r, values [95]. To satisfy the conditions mentioned above, it is customary to consider
the ratio of a Soft Aperture, Gaussian beam width, and éHard Aperture, opening of the
transmitter as below [43].

D2 = 8W¢; (2.18)

For completeness we note that, J-P Bourgoist al. [9] suggested that the beam FWHM
must be the same as the transmitter diameter for a WCP source (since the intensity losses
due to clipping can be compensated), and half the transmitter diameter for an entangled
photon source. By plugging 2/ = (1:699 FWHM), into Eq. 2.18, we obtain that FWHM
is about 0.7 of the transmitter diameter (as opposed toV¥,=Dt  0:89). Thus, Eq. 2.18
can be considered as an optimal relation for both photon sources.

Ground Telescope Acquisition, Pointing and Tracking System

In free-space communication, the transmitter needs to track the receiver successfully, to
create a quantum channel. Thus, Acquisition, Pointing and Tracking (APT) system is used
for this purpose. The APT acts as an optical ne pointing system, whereas the telemetry
data and telescope mount alignment do the coarse pointing. The Ground station APT
collects the beacon light at 980 nm or 1550 nm from the satellite and uses a Fast Steering
Mirror (FSM) to guide the quantum signal at 785 nm, towards the receiver. Fig. 2.12
illustrates our current transmitter APT [63].
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Figure 2.12: Ground telescope APT. A lens (L2) at the entrance of APT, collimates the beacon
light received from the satellite (red line). After re ecting from the folding mirrors, a dichroic
mirror separates the two wavelength and the beacon light gets focused on a detector. One of
the folding mirrors does small angular de ections to align the two signals. Beacon signal and
Quantum signal propagate in opposite directions.[63]

One criteria not considered in the previous sections was whether the current APT
system is capable of being optimally used with the new telescope. We determined the size
of the lens to be 8 inch (20.32 cm) and by accepting Eq. 2.18, the beam waidl,] at the
aperture is obtained as 7.18 cm. Therefore, the signal generated by the APT, must have
the correct magni cation to result in a beam at the telescope aperture with a radius of
7.18 cm. Thus by taking the mode eld diameter of the optical bre used for the quantum
signal can be assumed to be=# the width of a Gaussian beam. Then,

Airy Disk Radius = 1:22N; (2.19)
and,
f-Number : N = f 1. (2.20)
T D 2NA® '

With NA= 0 :14 of the bre, the spot radius is calculated as:
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1:22  785'm =3:68m: (2.22)

1
2 014
The 3.68 m spot gets magni ed by the L2 and L3 lenses, 3.68&  (144/40)= 13.24
m and results in a focused beam, with beam waist of 13.2# at the focal plane of the
APT collimating lens and the telescope. Now considering the Gaussian beam expressions
Eq. 2.22, a 13.24m beam radius at the focal plane of the telescope corresponds to a 4.6
cm beam waist at the aperture.

r .
W(2) =Wy 1+(=)2
ZR (2.22)

W 2n

R =

However, as mentioned before, the goal is to attain a beam witly =7.18 cm. There-
fore, the current APT needs modi cations to match the new transmitter telescope. Ac-
cording to Eg. 2.22, a 7.18 cm beam waist at the aperture requires a spot with a radius
of 8.48 m at the focal plane of the telescope and APT. Therefore, the focal length of the
collimating lens (L2) must be reduced to 92.23 mm.

144mm
L2 = 1304m 8:48m =92:23mm (2.23)

Modifying the APT to have the right beam size and higher performance is the future
work of the group. New coating design for the mirrors to preserve the polarization at 785
nm and have high re ectivity at 980 nm and 1550 nm, a better coating for the dichroic
mirror to increase the transmission at 785 nm and re ection at 980 nm and 1550 and a new
collimating lens to correct the spot size are some examples of the modi cations required for
the current APT. Moreover, according to the manufacturer, since designing the dichroic
mirror speci cally for the mentioned wavelengths is challenging, we are investigating other
approaches to replace the dichroic with another optical element that can separate the
signals while having high transmission/re ection.

2.3 Conclusion

The impacts of the atmospheric turbulence on a propagating Gaussian beam is reviewed
in this chapter to obtain the optimal aperture size required for our new ground station.
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According to the chosen wavelength and satellite speci cations of our uplink experiment,
minimum link attenuation is calculated as 35.5 dB and the e ective transmitter aperture

is derived as 25 cm. Considering the fabrication costs and less than 1 dB change fora 5 cm
smaller aperture, we concluded choosing a 20.32 cm (8 inch) lens. So far, we have a good
understanding of the link attenuation in an uplink con guration, however link analysis
considering the bre coupling e ciencies and other optical imperfections for a downlink
requires more analysis.

Furthermore, discussed the truncation of a Gaussian beam to achieve the highest inten-
sity at far eld. As a result, D2 = 8W¢ is considered to estimate the Gaussian beam size
at the focal point of the telescope and modify our current tracking system. The ground
station APT collimating lens, requires 51.77 mm shorter focal length to meet the required
conditions. Correcting the APT system for the new transmitter and modifying its structure
to be more mechanically stable is for future work.
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Chapter 3

Optics Design

Figure 3.1: Con guration of the doublet lens and folding mirrors, designed in Zemax.

Designing a customized lens that is compatible with QKD requirements, is a major
component of this thesis. In chapter 2, we calculated the aperture size of the transmitter
according to the link loss in a ground to space channel. This resulted in the requirement
for a lens with a minimum diameter of 8-inch (203.2 mm), that is also corrected for the

34



desired wavelengths. The convenient way of getting the lens is always going with o -the-
shelf options. However, there were several constraints needed to be considered in this work.
Commercial refractive telescopes typically have smaller apertures and larger elds of view,
whereas re ective telescopes can be found in various diameters including 8-inch and even
larger . In addition, commercial lenses are usually designed and optimized for visible
wavelengths, which results in noticeable wavefront distortion at our desired wavelengths.
Also, customized and specialized optic instruments that have high variety of coatings and
designs, are mostly manufactured in smaller diameters to be used in research labs. As a
consequence, there was a need for us to design and optimize the lens speci cally for this
project, to achieve the expected performance.

In this chapter, we study the distortions that happen to an image, due to the imper-
fections of the lens and discuss the methods that correct them. Finally, by taking theses
parameters into account, we present our custom-designed lens and determine the surface
speci cations based on far- eld beam modeling. We simulated atmospheric turbulence
and lens imperfections as a hologram to observe their impacts on a detected beam at the
satellite, which also helped us to avoid unnecessary procedures in the fabrication.

IHigh quality lenses are made of blocks of di erent materials, which are not always in large dimensions.
To build a big lens out of a certain glass, it might be needed to reshape the blocks to reduce the thickness
and increase the surface area, which can cause major impurities in the glass. However, mirrors are built
via deposition of di erent layers on a substrate. So it allows to have desired large pieces depending on the
manufacturing company capability.
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Figure 3.2: Wavefront Aberration; FG shows the optical path di erence between the reference
sphere and the distorted wavefront [37].

3.1 Wavefront Aberration

Fig. 3.2 illustrates two rays going through the lens and forming an image at®ODue to

the properties of the lens, GC wavefront is observed on the other side, instead of FC which
is the reference sphere that the beam had to follow if there was no distortion. Hence,
FG shows the path di erence between the distorted wavefront and the reference sphere.
This length multiplied by the index of refraction of the image spacenQ) is known as the
wavefront aberration or optical path di erence (OPD) of the beam. Wavefront aberration
appears in several forms such as defocus, coma, astigmatism, chromatic aberration and
etc. Polynomials can be used to describe the wavefront properties, speci cally Zernike
polynomials that have the same forms as the aberrations [37][93]. These polynomials are
discussed in the following section.
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Figure 3.3: Zernike polynomials generated from Eq. 3.1 ( and ©are replaced withr and in
this table). Each term of the polynomial describes an optical aberration. [55]

3.1.1 Zernike Polynomials

Zernike polynomials are in nite complete sets that are de ned on two orthogonal real bases
(; ) over a continuous space inside a unit circle:

z"(; ):p 2(n+1)RM( )e™ ; (3.1)
Z3(5 )= UG )+ Vam (5 ) (3.2)
Where,n > jmj, n> 0,n  m is even andU,, and V,,, are de ned as,
Um(; )= P 2(n+1)R"( )cos(m ); (3.3)
Vom(; )= P 2(n+ )R ( )sin(m ): (3.4)

Any functions such as (; ) can be de ned as a linear sum o), and V,,, with arbi-
trary weighting of coe cients A, and B, due to the orthogonality of these polynomials.

A X
(; )= [ArmUm (5 )+ BamVam (3 )] (3.5)

n=0 m=0
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This function can be used either for expressing surfaces with constant phase across a
wavefront or only a phase mask to change the wavefront based on the speci cations of
the optical components or the impacts of the perturbed environment that the beam is
propagating through.

Below are some interesting and important properties of the polynomials [93]:

1. Due to rotational symmetry, it can be expressed &( )G( 9, whereG( 9 represents
a continuous periodic function that repeats every 2 So, if the system rotates with
an angle of , the polynomial doesn't change. This, allows to de n&5( °+ ) as,

G(% Y=ze™”m 0 (3.6)

2. The radial part must be de ned such thatR( )/ " foralln>m .

3. If mis even (odd) thenR( ) must be even (odd).

Considering the second and third conditions, the radial part can be written as a special
case of Jacobi polynomials and must satisfy the orthogonality and normalization:
Z 1

RI()RT()d = -

o FORE &0

Assuming thatR['(1) = 1, the radial polynomial can be rewritten asR%, ,( )= Q' () ™,
whereQn'( ) is:

Xm 2n m )
m - s : 2(n m s).
Q'() s=0( 1) sin s)i(n m ) ' (38)
Finally, the equation for wavefront OPD is derived as[93] :
" #

X X
W= W+  AQ)+  Qr() "(Bamcosm °+ Comsinm 9 ; (3.9)

n=1 m=1

where W is the mean OPD andA,; B.m; C.m are the polynomial coe cients. Fig. 3.3
shows 36 terms of Zernike polynomials. Each term represents either one or a combination
of di erent aberrations.
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To write the power series de ning the wavefront by adding all of these terms together,
it is more convenient to use Hopkin's notation [37]. This notation uses’r; , where 9is
the image height on the image plane andand describe the ray intersection with the exit
pupil plane in polar coordinate (Fig. 3.4). By accepting the rotational symmetry about the
z axis (beam propagation direction), without loss of generality, it can be assumed that all
images fall along ° Therefore the aberration observed in the image is directly related to

°rand % cos (more details provided in Chapter 4 of [37]). Hopkin's notation suggests
writing each term of the polynomial in form of;wy, 'r! co , which has the advantage of
identifying the aberration with only the su xes. These power series can be rewritten as
below [37]:

W = qwyr? Defocus
+ 1Wq, I COS Change in scale
+ 2Woo °
+ oWsof*  Spherical aberration
+ ,wg r 3cos  Coma
+ ,W,, 2r2cog  Astigmatism (3.10)
+ oWy 2r?  Field curvature
+ 3wy, rcos  Distortion
+ 4Woo *
+ oWeof®  Spherical aberration
+ efc:

3.1.2 Seidel Aberrations

Describing the image plane by two orthogonal axes of © and the exit pupil plane by x
andy, the aberration of the image is de ned by °and © which are related to the change
of wavefront in x- and y-directions, and U °, the angle that the aberrated ray makes with
the reference sphere radius. Hopkin de negle and x,¢ for these equations that represent
the relative pupil coordinates that vary from -1 to +1.

39



() (b)

Figure 3.4: (a) Aberration coordinate; Image is always along ° due to the symmetry of the
lens about the z axis (beam propagation direction). r and de ne the intersection of the ray
with exit pupil plane in polar coordinates. (b) indicates the y-component of the aberrated
transverse ray in image space. [37]

o, 1 @w
nNosinU@y

3.11

1 aw (3.11)
nosinU@y,

By taking the derivative of each term of Eq. 3.10, the e ect of each term of aberration
on the image can be comprehended. Table 3.1 summarizes the results. For simplicity,
andr cos are replaced with &%+ y?) and y. Here,x andy are interpreted as the aperture
size at the exit pupil and indicates the eld.

Defocusand Lateral Image Shiftare considered as rst-order aberrations since they are
proportional to the second order of the aperture and eld ( °is dependent on the rst
order ofy and .) The same explanation applies to the next ve aberrations which are
known as third-order aberrations. These 5 terms are call&kidel Aberrationsthat consists
of Spherical aberration, Coma, Astigmatism, Field Curvatureand Distortion.
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(@) (b)

Figure 3.5: (a) axial color aberration; (b) lateral color aberration.

3.1.3 Chromatic Aberrations

Longitudinal Chromatic Aberration (Axial Color) and Transverse Chromatic Aberration
(Lateral Color) occur when di erent wavelengths of a polychromatic light do not focus at
one point. Axial color aberration can be seen as di erent focal points along the optical
axis whereas, lateral color aberration is responsible for having di erent focal points with
di erent heights on °axis. As an example, comparing 2 wavelengths of red and blue, the
focal point of blue ray falls before red on the optical axis and lower on the image plane
due to its shorter wavelength (Fig. 3.5).
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Figure 3.6: Paraxial rays going through a thin lens, from an object ( ) on the left.

C1, C; | Curvature of the lens
Shape factor:B = &+

B C C.

H Lagrange Invariant: H = nu =nq°0

A Refraction Invariant: A = ni = n4°

E The eccentricity: HE = E

K Power of the lens:K = K1+ K> OIthﬁwhereKlz(n e Ko= (n 1)e;

ni

d and n{ represent the thickness and index of refraction of the lens.

C Conjugate factor: C = m*ll where, m is the transverse magni cation.
\ Abbe V-number: V = "1 wheren is the refractive index of the glass and n

indicates the dispersion.

Table 3.2: Optical parameters of a lens.

3.1.4 Lens Design and Correction

In order to design a lens and correct it for aberrations, it is important to know how these
terms are related to the structural parameters of a lens, such as shape factor, radius of
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curvature, index of refraction and etc. Therefore, instead of using the Zernike polynomials,
the optical path di erence of an aberrated wavefront relative to the reference sphere can
be derived geometrically for each aberration form Fig. 3.6 based on the optical parameters.
Eq. 3.12 to Eqg. 3.18 represent coma, astigmatism, eld curvature, distortion, axial color
and lateral color aberrations respectively, that ideally must be zero to have aberration free
image. In this approach,u and u® are the angles of a paraxial marginal ray with the
optical axis for the object and the image respectivelyh is the height of the point the the
marginal ray enters the lens to the optical axism, u®and h are related to a paraxial chief

ray 2 [37].
Spherical Aberration:

h*K3  n? n+2 2(n> 1)C nC?
= + B+ 2 12
S 4 [(n 12 n(n 1)2( n+2 ) n+ 2] (3.12)
coma: h’K?H (n+1)B (2n+1)C
n+ n+
= + : .
Sz > [n(n ) ] (3.13)
Astigmatism :
S; = H2K: (3.14)
Field Curvature: K
S, = HZF: (3.15)
Distortion: o
S5 = %(83 + 84): (316)
Axial color: H
C,= hZV: (3.17)
Lateral color: 0
C, = Ah (F): (3.18)

To obtain a corrected lens, the speci cations of the lens must be chosen carefully, so
that all the above terms are minimized. The rst step in designing, is being aware of the

2Marginal ray goes from the the center of the object and passes at the maximum aperture of the lens.
3A chief ray is from an o -axis point of the object that goes through the center of the lens.
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existing degrees of freedom and the wavelengths at which the lens needs to be To start
designing a lens, it is crucial to be aware of the lens variables that can be changed and the
desired wavelengths that the lens must be corrected for. According to Eq. 3.12 to Eq. 3.18,
three variables given in Table 3.2 a ect the aberrations noticeably and should be chosen
carefully: 1. Material of the lens (indicated by the Abbe V-number) 2.K power of the
lens (important in all 5 Seidel aberrations) 3.B the shape of the lens (a ects Spherical
aberration and Coma).

Correction of Distortion and Lateral Color Aberration

First aberrations that can be corrected are distortion and lateral color. Lateral color shift
is a result of having separate focal points for di erent wavelengths at di erent heights
relative to the optical axis. While, distortion is interpreted as a lateral image displacement
that is proportional to the third power of the eld angle. Therefore, a solution to eliminate
these aberrations is limiting the rays to the region between marginal rays which occurs
by adding an aperture stop at the surface of the lens. This can be shown using Eq. 3.16
and 3.18, which are dependent oA (Refraction invariant of a chief ray). This term is

de ned as,

A= %(AhE 1); (3.19)
where E implies the distance between the surface and the aperture stop. So by having the
stop at the lens surface, E equals zero aml is obtained as,

H

A= (3.20)

Then, by plugging it into Eq. 3.16 and 3.18 and accounting for e ects at both surfaces
of the lens, distortion and lateral color go to zero. The proof is as below [37].

Distortion:
S; and S, can be rewritten as,

Ss= Ah (D)
| (3.21)
Se= HZ (2):

substituting these terms in Eq. 3.16, the distortion of a single surface is derived as,

A AH? 1 1

s=hcnela) e dy= AANL Ly @
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Then, considering both surfaces we get,

H3 1 1
5= het et

T 1) = 0: (3.23)

Lateral Color:

By plugging Eq. 3.20 into Eq. 3.18, the lateral color of a thin lens (considering both
surfaces), with an aperture stop at the surface is obtained zero:

C:= H (D)= HIDi+():l=0: (3.24)

Correction of Axial Color Aberration

Axial color aberration (also known as chromatic aberration) can be mitigated using a
doublet lens instead of a singlet, provided the aperture is relatively small (up t=4) and

the eld angle is not larger than a few degrees. As light goes through a convex lens, due
to the dispersion of light, di erent wavelengths focus at di erent spots along the optical
axis. The Sellmeier equation describes the change in index of refraction of a medium as a
function of the wavelength of the light [78][68].

B 2

20y =
n“()=1+ TSR

(3.25)

Where B; and C; are Sellmeier coe cients.

For instance, a longer wavelength has a smaller index of refraction which results in a
longer focal length and a smaller power. Therefore, the focal point of the blue light falls
behind that of the red light (This is called primary spectrum). Using two lens elements
with opposite power signs, one can x the chromatic aberration. The rst element must
have low dispersion and positive power which is call&rown glass and the second element
must have high dispersion and negative power, known &3dint glass. If we consider the
power of a thin lens aK = fl =(1 n)(cg ¢), the variation of power for 2 di erent
wavelengths is expressed as:

(3.26)

V = ; (3.27)



where n is the dispersion of the lens an¥ is Abbe V-number that 1=V shows the variation
of the focal lengths. To remove the chromatic aberratiorK must be zero for two desired

wavelengths,
Ky, Ka
K=_—+_-—-"==0: 3.28
Furthermore, the total power is the summation of each element poweK(= K, + K»).
SoK; and K, are derived as,

KV:i . KV,

Ki= — Y K,= :
SR VARRVA 2 Vi VW,

(3.29)

As mentioned before, the powers must have opposite signs, which is also veri ed here.

So far the doublet is corrected for 2 wavelengths, for instance we consider the C and F
lines of Heliunt. However, since the refractive index curve as a function of wavelength is
not linear, bringing the focal points of F and C together does not correct the focal points of
all the wavelengths between them. For example, considering the d-line (which wavelength
is almost in the middle of C and F), correcting C and F focal points results in a shorter
focal length for . This is called the secondary spectrum of the lens. To correct the lens
for the third wavelength as well, We need to rewrite Eq. 3.28 for F and d and take the
relative partial dispersion into account.

K1 Kz n, 1
K = + 1V, = : 3.30
Tty Ve T (3:30)
So the relative partial dispersion can be expressed as,
n n Vi
p= = (3.31)

Nne nc Vgr'

Hence, K is derived based on the Abbe V-number and relative partial dispersion for
C-F band of the materials used [37].

_ (P P2,
K = K—(V1 V) (3.32)

4Refractive index at di erent bands of Helium varies for di erent materials that can be found in the
datasheet of the glass, e.g., for BK7n. is 1.51432 at 656.3 nm andhg is 1.52238 at 486.1 nm.
SFor BK7, ng is 1.51680 at 587.6 nm.
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Finding the best material for whichp, = p, results in having a lens corrected for all 3
desired wavelengths. This lens is callefipochromatic.

Doublet lenses can be eithe€ementedor Air-Spaced The latter typically has higher
performance. However, it has lower stability since they are xed in a lens cell to keep the
elements at a certain distance, and are thus more sensitive to any disturbance from the
environment such as temperature variations. In addition, considering manufacturing, they
require more e ort and precision comparing to cemented doublets.

Correction of Field Curvature and Astigmatism

(a) (b)

()

Figure 3.7: lllustration of a)Tangential and sagittal focal lines [78] b) Petzval surface, [78] and
¢) Spot diagram [37] in presence of astigmatism and eld curvature

Two planes are considered for the rays coming from the object: Sagittal and Tangential.
Both planes are along the optical axis but normal to each other (Fig. 3.7(a)). For an ideal
lens with no astigmatism the rays coming from both planes coincide and form a point
image. However, in presence of astigmatism, we observe separate focal lines for tangential
and sagittal rays and the image between them gets blurry in a form of a circle or an oval
(Fig. 3.7(c)). In addition, for a single lens the image plane is always a curved surface which
is called Petzval and it contains the focal points of di erent eld angles. In other words,
Petzval curvature or eld curvature indicates how much the image departures from a focal
at surface. In presence of astigmatism, the tangential image curve lies three times further
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Figure 3.8: Spot diagrams of a focused
beam with Coma aberration for di er-
ent detector plane positions along the
optical axis. [37][78]

Figure 3.9: Spot diagrams of a con-
verging beam with Spherical aberra-
tion, for di erent detector plane posi-
tions in and out of focus. [37]

away than the sagittal image surface to Petzval surface (Fig. 3.7(b)). To correct eld
curvature one should make use of a combination of lenses. In case of having an aperture
stop at the lens, astigmatism and eld curvature depend only on the power of the elements
(Eqg. 3.14 and Eg. 3.15). However since the power is already set to achieve zero chromatic
aberration, these two terms can no longer be corrected. For an arbitrary stop which is
not at the lens, S; = 2(H E )S,) + (H E )2?S; holds and implies that astigmatism can

be minimized by the introduction of Coma. Nevertheless, in order to corre&,;, S, and

S; two lenses are required at a signi cant distance from each other. To correct the eld
curvature under these constraints, one can use techniques such as having 1.multiple lenses
with di erent refractive indices, 2.separate lenses, or 3.a thick meniscus lens.

Correction of Spherical Aberration and Coma

Coma is the variation of the scaling across an aperture, which causes the image to look like
a water drop (Fig. 3.8), while spherical aberration de nes the variation of focusing. As a
result, the rays from the edge of the lens focus before the ones near the optical axis [78].
Therefore, the image goes from a spot with a brighter outer ring to focus and then to a
circle with brighter center (Fig. 3.9) [37]. Since the material and power has already been
chosen, the only tool that can be used to correct these aberrations, is the shape factor.
So Eg. 3.12 and Eq. 3.13 must be solved f& = 0 and S, = 0. Using a doublet, gives

us 4 surfaces for which we need to determine the radius of curvature. To preserve the
focal length, we must keep one surface xed. Also since we are considering a cemented
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lens, the two touching surfaces are considered to have the same curvature, so in total 2
radii of curvature are available as variables. Fig. 3.10 shows the aberrations dependant on
shape factor. As expected astigmatism and eld of curvature are constant, so the goal is
to nd the intersection of coma, spherical aberration and the horizontal axis to obtain zero
aberration for both. However, this might not be always feasible. In this case the material
of the elements must be changed to minimize the aberration. It is important to repeat all
the steps with the new materials to consider the optimized power for minimum axial color
aberration.

Figure 3.10: Dependency of Seidel aberrations of a thin lens on the shape factor. The lens
is at the stop and S3 (astigmatism) and S4 ( eld curvature) are already determined, the shape
factor must be selected such that it corresponds to the minimum aberration for bothS; (spherical
aberration) and S; (coma). An ideal material must have the point of intersection of S; and Sp
on the x axis to have obtain aberration. [37]

3.2 Lens Simulation

To design a lens speci cally for a certain application one should solve the equations men-
tioned above and optimize the variables by ray tracing. However, solving by hahdan
be tedious and that there are computation software that can expedite the process. In this

6In old-fashioned manual design, it is recommended to start with the closest existing model and optimize
it by minimizing aberration equations and trying di erent materials. More details can be found in [78],
Chapter 12.8.
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Figure 3.11: The 8-inch achromatic doublet design in Zemax. The custom-designed 8-inch lens
is corrected to have minimum aberration at 785nm, 980nm, and 1550nm.

work, we used Zemax to design the lens and minimize the aberrations at desired wave-
lengths and eld of view. Zemax OpticStudio is a powerful optical design software that is
used for designing and analysing optical components based on applying the ray-tracing on
multiple rays of a beam propagated through the optical system.

Here, we discuss designing the new lens of our telescope. Since, the telescope has to
be compatible with the current APT system that has an f-number of 12, we consider the
same f-number for the lens. In Sec. 2.2.3, we obtain the optimal aperture size based on
free space attenuation. Thus, we could start designing the lens by knowing the diameter,
focal length and f-number. In addition, we already discussed that to avoid lateral color and
distortion the stop must be at the lens and to minimize axial color aberration a cemented
doublet is preferred. Therefore, we need to set the material of each element, nd the radius
of curvature of 3 surfaces (since it is cemented the second and third surfaces have the same
curvature) and determine the thickness before optimization.

An Abbe diagram, which plots the refractive index versus Abbe number, can help with
identifying the right int and the crown. It is important to keep in mind that since the
doublet is cemented, the int and the crown must have almost the same thermal properties
so that any thermal expansion does not damage the lens. The initial material can be a
rough estimation that gets optimized later.

A good starting point is selecting from the many commercially available glasses or the
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suggested pairs in textbooks. For example, SK11 (crown) and SF19 (int) or BK7 (crown)
and SF19 (int) are suggested materials in [37] and [90] respectively, which have close
relative partial dispersions. Our initial starting material was 20 mm BK7 and 20 mm
SF19, which was changed later in the optimization process.

The last variable left is radius of curvature. An article by Igor Nesterenko [53] studies
multiple con gurations of doublets and reports the OPD, strehl ratio, axial and spherical
aberration for each. Then, based on the desired con guration, the equation to derive the
radius of curvature is provided. The f-number of the doublets investigated in the paper is
di erent from ours, so the numbers are not accurate, but helpful to use as starting values.
We selected #4 crown-forward con guration from the paper, sdR4 = R; andR; = R;
was considered for the curvature of the surfaces.

V2

Rl = 2(I’]1 1)—n1 1V, 1
n, 1Vp

(3.33)
V2 1
R,=2(n, 1)—Y

np 1Vp
n, 1Vp +1

We calculated the Abbe V-number at our desired wavelengths using= e+ 1 where
Nn. is related to the center wavelength (980 nm)ps and n; are related to the shorter (785
nm) and longer (1550 nm) ones. The Abbe V-numbers for BK7 and SF19 were calculated
48.82 and 38.30 respectively. By using Eq. 3.33, the radius of curvature of each surface
was calculated as = 1386.93 mm , R=R 3= -330.221 mm and R= -1386.93 mm.

Now we have enough input data to create a rst draft of the lens and start the opti-
mization process. The computer adds the initial values and the desired values for a limited
number of aberrations to a prescription. It computes a set of simultaneous equations to
make the needed changes to the parameters. Then, it adds the new values to the prescrip-
tion and repeats the process until the aberrations are as close as possible to the desired
values. TheMerit Function indicates how an optical system is close to a speci ed set of
target values. The di erence between the actual and desired value can be weighted based
on the required optimization. Merit function considers the square root of the summation
of the di erence, so it is expected to be zero ideally. Then, the optimization algorithm
aims for minimizing it as much as possible. Zemax allows us to set target values of several
parameters such as aberration terms and e ective focal length for all wavelengths by the
use of merit function. Therefore, one can increase the weight of each term to correct the
lens. Once the optimization is done, if the result does not meet the requirements, it is
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suggested to optimize the material. Zemax is capable of searching through all of its glass
catalogues and replaces them with the current material of each element and calculates the
merit function until it nds the optimal values.

After attaining the goal performance, the initial design was sent to optical shops for
fabrication. The rst manufacturing challenge we encountered was changing the material
according to the available options by the manufacturers. Zemax suggests a wide range of
materials to maximize the performance of the lens, but not all of them are available in the
stock. In addition, glasses usually come in a block of certain sizes, which were smaller than
our lens dimensions. As a solution, the glass could get melted and reshaped to t the target
thickness and diameter. However, this process could add impurities and increase bubbles
and inclusions in the element, which overall reduces the quality of the glass. Moreover, some
glasses are more sensitive to temperature gradients, so it is crucial to select the materials
with smaller thermal coe cients to avoid the temperature-induced aberrations. Also, since
the two elements of the lens are cemented, the thermal property of each part must match the
other one to prevent the lens from shattering when the temperature changes. Therefore, the
materials were changed based on the recommendations we received from the manufacturers.
Appendix A has a brief report of our experience in searching and selecting the manufacturer
to fabricate our lens based on the constraints such as the time-line and costs as well as the
lens quality.

In optimization of the lens 785 nm is the primary wavelength, since it is the signal
wavelength used for the free space quantum channels by the telescope. Nevertheless, 980
nm and 1550 nm must be taken into consideration since they are used as the beacon signal
for the QEYSSat mission. Using a doublet helps with reducing the axial color aberration,
however the focal length of three wavelength do not need to be perfectly matched. The
APT system which detects the beacon light and sends out the quantum signal, has two
mechanically separate channels for each wavelength (Sec. 2.2.3). Either 980 nm or 1550 nm
has to be focused on the beacon light detector and 785 nm is sent out from the other arm.
The current con guration of APT allows about 10 mm focal shift for beacon wavelengths,
so as long the variation of the focal lengths is within the acceptable range for the APT,
longitudinal chromatic aberration can be ignored. Furthermore, the APT eld of view
(FOV) is setas 470 rad, which implies that ideally the aberration must not be sensitive
to eld angle at 470 rad. In order to have more degrees of freedom in calibrating the
system we considered twice the FOV in optimizations. Thereby, considering four times of
the target FOV ( 0.1 degree) in the optimizations guarantees that the lens is corrected
within the required region.

By taking the aforementioned conditions into account we prepared our nal design
(Table 3.3) which was manufactured by Hyperion Optics fabricated it. In addition, they
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