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Abstract

Space exploration today rely on radio frequency (RF) technologies to
transmit data collected by space missions back to earth. Such RF com-
munication links constitute a bottle-neck for new discoveries as their data
rates fail to keep up with that generated by sophisticated instrumenta-
tion aboard modern space probes and rovers. As RF is reaching the limits
of its capacity, the emerging technology of laser-based space communi-
cation is poised for take-over of future short- and long range space net-
works. The reduced diffraction loss of shorter wavelength-transmission is
the driving factor behind this development which offers the opportunity
to resolve the RF bottle-neck of deep space communications, if paired
with efficient data modulation and sensitive reception.

A receiver technology offering both high sensitivity and spectral ef-
ficiency is that of optically pre-amplified coherent detection. When
paired with a phase sensitive amplifier (PSA) as pre-amplifier, it pro-
vides the highest sensitivity for any coherent modulation format. Such
a receiver could significantly boost both communication throughput and
reach. However, the implementation of PSAs and coherent detection for
large-area receivers is non-trivial as it requires single-mode reception and
phase-locking of the received signal wave in practice.

This thesis addresses these practical challenges by (I): investigating
different telescope architectures such as multi-mode and multi-aperture
solutions, together with coherent combining of signals for realizing effi-
cient and sensitive large-area single-mode coupled receivers; and by (II):
simplifying the phase-locking of PSAs for practical free-space links. Re-
sults and demonstrations reported within this work showcases the possi-
bility to achieve high data rate sensitive links and constitute important
steps towards the practical implementation of PSA-preamplified large-
area receivers for deep space communications.

Keywords: Phase sensitive amplifier, Optical phase-locked loop, Noise
figure, sensitivity, Coherent combining, multi-aperture receiver
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CHAPTER 1

Introduction

Humans comprise a curious species. Our inherent drive to explore and
understand the world we inhibit provokes new discoveries, tools and tech-
nologies. For each tool we create and technology we develop, our realm
of possibilities expand, pushing our boundaries, our confines and limits
ever farther. This is our nature, since ancient settlers crossed great seas
in exploratory inquisitiveness to now, where we turn our gaze from our
all-too familiar earth, to the vast space beyond. Our curiosity lends us
new questions, and in our pursuit for answers, we look as far and wide
as we can.

1.1 Background

Space exploration today consists of a broad range of technologies to
map and probe the universe around us. Large ground-based telescopes
and antennas allow us to detect electromagnetic waves for astronomical
imaging [1] and spectroscopy [2]. Sensing of other types of cosmic radia-
tion are also performed, such as cosmic muon detection [3]| and recently,
gravitational waves [4].

While much information can be garnered from earth-based receivers,
the vast distance to the objects we observe limit the amount of informa-
tion retrievable. The density of a rock on Mars cannot be probed by the
radiation reflected off it, nor can the rock itself be resolved in an image
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taken by an earth-based telescope. To overcome these limitations, space
missions are launched to locations of interest, carrying appropriate sens-
ing equipment to perform the desired measurements. For instance, on
the surface of Mars reside currently two operational rovers; Curiosity [5]
since 2012, whose mission involve geological and climate monitoring and
Perseverance [6] since 2020, whose mission involve sample caching and
atmospheric oxygen tests as preparation for future manned missions.

Although space missions allow us to breach the distance between
earth and, so far, the remainder of our solar system [7] (Voyagerl), they
bring with them the challenge of long-distance space communications.
The information produced by a distant space probe is of no use for us
unless the information can be retrieved.

Most space missions today rely
on radio-frequency (RF) commu-
nication for upload of instructions
to the space-craft and download
of measurement data to earth.
The current state-of-the-art in RF
communications for deep space
rely on the Ka-band (26-40 GHz)
and can achieve a few Mb/s of
downlink data rates at distances

of 0.5 astronomical units (AU) (1 Figure 1.1: Distance overview, Mars-

AU & 150 - 10° km), as demon- earth, earth-moon and geostationary
strated in the Mars Reconnais- ohit (GEO). Low earth orbit (LEO)
sance orbiter (MRO) space mis- (~2,000 km); Low lunar orbit (LLO)
sion from 2005 [8]. The demon-

strated data-rate would allow a typical 1 megapixel black and white
image (~8 Mb in size) to be retrieved every other couple of seconds from
a space-craft orbiting Mars when Mars passes by earth, see Fig 1.1 for
overview. With modern sophisticated cameras and measurement equip-
ment able to capture data at rates of Gb/s and more, it is clear that the
Mb/s RF communication will be a bottle neck for the discoveries these
missions can leverage. With manned space missions on the horizon for
space agencies such as NASA [9], the need for higher data rate deep
space communications is further evident to support and entertain future
mission crews.

The main challenge of deep space communications is the vast chan-
nel distance, which incur significant power loss of the electromagnetic
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Figure 1.2: Beam divergence for a 32 GHz RF-beam with 3 m diameter
transmitter and a 193.5 THz optical beam with a 10 cm diameter transmitter.

waves used for data-transmission. The loss stems from the divergence
of the transmitted beam and the inability to, in practice, realise a large
enough receiver to capture all transmitted power. The issue of free-
space loss in a Mars-earth communication link is demonstrated in Fig.
1.2 which illustrates the beam divergence for electromagnetic radiation
at two different frequencies and transmitter antenna sizes. In the RF
communication link only a very small fraction of the transmitted power
reaches earth, and out of that power it is paramount to capture as much
as possible. Due to fundamental noise limitations, more of which we will
discuss later, there is a minimum required amount of received energy
per data bit transmitted, if that data bit is to be recovered correctly.
The required energy per bit is typically denoted as receiver sensitivity.
A higher received power thus allows a higher data rate. Hence, to re-
ceive more power and sustain adequate data rates, antenna sizes for the
ground-based RF deep-space network (DSN) feature large diameters be-
tween 30 to 70 m [10]. They enabled the Mb/s data rate from Mars
in [8], however, to achieve Gb/s data rates at Mars-earth distances or
further, the antenna size would become impractically large. Meanwhile,
transmit-area and power is typically already maximised to the extent
possible, as volume, mass and power on a space-craft is severely limited
due to the traditionally high cost per kg of payload sent into space [11].
Other than attempting to reduce receiver sensitivity with use of high
sensitivity modulation formats [12] and forward error correction (FEC)
codes [13], there are currently no realistic prospects to achieve much
higher data rate RF communications for deep space. Instead, an emerg-
ing development that shows the potential to overcome the bottle-neck
of deep-space communications, reside in the field of free-space optical
communications.
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The invention of the laser in the 1960s started a series of advances
in optics and detectors, providing key technologies for what would en-
able light-based data transmission. This field of research brought on
the vast fiber-optic communication network that enables the globalised,
high-speed internet we enjoy today. Despite the wide-spread success of
fiber-optical communications, the interest in laser-based free-space com-
munication has been slow in development, that is, until recently. The
high optical frequency, hundreds of THz vs. tens of GHz for RF, al-
low for a much larger modulation bandwidth [14] which in addition to
enabling higher data rates, also prevents frequency-channel congestion
thanks to the wide spectrum available. Furthermore, the short optical
wavelength significantly limits the beam divergence compared to RF [14]
(see Fig. 1.2), thus improving power-efficiency which in turn promotes
both higher data rates and reach.

Since the first successful bi-directional ground-to-orbit laser com-
munication demonstration in 1997 [15] and orbit-to-orbit link in [16]
(1998), others followed suit, with the first deep-space demonstration per-
formed by NASA’s Lunar laser communication demonstration (LLCD)
in 2013 [17]. The LLCD showcased laser-based communication at 1550
nm wavelength between a satellite orbiting the moon and a ground sta-
tion on earth, featuring data rates of 300-600 Mb/s, by then the highest
ever achieved via communication to or from the moon.

With the LLCD having paved the way for future optical deep space
communication, NASA again set the record in their ongoing deep space
optical communications (DSOC) mission, in which they successfully stre-
amed a high-definition video at 267 Mb/s back to earth from the Psyche
mission located 31 million kilometers away (about 80 times the earth-
moon distance) [18]. Leading up to this demonstration in late 2023,
NASA’s laser communication relay demonstration (LRCD) has in the last
few years provided a platform for testing and experimentation of laser-
communications within GEO and between GEO and ground to further
improve and develop free-space optical technologies [19]. The LRCD,
furthermore, enables the first optical platform for relaying deep-space
optical communication signals down to earth, improving line-of-sight and
help in overcoming the atmospheric turbulence for future deep space
missions.

Looking ahead, the next manned mission to the moon, the Artemis II
mission, will also feature an optical communications transceiver module
|20] with targeted data rates in the hundreds of Mb/s with a later target
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to reach Gb/s. These demonstrations and upcoming missions tell a clear
story in favour of optical free-space communications as the new platform
for communicating into deep space and it is likely that many future
deep-space missions will follow in their tracks.

The benefits of optical communications do, however, entail a num-
ber of practical challenges. As shown in Fig. 1.2, the narrow optical
beam requires more accurate pointing to ensure that the transmit-signal
strikes the receiver. To produce and receive the short wavelength-beam
efficiently, stringent tolerances on the telescope-optics need to be met
during manufacture. The short optical wavelength also makes the beam
prone to deformation when propagating through earth’s turbulent atmo-
sphere which severely limits the efficiency of larger ground-based receive-
telescopes.

To partly relieve these issues the use of larger photo-detector areas
are employed, typically together with direct-detection modulation for-
mats such as amplitude or Pulse-Position Modulation (PPM) [21]. In
fact, PPM was used in NASA’s LLCD and LRCD missions and has
demonstrated record low required energies per bit together with the use
of super-conducting nano-wire single photon detectors (SN-SPDs) [22]
and avalanche photo-detectors (APDs) [23|. However, the inefficient use
of bandwidth for PPM, in combination with the limited bandwidths of
SN-SPDs and APDs, effectively restricts the possible data rates one can
achieve with direct-detection PPM communication. While PPM offers
state-of-the-art sensitivity and the possibility to receive arbitrarily low
powers, at the expense of data rate, there remains an interest in alterna-
tives that can enable high data rate laser communications for deep-space.

Coherent optical communication is a technology well-versed in the
fiber-optics community. The signal and local oscillator (LO)-beating in
a coherent receiver, not only boosts the sensitivity but also allows ad-
ditional modulation formats, such as M-ary phase shift keying (MPSK)
and higher order QAM [24]. Although shot noise-limited sensitivity is
attainable in theory with a strong LO, low detector quantum efficien-
cies limit the sensitivity in practice. For modern day optical telecom-
systems, this problem was solved by the advent of the erbium doped
fiber amplifier (EDFA) [25] back in the 1980s. Optical amplification,
e.g. using an EDFA, boosts the signal power before detection and can
typically achieve sensitivities of 4 dB (3 dB ideally) above the shot noise-
limit. The EDFA-compatible telecom wavelength-bands, C (1530-1560
nm) and L-band (1560-1625 nm), also overlap well with the transmission
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Figure 1.3: Receiver communication reach vs. achievable data rate for dif-
ferent receiver types. The theoretical curves assume a 10 GHz detection band-
width, 1.55 pm wavelength, a 1 m diameter transmitter with 10 W transmit
power and a 10 m diameter receiver.

window of earth’s atmosphere. Thanks to the mature state of coherent
fiber-optical communication, power-efficient transmitters, receivers and
components are readily available at commercial prices.

In comparison, Fig. 1.3 shows the achievable data rate vs. reach
for both PPM and coherent systems with an optimistic yet plausible
transmitter-receiver configuration. It illustrates the restricted data rate
of PPM with the use of a typical 10 GHz bandwidth-limited detector.
Hence, in this example, the EDFA pre-amplified coherent receiver can
provide much higher data rates than PPM for distances up to the earth-
Mars distances. Meanwhile, PPM retains superior performance over
the EDFA at very long reach. The approaches of PPM and coherent
thus complement each other. However, in the region of transition there
are attainable sensitivity gains with the use of phase sensitive ampli-
fiers (PSAs) |26]. Like EDFAs, PSAs can be used as pre-amplifiers for
coherent optical receivers. Their implementation differs form that of
stimulated emission-based EDFAs and instead rely on parametric am-
plification via a non-linear interaction between signal, idler and one or
several strong optical pumps waves [26]. In short, PSAs can in principle
reach shot noise-limited sensitivity, i.e. 0 dB noise figure (NF) vs. the
3 dB NF quantum-limit of EDFAs [27]. Several significant PSA demon-
strations have been performed [28-33], with a record-low sensitivity of 1
photon/bit (2.1 dB above the shot noise-limit) achieved in [34].

To reach sensitivities below the conventional 3 dB quantum-limit,
PSAs are operated in phase-sensitive mode, i.e., all optical waves, sig-
nal, idler and pump(s), must be phase-locked. This requirement poses a
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significant challenge for PSAs in optical communications as signal and
pump-waves, created at transmitter and receiver, respectively, will be un-
correlated from free-running laser frequency drifts and phase noise. The
result in [34] demonstrates the potential of PSAs in applications where
both sensitivity and high data rates are desired. However, their imple-
mentation for deep-space laser communications require a sophisticated
signal and pump-wave phase-locking solution, that does not burden the
space-craft transceiver with impractical complexity.

In addition, to leverage the use of PSAs and coherent fiber tech-
nologies at large, for deep space communications, another big challenge
remains in the interface between free-space and fiber. The relatively large
size of SN-SPDs and APDs for PPM-detection circumvents the need for
fiber reception in contrast to coherent, where the incoming beam should
be focused into a 10 micron diameter core of a single-mode fiber (SMF).
Any telescope imperfection, pointing error or turbulence-induced beam-
deformation, will significantly degrade the power-coupling. Unfortu-
nately, these problems are further exacerbated with increasing telescope
size, meanwhile it is the size that is key to power-efficient reception. Thus
it is crucial that these problems are solved if PSA pre-amplified coherent
optical receivers are to enable high-speed, sensitive, communication for
deep-space missions.

Provided the practical solutions to achieve sensitive PSA pre-amplified
coherent reception, the bandwidth limitations of current deep-space com-
munications can be overcome and the present bottle-neck in space-explor-
ation discoveries may be resolved.

1.2 This thesis

This thesis addresses the practical challenges of implementing large-area
receivers and PSAs as pre-amplifiers for free-space optical communica-
tions. Among different approaches toward larger telescope receive-areas
is the idea of a multi-aperture array. By collecting the incident signal
with many smaller telescopes one can avoid impractical tolerances and
high costs [35]. In paper [A], optical coherent combining of individu-
ally sampled signals from 4 apertures is investigated. Phase fluctuations
between the four channels were compensated using a new, optically pre-
amplified error feedback control system, based on a dither-optical phase
locked loop (OPLL). The system performance was experimentally tested
in the limit of low received powers, something that had not been explored
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in the context of optical coherent combining previously. While paper
[A] targets the compensation of relative phase variations only, paper
[B| extends the investigation to incorporate compensation of amplitude
fluctuations, as would be present at a ground-based multi-aperture ar-
ray receiving through the turbulent atmosphere. A comparative analysis
between multi-mode and multi-aperture reception is also covered. Nu-
merical simulations are used to model expected fluctuations at plausible
telescope sites which are then used to test the low-power performance of
the control system in [A].

Previously, PSA demonstrations for practical communication links
have relied on pump-carrier regeneration either using a pump reference
propagated from the transmitter [26,36,37| or part of the communica-
tion signal itself [38,39]. The minimum reference power required for
pump-generation negatively impacts the link power-efficiency and hence
receiver sensitivity at low signal powers. In paper [C], we lower the limit
of the required reference power by more than 10 dB by demonstrating a
novel dither-OPLL for frequency locking of lasers at record-low powers.
In paper [D], we show for the first time a practical PSA-implementation
without the need for transmitter pump references or signal-tapping. The
PSA pump is locked locally using a dither-OPLL that continuously max-
imises the PSA gain. Finally in paper [E|, we implement a dual-pump
degenerate PSA which removes the need for idler-wave generation at the
transmitter. This result enables PSA pre-amplified reception of signals
generated using conventional transmitter optics already suited in typical
space-crafts like the LLCD and LRCD missions.

The thesis is outlined as follows, the free-space optical communication
link alongside its challenges is explained in chapter 2. The dither-OPLL,
which constitute an essential part of the work in this thesis, is described
in chapter 3. Chapter 4 provide a detailed overview of current tech-
nologies enabling larger free-space to fiber reception area and chapter 5
discusses different methods for implementing PSAs for free-space opti-
cal communications. Conclusions are given in chapter 6 together with
a future outlook in the field of high-speed, sensitive optical receivers
for deep-space communication. Finally, the papers are summarized in
chapter 7.



CHAPTER 2

Free-space optical communications

To discuss different implementations of large area receivers and PSAs
for high-sensitivity free-space optical reception, it is first necessary to
understand the practical challenges they face. Hence, this chapter serves
as a basic introduction to the free-space optical communication link, its
core concepts and the associated challenges.

2.1 Data modulation

To transmit data one can utilize several properties of the electromag-
netic wave, such as its magnitude |E|, phase ¢, polarization, frequency,
time or its spatial distribution. From these properties, several different
modulation formats can be defined in which a specific combination of
e.g. magnitude and phase corresponds to a symbol with a designated se-
quence of bits (ones and zeros). While information encoded in time, field
magnitude and spatial distribution may be recovered by simply measur-
ing the power in a photo-detector or focal plane array (FPA), phase,
polarization and frequency typically requires coherent detection where
the signal wave is interfered with an LO-wave.

Some examples of sensitive modulation formats [40,41] are shown in
Fig. 2.1. In the top are constellation diagrams of on-off keying (OOK)
and coherent phase-shift keying (PSK) formats: binary phase-shift key-
ing (BPSK) and quadrature phase-shift keying (QPSK). They are illus-
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trated in the complex plane where the radial distance from zero repre-
sents the field magnitude and the angle vs. the positive real axis rep-
resents the phase. Each brown dot (or ring) represents a symbol with
corresponding bit(s) attached and each symbol occupies a fixed slot in
time, creating a time-sequence of symbols with corresponding bits to be
transmitted.

OOK §Im BPSK 4Im QPSK 4Im
1 01 11
7 ® g
0‘ . 0 1 @
T{e | | Re T{e
[
00' .10
1 symbol 1 symbol
Cl Peak power Peak power O
ool T
L
-Hime (BPSK) or QPSK ~ Lime
PPM
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Peak power
OON1 0111
log,(M){|0 OO 1 1 0 1
IERLUES O (URSTUR SRS A L1
e il Time
M slots

Figure 2.1: Illustration of different modulation formats suited for sensitive
free-space optical communications.

In QPSK the number of unique symbols M=4 whereas as in BPSK
M=2, this allows 2 times as many bits to be transmitted per symbol and
time slot. Higher order (M)-modulation formats can thus enable more
data per time, typically logy (M) bits per symbol. However, as eluded
to in chapter 1, the power-requirement per bit will favour simpler, low-
order formats at low signal to noise ratio (SNR) [30,40,42|. This is true
for fixed time-slot modulation formats. For Pulse-Position Modulation
(PPM) (shown in the bottom of Fig. 2.1), whose symbol time slot size is
proportional to the modulation order M, the opposite is true. In PPM
the power per symbol is allocated entirely into a 1/M-slot which boosts
the power per bit as M/logy(M) for higher M, making higher order
M-PPM a highly sensitive modulation format. The high sensitivity of
PPM comes at a cost in the amount of bits transmitted per unit time,
which scales as logy(M)/M w.r.t. M.
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2.2. The free-space link

To apply the data to the
amplitude and/or phase of the
v ‘ electro-magnetic wave one can use

Laser Gnodulatoa - > an electro-optic modulator, driven

by the data-encoded voltage sig-

Figure 2.2: A basic transmitter con- nal. A schematic of a typical

figuration for an optical free-space link. transmitter in a free-space optical

link is shown in Fig. 2.2. The

wave itself is generated using a continuous wave (CW) laser that launches

the wave through the modulator which applies the data. Thereafter an

optical amplifier boosts the transmit power before the wave is coupled
out into free-space using a lens or telescope.

Data Optical
amplification

2.2 The free-space link

fiber reception

Receiver plane direct detection
Focal plane

Figure 2.3: A schematic of a satellite-to-satellite optical free-space channel.

The free-space optical link is a point-to-point link encompassed pri-
marily by the transmitter, a free-space vacuum or atmospheric channel
and the receiver. In Fig. 2.3 we consider a satellite-to-satellite link in
space. Here, a transmitter akin to that in Fig. 2.2 launches a free-space
beam of power Pr, from an aperture of diameter D7 ,. The transmitted
field will diffract in free-space, its divergence can be modelled using Gaus-
sian beam formalism, with divergence angle 07, = 2\/(wwr,). Here, A
is the wavelength and wp, is the beam diameter. Using this the field can
be propagated the distance L between transmitter and receiver to calcu-

11



Chapter 2. Free-space optical communications

late the power Pg, incident on the receive-aperture and the end-received
power P, = 1, Pr, as [43]

_ PTUUntD%wnTD%m
412 )\2 ’

P, (2.1)
assuming wr, < L and Dg, < 6p,L. Here, 1, is the transmit optics
efficiency which accounts for the difference between D7, and wp, and
Dp, is the receive-aperture diameter. Meanwhile, 7, is the efficiency of
the receive-optics and depends on the type of reception.

To increase overall received power, Eq. (2.1) indicates increasing
either transmit power, transmit or receive-aperture sizes or reducing the
the wavelength, as mentioned already in chapter 1. The diffraction loss
is proportional to channel distance squared and Fig. 2.4 a) illustrates
its characteristic for deep-space links within the solar system for three
different combinations of aperture sizes.

a) b)
200
100 -
150
80
/m
=, I
g 10 S 60 0.0010
— -
= Al 0.20
50
, Pl ] _J ‘
5 % 5 6 A % 9 o 02 -0l 0 0.1 0.2
.\’ P P P P P P S 6, [°]
SL

Distance [km]

Figure 2.4: a) The free-space link diffraction loss for A = 1550 nm, Dy, =
10 cm and Dpg, as indicated in the figure. b) Example of detection efficiency vs.
angle of incidence for SMF reception (blue) and a 1 mm sized photo-detector
area (orange). Focal length f = 26 cm, wavelength A = 1550 nm and receiver
aperture diameter Dg, = 10 cm.

From a receiver perspective, it is important to both maximise Dpg, as
well as 7. In practice, these parameters depend heavily on the type of
reception. Fig. 2.3 illustrates both direct detection as well as fiber-based
reception, both of which uses a focusing element (lens or telescope) of
focal length f to concentrate the collected power into a diffraction-limited

12



2.2. The free-space link

spot-size
Wpsp = 2.44\f / DR, (2.2)

For direct detection, P, consist of all power focused onto the the photo-
detector (of size Sy in black) while for fiber-reception, P, is the power
coupled into the fiber, given by the spatial mode-overlap between the
focused field and fiber-mode.

Large super-conducting nano-wire single photon detector (SN-SPD)-
sizes of 1 mm? [44], compared to mode-matched single mode fiber (SMF)-
reception, alleviates receiver alignment significantly. The acceptance an-
gle for the SN-SPD is fsn.spp = 0.55;3/f and for the mode-matched
SMF Ogyr = 0.5Wpsp/f = 1.22)\/Dpg,. The SMF acceptance angle is
independent of f and fiber core size since the diffraction-limited spot-size
should match the fiber core size dy ~ Wpgr (see Fig. 2.3).

Fig. 2.4b) shows an example of the power reception efficiency vs.
incidence-angle 0gy, for the two cases where the SN-SPD enables an ac-
ceptance cone roughly 200 times wider than for the SMF. Note how a
larger aperture size reduces 6g\r, which implies a trade-off between Dp,
and 7, in a practical system were non-zero alignment-error will remain.

In the context of direct detection, this
issue is circumvented and both a high 7,
and Dpg, can typically be achieved by
scaling f or the detector size. Although
direct detection enjoys this benefit thanks
to simpler alignment, it is more suscepti-
ble to stray light noise sources like stars or
daylight atmospheric scattering. This is
especially problematic for single photon-
counting receivers to reach high sensitiv-
ity. Consequently, by reversing the per-
spective, fiber-reception provides a much
narrower spatial filtering which reduces
the impact of such noise sources.

Figure 2.5: Atmospheric tur-
bulence, caused by temperature
gradients from the day-night
cycle, creating a spatially vary-
ing refractive-index.

2.2.1 Atmospheric turbulence

So far, we have assumed a free-space vac-
uum channel. However, when considering
transmission from or to a ground station
we must take into account the channel-effects of the atmosphere. The

13



Chapter 2. Free-space optical communications

day-night cycle of earth heats and cools the atmosphere sequentially, gen-
erating temperature-gradients that causes winds which in turn mixes the
air in a turbulent fashion, see Fig. 2.5. This turbulence creates a time-
dependent structure of air-pockets of different temperature, and hence of
different refractive index. When a ground-station receives a beam prop-
agating through the atmosphere the time-varying and inhomogeneous
refractive index spatially deforms and uncorrelates the received wave. A
common metric known as the Fried parameter ry measures the coherence
radius of the field after propagation along an atmospheric path and can
be calculated from the atmospheric refractive-index structure parameter
C? (for a plane wave) as [45]

—3/5
ro = [0.423k2/ Cg(z)dz] , k= - (2.3)
path

The "path” represents the trajectory of the propagation through the at-
mosphere and z is the length coordinate along the trajectory. A typical
C2 vs. altitude model is shown in Fig. 2.6 which indicate that a stronger
turbulence tends toward the ground. Hence, to reduce the effect of tur-
bulence on the propagating light, receivers for both optical communi-
cations and astronomical observations are built at high altitudes atop
mountains. The height also shortens the "path” through the atmosphere
and brings the receiver "closer” to space.
Snapshots of simulated turbulence-perturbed

fields are shown in Fig. 2.7 both at the re- v, [m/s]

ceiver plane and the focal plane (see Fig. 20 -10 0 10
2.3 for reference) for different turbulence 25
strengths (rg). Here the receiver plane-field —
is collected by a 80 cm diameter aperture and 13 é
focused down to the focal plane with f = 2.4 5 =

m to match the spot size to the mode of a
10 pm diameter core SMF.

In the weak turbulence case (rg = 60 cm),
the received field amplitude is still relatively Figure 2.6: Hufnagel-
constant, phase is relatively flat and most of Valley model of the
the focused power is injected into the fiber. atmospheric refractive
As rg decreases further, stronger spatial field index structure parameter
variations are produced and less power is col- Cy and a Gaussian atmo-

lected by the fiber mode, significantly reduc- spheric-: wind-profile model
ing 7 vs. altitude h.
7’0

21 -19 17 -15
2 -2/3
log,(C?) [m??]
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Figure 2.7: Simulated spatial field magnitude and phase in the receiver plane
(see Fig. 2.3) for different turbulence cases with spatial coherence radii of 60,
20 and 10 cm respectively. The simulation used a vertical path from space
to an altitude of 1 km, with C? as in Fig. 2.6. In the bottom row are the
corresponding spatial field magnitudes in the focal plane as captured by a 80
cm diameter aperture in the receiver plane. A focal length of 2.4 m narrows
the beam for reception into a 10 pm diameter SMF.

For increasing ratio Dpgy/ro >
1 we see that the focused power is
no longer contained in the diffraction
limited spot-size Wpgr. Instead, i
is spread across a new, larger size
given by Wy, ~ 2.44\f/ry as shown
ig ]:?ig. 2.8. This is the turbulence- Figure 2.8: The turbulence-
limited spot-size and is made up of limited spot size and the speckle

roughly (D g, /70)? number of speckles size for Dp, = 80 cm and ro = 10
of diffraction-limited size Wpgp. Even cm.

if the size of the turbulence limited
spot is reduced to match the fiber mode size, e.g. by choosing a shorter f,
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Chapter 2. Free-space optical communications

its irregular and dynamically changing field profile caused by the speckles
prohibits efficient coupling into a single fiber mode. Hence, for single-
mode reception, the turbulence limits the aperture size to Dgr, < 79
for efficient reception. Meanwhile, a 1 mm sized SN-SPD can more or
less capture all power incident on the aperture for these three turbu-
lence cases and do not suffer the same limitation. The possible ways
to overcome the challenge of single-mode reception under atmospheric
turbulence we reserve for chapter 4.

Fig. 2.7 and Fig. 2.8 represent a snap-shot in time, in reality the
spatial profile varies through time as well. This results in significant
power and phase fluctuations of the collected field and will impact the
sensitivity of the receiver. Both the absolute phase at a single point in
the receiver plane, as well as the relative phase between two spatially
separated points will be modulated by the atmosphere. In the latter
case, the power spectral density (PSD) can be modelled by [46,47]

Ss(f) = 0.0326k%f /% / C2(2)v7/3(2)dz (2.4)
path
where v(z) is the path-transverse wind speed along the trajectory. As
it is wind that is mixing and altering the atmospheric refractive index-
profile it makes sense that it is via its inclusion in Eq. (2.4) we obtain
the PSD. Simulated PSDs of SMF-collected field-phase and field-power
are shown in Fig. 2.9 for different ro values, a vertical path and a typical
gaussian wind-profile vs. altitude (see Fig. 2.6). The PSDs indicate a

Phase Power
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Figure 2.9: Left: Simulated PSD of the relative and absolute phase of SMF-
collected fields from two adjacent apertures with Dg, = 20 cm for different rq.
Right: Simulated PSD for SMF-collected power using a Dg, = 20 cm aperture
for different ryp. Note the simulation noise floor in the high-frequency limit.

limited bandwidth within 1 kHz, which is typical for atmospheric links
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2.2. The free-space link

through the atmosphere.

The power variation can moreover be described by the Scintillation
index O'% which is the power variance of the wave received by the aperture
[48]. For optical communications relying on coherent modulation the
scintillation only results in a time-varying instantaneous power (or SNR)
variation, whereas for direct detection modulation formats, with power-
dependent symbols, the link performance can be significantly degraded.
The effect of scintillation can be remedied by increasing the aperture size,
where the variance of the power collected inside the aperture decreases
thanks to aperture averaging J% — AJ% and generally depends on Dpg,
in a space-to-ground link as [49]

A~ 0.9(hoA/ D% )7/S. (2.5)

Here hg = ho(C?(z)) [m] depends on the turbulence channel.

Finally, since the relative phase between different points in the re-
ceiver plane varies with time, the phase-front topology will as well, which,
when received by a finite-sized aperture, leads to angle of arrival (AOA)
fluctuations, see Fig. 2.10. The AOA fluctuation will limit the single-
mode reception via the same principle as the overall receiver misalign-
ment discussed earlier. The average efficiency degradation due to AOA
fluctuations for single-mode reception can be modelled by|B|

naoa = e *(Pra/r0)*"? (2.6)
where « is a constant. The expression highlights, once more, the limita-
tion of efficient large-area single-mode reception imposed by the atmo-
sphere.

R 0

s — Y vt 2 3
1/_\__/\
DRX |

Figure 2.10: Illustration of AOA fluctuations for a receiver with aperture size
Dpg... The AOA is indicated by 6.

The time-domain characteristic of the atmospheric turbulence chan-

nel is important for the techniques used to compensate it, especially the
phase variation of the received field, which we shall discuss further in
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Chapter 2. Free-space optical communications

chapter 4. While this time-variation also affect direct detection, the large
detector area allows for significant spatial averaging (and large Dg,) with
relative practical simplicity in contrast to single-mode reception, which
helps reduce otherwise detrimental power fluctuations.

2.2.2 Doppler shift

For optical communications in space there will exist relative movement
between transmitter and receiver. This relative motion will impose a
Doppler shift Avg = v, /c- v of the transmitted light with respect to the
receiver, where v, is the relative speed and c the speed of light.

Fig. 2.11 shows the frequency shifts that would be obtained in a link
between Mars and earth (left) and between a Low earth orbit (LEO)
satellite and the point on earth’s equator below the LEO orbit (right),
as well as their respective time derivatives (frequency drifts). The peak
Doppler shift in the Mars-earth link corresponds to a relative speed of

roughly 14 km/s.
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Figure 2.11: Doppler shift and its time derivative (drift) vs. time from relative
velocities between earth-Mars (left) and between a LEO-satellite and a point
on the equator below the orbit during a pass.

Meanwhile, the fastest man-made space-craft, The Parker Solar Probe,
reached a speed of 194 km /s relative to the sun which would correspond
to a frequency shift of ~ 125 GHz. Large absolute frequency shifts may
become problematic depending on the wavelength tunability of the re-
ceiver lasers, however, the rate at which the frequency shift changes is
equally (if not more) important, i.e. the drift dAv,/dt. In this case, the
LEO-to-ground Doppler shift may be more challenging even though the
earth-Mars link experiences larger relative speeds.
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2.3. Signal reception

2.3 Signal reception

In order to recover the transmitted information the receiver must con-
vert the modulation of the optical wave into a voltage signal that can be
sampled by an analog to digital converter (ADC) for computer interfac-
ing. Again, if coherent modulation formats are used, coherent detection
is necessary to extract phase information in addition to amplitude. Fig-
ure 2.12 (top) is an illustration of typical coherent reception. Here, the
fiber-coupled light is pre-amplified using an optical amplifier before the
out-of-band optical noise from the amplifier is filtered away using an op-
tical filter. Finally the signal is combined with an local oscillator (LO)
in the coherent receiver which detects both the in-phase and quadrature
components of the signal.

The setup for direct detection in the bottom of Fig. 2.12 simply uses a
photo-detector, e.g. a SN-SPD for sensitive free-space communications,
as mentioned previously. Either type of reception will suffer from a
range of different noise sources which will determine the sensitivity of a
particular combination of modulation format and reception.

Optical
amplification + filtering

Coherent

N .
Receiver

[] Direct detection

Figure 2.12: Top: coherent reception using optical fiber pre-amplification.
Bottom: direct detection.

2.3.1 Noise

Both in the direct-detection and coherent detection cases the conver-
sion of optical power to current (and later voltage) is manifested in a
photo-detector. The below list summarizes the variances of the noise-
contributions to the generated current-signal:

e Shot noise 02 = 2gR4PAf

: 9 _ 4AKgpT
e Thermal noise 07, = =—F=Af
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Chapter 2. Free-space optical communications

e Signal-Noise beating 0y = 4R2PSNAf
e Noise-Noise beating a%_N = 4R§S§Af (AVO — %)

Here, g is the electron charge, R, is the photo-detector responsivity, P
is the power of the signal (amplified or not) or the LO power (whichever
is higher) incident on the detector, Af is the signal bandwidth (symbol
rate), Kp is Boltzmann’s constant, 7" is the photo-detector temperature
in Kelvin, R is the load impedance, Sy is the (white) PSD of the optical
noise incident on the detector and Ayy is the optical filter bandwidth.

The shot noise contribution arise from the discrete arrivals of photons
with associated uncertainty in time described by a Poisson distribution.
Note that at large number of arrived photons per unit time this distri-
bution tends toward the normal distribution.

The thermal noise contribution is caused by black-body radiation
from the photo-detector itself and its environment. The radiation is
partly re-absorbed in the photo-detector, exciting additional electron-
hole pairs that acts as noise.

In the case where optical noise is present in the channel alongside
the signal, this will also be detected and add to the current-signal. A
typical wide-band optical noise (> Ary) beats both with the signal and
with different spectral components of itself in the photo-detector, thus
generating corresponding noise variances. The optical noise may consist
of stray light or of the optical noise generated in an optical amplifier. In
the latter case, the amplified optical noise PSD Sy (in one polarization)
is given by Sy = GF,hv/2, where F,, is the amplifier noise figure (NF),
h is Planck’s constant, v is the optical frequency of the signal light and
G is the amplifier gain. The NF describes how much noise is added for
any given amplifier. For an ideal EDFA or phase-insensitive parametric
amplifier (PIA), the vacuum fluctuation-limited NF=2 (3 dB), while an
ideal phase sensitive amplifier (PSA) can achieve NF=1 (0 dB). The 0
dB NF of PSAs will be elaborated further on in chapter 5.

The cause for added noise from an optical amplifier is explained by
the vacuum fluctuations that permeates the universe. Vacuum fluctua-
tions can be seen as a virtual electromagnetic field with a PSD of hr/2
originating from Heisenberg’s uncertainty principle and is core to quan-
tum mechanics. Vacuum fluctuations cannot excite electron-hole pairs in
photo-detection, but they can trigger stimulated emission in an erbium
doped fiber amplifier (EDFA) as well as stimulate nonlinear-interaction
in parametric optical amplifiers like the PSA, thus giving rise to optical
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2.3. Signal reception

noise. Hence the amplified optical noise from an amplifier is typically
denoted as amplified spontaneous emission noise (ASE) in the context
of EDFAs or as amplified vacuum noise (AVN) in the context of para-
metric amplifiers. As vacuum fluctuations stimulates both processes, we
will maintain the AVN-notation in this thesis.

Using the above variances for the stated (approximately) normal-
distributed noises the SNR of the recovered signal is given as

R2P? P2, incoherent detection
SNR= 5———42——— P/ =<"° .
o; + o7+ 05yt o8N P,P;o, coherent detection,
(2.7)

where P; is the optical signal power and P,o the LO power.

Different noise sources will dominate the total noise power depending
on the reception. For sensitive free-space SN-SPD-based direct-detection
without stray light and optical amplification, only shot noise and thermal
noise are present, with the thermal noise being dominant at low received
powers. To maintain high SNR in this case, the SN-SPD is typically
cooled down to a few Kelvin to eliminate the thermal noise. At low
photon arrival rates the SNR is then dictated by the Poissonian shot
noise photon-arrival statistics.

In the case of coherent detection, both amplifier gain and a strong
LO help boost the signal power to an extent where thermal noise and
shot noise is negligible and provided the use of an optical filter, the
noise-noise beating is also limited. This leaves the signal-noise beating
dominant and we get SNR = 2P,/ F,,hvAf.

2.3.2 Channel compensation

In addition to the noise sources discussed 3
above there are other detrimental effects

imposed on the signal by the communi- FS i Av=100 Hz
cation channel itself. Free-running fre- T
quency drifts and phase noise of signal =
and LO lasers will cause a time-varying 0
phase-rotation of the received symbols in -500 v +500
a coherent receiver. Indeed, practical Frequency offset [Hz]
lasers have a finite spectral distribution, Figure 2.13: A Lorentzian
often modelled using a Lorentzian shape 1laser line-shape with a full

(see Fig. 2.13) with associated FWHM width-half maximum (FWHM)
linewidth of Av =100 Hz.
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linewidth Av centered at the nominal emission frequency v = v(t) which
drifts randomly in time.

Turbulence induced power and phase fluctuations or receiver mis-
alignment may likewise affect the received symbol shape. These effects
differ from the aforementioned noise in that they can be fully or partially
compensated in digital domain using digital signal processing (DSP) in
the receiver. This compensation is possible since the detrimental effects
are either deterministic (like the Doppler shift), or bandwidth-limited
well below the signal bandwidth. This allows the signal to probe the
channel with high-enough SNR (o 1/bandwidth) to accurately measure
and thus cancel such detrimental channel effects in all instances where
the SNR is high enough to also detect the transmitted data. Thus, if
SNR is reduced to the extent where the characteristic channel bandwidth
is no longer recovered, the data communication breaks down as well.

2.3.3 Data recovery

After channel compensation is applied to the raw digitized signal, the
now noisy transmitted symbols are recovered. Fig. 2.14 shows an ex-
ample of recovered BPSK-symbols with added white Gaussian noise of
SNR = 10 in the left and the corresponding normal distributions of either
symbol is shown in the right. The optimum symbol-decision threshold
for the symmetric modulation format BPSK conveniently follows the
imaginary axis (red line). Any recovered symbol to the left of the axis is
interpreted as a 0 and any symbol to the right of the axis is interpreted
as a l.

SNR=10 dB
1

1057

0
-2 -1 1 2

Incorrectly Re Incorrectly
detected 0 detected 1

Figure 2.14: Left: the recovered symbols (dots) with white Gaussian noise
and 10 dB SNR. Blue dots represent transmitted 0-symbols and orange dots
1-symbols. Right: corresponding probability distributions along the real axis
for a O0-symbol (blue) and 1-symbol (orange). Dark areas indicate probability
of errors.
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From the figure we note that some of the 0-dots ended up on the
wrong side and are incorrectly interpreted as 1s and vice-versa for some
of the 1-dots. These symbols contribute to the bit error rate (BER) of
the received signal which for an error-free communication channel must
remain zero. The BER of BPSK is found by integrating the indicated
tail-ends of the two symbol distributions of Fig. 2.14 and dividing by
the integrals of the total distributions. The result becomes

1 SNR 2 o0 42
BER = ierfc< A7 ), erfc(x) = ﬁ/x e " dt (2.8)

which applies both to BPSK and QPSK with M’ = 1 and M’ = 2
respectively, as M’ = logy(M).

As an example, for pre-amplified coherent reception of BPSK (SNR=
2P;/F,hvAf), with Af = 10 GHz and two different NF (e.g. an ideal
PSA and EDFA), the BER vs. received power P, is shown in Fig. 2.15.

PPB [dB]
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Figure 2.15: BER vs. received power in dBm and photons per bit (PPB).

2.3.4 Sensitivity

The receiver sensitivity is defined as the lowest power (or energy per bit)
for which error-free reception is achieved. Commonly, the energy per bit
is represented by photons per bit PPB as : PPB= Ps;/hvAfM’. For
the powers indicated in Fig. 2.15 there is no error-free reception for the
system as described up to this point. To achieve error-free reception even
at very low powers one can employ forward error correction forward error
correction (FEC) codes. The use of FEC introduces specific bit-coding in
the transmitted data, that is, pre-determined sequences of bits that the
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receiver knows where and when to expect. Although the introduction
of such bit-sequences reduces the allocation of the actual information
to be transmitted, this significantly aids the DSP and is necessary in
low-power communications. For instance, when allocating 50% of the
bit sequence to FEC, i.e a 100% overhead, near-error-free reception can
be achieved for pre-FEC BER-values < 14% in the case of BPSK (and
QPSK). In Fig. 2.15 this corresponds to all BERs below the dashed
red line, or all powers above -64.3 dBm (-5.3 dB PPB) and -61.3 dBm
(-2.3 dB PPB) for the 0 dB NF and 3 dB NF-curve respectively. These
threshold powers now represent the receiver sensitivity for the two curves
in Fig. 2.15. Note that there is a distinction between PPB and photons
per information bit (PPIB), especially when considering FEC as in the
100% overhead case, where the sensitivity in terms of PPIB is 2PPB.

Theoretical best sensitivity vs. spectral efficiency (bits/s per used
signal bandwidth in Hz) have been derived both for coherent receivers
with modulation formats such as BPSK and QPSK as well as for direct
detection PPM. Instead of reviewing the exact expressions here they are
instead visualized in Fig. 2.16 (based on [34]).

10' ¢

Gordon = = PSA*
EDFA =——PSA
= PPM

- 0.7 PPIB
. 0.35 PPIB

Sensitivity [PPIB]
>
(e}

1
—_

10

-3 1

10 10° 10° 10
Spectral efficiency [bits/s/Hz]

10

Figure 2.16: Theoretical sensitivities vs. spectral efficiency for different coher-
ent EDFA and PSA reception as well direct detection PPM. Gordon represents
the lowest possible sensitivity regardless of receiver type. The solid PSA curve
does not account for the idler wave optical bandwidth occupancy in the spec-
tral efficiency while the dashed does. The idler is not detected in the receiver.

The purple curve is the ultimate sensitivity limit as described by

Gordon in [50]. Meanwhile, PPM can achieve arbitrarily low sensitivities
in theory but has an upper spectral efficiency bound of 0.5 b/s/Hz. In
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2.3. Signal reception

contrast, EDFA and PSA pre-amplifed coherent reception can in theory
achieve arbitrarily high spectral efficiency but are bounded by 0.7 PPIB
and 0.35 PPIB respectively in terms of sensitivity. Clearly, above some
threshold sensitivity, coherent reception can provide much higher data
rates than PPM and among coherent receivers, the PSA pre-amplified
one enables the highest spectral efficiency at lowest power.

Indeed, by converting spectral efficiency to data rate (multiplying
with a signal /detector bandwidth) and converting the sensitivity to com-
munication reach via Eq. (2.1) (with specific parameters), one can pro-
duce a reach vs. data rate plot such as Fig. 1.3 in chapter 1. For the
purpose of free-space optical communications Fig. 1.3 provides a more
relevant comparison and illustrates the benefit of coherent and in par-
ticular the PSA in a direct manner. Here, the PSA enjoys a /2 times
longer reach than the EDFA, or a 2 times higher data rate. Furthermore,
the reach is proportional to receiver size Dpg, for all curves. Hence, by
leveraging a larger receive-area such that the link distance falls into reach
of the PSA, where its data-rate surpasses that of PPM, high speed com-
munication can be established for a given deep space mission.
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CHAPTER 3

The dither-optical phase-locked loop

In section 2.3.2 we discussed the necessity to correct for certain channel
effects to recover an optical signal. There, a focus on digital compensa-
tion was emphasized. However, there are instances in which signal dis-
tortions accumulated through the channel must be compensated already
in the optical domain. For the purposes of both large area coherent re-
ception, as well as phase sensitive amplifier (PSA)-implementation, this
is the case and here, the optical phase locked loop (OPLL) plays a core
component.

In the investigated multi-aperture and multi-mode fiber (MMF)-
reception solutions for larger receivers in this thesis (discussed further
in chapter 4), the coherent combining of individual signal channels re-
quires phase-locking. Likewise for PSAs, the pump wave created at the
receiver must be locked in phase to the received signal (and idler) wave
to achieve phase-sensitive amplification. In either application, the re-
quirement of zero phase and/or frequency offset excludes the use of fre-
quency offset-locking OPLLs [51]. The alternative of optical injection-
locking (OIL) is furthermore not compatible with typical data-modulated
signals and would require an accompanying continuous wave (CW) refer-
ence wave, something that has been used in the context of PSAs [26] but
which remains undesirable. Instead, a convenient solution to zero-offset
phase/frequency locking is presented by the dither-OPLL [52].

The dither-OPLL was first investigated for the purpose of local os-
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Chapter 3. The dither-optical phase-locked loop

cillator (LO)-laser phase-locking to a received optical communication
signal in order to enable optical homodyne reception. Without optical
pre-amplification, homodyning can in principle achieve the same sensi-
tivity as a PSA, however, this requires a 100% photo-detector quantum
efficiency which is never seen in practice. Although the dither-OPLL
could correct phase and frequency offsets between signal and LO, the
added complexity of an OPLL was easily replaced by compensation post
detection using digital signal processing (DSP).

Despite the modest interest in the dither-OPLL during the past years,
its unique property of achieving zero-offset locking without the need for
a CW wave lend itself perfectly for the situations investigated in this
thesis. Its operation and performance characteristics are described in
this chapter.

3.1 Example setup

Though the dither-OPLL can be fashioned into various system configu-
rations we will here consider a relatively simple system that connects well
with the topics in this thesis. Consider the system depicted in Fig.3.1,
initially neglecting the shaded laser-part. Here, two input optical waves
guided by their respective single mode fibers (SMFs) experience a time-
varying relative phase ¢ = ¢(t). After further propagating the waves, the
lower wave attains an extra phase shift ¢. via an optical phase-modulator
(¢p-mod) before they are both interfered in a 50/50-directional coupler.
The optical power in either wave is Ps; and the power P, is determined
by the new relative phase ¢ — ¢, as

Py = Ps[1 — cos(¢p — ¢pc)]- (3.1)

In this example, we want to lock the relative phase between the waves
by minimising Py, i.e. when ¢ = ¢.. This is achieved by detecting the
power Py and from this information, adjust ¢. using a control system
to cancel the relative phase. The control of ¢. makes this a 1st order
OPLL.

Although the described system in principle can compensate for any
phase variation ¢, in case the two input waves originate from separate
and uncorrelated lasers, variations in ¢ typically become too fast for any
practical control system to adjust for. This is representative of the case of
laser-locking, i.e., when one wish to lock a laser to a reference-laser, thus
making them correlated. To achieve both phase and frequency-locking
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Figure 3.1: Schematic of an OPLL-setup for phase locking, or phase-frequency
locking when including the shaded part.

in this example, we assume a free-running relative frequency drift Af =
Af(t) and that we have access to and control of the frequency of the laser
creating the lower wave (the shaded part in Fig.3.1). Now the locking
can be achieved by compensating Af using Af.. Note that frequency
is just the time-derivative of phase, hence frequency is incorporated in
¢ — ¢. and Eq.(3.1) still applies. The control of ¢. both via ¢.-mod and
A f. makes this a 2nd order OPLL.

3.2 OPLL in time domain

Assuming a digital phase control with discrete update time At, a phase
error ¢.(t) = ¢(t) — ¢.(t) at time ¢ = nAt (n being an integer) is
compensated at ¢t = (n + 1)At if ¢, is updated as ¢.([n + 1]At) =
de(nAt) + ¢e(nAt) assuming ¢ varies negligibly during a time At. To
update ¢. according to this equation requires information of ¢., both its
magnitude and sign. From measurement of P; and knowledge of Ps one
can extract |¢.| but not its sign. To overcome this, an additional phase
signal in the shape of a sinusoidal modulation ¢4(t) = @mag cos(27 fat)
with magnitude ¢mae and frequency fy is added in ¢.-mod. This is
called a phase-dither. Via dithering, the sign of ¢. can be extracted as
illustrated in Fig.3.2a).

For a small dither magnitude ¢4 < 7, the phase dither is converted
into a power-oscillation P, proportional to d(cos ¢.)/dt = sin ¢, which is
x ¢, for small phase errors. Hence, by demodulating the detected P, as
P; - cos(27 f4t) and low-pass filtering, a baseband signal proportional to
¢e is obtained. Note that this concept relies on the phase variation de/dt
being negligible during the dither cycle 1/ f; for accurate recovery of ¢..
In general, the recovered base-band signal can be written as s = s¢ + s,
where s x ¢, is the error signal and s,, is the system noise.

With the phase error contained in the base-band signal s we can write
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Figure 3.2: a) Illustration of the power oscillation in P; vs. ¢, generated via
phase dithering. b) Illustration of loop convergence for different step gains g.

the new control phase update as
Pc([n + 1JAL) = ¢e(nAt) + g - [de(RAL — T) + dn(nAt)] (32)

where ¢,, is an added phase noise from the OPLL system noise s,, 7 is
the loop delay and g is a the step-factor that incorporates all gain and
conversion factors and is tuneable to optimize the OPLL. The impor-
tance of the step-factor tuning is illustrated in Fig.3.2b) which shows the
phase error convergence towards zero for g < 2 and unbound divergence
in the case of g > 2 (assuming 7 = 0 and ¢,, = 0). Evident is the impor-
tance of g concerning the convergence speed, i.e. how quickly the OPLL
can track the phase variation ¢(t) as well as concerning loop stability.

The scenario discussed so far is fairly ideal. For instance, in the case
where the power P fluctuates rapidly in time, e.g. from atmospheric
scintillation, this could jeopardize the stability of the OPLL as g is di-
rectly proportional to Ps;. A way to circumvent this problem is to use
the following update equation

dc([n + 1JAL) = pe(nAt) + gs - sgn([pe(NAt — 7) + P (nAL)])  (3.3)

where g5 represents a static step-gain and sgn(z) is the sign-function.
This type of update equation refers to a category of phase locked loops
(PLLs) referred to as Bang-bang PLLs. For small step-gains g5 and
a well-performing control system, i.e. when ¢, is small, the Bang-bang
PLL behaves as a linear PLL like in Eq.3.2 [53| but where any magnitude
fluctuations in s, are conveniently removed.
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3.2. OPLL in time domain

In terms of the frequency compensation f.(t), the same update equa-
tion as for ¢. is used, where ¢. is exchanged for Af. and a separate
step-factor is defined gy. The continuous time model for both the 1st
and 2nd order loops is thus given by

t t t/
Pe(t) = ke /0 Ge(t' — T)dt' + 27 /0 (kf i gbe(t"—r)dt”>dt’ (3.4)

where ¢, is neglected and kg4 and ky are the continuous time loop gains
corresponding to g and g respectively (ky = 0 for 1st order loop). The
first term represents the first-order response, i.e. a direct phase com-
pensation. Meanwhile the large parenthesis in term two is Af.(¢') and
the outer integral converts its influence to phase, being the second order
response. Note how both control signals ¢. and A f. are generated using
integrals. In terms of a PID-controller, where P is proportional, I is inte-
gral and D is derivative gain respectively, the dither-OPLL consists of a
phase and frequency integrator. However, observe that the first term in
Eq.3.4 could be realized also without ¢.-mod, by instead applying a pro-
portional gain in the laser frequency control. This can be more practical
in some cases.

3.2.1 1st order control loop

The behaviour of OPLLs can many times be confusing and difficult to
interpret. Here we discuss some typical scenarios that highlights the
challenges, depicted in Fig.3.3, for phase control in a 1st order loop. In
the figure, both ¢ and ¢, are plotted vs. time as well as their phase error
difference ¢, with corresponding standard deviation oy, .

In the top is shown a well-performing phase-tracking system where
detrimental effects such as system noise and loop delay are negligible,
resulting in a low o4, of 4 degrees. Here, ¢. matches ¢ almost perfectly.

In the row beneath, two plots are compared. Both feature a low SNR
of 2 (se ~ sp) but the leftmost one has a 5 times larger step-factor than
the rightmost one. It can be seen that the choice of lower step-factor
(k) in the right results in a lower phase error. As kg represents the loop
gain or bandwidth of the OPLL, a lower bandwidth filters away more of
the system noise s, that would otherwise be transferred to the control
phase ¢.. This also filters away fast variations in s., however, which
hampers the system’s ability to perfectly match ¢. to ¢ as can be seen
in the rightmost figure in some instances, where the red curve does not
perfectly match the blue one.
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Figure 3.3: Different phase-locking scenarios of a 1st order control loop with
varying signal to noise ratio (SNR), loop delay and step-factors. In the bottom
right also a maximum phase compensation range is imposed.

Next, in the second row, two plots with high SNR but large loop delay
are shown. In the leftmost plot, the loop delay results in an unstable
OPLL with unbounded phase error whereas in the rightmost plot, with
a 3 times smaller step-factor, stable OPLL-operation with o4, = 16 is
shown. A larger loop delay hence severely affects loop stability. One
can see the repeating overshoots of ¢. in the left with higher step-factor.
Lowering the step factor, as in the right, limits these overshoots and
stable phase tracking can be maintained, albeit with delayed and slower
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3.2. OPLL in time domain

response which ultimately results in a larger phase error than in an ideal
case.

In the bottom row we discuss both a fundamental effect present in
OPLLs as well as an effect induced by practical implementation. In the
leftmost plot we again consider a low SNR scenario but over a longer
time. Recalling that the actual error signal is o sin ¢ we realise that
Se is zero for ¢, = m27 where m is an integer. In the presence of noise
and given long enough time, there will come a moment where the noise
pushes the phase error close enough to a neighbouring operating point
for a transition to take place. For the purposes of phase locking, we
usually are fine with static phase-offsets, however, during the moment
of transition the system is unlocked which in terms of a communication
channel may result in lost bits. The expected time between such phase-
slips is derived in [54] and is proportional to e?N® /B, (where B, is the
OPLL noise bandwidth) whereas the slip duration approximately equals
the inverse loop bandwidth [55]. Operating at higher SNR thus virtually
removes the problem of noise-induced phase slips.

In the bottom right plot we are again presented with phase-slips
and operation at neighbouring 27 phase points, however, in this case
SNR is high. The phase slips occuring here are instead imposed by
physical constraints of the locking system. Specifically for a locking
system using a separate phase-modulator ¢.-mod. Either the voltage
signal to the modulator or the modulator acceptance range is limited,
thus enforcing the use of 2w-phase jumps from the control-system side to
maintain phase-locking. This scenario suffers likewise as from the noise-
induced phase-slips. The frequency of slipping is however dependent
on the rate of change in ¢ and the ¢.-mod voltage range and the slip
duration is limited to that of the control signal bandwidth.

In the scenario of laser-locking, phase control in ¢.-mod is easily re-
placed by proportional frequency control in the laser, as previously men-
tioned, thus removing the issue of such phase-slips. When phase com-
pensation in ¢.-mod is required, however, phase-slips remain a problem
that in principle could be solved by the use of an extra phase-modulator
as in [56], yet this further complicates the implementation.

3.2.2 2nd order control loop

Although everything that applies to a 1st order loop also does so to a 2nd
order loop, there are some additional challenges tied to the simultaneous
phase and frequency compensation. Each plot-row in Fig.3.4 represents
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Chapter 3. The dither-optical phase-locked loop

a specific scenario, where the leftmost plot shows the phase vs. time
similar to Fig.3.3 and the rightmost plot shows the frequencies Af, Af,
and Af — Af. vs. time.

The top row in the figure again shows a well performing system with
high SNR and short loop delay. Here both phase and frequency are

compensated near perfectly.
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Figure 3.4: Different phase-locking scenarios of a 2nd order control loop with
varying SNR and loop delay. Both phase vs. time and frequency vs. time are
shown.

In the second row the SNR is much lower. Here the system goes
from an initial zero phase error and momentarily locks at —2347 before
at a later point, losing lock again. What complicates the laser locking
case is the free-running relative frequency drift Af. Remember that the
operation of the OPLL assumes that the phase variations occur with a
frequency much lower than f;. If a disturbance such as noise pushes the
frequency compensation off keel such that Af — Af. &« f4 then locking
is lost and may not be recovered again unless the system happen to drift
back to the operating point or if a nearby Phd-student intervenes by man-
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ually turning the current-control knob of the laser. The right plot in this
case shows an apparent stable offset frequency-lock at Af —Af. = 1/At
which happens to average out the phase error to zero for the given sim-
ulation in which At = 1/f;. For certain loop-gain combinations the lock
at such offset-points remained more stable than the desired operating
point, removing any prospect of the frequency naturally drifting back to
Af—-—Af.=0.

In the bottom row the SNR is again high but the loop delay longer.
Here moments of stable locking are experienced before the system again
unlocks. As for low SNR, a long loop delay is detrimental to the OPLL
stability and easily causes the system to unlock. A combination of both
low SNR and significant loop delay is especially problematic for the op-
eration of a laser-locking system.

The loop dynamics regarding probability of unlocking-events and ex-
pected time of locking are important for the practical implementation
of an OPLL, however, these aspects are not investigated here and re-
main outside the scope of this thesis. Instead focus is put toward the
optimisation and performance of the OPLL during locking.

3.3 Optimising the dither-OPLL

In an ideal OPLL the phase should be perfectly compensated and oy, =
0, hence optimisation of the OPLL targets the minimisation of the resid-
ual phase error ¢.. This implies that for a given phase variation ¢ and
received power P, the OPLL parameters kg, k;y and ¢nae should be
optimised. The dither frequency f; has no impact as long as it remains
much larger than the bandwidth of ¢.

In order to optimise, a relation between o4, and the aforementioned
variables is required. For the dither-OPLL, this is easily developed in
the frequency domain.

3.3.1 OPLL in frequency domain
The operation of the OPLL can be condensed n
into the block-diagram of Fig.3.5. Here, ¢ = ¢ ¢e K é >
¢ — ¢, as previously while ¢, is driven by ¢, % e |
with corresponding phase-error specific gain ) H

C C

K. and system noise n through the common
open-loop transfer function H.. To avoid Figure 3.5: OPLL block-
pesky differential equations and the use of djagram.
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impulse-responses in favour of transfer functions, we Laplace-transform
the block-diagram relations to obtain

De(s) = Hy(s)P(s) + Hn(s)N(s) (3-5)

where s = 527 f, 7 is the imaginary number, f is frequency, ®., ® and
N are the Laplace transformed ¢., ¢ and n respectively and Hg and
H,, are the phase and noise transfer functions given by ®.(s)/®(s) and
®.(s)/N(s), respectively. From the following relations, discerned from
the block diagram,

D (s) = D(s) — KcHe(s)Pe(s) (3.6)

and
De(s) = —He(s)[N(s) + KePe(s)], (3.7)

the transfer functions Hy and H,, are obtained via some simple algebraic
manipulations as

B 1 B H.(s)
Hos) =k ey ) = TRk as)

(3.8)

The common open loop transfer function is meanwhile obtained by
Laplace-transforming Eq.(3.4) as

—TS —Ts
€

+ 2mky

Ko H,(s) = ky" (3.9)

s2

The contributions to the phase error variance aie from phase ¢ and

noise n can be computed by integrating the power spectral densities
(PSDs) of ¢ (Sy) and n (S,) multiplied with their corresponding transfer
functions

= [ SeHGEzNP, o= [ SuPIHG2HR
0 0

(3.10)
Usually, but not always (see paper [C]), the phase dithering itself also
constitutes a phase-error contribution and is given by Uc%d = ¢fnag /2.
As all mentioned contributors are typically uncorrelated, the variances

can simply be added to obtain the final phase error variance a(%e =

03) + 012\, + U(Qﬁd.
To illustrate the effect of the transfer functions, let us assume a 1st or-
der loop k; = 0 with zero loop delay for which [Hy|* = (27 f)?/[(27f)*+
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3.3. Optimising the dither-OPLL

k:q%] behaves as a high-pass filter and | K H,|?> = k:(%/[(27rf)2 +k§] behaves
as a low-pass filter. Fig.3.6 shows how a f~8/3 phase-PSD and white
noise PSD are filtered by their respective filters at different B = kg /27.
The top right plot shows the residual phase error standard deviation vs.
B, neglecting the dither, as 0(2756 = 035 + JJZV.
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Figure 3.6: Visualization of phase and system noise suppression using cor-
responding loop filters. Center top: input noise PSDs. Bottom row: The
resulting filtered system and phase noise PSDs at different loop bandwidth B.
Top right: residual phase error deviation vs. B.

From these plots we see clearly how the optimal choice of B (ky) is
a compromise between filtering away as much phase noise Sy as possible
or as much system noise S,, as possible. This constitutes a fundamen-
tal trade-off between SNR and bandwidth, similar to that of an optical
communication link.

The graphical representation in Fig.3.6 can also be made clear from
the equations. Optimal OPLL parameters are found by solving the fol-
lowing system of equations

0 =0 3.11
dpmag dkg  dky (3:11)

for which the minimum phase error standard deviation is obtained. An-
alytical derivation of Eq. (3.11) requires a simple model of Sy(f). For
simulated Sy (as in paper [B|) or measured Sy (as in paper [C,D]), nu-
merical optimization can be used instead, where in this thesis a grid
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search was commonly employed. However, to provide an example, here
we assume a lst order loop (ky = 0), a Lorentzian phase noise PSD
Sy ~ 2Av/mf? (single-sided with linewidth Av) and incoherent power
detection K¢ & GmagPs/2 (¢mag < 7) which gives

ks N T (GmeeP)?2 Cfa T T
¢ (¢mag 8)
2

Again, Eq. (3.12) illustrates the trade-off between minimizing o 5 VS

05 = (3.12)

0% via the loop bandwidth kg, similar to Fig. 3.6. Another trade-off
exists between 012\, and a;d through the dither magnitude ¢nae which
can be increased to boost the OPLL SNR (SNRoprL = 1/0%) at a price
of a larger dither penalty aéd. The ability to tune ¢mag is one of the
main merits of the dither-OPLL, which emphasizes its usefulness in low
SNR scenarios.

By solving Eq. (3.11) for the optimized kg and ¢mag with 03)6 given
by Eq. (3.12), the minimized phase error variance is found as

E OPLL

This final expression highlights the fundamental limitation to the dither-
OPLL performance imposed by limited signal power P; and the opti-
mized system noise power (mAvS, ), where the noise PSD S, is set by
the power detection scheme (e.g. any of the variances in section 2.3.1)
and the bandwidth mAv is set by the phase noise PSD. The expression
implies that to achieve similar OPLL performance when the bandwidth
of phase noise increases, the received power must also increase (assuming
Sy, fixed). This is the same as saying: there exist a minimum received
power, i.e. locking sensitivity, to operate below a certain 03)6 for a given
phase noise bandwidth.

Although we assumed a specific phase noise PSD in this example,
the conclusions listed here apply also in general for the different kinds of
phase noise covered in this thesis. In this example, S,, can be obtained
by dividing any of the noise variances in section 2.3.1 by RfleA f where
G is the optical preamplifier gain (if applicable). For coherent detection,
P, — \/P,P;o in K, with P;,o being the LO power.

3.4 Phase error statistics

Although the phase error standard deviation is central to the dither-
OPLL optimization and provides a simple estimate of its performance,
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it does not convey information about temporal, spectral or phase error
probability distribution characteristics. In this chapter, we have seen
examples of simulated temporal phase error traces in Fig. 3.3 (yel-
low curves) and spectral distributions in 3.6 (yellow curves). In pa-
per |C] these characteristics are also investigated experimentally in a
laser-locking dither-OPLL, alongside other performance metrics. While
different metrics are important for different applications, in the context
of optical communications, the bit error rate (BER) depends primarily
on the phase error probability distribution for the situations covered in
this thesis, as will be discussed in chapters 4 and 5.

The phase error probability distribution has been investigated previ-
ously in [54] for non dither-OPLLs where it is concluded that the phase
error abides a normal distribution when SNR>> 1, which is mostly the
case in this work. This implies that phase error contributions from noise
sources such as phase and system noise transfers into normal distributed
phase errors and are uniquely characterized by their respective phase
error deviations.

Based on the same simulation as Fig. 3.3, examples of simulated
phase error distributions (without dither) are shown in the left of Fig.
3.7, where the bandwidth of phase fluctuations was sequentially increased
for red and yellow curves. The same result can be obtained when instead
sequentially lowering the system SNR. The distributions are indeed nor-
mal, something which was verified also in paper [C|, experimentally.
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Figure 3.7: Left: phase error distribution from phase and system noise at
different standard deviations. Right: phase error distribution resulting from
phase and system noise contributions, from the presence of the dither as well
as the combined phase noise, including a fitted normal-distribution with the
same standard devieation.

For a dither-OPLL with an added phase error contribution from

39



Chapter 3. The dither-optical phase-locked loop

dithering, the resulting phase error distribution remains normal despite
the phase dither not being normally distributed, as can be seen in the
right of Fig. 3.7. The original phase error distribution from phase and
noise (blue) is broadened (yellow) by adding the phase dither with dis-
tribution shown in red. The Gaussian fit uses the combined oy, from
the three contributions as standard deviation. Hence, phase error distri-
butions for dither-OPLLs may also be uniquely described by the phase
error standard deviation and corresponding normal distribution.
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CHAPTER 4

Large receiver area for coherent reception

In chapter 2 we discussed how a large receiver aperture size (denoted
as D in this chapter) alongside efficient receive-optics (7,) is necessary
to collect enough power for sensitive free-space optical communication
links. We also discussed how coupling the light from a large aperture
into a single-mode receiver faces several practical challenges in a space
to ground link. These included stringent alignment tolerances as well
as turbulence-induced angle of arrival (AOA) fluctuations and spatial
phase perturbations, all of which must be overcome to enable sensitive,
optically pre-amplified coherent detection.

This chapter introduces the three main approaches for large-area
single-mode coupled receivers that overcome these challenges; adaptive
optics (AO) [57], multi-mode fiber coupling [58] and multi-aperture re-
ception [59]. An overview of the three approaches is illustrated in Fig.
4.1.

Each approach aims to compensate the effects of the free-space chan-
nel that limit 7, and cannot be compensated digitally. This involves
coarse pointing for transmitter-receiver alignment, tip-tilt compensation
of AOA fluctuations and spatial reconstruction of the distorted field.
The required active compensation, in turn, relies on the implementation
of sophisticated control systems that need to be able to cancel the atmo-
spheric effects at kHz rates [60] while operating at low received powers.
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Figure 4.1: Left: single mode fiber (SMF)-coupled large-area receiver with
AO turbulence compensation and tip-tilt control. Middle: multi-mode fiber
(MMF)-coupled large-area receiver with tip-tilt control and MMF to SMF
transformation via a photonic lantern (PL). Right: SMF-coupled multi-
aperture array receiver with individual tip-tilt control.

A spatial mode perspective

To understand how the three receiver implementations can undo the ef-
fects of the turbulent channel we will look at the atmospheric propagation
from a spatial mode perspective. As the transmitted, single spatial mode
signal (~plane wave) enters the atmosphere it is redistributed upon the
spatial frequency spectrum while propagated through the channel, with
individual spatial components gradually becoming uncorrelated from one
another, see Fig. 4.2. In regular spatial domain, these individual spatial
components are characterized by the coherence length rq.

When receiving the field using a finite-sized aperture of diameter D
(smaller than the incident beam), we apply a form of spatial filtering
which collects a portion of the spatial components. The collected field
power (~ 100% but not all) can be divided into a finite set of uncorrelated
orthogonal spatial modes in some discrete basis. The number of spatial
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modes that contain >~ 75% of the collected power can be estimated as

N = (—)2 (4.1)

To

i.e. the same as the number of speckles present in the turbulence-limited
spot-size we discussed in chapter 2. This is the same as the number of 7-
sized disks that fit inside a D-sized aperture. The received (or incident)
power per mode can thus be defines as P,, = Irwr%/ﬁl where I, is the
average incident intensity.
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Figure 4.2: Visualization of spatial decomposition of different wave-profiles
in different modal basis. The discrete representation in the right column is an
example and refers to after spatial filtering using an aperture of size D. J:
mode number.

To couple the power contained in the N collected modes into a single
mode, each receiver implementation must cancel the turbulence-induced
field de-correlation between all the modes. Although the way in which
this is achieved differs between the different systems, it will require the
equivalent of N — 1 active control systems. One can achieve higher
efficiencies (> 75%) by correcting for a larger number of modes N.:
N. > N, see e.g. Fig. 4.2. However, this leads to a lower average
received power per corrected mode (P, - N/N.), in turn resulting in a
lower average signal to noise ratio (SNR) per control system.

As discussed in chapter 3, a control system generally operates at a
trade-off between large bandwidth and high SNR. This is true also here,
implying that a certain received power is required per corrected mode
for compensation at the bandwidth necessitated by the turbulence. This
minimum required power, or system sensitivity, thus limits the number
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Chapter 4. Large receiver area for coherent reception

of modes and, hence, how low powers that can be efficiently received.
This, in turn, sets a limit for the ultimate reach and speed of the link.
Granted that the system sensitivity is met and that reasonable efficiency
is achieved, one can in practice just scale the receive-area A, until enough
power is received (P, = I, A1) to meet the sensitivity of the communi-
cation link.

The objective of each receiver implementation, AO, multi-mode re-
ception and multi-aperture reception, is therefore to enable as high re-
ceiver efficiency 7, with as low sensitivity as possible. In the following
sections we talk about each approach, their advantages, limits and per-
formance in this context for optical free-space communications.

4.1 Adaptive Optics

AOQ is a technology that was originally developed for ground-based tele-
scopes to improve atmospheric seeing for optical astronomy [57]. For
astronomy, large telescopes are needed to reduce the diffraction-limited
spot size to improve angular resolution, something which is crucial in
order to resolve distant objects. At an ideal observatory, a plane wave
incident on the atmosphere should remain a plane wave when imaged on
a camera focal plane array (FPA) to reach the diffraction limit.

The objective of AO for astronomy extends beyond that of a free-
space optical link in that turbulence-compensation is necessary for a
larger range of spatial frequencies and wavelengths to capture a wider
field of view and spectral range [57]|. Instead sensitive optical commu-
nication links through the atmosphere are concerned with correction for
one direction and wavelength only. However, the required performance
of this correction for coupling into SMF is high, leading to slightly dif-
ferent targets for the two applications. Nonetheless, with maturing AO
technologies from decades worth of development as a shared solution
between the two applications, adaptations for single-mode reception is
being investigated [61,62], including a demonstration of a downlink from
the ISS to earth in [63].

A typical ground-based large telescope AO-enabled receiver for op-
tical communications is illustrated in Fig. 4.3. First, the telescope is
pointed toward the transmitter (incoming wave), this step represents
the coarse pointing control. For links with slow angular movement, as
for deep space, coarse pointing control can operate on knowledge of the
transmitter position. The necessary information is generated from calcu-
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Figure 4.3: A large-area receiver featuring SMF-coupling, active tip-tilt and
turbulence compensation using AO driven by direct wave-front sensing.

lated relative trajectories and calibration is done by visual referencing to
nearby observable space. As such, coarse pointing will not be a limiting
factor for the type of links considered here. For faster angular movement,
as present in Low earth orbit (LEO) to ground links, telescope pointing
may need a reference beacon to lock onto [21].

After coarse pointing, the received wave is collected by the telescope
and reflected off a fast-steering mirror for tip-tilt-correction of AOA fluc-
tuations. As discussed in chapter 2, fluctuations in AOA come about as
the net phase-front normal of the wave, averaged across the aperture,
may fluctuate around the optical axis as a result of the turbulence. The
tip-tilt mirror thus have to perform this angular compensation at at the
timescale of the atmospheric fluctuations, ranging from hundreds of Hz
up to kHz [21]. The tip-tilt of the mirror, typically realized using fast
piezoelectric actuators, is operated using a control loop which uses the
received signal as feedback, as will be discussed shortly.

After overall tilt is compensated the remaining spatial phase distor-
tion is cancelled by reflecting the field off a deformable mirror which is
adaptively controlled to form the conjugate shape of the spatial phase
front. Different types of deformable mirrors exist, with some based on
densely spaced piezoelectric actuators, MEMS or motor-driven voice-
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Figure 4.4: Low-order
Zernike modes. DM, de-
formable mirror.

coils, both with segmented (lossy) or continuous surfaces (low loss). The

common principle of operation is to control the individual mirror ele-

The close spacing of control elements enabled by the different implemen-

tations also allow for small footprint and easy scaling to large number of

To continuously update all mirror elements correctly, a wavefront

sensor measures the wavefront of a portion of the corrected field (tapped

of the wavefront may also be used to update the tip-tilt mirror control.

Meanwhile, the other portion of the corrected field is focused into a SMF

One of the more intuitive wave-front sens-

o ing types is the Shack-Hartmann wavefront

Tip-tilt

Here, the beam is incident on a microlens ar-

--------- A o ray whose individual elements images each

residual phase distortion, i.e. phase angle

across a lenslet, will result in a deflected focus

of the magnitude and direction of the distor-

tion. Pretending there is a one-to-one cor-

mirror-elements and sub-FPAs it is straight-

forward to understand how the mirror control is updated. In reality, this

the appropriate mirror update state from the collected information from

the entire wavefront sensor. Other wavefront sensors such as the pyra-

setup but offer different benefits and trade-offs. As with the deformable

mirror, the wavefront sensor is generally realized using small footprint
resolution.

To compensate the ~ N spatial modes collected by the telescope one

mirror elements typically does not form an optimal spatial mode basis for

turbulence compensation. A typical decomposition of the N uncorrelated

ments, their normal-offset (piston), to achieve the desired mirror shape.
elements.
using a beam-splitter) for control feedback. The overall measurement
and is sent to the communications receiver.
sensor [57| and is illustrated in the figure.
sub-field onto the respective sub-FPA. Any
spot on the sub-FPA, providing information
respondence between individual deformable
is generally not the case, instead a real-time computer is used to calculate
mid [57] and curvature [57] wavefront sensors employ a more complex
optics and electronics and is easily scaled to accommodate higher spatial
would in principle need N mirror elements. However, a square array of
spatial modes, collected by the telescope, instead relies on the Zernike
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4.1. Adaptive Optics

polynomials, see Fig. 4.4. In this case, the control of individual mirror
elements need not be completely uncorrelated, instead the shape of the
mirror can be encoded by a superposition of N Zernike modes to reach
efficiencies >~ 75%. Having a large number of mirror elements > N
alleviates the construction of smooth mode shapes and also provides the
freedom in adapting how many Zernike modes to compensate, as both
P,, and N (via rg) may vary with time.

For AO to be both efficient and sensitive, it is important for the wave-
front sensing system to be as sensitive as possible. Based on the analysis
of the fundamental information limit of wavefront sensing in [64], it is
found that roughly 1 photon per mode is required for efficient AO (\/14
rms wavefront error or 0.8 Strehl ratio). Practical wavefront sensors have
yet to reach such performance but further developments may push the
technology close to this limit [65].

4.1.1 Performance of adaptive optics

The performance of the AO system will depend on the exact imple-
mentation and the used wave-front sensor. Here we estimate the effi-
ciency for a theoretical and practical AO system to provide an example
for later comparison with the multi-aperture and multi-mode reeceivers.
The theoretical system assumes a wave-front sensor composed of CMOS
integrated avalanche photo-detector (APD) or single photon avalanche
detector (SPAD) [66] arrays, which is typical for AO systems. Such detec-
tors are typically cooled to eliminate the thermal noise. The dominating
noise will instead be given by the excess detector noise (e.g. multiplica-
tion noise for APDs), represented by a factor ¢, and background optical
intensity Ip. For this system, we further assume a maximum receiver
efficiency of 0.81 (optical losses), a detector quantum efficiency of 0.8
and a beam-splitting ratio of 0.1 (see Fig. 4.3), i.e. 10% of the light is
tapped for AO control.

In Appendix A.1.1 we present a model for the optimized receiver ef-
ficiency for the theoretical AO system w.r.t. incident power per mode
and specific turbulence channel parameters (similar procedure as for op-
timizing the dither-optical phase locked loop (OPLL) in chapter 3). The
optimized efficiency is shown in Fig. 4.5 and compares cases of differ-
ent ¢ and I for a receiver of size D = 0.8, signal wavelength A = 1550
nm, turbulence of rg = 20 cm and Greenwood frequency fo = 34 Hz.
The Greenwood frequency is a common measure of the timescale of the
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atmospheric turbulence and is given by

path

3/5
fG2.31>\6/5[ cg(z)v5/3(z)dz] : (4.2)

or, as fg =~ 1.99[Sy(f = 1) -1 Hz]*/° with Sy from Eq. (2.4). The
estimated I for night and day are discussed in Appendix A.1.3 but will
depend on the level of ambient light and how well it is spatially filtered.
For comparison, we estimate

the AO efficiency of the demon- I re =1
stration in [63] (ISS to Table 0.8
mountain CA downlink), see de-

tails in Appendix A.1.2. For this %]
demonstration, —36.6 dBm of re- 04t
ceived power was required to be

» ISS — Table mountain

0.2
allocated to the AO system. Here, s iy 1
v ;. ====1y=-76 dBm
D =1 m, rog = 4.5 cm (WOI‘St 0 L, . .
case) and since all parameters are -3 93 =75 =53 -35
. Pro [dBm]

not available, we assume a max-
imum efficiency of 0.81 and that Figure 4.5: Estimated system effi-

N, = (D/T0)2 modes were cor- ciency vs. incident power per mode
rected for. P,, = I.mr3/4 for the system in [63]
(yellow) and the theoretical system ex-

Although we assumed a fixed
ample (all other curves).

beam-splitter ratio for the theo-
retical system, the splitting ratio
deserves careful consideration as a trade-off between high AO SNR and
high SNR for the communication channel. Its role can be compared to
that of the dither magnitude ¢mae in a dither phase locked loop (PLL),
only being much harder to dynamically tune.

4.1.2 Guide stars

We have so far assumed that the AO system uses the communication
signal as a probe for sensing the atmospheric distortion, however, any
other spatially coherent light entering the atmosphere from the same
direction can be used as a reference for AO error feedback. Optical as-
tronomy, which lack man-made reference signals, have historically relied
on bright stars as reference for AO systems. The use of these natural
guide stars (NGSs) restrict the observation to an angular cone aimed
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at the NGS and is limited by the isoplanatic angle, beyond which the
atmospheric turbulence channel is no longer correlated.

Since bright enough NGSs are few and far between the amount of
observable space using AO is severely limited. This prompted the advent
of the laser guide star (LGS), an artificial star in the sky generated by
a strong receiver-side laser source aimed in the direction of interest and
subsequently back-reflected by the atmosphere, see Fig. 4.6.

Figure 4.6: A space to ground link with high AO system SNR ensured by a
strong communication signal (red), the light from a star (white) or the light
from a LGS (yellow).

The laser guide stars enable the observation of any patch of the sky
as well as wider field of view by the use of multiple LGSs and multi-
directional AO correction. For optical communications, one LGS would
be enough and could help enable highly efficient AO independent of the
received signal power which is expected to be extremely low for deep-
space communications. For optical communications the most promis-
ing LGS-implementation to date is the Sodium LGS [67] which excites
Sodium atoms (A ~ 589 nm) located in the mesosphere, at an altitude
of 90-110 km. The optically pumped patch of the Sodium layer emits
fluorescence, part of which propagates back through the atmosphere and
functions as a reference. The high altitude of the Sodium layer enables
probing of the entire length of the significant turbulence channel and the
narrow Sodium resonance secures spectral separation between the LGS
and communication signal. The low chromatic dispersion of air and the
use of reflective receive-optics implies a good correlation of phase correc-
tion between different wavelengths.

The use of LGSs has been investigated for enabling the point-ahead
angle in ground-to-satellite links [68,69] and while there is no work re-
ported on its use for deep-space to ground AO enabled links yet, interest
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for this promising development is expected to increase.

4.2 Multi-mode reception

In multi-mode reception (investigated in [B|) the free-space to fiber cou-
pling is alleviated by several guided fiber modes which can better ac-
commodate the number of modes N collected by the aperture, see Eq.
(4.1). Fig. 4.7 illustrates a multi-mode receiver which, similarly to the
AO-receiver, makes use of a tip-tilt mirror for compensating AOA fluc-
tuations before the light is coupled to an MMF.

Tip-tilt
'D 4

Trans1t10n

MMF /
e

W umsm SMFs
. 4 B

Figure 4.7: A large-area receiver featuring MMF-coupling and tip-tilt con-
trol. The MMF-collected light is split into SMF's using a PL (bottom right).
The focused spot is illustrated in the left, featuring turbulence-caused speckle-
patterns.

In the SMF reception case, the focal length is chosen such that the
diffraction limited spot size ~ Af/D matches the fiber mode profile ~ d,
i.e. focD. For a turbulent channel, the focused spot is instead limited
by the coherence length ry (as ~ \f/rg) and contains N ~ (D/rg)?
speckles/modes. Hence, choosing to receive this focused spot using an
MMF supporting N. > N modes will passively couple most of the power
into the fiber. This can be seen in Fig. 4.8 (from [B]) which shows the
simulated coupling efficiency into MMF with two different number of
modes vs. aperture size and rg.

Matching the turbulence-limited spot to the fiber core results in an
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Figure 4.8: Simulated CE from [B] of MMF reception.

optimal focal length f oc ro (for D > r¢) [70][B|. For the MMF-case,
we thus have an acceptance angle Oyprp ~ A/ro which is not penalized
by increasing aperture size, as opposed to fsyp ~ A/ D from section 2.2.
The use of MMF in this way therefore reduces the impact of misalignment
and AOA fluctuations by a factor ro/D compared to SMF-reception and
a factor (rg/D)? in terms of the corresponding power spectral density
(PSD).

The power captured by the MMF depends only on the number of
modes used and the efficiency of the tip-tilt compensation. As such, the
free-space to fiber coupling efficiency may be quite high and turbulence-
resilient. However, the multi-mode-field contained in the MMF must
be transformed into single-mode for coherent detection. This "trans-
formation” is performed using coherent combining, either in the optical
domain or in the digital domain, post detection. Coherent combining is
explained later in this chapter (see section 4.4). In either case, to enable
coherent combining of the different spatial modes it is practical to sep-
arate them into individual SMFs, something that can be done using a
photonic lantern (PL) [71].

As shown in Fig. 4.7, a PL is realised by merging several SMFs into
a MMF or by tapering out a MMF into several SMFs. Important is that
the transition is adiabatic which results in low-loss coupling between the
SMFs and corresponding MMF modes.

In general, the PL is not mode-selective, meaning that a random
superposition of the MMF-guided Laguerre polynomial (LP) modes will
correspond to a certain SMF. For a completely random field this does
not matter, however, since the field is only partially perturbed by the
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atmosphere and the power distribution across modes (see Fig. 4.2) tends
to low-order modes, mode selectivity can be beneficial. Hence, when
operating at the sensitivity limit, selecting the low-order LP modes with
more power is important [72]. Mode-selective PLs have been realized |73]
and may be adapted to such situations.

The feedback signal for the tip-tilt correction can be tapped from
the end received power, after optical pre-amplification, to not contest
the power budget for the communication link.

So far, experimental investigations on MMF-coupling efficiency for
free-space reception have been reported in [70,74,75]. In [58] a MMF —+
PL free-space reception setup was experimentally investigated for coher-
ent communications using digital coherent combining. Further studies in-
cluding demonstrations in real atmospheric links for MMF -+ PL-enabled
coherent receivers are expected in the future.

4.2.1 Performance of MMF-reception

For the multi-mode receiver, 1, can be divided into 7, = CEnyn. where
CE is the free-space to fiber coupling efficiency under perfect tip-tilt com-
pensation, 1 is the tip-tilt efficiency and 7. is the combining efficiency in
the coherent combining stage. Both tip-tilt compensation and coherent
combining can make use of the efficient dither-OPLL for loop control.
While we will treat the combining efficiency further down (section 4.4),
the tip-tilt efficiency can be modelled as

Tt = ntip—tilt(l_CEO/CE)+CEO/CE7 Ttip-tilt = 6_(Uie’w+aie’y)/2 (4~3)

where CEq is the average coupling efficiency without tip-tilt compen-
sation and aém and a(%e’y are the residual phase error variances of the
dither-OPLL compensating the tilt in the x, and y-direction, respectively
[B]. The directional phase in this context, as seen by the OPLL, is related
to the AOA fluctuation 6, = 0,(t) as[B,appendix A.2]

D
L~ 1.21%003;, for MMF ¢, ~ 24170, for SMF.  (4.4)

The factor 2.41 results from the overlap between spot and fiber mode(s).

Based on the above relations the tip-tilt efficiency is numerically sim-
ulated in paper |B] for space to ground atmospheric channels. Examples
of simulated tip-tilt efficiency for both multi-mode and multi-aperture
reception are compared in section 4.3.1. To highlight the benefit of MMF-
reception with regard to tip-tilt control we shall here make use of the
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results in [76], which provides the AOA variance o} for a 1st order PLL
both with high PLL bandwidth compensation and without compensa-
tion. Although it is not shown here, the AOA PSD is suppressed by the
use of larger apertures, as a form of aperture averaging.

Using Eq. (4.4) we relate the angle variance to the equivalent PLL
phase variance and for both the MMF and SMF case, with and without
compensation the variance scales according to table 4.1. Here, fr =

o, [rad?| SMF MMF
2 pj p)
compensated | o (%) X (%) (%)
p\°/3 1/3
uncompensated | (%) o (%0)

Table 4.1: The tip-tilt phase error variance for single-mode and multi-mode
reception both with active tip-tilt control on or off.

g(C%(2),v(2), path)/D'% is a measure of the AOA PSD cut-off frequency
and f3qp is the 3 dB bandwidth of the PLL filter in use. The table shows
how the use of MMF provides a clear advantage in rms tip-tilt phase
with increasing D. It also shows the interesting result that the variance
decreases also in the uncompensated case for MMF-reception with larger
apertures, as opposed to the uncompensated SMF-case.

Optimizing the bandwidth and dither magnitude, as in chapter 3, for
the OPLL using the expression for 03) (compensated case) and assuming

P, ~ wD?I,./4 yields the minimized residual phase error as

2 fTS” 2 [ T0 fTSn
U¢e,m XX —D2IE7SMF U¢e,z X ﬁ—fz ,MMF (45)

where S, is the system noise PSD (for direct detection of the error signal)
and P, is the end received power. The expression relies on the implicit
assumption that CE = 1 regardless of aperture size and while this can
be ensured by capturing enough modes in the MMF' case, it is typically
not true for SMF when D > rq.

As with AO it is reasonable to ask whether a guide star can be
used to ensure high SNR of the tip-tilt and coherent combining control
systems. As we will see in section 4.6.3, the coherent combining structure
is very narrow-band w.r.t. wavelength and will in practice be unable
to coherently combine signals of separated wavelengths simultaneously.
A functional reference wave would thus be limited to occupy the same
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wavelength as the signal, which may end up constituting noise on the
communication channel.

4.3 Multi-aperture reception

The multi-aperture receiver (investigated in [A,B]) makes use of an array
of smaller apertures with each one coupling the light into a single mode,

see Fig. 4.9.
NN —
D
!
FMF '-\ /~ SMF

E‘ \ | PZFP

- Power tap
Tip/tilt for tip-tilt
compensation | , ~ compensation

Figure 4.9: A large-area multi-aperture receiver with tip-tilt control enabled
by piezoelectric fiber tip positioners. Tip-tilt error feedback is provided by
power collected by higher order modes in an few mode fibers (FMF) (lower
left) or by tapping the SMF power (lower right). A focused spot is shown in
the center.

The concept of using multiple smaller apertures relies on the reduced
pointing and turbulence penalties that come with the use of smaller D.
The absence of wave-front compensation of the received field theoreti-
cally limits efficient single-mode coupling to the use of D < rqy (recall
chapter 2), also seen in Fig. 4.10 from paper [B]. Therefore, shrinking
the aperture size to fit D to rg, as can be done in an array receiver,
can ensure efficient reception. The total size, or number of apertures, is
straightforward to scale to the receive-area required by the communica-
tion link and is typically preferred cost-wise as large area telescopes are
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increasingly difficult and costly to manufacture [77].
The multi-aperture receiver is
also a good candidate for a re-

Single-mode
ceiver in a turbulence free channel. - % = W.0. tip/tilt

@ r =60 cm
In vacuum, the received field is 0.8 —— w. tip/tilt .r0=20 cm ||
perturbation-free and the purpose 0.6 roz 10 em 1
for both AO and MMF reception H \ 0
would only be to compensate tele- 0.4}

scope deformations resulting from
manufacturing errors or tempera-
ture gradients (both scaling with 0
telescope size [35,77]), something
which is mitigated with the use of
smaller telescopes. This scenario Figure 4.10: Simulated CE from [B]|
is investigated in [A] which targets of single-mode reception.

the compensation of phase fluctu-

ations between apertures, mostly caused by system imperfections and
individual pointing control. If realized, a large area receiver in earth
orbit, e.g. using an aperture array, could function as an intermediary
for relaying deep-space communication signals down to earth and cir-
cumventing the issue of power-starved turbulence compensation at the
ground. The aperture array would allow for easier piece-wise assembly
in space and constitute a relatively flat receiver, avoiding the necessary
depth of a large monolithic telescope.

For ground-based reception tip-tilt control is still necessary to main-
tain efficient coupling and must be performed individually for each array
element which experiences unique AOA fluctuations. Practically, the
tip-tilt can be compensated by adjusting the fiber tip position using
piezoelectric actuators as in 78] and similarly to the MMF-receiver, the
tip-tilt control can be realized using a dither OPLL.

Extracting an error signal to feed the tip-tilt control system is how-
ever less practical in this case. One could make use of a power tap, e.g.
a 10 dB coupler, to allocate power to the control as is shown in the right
of Fig. 4.9. This however reduces the efficiency of the receiver. An
alternative would be to equip each SMF front-end with a preamplifier
to avoid the loss of SNR. If erbium doped fiber amplifiers (EDFAs) are
used we limit us to a, in the best case, 3 dB noise figure (NF) and subse-
quent sensitivity penalty of the communication signal. A phase sensitive
amplifier (PSA) for each aperture to reach the best possible sensitivity

0.2+
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Chapter 4. Large receiver area for coherent reception

for coherent reception is less feasible due to the PSA complexity.

Another solution would be to use a FMF to SMF mode-selective
PL for fiber-reception [73], as shown in the left of the figure, which
in addition to collecting the fundamental mode also receives the first
higher order LP11 modes. Any power collected in the higher order modes
can be directly related to a focused spot offset due to imperfect tip-tilt
compensation and would serve as efficient error feedback, non-invasive
to the communication signal. The performance of this type of error
feedback is investigated numerically in [B]. Such a solution should be
verified experimentally as mode-scrambling may impede the separation
of ideal LP-modes.

As for the MMF-receiver the individual SMF's are sent to a coherent
combining stage where the signal is reconstructed.

Both multi-aperture transmission [79,80] and reception [59,81-83] has
seen significant attention in recent years. Multi-aperture reception with
coherent combining in urban horizontal links have been demonstrated
in [81] and [82] using optical combining and in [84] and [85] using digital
combining. Experimental work targeting low SNR reception and real-
time operation include [A], [85] and [86].

4.3.1 Performance of multi-aperture reception

The multi-aperture receiver efficiency can be analyzed the same way as
for the MMF-receiver. The expressions for the tip-tilt efficiency for SMF
in section 4.2.1 apply also here, but with a slightly larger power penalty
to the error signal when using the FMF approach as error tap (see paper
[B]). In fact Eq. (4.5) emphasises the choice of D which benefits either
approach best (in terms of tip-tilt): SMF for D < rg and MMF for
D > ry.

Tip-tilt phase PSD, r,=20 cm Multi-aperture, D=20 cm  ® MMF, D=80 cm

1 : ‘ : 1 :
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Figure 4.11: Simulated tip-tilt phase PSD, 1y and n¢ip-tiit vs. Py, based on
the work in [B.
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Simulated tip-tilt performance from the work in [B] is presented in
Fig. 4.11 which compares the MMF and multi-aperture reception case.
Here, the multi-aperture array consist of 16 D = rg receivers whereas the
MMF receiver uses a D = 4rg aperture and 16 modes, i.e, both receivers
have the same collection area and channel number, equal to the incident
number of modes N. Fig. 4.11 indicates MMF-reception as superior in
this case. This is expected as the OPLL SNR for each element of the
multi-aperture array is ~ 1/16 lower than for the large MMF aperture,
while their phase PSDs are also more severe.

As for MMF, the use of guide stars for the described multi-aperture
approach is implausible. However, both AO and/or MMF-equiped large-
area telescopes could constitute elements of a multi-aperture system, in
which the different technologies could be synthesized for better perfor-
mance.

To find the complete receiver efficiency, as for the MMF-case, we
must also consider the coherent combining stage.

4.4 Coherent combining

Coherent combining is another word for in-phase coherent addition, or
constructive interference. Which wording you use may depend on how
the combining is performed. To date, coherent combining is typically
performed either optically, pre-detection, or digitally, post-detection, see

Fig. 4.12.
Optical combining Digital combining
»==={ Coh. Rx |—

m

Figure 4.12: Left: Optical coherent combining via constructive interference
in cascaded 50/50-couplers. Right: Digital coherent combing of digitally re-
covered signals from separate coherent receivers.

DSP >

4.4.1 Digital Combining

In digital combining, each channel is coherently received individually,
featuring optical pre-amplification and filtering if desired. The digital
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Chapter 4. Large receiver area for coherent reception

signals produced in each receiver are then temporally aligned with re-
spect to both the data symbol as well as the instantaneous phase before
being summed together. The alignment and summation is carried out us-
ing digital signal processing (DSP) which is challenged by both low signal
SNR as well as the relative phase variation between received channels.
The relative phase variation is caused by the atmospheric phase fluctu-
ations between receive-apertures, as well as phase noise from the used
local oscillator (LOs). As such, the same laser should be used as the LO
for all receivers, and channel delays should be short (within the equalizer
window).

Up-scaling of this combining approach can be difficult for real-time
operation. Typically, very large MIMO DSP is needed when increasing
the channel count, e.g. 32x2 for 16 channels. In addition, a high cost is
associated with the number of coherent receivers needed (same as num-
ber of channels). Yet many studies on this type of combining have been
done [83-91]. A significant low-SNR performance was obtained in [84]
which achieved lossless combining of a 11.52 Gbaud signal binary phase-
shift keying (BPSK) signal transmitted over a 3.2 km urban horizontal
link and received using 4 apertures at a power level of below 0.1 photons
per bit (PPB) per receiver (—73 dBm). This demonstration used offline
DSP, however, where for real-time systems it was concluded in [87] that
there exists a trade-off between combining loss and real-time operation.
Since then a real-time operated digital combining receiver featuring 2
apertures was experimentally demonstrated in [85] where a combining
loss (or combining efficiency) of 75% was reported at down to —56 dBm
received power per aperture for a 2.5 Gbaud quadrature phase-shift key-
ing (QPSK) modulated signal. This result from 2024 represents the
forefront of the digital coherent combining development.

In the context of the work in this thesis, where a PSA is desired as a
receiver preamplifier, the digital combining approach would require one
PSA per channel, which is implausible, as was previously mentioned.

4.4.2 Optical Combining

In optical combining two signals are combined via constructive interfer-
ence, e.g., in a 50/50-coupler, see Fig. 4.13. Here, the two signals £4 and
Ep of equal amplitude but different phase are assumed. A phase-shifter
element present in one of the channels (¢,-mod) is used to correct for this
phase difference such that the two signals constructively add on one of the
outputs in a subsequent 50/50-coupler E. = (E4+ Egei?)/+/2, while de-
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structive interference takes place on the other output (E4 — Egel®)/v/2.
The phase control for compensating the varying phase difference ¢(t) is
a task perfect for the dither-OPLL and was in fact taken as example
when explaining the dither-OPLL operation in chapter 3.

E4
+¢
~—
£y Ep E
E 1
i) _}/ -5
B I
P, egmods PD
control ||

Figure 4.13: The 2-channel combining stage based on a phase-modulator
and a 50/50-coupler. The operation of the combining is illustrated using the
complex plane illustrations. PD: power detection.

Applying the dither-OPLL as control to the 2-channel combining
stage will result in a residual phase error ¢. with variance 0356 as ex-
plained in chapter 3. The residual phase error dictates the instantaneous

and time-average combining efficiency as

Lt cosdl, (m = gl +e /%, (4.6)

N | —

7]:

which solely describes the performance of the combining stage.

Coherent combining of multiple channels is carried out using a com-
bining cascade as shown in Fig. 4.14, where each combination is per-
formed using a 2-channel stage. The total combining efficiency for the
complete system is obtained as

logy (N)

Ne = H Mk (4.7)

where N is the number of channels. Since the phase dither of earlier
stages propagates down the cascade, different dither frequencies must
be used for different stages to avoid undesired coupling between control
systems.
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This type of coherent combining sys- g
tem has been investigated together with == [
multi-aperture receivers in fiber-based plat- E : D P
forms [59, 81, 82] as well as in integrated y -] | o
photonics-based platforms [92-94], where dif- ~-H Tl
ferent kinds of phase-control is implemented. e
The use of this type of system is also in fo- E B D
cus in paper [A] which investigates the per- ;7 n n
formance of 4-aperture combining of a 10 112 log2(N)

GBaud .QPSK signal uI.lder emulated .phase Figure 4.14: Cascaded
fluctuations at low received power. Via the . jcrent combining of N
use of optical pre-amplification of the error channels using N — 1 2-
signal in the power detection unit (PD) we channel combining stages.
show a 4-channel combining efficiency larger
than 97% for received powers per aperture > —80 dBm or > —70 dBm
for the case of mild and moderate phase fluctuations respectively. This
represents the most efficient combining demonstration at the received
powers and data rates investigated so far, including both optical and
digital combining.

The use of optical combining results in a single signal channel, which
lends itself well to PSA-pre-amplification.

Practical issues

In contrast to digital combining, optical combining must in practice also
ensure that the data-modulated signals are aligned in polarization as
well as being temporally aligned with respect to symbol, which at a
symbol rate of 10 GHz would require less than a few mm of path dif-
ference between the two channels for efficient superposition. The latter
requirement we will discuss further below (in section 4.6.3) and may pose
a significant challenge for practical optical combining in large aperture
arrays and possibly also for MMF-reception.

Another challenge in optical combining is the optical propagation loss
in the combining cascade Llsog2(N) from a loss per stage Lg. Although
the use of fibers and 50/50-couplers could be made lossless in principle,
they are never lossless in practice, which would negatively impact the
efficiency and signal SNR. Again, inserting EDFAs at the front-end of
the receiver would negate the loss but also the use of PSAs. If this
loss cannot be minimized, a solution could be a combined use of both
optical and digital combining where the final stages of optical combining
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4.4. Coherent combining

is replaced by a number of receivers and subsequent digital combining
to reduce the number of stages in the optical combining cascade.
Up-scaling the optical combining structure requires N — 1 individual
power detection units for combining of N channels. While the use of
optical pre-amplification and filtering error feedback avoids the use of
many expensive coherent receivers as used in digital combining, the need
for N — 1 EDFAs, optical filters and photo-detectors is still demanding
hardware wise. While there are ways in which the number of required
filters and detectors can be reduced, there is yet no practical way of
reducing the number of EDFAs without reducing the error signal SNR.

Compensation of amplitude and phase

Previously we assumed coherent combining of equal amplitude signals.
In an atmospheric link, the field amplitude will fluctuate in addition to
phase. Taking this into account the actual combining efficiency becomes

2r

w49

n = %[1 + Rcos e, (n) =~ %[1 + Re_gq%ep], R =
where r = |E4|/|EB].

Due to the amplitude mis-
match r, perfect constructive and
destructive interference cannot be
achieved, resulting in a reduced
combining efficiency, see Fig. 4.15
which shows 7(r, ¢ = 0).

An example of simulated power
and relative phase vs. time for
two signals captured using adja-
cent apertures with D = rg = 20
Figure 4.15: Combining efficiency vs. cm is shown in Fig. 4.16, includ-
relative amplitude r based on Eq. (4.8). ing the relative amplitude r and
resulting n according to Eq. (4.8) with perfect phase compensation. In
this case the time average efficiency becomes limited to (n) = 0.91, which
in a cascaded scenario can become detrimental for the total efficiency.

To remedy this, the combining stage can be adapted for both relative
amplitude and phase compensation, see Fig. 4.17. In this configuration,
two phase-controls are needed for the compensation of phase (¢,-mod)
and amplitude (¢p-mod), respectively. We know that to achieve perfect
constructive interference in the final 50/50-coupler, the input waves to
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Figure 4.16: Top left: Simulated power fluctuations in two adjacent SMF-
coupled receivers with D = ry. Top right: Simulated relative phase for the same
case. Bottom left: relative amplitude and corresponding phase ¢,. Bottom
right: The combining efficiency resulting from the relative amplitude variation
in the bottom left in the combining system shown in Fig. 4.13 with otherwise
perfect phase compensation.

that coupler must exhibit equal amplitude. Hence, the task of the first
phase control is to ensure this. This is done by aligning the two input
waves F/4 and Ep 90° out of phase to each other. This prohibits interfer-
ence of the two waves in the first 50/50-coupler which causes the power
of each wave to be split in half, thereby achieving its objective of equal
amplitudes for Eqp = (Ea+ Epe®*)/v/2 and Epa = (E4 — Ege®)/\/2.
The remaining phase offset ¢, (also see Fig. 4.16) is given by

¢y = —arccos (1 — Tz) (4.9)

14 r2

and is compensated using ¢p-mod.

Applying two separate dither-OPLLs for the two phase controls in
this system will enable simultaneous amplitude and phase correction.
Each OPLL applies its own dither, of different frequency or using or-
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Figure 4.17: A 2-channel combining stage with relative phase compensation
in ¢,-mod and relative amplitude compensation in ¢,-mod. The operation of
the combining is illustrated using the complex plane illustrations. PD: power
detection.

thogonal phase, in their respective phase control ¢, and ¢p. It is shown
in [B] that for a well-performing system (small phase errors) there is no
coupling between the two controls, meaning each system may be inde-
pendently optimized as described in chapter 3.

The resulting combining efficiency for the combining stage is ex-
pressed as|B]

(g2 o2
[+ e ot 62— R2%2 (4.10)

N | —

(n) ~
Here, aém and Jéeb are the residual phase error variances for the dither-
OPLLs independently compensating phase and amplitude respectively.
The combining system in Fig. 4.17, or different versions thereof, plays
an important role in the area of programmable photonic circuits [95] for
optical computing where addition and subtraction of optical signals rely
on the precise control of phase and amplitude. For the purpose of coher-
ent combining for multi-aperture or MMF-reception this combining ar-
chitecture has been studied in [96] and [B]. The work in [96] demonstrated
efficient turbulence mitigation for a 10 Gbaud on-off keying (OOK) signal
received using a photonic-integrated multi-aperture array of 16 elements
in an indoors free-space link with emulated turbulence. Meanwhile the
work in paper [B| demonstrates efficient (> 97%) 2-channel combining
for a continuous wave (CW) signal at received power per channel down
to ~ (=70, —75) dBm under emulated turbulence conditions for two re-
alistic space-to-ground links.
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Chapter 4. Large receiver area for coherent reception

4.4.3 Final MMF and multi-aperture performance

The performance of the coherent combining system, including the final
performance of the MMF and multi-aperture receiver, is illustrated in
Fig. 4.18.
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Figure 4.18: Top left: relative phase PSD for the initial combining stage of
the coherent combining system for the multi-aperture array (yellow) and the
MMF-receiver (green). The PSD of relative phase between adjacent apertures
is on average identical whereas the PSD of phase between modes is not, hence
the many green curves representing combining between different pairs of modes.
Top right: as for the top left plot but for ¢,. Bottom left: the coherent com-
bining efficiency in the multi-aperture case, showing the reduced efficiency with
each subsequent combining stage. Bottom right: The total receiver efficiency
ny (solid lines) for the compared MMF and multi-aperture receivers. Dashed
lines exclude the tip-tilt efficiency.

With respect to phase PSDs for ¢ and ¢,., the multi-aperture combin-
ing enjoys slightly less severe PSDs due to some residual field-correlation
between adjacent apertures (present for D < rg). Meanwhile most MMF-
received modes are uncorrelated and follow the 1/ f —8/3_profile. The evo-
lution of n through the coherent combining stage can be seen in the lower
left of the figure. The multi-aperture and MMF-receiver are compared in
the lower right, also when excluding the tip-tilt compensation, in which
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the performance of the two approaches is very similar. In this exam-
ple, the number of modes used to collect the incident field in either case
matches N = (D/rg)?. In fact, to achieve both high 7, as well as low
sensitivity it was concluded in [B] that one should strive to fulfill this con-
dition. Recalling the trade-off between the number of corrected modes
(high efficiency) and the power per corrected mode (sensitivity), this rule
is intuitive. The fact that both approaches perform similarly (excluding
tip-tilt) suggests there is no fundamental difference in how the uncor-
related modes are collected and compensated. With tip-tilt taken into
account, however, we do see a small advantage for multi-mode reception
w.r.t. sensitivity, at least for the types of tip-tilt correction studied.

4.5 Comparing the methods

Shown in Fig. 4.19 is a comparison of the final efficiency for all three
receivers, AO, MM and multi-aperture. Here, the number of modes cor-
rected in the ideal AO system (discussed in section 4.1.1) was fixed to
16 for a fair comparison. In this example all systems have the same
receiver area and number of modes/apertures, except the black curve
which represents the work in [63]. The simulations of the multi-mode
and multi-aperture receiver are fairly accurate w.r.t. the maximum effi-
ciency. Of course, practical implementation penalties are not accounted
for here which makes a truthful comparison of maximum efficiency be-
tween methods difficult. The optimal approach in this respect will likely
depend heavily on the implementation.

To compare the sensitivity between approaches, the power at which
the normalized efficiency has dropped 10%, is marked by *. This indi-
cates a 20 dB sensitivity-advantage for the simulated multi-mode and
multi-aperture systems compared to the demonstration in [63].

It should be noted that the channel parameters for the simulations
in Fig. 4.18 and the real link scenario in [63] are different, wherein [63]
the phase PSD was likely more severe due to fast relative speed of the
ISS to ground link and 75° zenith angle. For such a link the simulated
sensitivity can be expected to degrade, still the comparison provides an
indication of the sensitivities that can be realistically reached, as well as
the ultimate limit as represented by the ideal AO-system (using a linear,
ideal SPAD).

The day-night representations depend on the spatial and spectral
filtering used to calculate the background radiation I,. In a direct-

65



Chapter 4. Large receiver area for coherent reception

§ Multi-aperture, D=20 cm, N=16
.E) 0.8 o — X{-
B 0.6 [\ / ]
g 0al Night e [SS — Talble mountain|
S * MMF, D=80 cm
§0~2 I ' \\ Day *nr/max(nr) 0.9 l

O L L I 1 1 I

-100 -90 -80 -70 -60 -50
Pr [dBm]
0

Figure 4.19: The total receiver efficiency 7, (solid lines) for the compared
MMF and multi-aperture receivers. The blue and red curves represent the AO
system described in section 4.1.1 and the black curve is an adapted result of
the AO system sensitivity from the demonstration in [63].

detection AO wavefront sensor without fiber coupling the ability to nar-
rowly filter both spatial and spectral components is limited, hence this
approach suffer more in daytime links. Meanwhile the fiber coupled
multi-aperture and MMF systems have very narrow spatial filtering and
with added narrow optical spectral filters the background light can be
significantly reduced.

While we have discussed the different receiver implementations, how
they solve the problem of efficient single-mode reception and how they
perform in terms of efficiency and sensitivity, there is no decisive con-
clusion regarding a preferred system at this point. Each approach offer
unique advantages that may suit different scenarios. Cost is an impor-
tant driving factor and to fully evaluate the potential of each solution, for
the purpose of ground-based reception of deep-space signals, field demon-
strations are essential. Luckily, the research is pushing the development
in this direction.

4.6 Additional details

In this final section of the chapter, we expand the discussion to cover
some few additional details that may be of technical interest. These
include the OPLL impact on the bit error rate (BER), how the control
system performance scales with signal bandwidth and how coherent com-
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bining behaves when faced with multiple wavelengths and /or broadband
optical signals.

4.6.1 OPLL impact on BER

For a pre-amplified coherent receiver, the communication channel SNR
is proportional to P. = I, A,n, and the BER is given as (Eq. (2.8))

1 N
BER = §erfc( anﬁR) (4.11)

where the SNR inside the expression is calculated for 7, = 1.

The final efficiency 7, will impact the BER in a multi-mode, multi-
aperture or AO-enabled receiver in the same way, as described by Eq.
(4.11). It is generally not adequate to believe that this impact can
be expressed through the time-average efficiency. Instead, the normal-
distribution of the phase error ¢. (per corrected/combined mode) will
transfer to the BER and cause a resulting BER distribution. The BER
is however not defined for a short time span, instead the time-average
BER is obtained by averaging this BER-distribution.

Figure 4.20 shows how a phase error of normal distribution with dif-
ferent standard deviation is transferred into a resulting BER-distribution
via Eq. (4.11) with SNR=5 and M = 1. In the right of the figure is also
shown the resulting BER as calculated properly (BER(7)) compared to
BER((n)). It shows that for phase error deviations above ~ 20° the use
of (n) to estimate the BER becomes erroneous at low SNR. This effect
is further exacerbated at higher SNR.

The above result is descriptive of the influence of, e.g., a single com-
bining stage. When incorporating compensation of phase between many
modes the fluctuations in the aggregate efficiency n, will even out as a
form of aperture averaging, assuming a well performing system. This
pertains also to other imperfections of the control systems. The residual
dither (if used) and phase error on the combined channel (or compen-
sated mode) will cause added phase noise to the signal. This phase noise
is however uncorrelated between individual channels/modes and will be
added incoherently, as opposed to the signal, thereby being averaged
out before influencing the final BER significantly. Any remaining phase
variation is then compensated in the DSP.

Since the free-space link is highly dynamic, it will experience outages.
Signal fading properties relate to the received wave itself and the area size
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Figure 4.20: Top left: phase error distributions for different phase error
deviations o4, . Bottom left: The BER distributions corresponding to the ¢,
distributions in "top left” via the coherent combining efficiency. Right: The
BER vs. phase error standard deviation at different SNRs for two ways of
evaluation.

of the receiver and can be treated separately from the efficiency. Signal
fading, although important in situations of bad weather and obscuration
of the free-space channel, is expected to be of smaller impact for large-
area receivers and remains outside the scope of this thesis.

4.6.2 Performance for varying signal bandwidth

The work of the appended papers focus its attention to demonstrations at
10 GHz symbol rate data communications. We know from chapter 2 that
the link SNR is proportional to Ps/A f where Af is the symbol rate and
P the received signal power. Based on this expression, one can trade half
the data rate to close the link at half the power otherwise required. For
the optically pre-amplified error feedback-based dither-OPLL discussed
here, the detection is limited by Noise-Noise-beating of bandwidth A,
(see section 2.3.1). If the optical filter bandwidth is minimized to the
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symbol bandwidth Av, = Af, then the OPLL SNR abides a P2?/Af-
ratio, meaning half the bandwidth can only be traded to close the link
at 1/ V2 times the power otherwise required. Hence, the SNR of the link
and the SNR of the dither-OPLL do not scale proportionally w.r.t. the
trade-off between symbol rate and signal power. From the perspective
of 10 GHz symbol rate, this will imply an overall worse performance at
lower data rates whereas for increasing data rates the penalty from phase-
locking is relatively small. In practice, the difficulty in realizing narrow
optical filters smaller than 10 GHz also limits any gains in decreasing
the signal bandwidth w.r.t. the locking system.

4.6.3 Coherent combining at multiple wavelengths

Problems arise when attempting coherently combine multiple wavelength
signals simultaneously. Here we consider an example with two signals at
different wavelengths A1 and Ay (AX = A1 — A\2), both being received in
a multi-aperture receiver. This scenario is of interest for PSAs as many
times, two or even more waves need to be co-propagated in the channel
to facilitate the PSA process at the receiver.

¢2A

S |y
1A ﬁ%/
Ao,

Figure 4.21: Multi-aperture reception of a dual-wavelength signal with a
short path length difference between apertures present.
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Consider the scenario in Fig. 4.21. Here, a slight misalignment of
the array plane results in an extra propagation distance ¢ in the upper
arm. Given ¢ and a common path length L between transmitter and the
50/50-coupler, the phases indicated in the figure can be written
2n(L 4+ 6) 2n(L 4+ 9) 2L 27 L
- N = N ¢1B = N ¢2B = N

)\1 )\2 >\1 >\2

(4.12)

270 2w
Apr = —, Ay = oW
2

(4.13)

1 1

(4.14)

P14 = P24

assuming negligible dispersion inside the short fiber.

A phase compensating system will compensate the phase of both
wavelengths when applying a phase ¢, = A¢; = A¢po. This can only
happen when AA¢ = 0, i.e. when either \; = Ay or 6 = p(1/A1—1/Xo) !
where p € Z. Let us assume that we, despite this try to apply a phase
control which perfectly corrects the phase for a wavelength A. in the
centre, between A\; and A\s. The combining efficiency at either A; or Ao

n==

becomes
" TOAN
co
2 DY

This effect is illustrated in the top of Fig. 4.22, which shows the
sensitivity in 1 vs. wavelength separation A\ for different path-length
differences d. In a typical PSA scenario with signal and idler spacing of
AN = 8 nm we would require path length differences on the order of 0.1
mm or shorter for the combining to function properly. Such tolerances
are exceptionally difficult to achieve in a practical system.

1

(4.15)

Since in a communication scenario we deal with signals of finite band-
width, the actual combining efficiency is obtained by integrating Eq.
(4.15) as

_ / r_ =
NAN = n(AXN)dAN CINYY) (4.16)

1A 1 . sin(mdAN/A2)
AN o 2

This efficiency is also shown in the bottom of Fig. 4.22 and shows that
for e.g. a 10 GHz signal, the path length difference should be shorter
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Figure 4.22: Top: n vs. A\ for A\, = 1550 nm and different values of 9,
according to Eq. (4.15). Bottom: nay vs. A\ for A, = 1550 nm and different
values of §, according to Eq. (4.16).

than 1 cm ideally (a 10 Gbaud signal has a symbol length of 3 cm in free-
space and roughly 2 cm in fiber). This tolerance is more reasonable in a
practical system, however, it will still prove challenging to maintain for a
large array tracking a moving transmitter. A practical system would need
to implement some sort of delay-control (preferably using an infinity-
corrected segment in the aperture lens-to-fiber path). The presence of
path-differences appear also in MMF-reception due to dispersion between
spatial modes in the MMF but is expected to be much less pronounced
than for the multi-aperture system. It is however not expected to be
practical to attempt combining of a 1550 nm signal and 589 nm Sodium
guide star wave simultaneously.
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CHAPTER b

PSA implementation for free-space optics

The implementation of phase sensitive amplifiers (PSAs) as preamplifiers
for free-space optical communications face several challenges. The re-
quirement of several phase-locked waves to reach a low noise figure (NF)
in the PSA has traditionally resulted in complex systems that are seldom
attractive for implementation into practical communication links. This
is especially true for communication into or out of space where any space
craft-carried system should be as simple, energy-efficient and redundant
as possible.

Each of the appended papers [C-E|, one by one improves and/or
simplifies the PSA-preamplified link, with the latest work in [E| finally
demonstrating a PSA-based receiver that could in practice already be
used in existing downlinks to earth. This chapter serves as an introduc-
tion to, and summary of these works.

5.1 PSA basics

In the context of optics, the PSA is a parametric amplifier which uses the
nonlinear property of a propagation medium to facilitate the exchange of
energy between waves of different wavelength. For instance, the 3rd order
nonlinearity (Kerr effect [97]) in an optical fiber causes the refractive
index n of the fiber to be modulated by the intensity I of an optical
wave passing through it: An oc I. The changed refractive index in turn
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Chapter 5. PSA implementation for free-space optics

modulates the phase of the wave, leading to self-phase modulation. In
the case of two co-polarized waves, each wave thus gets phase-modulated
by the intensity of the other, leading to cross-phase modulation. The
coherent superposition of the fields of the two waves also leads to an
instantaneous beat intensity, in turn causing a moving refractive-index
grating that propagates alongside the waves in the fiber. If more waves
are added to this fiber, they will experience this travelling index grating
and be partially scattered against it with appropriate Doppler shifts, i.e.,
frequency shifts. In a fiber this is called four-wave mixing (FWM) and
enables power at one wavelength to be redistributed to others.

The efficiency of this scattering process depends on the relative phase
between the interacting waves and dictates which wavelengths lose and
gain power. Since different wavelengths experience different refractive
indexes while propagating in the fiber, both due to the above mentioned
nonlinear process but also due to chromatic dispersion, the relative phase
will vary during propagation. The power transfer between waves will
therefore oscillate back and forth and effectively average out, i.e., not
very useful for an amplifier. To build an amplifier, one would need to
ensure that the relative phase of the waves is matched throughout the
fiber propagation.

5.1.1 Phase matching

The phase-matching condition can be written
0=krk=A08r +ABNL (5.1)

where [ indicates the propagation constant S(\;) = 2wn(\;) /A, AB
refers to the relative propagation constant between all interacting waves
(see section 5.1.2 and 5.1.3) and subscript L and N L refers to the linear
and nonlinear dependence of 3, respectively. The nonlinear propagation
constant for a single wave (at wavelength ;) in the fiber is

ﬁNL()\Z') = ’)/Pi + 2y Z Pj, (5.2)
JjFi

i.e. the contributions from self-phase modulation from its own power
P; and cross-phase modulation from the remaining waves j,.. of power
P;, ... Here, 7y is the nonlinear constant of the fiber.

In terms of the linear propagation constant, its wavelength depen-
dence is often described via a Taylor expansion around the zero-dispersion
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wavelength Ao for a highly nonlinear fiber (a fiber where ~ is large and
where nonlinear effects become significant)

BO) = Fot B (A= 20) + 2 (0= 2P + 22 (A= h) 4, (53)
where 3; = %()\0). A zero-dispersion wavelength exist where the mate-

rial dispersion and waveguide dispersion (both contributing to the over-
all chromatic dispersion) cancel. The zero dispersion wavelength can be
engineered to match a desired wavelength during the manufacturing of
highly nonlinear fibers. This freedom in selecting \g is important to ob-
tain phase-matching for the wavelength(s) one wish to amplify with a
PSA.

Figure 5.1 illustrates the ampli-
fication gain of a wave (or waves)
that can be obtained via FWM when
the phase matching condition is un-
matched, matched and quasi-phase-
matched [98]. In the unmatched case
(blue), the power among the waves
oscillate back and forth and no sig-
nificant net gain can be achieved. In 0 0 100 150 200
the matched case (red), a large gain z [m]
can be obtained as the FWM pro- Figure 5.1: Fiber gain vs. dis-
cess continuously amplifies the wave i, .o » for different phase match-
throughout the entire fiber, assuming ing conditions: non phase-matched
the other waves providing that power (blue), phase-matched (red), quasi-
are undepleted. In the quasi-phase- phase-matched (yellow). The pur-
matched case (yellow), the phase ple curve illustrates the periodic
matching condition is not satisfied but variation of the relat_ive propaga-

tion constant to obtain the quasi-
alternated throughout the propaga- .
. . phase-matched gain.
tion to mitigate the walk-off between

waves, leading to a useful net gain. This final scenario is usually imple-

Gain

mented using periodically interfaced waveguides of different dispersion
characteristics as a compromise in instances where the phase-matching
condition cannot be fulfilled.

5.1.2 Four wave mixing

As the name implies, FWM is the interaction of four optical waves where
power transfer occurs in an optical fiber, i.e., the Bragg scattering men-
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tioned earlier. The frequencies of waves that can partake in this power
transaction is determined by the law of energy-conservation as

V1 + 19 =1+ 1y (5.4)

where v1_4 are the frequencies of the optical waves. Here power can
be transferred either from frequencies 1-2 to 3-4 or reversely, from 3-4
to 1-2. Meanwhile the direction of power transfer is determined by the
Bragg-condition (the phase-matching process above) and depends on the
relative phase

A = ¢1+ ¢2 — (¢3 + ¢4) (5.5)

where ¢1_4 are the phases of the optical waves. This relative phase is
maintained throughout propagation if the phase-matching condition of
Eq. (5.1) is met, which for FWM has

AB = B(A1) + B(A2) — B(A3) — B(\a),
ApBNL = Bnn(A1) + Onn(A2) — BNL(A3) — Ban(Ae)  (5.6)

where \1_4 are the wavelengths of the optical waves.

The reason why the exchange involve particularly four waves is due
to the 3rd order nonlinearity which is strongest in standard silica telecom
fibers. In a waveguide where the strongest nonlinearity is of 2nd order
you instead have three wave mixing (TWM).

Different FWM configurations of interacting waves are shown in Fig.
5.2 where optical amplification can be facilitated. Here, red waves (fre-
quencies/wavelengths) are intended as strong pump waves (p) that am-
plify the weaker blue waves, denoted as signal (s) or idler (i) waves.

Configurations a) and b), involving four waves, adheres to the rules
we have set up above. Configuration c) is obtained from a) when the
two pump frequencies overlap (vs + v; = 2v;,). Similarly, d) is obtained
from b) when signal and idler waves overlap (vp1 + vp2 = 2v,). The final
configuration e) is simply a combination of the previously listed FWM
configurations.

For the purpose of low-noise phase sensitive amplification in fiber,
configuration c) has been the most extensively used, with several signif-
icant demonstrations [30,34, 99|, including the lowest achieved NF using
FWM in [28|. Its usefulness stems from the need for only three phase-
locked waves, which simplifies any practical system. In this work, papers
|C,D| target the implementation of this configuration whereas paper |E|
demonstrates a PSA based on configuration d).
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Figure 5.2: Different FWM wave configurations. Power is transferred from
red to blue waves, or the reverse. a) and b) both constitute a dual-pump 2-
mode parametric amplifier configuration. ¢) and d) are frequency degenerate
cases of FWM, respectively called the single pump 2-mode and dual pump
degenerate signal configurations. e) is a combination of many FWM processes,
involving several waves, and is called the dual-pump 4-mode configuration.

5.1.3 Three wave mixing

The process of TWM occurs when the waveguide material exhibits a
strong 2nd order nonlinearity. This nonlinearity often dominates in
crystalline structures with prominent symmetry, for example in lithium-
niobate which has been used as a platform to realize low-noise PSAs
[100]. For a 2nd order nonlinear media the phase-matching condition
is difficult to satisfy as there is no Kerr nonlinearity producing nonlin-
ear phase shifts that can cancel the linear dispersion. To get around
this issue earlier works propagated waves at different angles to achieve
phase matching in bulk crystals [101]. For implementation into waveg-
uides with co-propagating waves the solution of quasi-phase matching
became prevalent [98]. The periodic change of the phase matching is
typically achieved using poling, i.e. orientation inversion (flipping the
crystal), hence the name periodically poled lithium-niobate (PPLN) for
such lithium-niobate devices.

Similarly to FWM, TWM can be described by the frequency and
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phase matching conditions v1 = v + 3 and ¢ = @2 + @3, with

AB = B(A1) = B(A2) — B(A3),  ABNL = BNL(A1) — BNL(A2) — BNL(A3),

(5.7)
respectively. Typical TWM processes used for optical amplification are
shown in Fig. 5.3.

a) Vpl Vp2 b) v, v
Hiir
v T ™ v T
&) Yy d) v,
ViV, Vg
S O N

Figure 5.3: Different TWM wave configurations. Power is transferred from
red to blue waves, or the reverse. a) is the sum-frequency generation process
(Vs = Vp1+1p2). b) is the difference frequency generation process (v, = vs+v;).
c) is the same as a) but where red and blue roles are reversed (v, = vs + ;).
d) is second harmonic generation (v, = 2vy).

Among these configurations the sum-frequency and second harmonic
generation has been extensively used together with PPLN in TWM-
based PSA demonstrations [39,102-104|, which include the lowest ever
measured NF of an optical amplifier in [29].

5.1.4 Phase sensitive amplification

While both TWM and FWM can be used to implement a PSA with
shot-noise limited NF=0 dB, we will limit our discussion in this section
to the fiber-based platform and FWM as used in the work of this thesis.

In practice, a key necessity required to observe FWM is at minimum
one strong pump wave, typically carrying ~ W amounts of power. Since
the nonlinearity in fibers is a weak effect, a high intensity is required
to produce significant refractive index changes that can lead to efficient
nonlinear processes. This is accomplished with the use of high power
optical waves and highly nonlinear fibers in which the field-confinement
is higher (large 7).

78



5.1. PSA basics

In Fig. 5.4, the input and output optical spectra in different scenarios
of optical parametric amplification are shown. In the left, a single strong
pump wave is launched into the fiber. Here, FWM will only occur within
that single wave and no power transfer to other frequencies can take
place, were it not for the presence of vacuum fluctuations.

Vp Vp Vp
Input  py/2 hvi2 Vs hv2 Y | %
S e S

oo
Vp
Output e

AY

Figure 5.4: Input and corresponding output spectra from FWM in a highly
nonlinear fiber. Green represents the vacuum noise power spectral density

(PSD).

We discussed already in chapter 2, section 2.3.1, that vacuum fluctu-
ations cause added noise to the amplification process. In the discussion
that follows we will treat the vacuum fluctuations as an optical noise
with PSD hr/2 which is present at the input to the amplifier (fiber). Al-
though this is an incorrect description of vacuum fluctuations, it allows
for intuitive derivation of the gain and NF of the parametric amplifica-
tion under the assumption of high gain. The exact expressions for gain
and NF are presented in section 5.1.4.

The presence of vacuum noise at the input provides a complete fre-
quency coverage that, in this example, excites a continuous set of Fig. 5.2
c)-type FWM processes, leading to the amplified vacuum noise (AVN)
spectra seen at the output. The shape of the spectra is in turn deter-
mined by the phase-matching condition of this FWM process at the dif-
ferent frequencies, where the highest gain corresponds to perfect phase-
matching.

In the second case where we input a signal and pump wave, no sig-
nal gain would be achieved, were it not for the vacuum noise. See, a
frequency at v = 2, — v is required to stimulate FWM and since there
exists an optic field component at this frequency that fulfills the phase
matching condition ¢; = 2¢, — ¢ (thanks to the vacuum noise) the
process can be initiated. Once initiated the power builds up throughout
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the fiber and the output spectra will contain the AVN, the amplified
signal as well as a generated idler wave whose power will equal that of
the signal at high gain. This scenario is referred to as a phase-insensitive
parametric amplifier (PTA) since there will always exist a vacuum noise
component that can stimulate the amplification independent of the input
phases of the signal and pump.

In the third case we launch three waves into the fiber, a pump, a signal
and an idler whose phase meets the phase matching condition ¢; = 2¢, —
¢s. This is the PSA case. Here the signal and idler fields are coherently
superposed in the FWM process which results in a higher gain and lower
NF. Measured output spectra from a PSA of this FWM configuration
are shown in Fig. 5.5 for the discussed cases. Here the signal output
power is raised by a factor 2, first when adding an uncorrelated idler and
then another factor of ~ 2 when instead adding a phase-locked idler. To
understand how the gain increases, consider Fig. 5.6 which shows the
input fields to the amplifier in the PIA and PSA cases.

15 136 -36.2dBm ——PSA
1 -38.7dBm ——PIA (s+)
20! -41.7dBm ——PIA (5)
= 0 (+ASE)
s -25 42
o
— -30+
3

A~ 35+

-40 ¢

g

1548 1550 1552 1554
Wavelength [nm]

Figure 5.5: Measured PSA output spectra from [D].

Gain and noise

In the top of Fig. 5.6, only the signal is launched aside from the pump.
Throughout the amplification process the fields at the two frequencies
are coherently added and multiplied by the gain GG, leading to the average

80



5.1. PSA basics
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Figure 5.6: Signal and noise field representation at v, and v; in the complex
plane for the different inputs; top: signal only; middle: signal and uncorrelated
idler; bottom: signal and correlated idler.

output signal power

(Psout) = G{[Es + Eyn1 + Evna)?)
= G(E? + B¢ Ny + EY no + 2EsBy 1 + 2EEy N2 + 2By N1 Eyne)

= GUE2)+(Ey n1)HEV no)+2(Es By n1)+2(Es By N2)+2{Ev n1 Ev n2))]
hv  hv
:Gh+7+7]

— G[P+hv] (5.8)

where subscripts VN1 and V N2 represent the vacuum fields at v and v;
respectively and F is the optical field. The zero-averaging of the mixing
terms results from the uncorrelated nature of the vacuum fluctuations.
Were we to define the amplifier NF as the ratio of the optical signal to
noise ratio (OSNR) at the input to the OSNR at the output, we would
obtain b

OSNRin  Avohv/2

NEpia =

—2 (5.9)
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where Av, is an optical bandwidth for which the OSNR is defined, typ-
ically 0.1 nm. Hence, for a PIA, the gain is given by Gpja = G and
the NF is at best 2 (3 dB). A high PIA gain is important and as high
G = G(Ppump, 7, Lz) is promoted by a strong pump, high nonlinear-
ity and long fiber length L, these parameters are of importance when
building a PSA.

In the second case in Fig. 5.6 an idler wave of power Ps, uncorrelated
with the signal, is added to the input. Similarly to before we get the
output signal power as

(Psout) = G([Es + E; + Eyn1 + Byna]?)
= GUEZ) + (E]) + (EY n1) + (EY n9)]
hv  hv
= G|2P,+ 5+ 7]
— GR2P, + hv). (5.10)

However, in this case the idler power counts to the total signal input
power, leading to the same NF as before:

OSNRin Ayilfjf//z

T 2GPs
OSNRout GAvohv

NFpia = =2 (5.11)

As such, although the output power at the signal wavelength is doubled
compared to the regular PIA case, we still get the same NF.

In the third case in the figure we add a, this time correlated, idler
wave at a relative phase A¢. This leads to the following output power

(Psout) = G([Es + i + Eyn1 + By nal?)
= G[{(|Bs| + | Bs| cos Ag)? + | | sin® Ag) + (B ny) + (B no)]
= G[P; 4 2P, cos Ap + Ps(cos® A¢ + sin? A¢) + hv]
= 2GPs[1 + cos A¢] + Ghv

(5.12)
From this we extract the phase sensitive gain as

Gpsa = 2Gpiall + cos Ag) (5.13)

and accounting for both signal and idler power, the NF becomes

2P,
OSNR;, Avohv]2 1

NF = = ° = > 1. 5.14
PN OSNRaw | 2Rl ~ It oosag] ©
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As such, for phase-locked pump, signal and idler A¢ = 2¢, — ¢, — ¢; =
0, a NF of 1 (0 dB) can be obtained. Note that the stated gains are
referencing the output signal power at v; to the input signal power at
Vs.

Exact expressions

Although the above derivations of gain and NF are intuitive and to some
extent correct, they are simplifications. To rigorously derive gain and
NF for an optical amplifier one should take to a quantum mechanical
description of light [27]. If done correctly, the actual gain of the PSA
becomes [26]

Gpsa = 2G — 1+ 24/G(G — 1) cos(A¢)
~ 2Gpia[l + cos(Ag)], G > 10, (5.15)
and the NF
2G -1 N 1
Gpsa  3[l+cosAg]’

NFEpga = 2 G > 10, (5.16)
i.e., our previous expressions apply at high gain.

It should also be said that the NF is defined, not with respect to
input-output OSNR, but with respect to the signal to noise ratio (SNR)
of shot-noise limited detection (with unity quantum efficiency) [26]. Do-
ing the calculation will result in the same expressions as above, assuming
the PSA output signal is coherently received. Hence, when the PSA NF
reaches 0 dB, that is what we call an ideal shot-noise limited PSA NF.
Although the reference to OSNR is useful, the NF cannot be defined
with respect to the input vacuum noise power since the vacuum noise
before amplification do not actually carry any optical power.

The gain ambiguity

Unfortunately, since the FWM-PSA deals with both signal and idler
waves with regards to amplification and NF there is room for ambiguity
and differing conventions when defining gain and NF. Talking about
gain one may imply the output signal power at v, referenced to the
input signal power at vg, or it may be the output signal power at vg
to the input signal plus idler power that is implied, i.e., the total input
power at both v, and v;. The same applies for the NF which may lead
to the interpretation that NF= —3 dB which is nonphysical.
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BPSK This becomes especially important when con-
sidering e.g. the degenerate signal case (Fig.
n 5.2 d)) where there is only the one input sig-

£ -Af2 0 Af2 ), nal In this case, there is no PIA(s) (Fig. 5.6)

scenario, for which the PIA gain is typically de-
Figure 5.7: Degener- fined Gpra = G. Instead, the two halves of the
ate BPSK signal spec- signal can be seen as signal and idler (see Fig.
trum. 5.7). With this interpretation the PSA gain de-
fined above relates the output power in one half of the output signal
spectrum to the input power in one half of the input signal spectrum.
The gain in this case thus also describes the total output to input power.
The NF is also the same, when taking both the added signal power and
noise power contained in the idler part into account.

5.2 Phase sensitive amplification of data

The condition for phase sensitive amplification has been established as
A¢ = 0. For the work in this thesis, this implies that ¢, = 2¢, — ¢;
for the two-mode, single pump PSA (Fig. 5.2 ¢)) in papers |C,D] and
205 = ¢p1+ Pp2 for the one-mode, dual-pump PSA (Fig. 5.2 d)) in paper

To achieve phase sensitive amplification of coherent modulation for-
mats, such as binary phase-shift keying (BPSK) and quadrature phase-
shift keying (QPSK), wherein data is encoded in the signal phase ¢s,
some restrictions follow. These restrictions for the two types of PSA will
be discussed in the sections below.

5.2.1 The two-mode PSA

For the single-pump, two-mode PSA, the typical solution is to encode
the idler wave with the conjugated data, so that ¢; = —¢s. In this
case both signal and idler waves are generated at the transmitter and
propagated alongside each other through the link. The alternative would
be to modulate the pump with the signal data. For practical reasons in
a communication link, the pump must be created at the receiver which
makes this alternative implausible.

The idler can be generated the same way as the signal, using a laser
at the idler wavelength and a modulator that encodes the conjugate data.
While possible, the radio-frequency (RF) frequency response of the two
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modulators and waveform generators must match to obtain perfect sig-
nal and idler copies, something which may be challenging in practice. In
addition, the two free-running lasers at the signal and idler wavelength,
respectively, will be uncorrelated and severely impact the phase-locking
needed in the receiver lest they exhibit minimal phase noise. Another
way to automatically create a conjugated signal copy at the idler wave-
length, with correlated phase noise, is via the use of FWM in a copier
stage, first proposed in [105].

Copier scheme

A free-space optical communication link employing a transmitter side
copier-stage is shown in Fig. 5.8. Here, the data-encoded signal is com-
bined with a strong pump-wave in a wavelength division multiplexer
(WDM) before being launched into the nonlinear fiber. Here the fiber
acts as a PIA which creates a perfect conjugate idler as ¢; = 2¢,,,, — ¢s.
Note also that the AVN at the signal and idler is correlated due to the
FWM process. The pump is filtered away and signal and idler are trans-
mitted through the channel.

Tx Data
4 i S i
Signal laser [+(modulator) T T
= v
> —
1 i
Pump Laser |
—_— i
EDFA i ;
RX ﬂpr
S 1 S 1
%% AVN<VN |
e WDM
o
 PRx

Figure 5.8: A free-space communication link with a copier-stage at the trans-
mitter and PSA at the receiver. WDM: wavelength division multiplexer; HNLF"
highly nonlinear fiber; OBPF': optical band-pass filter; OBSF: optical band-stop
filter; VN: vacuum noise; AVN: amplified vacuum noise.

At the receiver the signal and idler are combined with a strong
receiver-side pump wave before being sent into the PSA (the nonlin-
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ear fiber). To reach a shot-noise limited NF it is crucial that the AVN
generated at the transmitter has been attenuated below the vaccum noise
level by the link loss, so that the noise at signal and idler wavelengths is
uncorrelated. For deep-space links this will always be the case.

The relative phase at the PSA is in this case A¢ = ¢s+ ¢ — 2¢p,, =
2(¢p,, — pr, ), hence, the impact of the phase-encoded data is cancelled
and the remaining challenge is to compensate the relative phase of the
transmitter and receiver continuous wave (CW) pumps.

The copier-scheme has been used extensively for low-noise PSA demon-
strations using FWM in fiber 26,99, 105], among them the 1.1 dB NF
in [28] and the 1 photons per information bit (PPIB) receiver shown
in [34]. There are, however, several implementation challenges pertain-
ing to the use of a copier-stage and the two-mode PSA at large for
space-to-ground communications.

Practical challenges

We have already emphasised the need for simple, redundant and power-
efficient space-born optical transmission systems. The copier-stage, re-
lying on a high-power pump, is far from efficient with current fiber-
technologies, typically needing high power levels, on the order of Watts.
In addition, a high power booster amplifier will always be needed to
reach high enough launch powers. With or without copier-stage, the
transmitter will still be burdened with additional complexity due to the
need of a transmitted signal-idler pair.

Another challenge of a dual-wavelength signal pertains to the large-
area receiver implementations we discussed in chapter 4. Except for the
use of adaptive optics (AO), both multi-mode fiber (MMF) and multi-
aperture reception is primarily only compatible with a single wavelength
as discussed in section 4.6.3. This is with regards to optical coherent
combining as opposed to digital combining which would require one PSA
per channel.

In the case where PSA-pre-amplification is of interest for a ground-to-
space link, the two-mode PSA is more viable. In such a scenario, we can
expect the use of a smaller receive-aperture and single channel reception,
avoiding the need for coherent combining. The remaining issue would be
to make the PSA-amplification in the receiver power efficient and of as
low complexity as possible. One step towards such an implementation
is to move from bulky fiber-based systems to an integrated photonics
platform [106].
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5.2.2 The one-mode PSA

For the one-mode PSA (shown in Fig. 5.2 d)), there is no idler that can
cancel the phase-modulated data to obtain A¢ = 2¢5 — ¢p1 — ¢p2 = 0.
The factor of 2 in front of ¢ does however allow one specific type of
phase modulation, namely BPSK and other single-quadrature modula-
tion formats. In BPSK, ¢s = ¢snoise + @5 data; Where ¢g noise is the
phase noise caused by the used laser and the free-space channel and
®s.data = 0,7 is the signal data. Using this, the relative phase becomes
AP =2¢s — Pp1 — dp2 = 205 noise — Pp1 — Pp2, Where any 27 phase offsets
have been omitted since they are irrelevant to the phase sensitive ampli-
fication. We see that the modulated data is cancelled and the remaining
relative phase is left to the receiver phase-locking system to compensate.
Although the use of the one-mode, dual-
pump PSA is limited to amplification of a sin-
gle quadrature, it is relatively simple to alter
f -Af 0 Af A the PSA into a dual-pump, two-mode PSA
Figure 5.9: Closely &5 in Fig. 5.2 b) to enable the use of arbi-
spaced signal and idler trary modulation formats. This can be done
carrying QPSK data. in practice without complicating the trans-
mitter beyond that of a conventional, single-
wave system, simply by producing adjacent signal and idler in the same
modulator, see Fig. 5.9. This is done in paper [E| to demonstrate the
compatibility of the single-wave, dual-pump PSA with arbitrary formats.
The closely spaced signal and idler can simply be regarded as one signal
wave, albeit with twice the bandwidth.
Measured constellation symbol
densities for both a BPSK signal PIA PSA
and the QPSK signal shown in Fig.
5.9, after pre-amplification using an
erbium doped fiber amplifier (EDFA)
(PIA) as well as a dual-pump, one-
mode PSA, are shown in Fig. 5.10.
In each case the received power is the
same and it can be seen that the use
of the PSA results in constellations of
lower noise than for the EDFA. One
can also observe the single-quadrature
amplification effect of the degenerate
BPSK signal which clearly indicates a squeezed output state in phase.

QPSK \/QPSK*

Figure 5.10
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The phase-squeezing of noise happens as also the vacuum noise experi-
ences single-quadrature amplification. In fact, the out-of-phase noise is
de-amplified in the PSA as Gpga(A¢ = m) = 1/Gpsa(A¢ = 0) at high
PIA gain. Phase squeezing is something of interest to quantum appli-
cations since it can reduce the uncertainty in one quadrature below the
vacuum level, at the expense of excess noise in the other quadrature [62].
This feature was for instance used to obtain sensitive detection of gravita-
tional waves in the Laser Interferometer Gravitational-Wave Observatory

(LIGO) [107].

Practical challenges

The work in [E] is the first to demon-
strate a below 3 dB NF for the one-mode, V
dual pump PSA. The reason for the ab-
: .. Vi Vg Viy
sence of prior demonstrations is the added A A A
challenges that comes with two strong : :
pump waves. The presence of two pumps \‘)
enables multiple of the FWM-processes
shown in Fig. 5.2, whereas it is only the Figure 5.11: FWM with
process in d) that we desire. This will higher order idlers.
lead to PIA processes creating both pump-idlers and signal-idlers at new
frequencies. Most detrimental to the NF are the higher order idlers cre-
ated via the two-mode, single-pump FWM-process with respect to each
pump (see Fig. 5.11). These FWM processes implies that the vacuum
noise at these wavelengths add to the final noise at the signal wavelength
throughout the amplification, severely degrading the NF. One can cir-
cumvent this by injecting correlated signal-idlers at these wavelengths
but that defeats the purpose of a single-wave solution.

The other way to circumvent the issue is to ensure that the phase-
matching condition is unfulfilled for the undesired FWM-processes while
maintaining phase-matching for the desired dual-pump, one-mode PSA.
How to accomplish this has been investigated in [108-110] where it is
found that a wide pump separation is needed (40 — 50 nm) as well as
a center wavelength at or just below the zero-dispersion wavelength.
While this approach enabled the demonstration of 1.7 dB NF in [E], the
issue limits the band of wavelengths for which low-noise amplification
can be obtained. This implies that for a given wavelength the fiber
zero-dispersion wavelength need to be tailored. While this is not a huge
concern for a monochromatic deep-space link it limits the flexibility of

p2

<
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the PSA, e.g., in comparison to an EDFA.

5.3 Phase-locking of PSAs

Perhaps one of the most challenging aspects of making PSAs feasible
for real-world low-noise communications is that of phase-locking. In the
record-low NF demonstration in fiber [28] and for PPLN [29] signal and
idler-coherent pump waves were used to circumvent this issue. While that
works in the lab, enabling low-noise PSA-pre-amplification in practical
link requires compensation of relative frequency drift and phase noise
between the pump generated at the receiver and the received waves to
be amplified. This requires some kind of laser locking system and will
always infer a finite locking penalty to both the gain and NF of the PSA.

The penalty to gain and NF can be understood in terms of the locking
efficiency, which we define similarly to the combining efficiency in chapter
4, i.e. the ratio of total output power at relative phase A¢ to the total
output power at A¢ = 0, as

B Gpsa(Ao) B 1 B 1 —02 /2
n= Grsa(Do=0) 5[1 + cos Agl, (n) = 5[1 +e 79’7 (5.17)
The expressions for the instantaneous and time-average efficiency is the
same as that for the coherent combining from chapter 4. In fact, the
coherent superposition of spatial channels is very similar to the coherent
superposition of spectral channels occurring in a PSA. The residual
phase error variance aée can be treated as described in chapter 3. The NF
degradation due to imperfect locking is given as 1/n, yielding SNR o 7
for the communication link, meaning the bit error rate (BER)-impact of
imperfect locking is the same as for the coherent combining system as
described in section 4.6.1.

Since the locking penalty is only one of several other penalties, like
Raman-scattering-induced noise [111] and pump-transfer noise [112,113],
it can be difficult to quantify it. One way to measure both the phase er-
ror variance and the efficiency is provided by the measurement of the
time-average extinction ratio (e). The extinction ratio is defined as
Gpsa(A¢ = 0)/Gpsa(A¢p = 7), hence (e) is obtained by measuring
the averaged PSA signal output power when locking the phase to con-
structive and destructive gain respectively and dividing the result. This
is the same as

) 14/
1 - <77> 1 — e_oie/2

(5.18)
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from which the efficiency and phase variance can be extracted as

ORI O B N Ol (5.19)

T ey RCETS
Since the final phase-locking has traditionally employed a dither-optical
phase locked loop (OPLL), switching between phase sensitive gain and
phase sensitive attenuation is easily done by error signal inversion, i.e.
by switching the sign in front of g in Eq. (3.2) (or g5 in Eq. (3.3)).

As for any control system, the trade-off between OPLL SNR and
bandwidth is apparent also in the context of PSAs. Hence, for the pur-
pose of deep-space communications where the received signals and pos-
sible idler waves are expected to be weak, even when collected using a
large reception area, the bandwidth of the PSA locking system must be
limited to reach adequate SNR. This has nurtured the interest for the
use of low phase-noise lasers in the PSA context and as the development
of such lasers has matured over the years, so has the PSA locking system
implementations, enabling low-noise PSA-pre-amplification at lower and
lower received powers.

Presented in the sections below are the main PSA pump-locking im-
plementations that have been used for practical link demonstrations,

both in TWM-PSAs and different FWM-PSAs.

5.3.1 Signal tapping

Although there are a slight variation of locking systems for the PPLN-
based TWM-PSAs, the one shown in Fig. 5.12 from [38] and [102] is
fairly representative.

Here, a conjugate signal-idler wave-pair carrying the signal data is
received in the top left before 10% of the power is tapped off for the pur-
pose of pump-locking (i.e. a direct NF penalty of 0.5 dB). The PSA in
this case relies on the TWM process shown in Fig. 5.3 ¢), thus requiring
a phase-locked pump at the sum of the signal and idler frequency. To
achieve this, the tapped signal-idler pair is optically amplified and fil-
tered and sent into a PPLN stage where the two amplified waves acts as
pumps in a sum frequency configuration (Fig. 5.3 a)) to produce a CW
tone at the sum-frequency. The tone is CW since the signal and idler
are conjugated copies. A local pump laser roughly centered between the
signal and idler frequencies is split, where one wave is frequency-doubled
using second harmonic generation in another PPLN stage before being
interfered with the CW tone generated by the tapped and amplified
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Figure 5.12: A PSA receiver setup using the PPLN platform, enabled by an
OPLL stage involving several PPLN stages with second harmonic generation
(SHG) and sum frequency generation (SFG), balanced detection (BPD) and
pump laser control. PZT: piezeo-electric transducer.

signal-idler pair. The subsequent balanced detection of this interference
provides a measure of the phase-error between the pump laser and re-
ceived waves which via a control loop (OPLL) is used to adjust the phase
and frequency of the pump laser such that the phase error is compen-
sated. The other part of the now phase-locked pump is sent through
another second-harmonic PPLN stage to frequency double the light into
the pump for the PSA. Due to relative phase fluctuations between the
different fiber paths a slow dither phase locked loop (PLL)/OPLL is used
to stabilize the final phase using a piezo-electric fiber stretcher (acting
as phase-shifter).

The practical feature of this setup is that the locking can be accom-
plished while only receiving signal and idler, which for the TWM PSA
process used could be spaced close enough to act as a single-wavelength
signal (as in [102]). The apparent downside here is the 10% tap which
incurs a direct loss of the received power. In principle a smaller tap,
e.g. 1% could be used but the OPLL SNR would receive a proportional
penalty. Typical laser linewidths used in the system in [102]| are on the
order of kHz and dictates the necessary OPLL bandwidth. The use of
optical pre-amplification of the tapped signal as well as the need for sum
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frequency generation will produce optical noise which will limit the SNR
of the balanced detection. This will together with the phase noise of the
used lasers limit how weak received powers the system can operate for,
i.e. the OPLL sensitivity. In fact, the focus of the work in [102] is on
implementing this type of PSA as an inline amplifier for a fiber based
link where low received powers can be avoided.

5.3.2 Pump carrier recovery

For demonstrations using the single-pump, two-mode FWM, fiber based
PSA, the copier stage is often employed. As there is residual pump power
available at the transmitter after this stage, part of the leftover pump
is transmitted alongside signal and idler as a carrier reference for pump-
locking at the receiver. The pump reference counts to the total received
power however, as such the target for the demonstrations in [37] and [C]
was to minimize the power needed in the pump reference to operate the

PSA efficiently.

Using optical injection locking

Common to the demonstrations in [30, 34| is to use the received pump
carrier reference for optical injection locking of the receiver-side pump
laser [36]. A typical setup is shown in Fig. 5.13.

OBPF V10% tap
PLL [« PD

OBPF e~ Pump Laser

> &"

Figure 5.13: A PSA receiver setup using highly nonlinear fiber, enabled by
an optical injection-locking (OIL) stage for pump-carrier recovery and a slow
PLL.

Here, the received pump reference is separated from the signal and
idler using a WDM before being optically amplified, filtered and injected
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into the pump laser via a circulator. The short version of OIL implies
that the injected wave interferes with the laser field inside the laser cavity,
effectively promoting the subsequent build up of a laser field that is in
phase with the injected light. The injected light must however compete
with the optical AVN present in the laser cavity, as well as the AVN
from the EDFA, to enforce the desired phase upon the laser. However,
as long as the laser AVN is larger than that caused by the EDFA, the
optical amplification of the reference will help increase the OIL SNR.
When locked to the injected light the pump laser is phase-locked to
the signal and idler and is circulated out through a piezo-electric fiber
stretcher, compensating the relative phase fluctuations between paths
before combined with signal and idler in a WDM at the input to the
PSA. The fiber stretcher is again driven by a slow dither-OPLL.

The use of OIL-based pump reference recovery has demonstrated
efficient locking of the PSA at received pump-reference powers > —72
dBm in [34]. At this power, the presence of the pump reference together
with locking penalties constituted a NF penalty of 0.3 dB at signal-idler
powers of ~ —60 dBm. The performance was mainly limited by the
receiver side pump laser with a linewidth of 50 kHz.

Using an OPLL

Instead of using OIL for pump carrier recovery one can use an OPLL
as shown in Fig. 5.14. Such a system was first demonstrated in paper
|[H] to which paper [C] is an extension with focus put on the OPLL laser
locking system indicated in the dashed box in the figure.

Just like for the OIL system above, the pump reference is separated
and sent to interfere directly with a receiver side pump laser. The dashed
box in the figure is in principle the same system we used as example for
explaining the dither-OPLL in chapter 3, Fig. 3.1, including the laser
frequency control. The only difference between the system in chapter
3 and the one in Fig. 5.14 is that the dither and phase compensation
is divided upon phase modulator 2 and 1, respectively, and that both
50/50-coupler outputs are detected in a balanced photo-detector. In this
setup, the much stronger wave from the pump laser acts as a strong
local oscillator (LO), providing coherent detection gain to the balanced
detection. In the case of a perfect detector (unity quantum efficiency),
this system enables shot-noise limited detection of the phase error. The
separation of the dither from the overall phase compensation in PM1 also
removes the dither penalty from the residual phase error variance in the
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Figure 5.14: A PSA receiver setup from [C]| using highly nonlinear fiber,
enabled by an OPLL stage for pump-carrier recovery and a slow PLL. PM:
phase modulator.

PSA. A fiber stretcher together with a slow dither-OPLL is, again, used
to compensate relative phase fluctuations between paths. In principle,
the use of PM1 can be replaced by proportional frequency control of the
laser directly, thus avoiding one source 2m-phase slips.

The use of this OPLL-based pump reference recovery enabled effi-
cient PSA locking at received pump reference powers > —83 dBm. At
this power, the presence of the pump power results in negligible NF
penalty at received powers of ~ —60 dBm. The phase-locking penalty
was moreover estimated to be 0.2 dBm. The system in this case was
primarily limited by the pump lasers at both transmitter and receiver
which featured linewidths on the order of 100 Hz.

5.3.3 Local pump locking

The setups discussed so far has in all cases relied on a slow dither-OPLL
to ensure the compensation of relative phase fluctuations. The dither-
OPLL we discussed in chapter 3 utilized the interference in a 50/50-
coupler to create a phase-error proportional error signal via dithering.
Indeed, the PSA phase dependence is physically near identical to that
of interference in the 50/50-coupler (c.f. Eq. (3.1) and Eq. (5.13)).
Hence by dithering the pump wave at the input to the PSA a phase-
error proportional error signal can be extracted from the amplified signal
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power. Moreover, if the dither-OPLL is fast enough, and the phase noise
between free-running pump and received signal is small, then the use of
this dither-OPLL would be sufficient to lock the PSA by itself. This is
the premise in the local pump locking scheme we will discuss here and
avoids the need for either tapping the signal power before amplification
or a co-transmitted pump carrier reference.

The work in paper [D] demonstrates the local pump locking scheme
in a PSA-based receiver using the single-pump, two-mode FWM config-
uration. The setup is illustrated in Fig. 5.15.

>—>
OBPF V 10% tap
Control |« PD
v
Pump Laser

Figure 5.15: A PSA receiver setup from |D]| using highly nonlinear fiber,
enabled by an OPLL stage for local-pump locking.

Here, the received signal and idler waves are immediately combined
with the local pump wave which is phase-locked based on the dither-
OPLL that feeds on the error signal extracted at the 10% tap after
amplification. This scheme was also employed in paper [E] for the dual-
pump, one-mode PSA whose setup is shown in Fig. 5.16. As a note,
when altering the signal bandwidth, the discussion in section 4.6.2 also
holds true for the local pump-locking OPLL, even though in this case,
its SNR is limited by both Noise-Noise and Signal-Noise beating.

The main challenge of the local pump locking scheme is the loop
delay imposed on the OPLL due to the length of the nonlinear fiber
PSA which measures up to 600 m in [D| and 350 m in |[E| which adds
several microseconds to the overall loop delay. The problem with loop
delay was explored in chapter 3 where it was demonstrated how loop
instability is directly connected to a combination of large loop delay and
large loop bandwidth. Hence, the use of low linewidth lasers is crucial to
operate the system at a low enough bandwidth to avoid instability. This
was enabled in |D,E| thanks to the linewidths of 100 Hz for the lasers
used. In [D] the system could lock at received signal-idler power down
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Figure 5.16: A PSA receiver setup from [E| using highly nonlinear fiber,
enabled by an OPLL stage for local-pump locking.

to —65 dBm with at best 0.3 dB locking penalty, mainly limited by loop
delay. Meanwhile in [E| the system could maintain locking down to —66
dBm with a stable locking penalty of 0.25 dB.

The local pump locking scheme is very appealing both from a per-
formance as well as a complexity point of view as it removes the NF-
penalties associated with previous solutions and the need for a pump
reference. Specifically, the single-wave system in [E] is attractive for deep
space to earth links as it is entirely compatible with a typical space-born
single-wave transmitters and the large area receiver implementations dis-
cussed in chapter 4. While the implementation is currently limited by
the fiber length of the PSA, this is something that hopefully can be reme-
died by the transition from a fiber-based platform to the use of integrated
photonics [106] where loop delays would be significantly reduced. This
would also ease the restrictions on the low-noise properties of the lasers.
However, it should be said, as has been the point at many instances
throughout this thesis, that a low phase noise allows for a small OPLL
bandwidth and hence the possibility to lock at lower received powers
(Eq. (3.13)).
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CHAPTER 0

Conclusion & Future outlook

After many detailed discussions throughout the chapters of this thesis
we now take a step back to consider the knowledge we have garnered.
In a decade of rapid development of laser-based space communications,
this thesis aims to further the capability of such systems in pushing high
data rate-enabling, sensitive receivers as a remedy for the bottle-neck of
current deep space communications. Specifically, the thesis targets the
implementation of large optical receivers together with coherent recep-
tion and phase sensitive amplifier (PSA)-pre-amplified detection as the
avenue towards these goals. In this regard, the work contained herein
has demonstrated important practical steps towards the realization of
such systems.

For practical PSA-preamplified ground-based receivers the work in
papers [C-E| has both helped improve the phase-locking sensitivity for
efficient low-noise amplification|C]| as well as having significantly reduced
the implementation complexity via the local pump-locking optical phase
locked loop (OPLL) in [D] and the single-wave solution presented in [E].
These achievements represent important steps towards implementation
in practical systems, for which the PSA in [E]|, could in principle already
be employed.

In the arguably, at least as important large-area receiver aspect of re-
alizing high-speed sensitive links, the work in papers [A,B| show promis-
ing results with regard to coherent combining as an approach to scaling
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up the receiver size. The work in [A] demonstrates the possibility to
efficiently coherently combine individually received data-modulated sig-
nals at down to —80 dBm signal power. This in relation to typical PSA
sensitivities at around —60 dBm (at 10 Gbaud QPSK) provide ample
margin to extend the receiver area via multi-aperture or multi-mode re-
ception while maintaining high receiver efficiency. Paper |B| puts this
result into context for a realistic downlink through turbulent atmosphere
and highlights important aspects regarding the efficiency and sensitivity
of multi-aperture and multi-mode receiver solutions.

As practical issues are engineered away, fundamental limits will re-
main and what pertains to the implementation of active compensation of
both phase-locked waves in a PSA and spatial decoherence in a large-area
receiver is the signal to noise ratio (SNR)-bandwidth trade-off that has
themed the content of this thesis. In the end, the finite phase noise from
lasers and atmosphere dictates the reach and speed of the deep-space
link, lest they somehow are absolved of their impact.

Looking forward

There are still a number of practical considerations and additional work
required along the road to implementing large-area PSA-pre-amplified
receivers for deep space communications. These additional steps concern
limitations such as loop delay for local pump-locking, the optimal error
signal detection scheme for coherent combining and practical demonstra-
tions in real free-space channels. Below we briefly discuss some of the
important considerations left for the future.

Integrated photonics

The idea of transitioning from a
fiber-based platform to a photonic-
integrated solution is attractive in
many aspects concerning both the im-
plementation of PSAs as well as co-
herent combining archit.ectures. W.ith @
respect to the PSA, this can provide

a number of benefits, ranging from Figure 6.1: Illustration of a
smaller footprint devices, increased ©%3lVs-waveguide used for phase
device production volume, larger free- Sensitive amplifiaction. Waveguide

dom in dispersion engineering, higher width is ~ 2m.
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nonlinearity and reduced detrimental effects such as Raman and stimu-
lated Brillouin scattering which fundamentally limits the practical noise
figure (NF) from reaching 0 dB.

Currently, important progress is being made in realizing efficient four-
wave mixing (FWM)-processes in SigNy waveguides as demonstrated
in [106]. The employed approach at making long but compact amplifier
waveguides is shown in Fig. 6.1. The main limitations of these fabricated
devices remain in the fiber to chip coupling loss as well as waveguide loss
to reach a low black-box NF. Were these challenges to be overcome the
Si3N4-PSA could enable record-low NF and potentially solve the higher
order idler problem for the PSA in [E| with appropriate dispersion design.
A reduction in the required pump power would also be necessary to make
this kind of device attractive for an optical terminal aboard a space-craft.

The work on periodically poled lithium-niobate (PPLN)-PSAs also
belong to this category of integrated solutions with similar benefits. In
fact the work in [102] would significantly benefit from the local pump-
locking solution which could enable this type of PPLN-PSA as a highly
sensitive single-wave pre-amplified receiver that does not suffer from
higher order idlers like the FWM in [E|. Other integrated platforms of
highly nonlinear material such as AlGaAs are also being investigated
[114].

One important benefit gained
from any integrated solution is the
short PSA length and thus loop-delay
as opposed to fiber. This would not
only reduce the loop delay-induced
locking penalty reported in [D,E]| for
local pump-locked PSAs but also al-
low the use of lasers with larger
linewidths. However, as has been dis-

Figure 6.2: Photo of a fabricated cussed, lower linewidth lasers will al-
coherent combining device under ways be preferred when locking at low
characterization. SNR.

Turning to the prospect of chip-
based coherent combining we have already seen important progress being
made in demonstrations such as [95] and [96] where in the latter the com-
biner was realized in the silicon photonics platform with thermal heaters
as phase-shifters. The integrated combiner solutions simplifies up-scaling
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of the combining cascade and provides simple control of heaters via elec-
trical interfacing.

Although not yet reported, we are currently working on our own
design and implementation of such coherent combining chips in Si3/Ny.
A photo of such a chip in the characterization stage is shown in Fig.
6.2. An illustration of the device is also shown in Fig. 6.3. The target
is to demonstrate efficient up-scaling to 8-channel combining of data-
modulated signals at low power. The use of SigN, also allows for fu-
ture implementation of a combiner and PSA on the same chip. Prelimi-
nary results indicate large enough phase-shifter bandwidths (few kHz) for
phase-compensation. Cross-talk between heaters is however a problem
and would require improved design for future devices. An alternative to
heating-based phase-shifters, that likewise offer minimal loss, is of high
interest.

Figure 6.3: A coherent combining system of 8 channels on chip. Input and
outputs interface a lensed fiber array for coupling. Phase-shifters are realized
using voltage-driven resistor-based heaters fabricated on top of spiral sections
of the waveguide.

It should be noted that fiber-coupling will remain important as opti-
cal fiber is necessary as an interfacing stage that bridges the gap between
a larger telescope size, possibly with multiple apertures, and the cm size
chip.
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Polarization

The discussion throughout the thesis has in almost all cases omitted the
polarization of light. Indeed, for practical realization of both coherent
combining and phase sensitive amplification all waves involved need to
be co-polarized. While exceptionally turbulent atmospheric links can
depolarize the signal to small degrees, for links considered in this the-
sis, polarization remain as one of the most stable aspects in a free-space
link [115-117]. The main cause of shift in polarization, or rather, orien-
tation thereof is due to relative shift in orientation between transmitter
and receiver. For polarization-insensitive reception and combining using
fibers only the relative variation in polarization between channels must
be compensated. This variation is deemed negligible in comparison to
phase and can be performed using a slow polarization-tracking control
in each stage. Although not as limiting as phase, such control should be
implemented for practical links. In a single-polarization combiner (like
SigNy) as well as the PSA| absolute polarization control is necessary to
align the incoming signal polarization to that of the waveguide and/or
pump wave. Since this polarization drift is expected to be slow and to
some extent predictable, it is yet something that will not limit overall
performance but which is necessary to implement.

Upscaling and the demand on hardware

The error signal detection scheme investigated in [A,B| required an erbium
doped fiber amplifier (EDFA), optical filter and photo-detector per com-
bining stage, i.e. as many as the number of channels to combine (minus
one). To reduce costs it would be interesting to investigate ways to cir-
cumvent the need for such a large volume of hardware without reducing
the error signal SNR. Most importantly would be the EDFA in this
context and for this purpose the recent development of spatially diverse
amplifiers [118] could offer a new avenue of approach. When amplified,
optical loss to certain degrees will not significantly degrade SNR and
error signals could be incoherently combined to limit the number of nec-
essary filters and detectors.

Sensitive error signal detection

Although optical preamplification provides sensitive operation, there may
exist more appropriate error signal detection schemes in the context of
coherent combining. The discussed use of single-photon detection and
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amplitude modulation in chapter 1 and 2 were, in theory, superior to
coherent detection for communications at very low received powers and
low bandwidth. This is the exact scenario for error signal detection in
coherent combining. Hence, to reach ultimate error signal sensitivity, the
use of such detection should be investigated. Currently the work in [119]
is pioneering this research.

Sophisticated locking

In this thesis we limited the discussion to OPLL performance during
locking. Realistically, the system should also be able to bring itself into
lock on up-start and in case locking is momentarily lost. For the 1st order
dither-OPLL with recurring operating points ¢ = n27 (n is an integer)
locking happens automatically. For phase and frequency compensating
OPLLs and tip-tilt control this is not the case and would need to be
implemented for a practical system.

On the other hand, these systems are not limited by the 27-phase
jumps discussed in chapter 3, as the tip-tilt does not compensate phase
and frequency locking systems can compensate phase via proportional
frequency control. For a coherent combining cascade with a large number
of channels the momentary disruption of a phase jump in one stage may
be negligible, depending on where in the cascade it happens. Further
investigation on the impact and mitigation of 27-phase jumps would be
useful.

Atmospheric limitation

Were it not for the atmospheric turbulence there would not be a limit to
how weak signal intensities can be efficiently received|B|. The use of laser
guide stars (LGSs) could in principle lift this limitation by probing the
turbulent free-space channel at high SNR. Future investigations on LGS
for optical downlinks using the different large-area receivers discussed
here would be of great value in the pursuit to effectively remove the
atmospherically imposed minimum received power limitation. If lifted,
the receiver size could in principle be made large enough to close any
deep-space link regardless of distance and data rate. The remaining
limitation would then concern cost and other practical limitations to
how large telescopes or telescope arrays can be built.
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Summary of papers

This chapter lists the brief summary of each paper included in the the-
sis alongside a description of my contribution. As context, paper [A,B]
concerns the investigation of increasing receiver area via means of multi-
aperture or multi-mode reception and subsequent coherent optical com-
bining of the signals thereof. Meanwhile, papers |[C-E| addresses the
phase-locking of phase sensitive amplifiers (PSAs) and the reduction of
implementation complexity to make such preamplifiers viable in practi-
cal free-space links.

Paper A
Rasmus Larsson, Jochen Schroder, Magnus Karlsson, Peter A. Andrek-
son, "Coherent combining of low-power optical signals based on optically

amplified error feedback”, Optics Fxpress, vol. 30, no. 11, pp. 19441-
19455, May, 2022.

In this paper we investigate coherent optical combining in the context
of a multi-aperture free-space receiver. The coherent combining control
system is based on a sensitive dither-optical phase locked loop (OPLL)
that uses optical pre-amplification of the error signal to maintain high
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combining efficiency at low received powers. The performance of the
combining system is characterized both with respect to the strength of
relative phase fluctuations between channels as well as the received signal
power, for two and four-channel combining. The scaling to more chan-
nels is also studied. Overall, we demonstrated that > 97% combining
efficiency can be obtained when combining four 10 Gbaud quadrature
phase-shift keying (QPSK)-modulated signals at > —80 dBm received
power per aperture.

My contribution: I designed and performed the simulations and ex-
periments and conducted the overall analysis. I wrote the paper.

Paper B

Rasmus Larsson, Magnus Karlsson, Peter A. Andrekson, "Sensitive op-
tical free-space receiver architecture for coherent combining of deep-space
communication signals through atmospheric turbulence”, Manuscript
submitted

This paper investigates the overall receiver efficiency of large area multi-
aperture and multi-mode receivers based on coherent combining for the
reception of deep-space signals through the atmosphere. Monte-Carlo
simulations of wave-propagation through realistic turbulence channels
are used to generate the power spectral densities (PSDs) of phase-variations
between channels to be coherently combined. The generated statistics
are used together with phase locked loop (PLL)-theory to estimate the
efficiency of the active phase-compensation and its impact on overall re-
ceiver efficiency for different received intensities and turbulence channels.
Both receiver configurations are predicted to offer efficient combining of
intensities down to —70 dBm/m? for realistic space-to-ground links when
optimized and placed at adequate observatory sites a few km above sea-
level. In terms of tip-tilt compensation, the multi-mode receiver appear
superior to the multi-aperture receiver.

My contribution: I designed the study, performed the simulations
and the experiment as well as the overall analysis. I wrote the paper.
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Paper C

Rasmus Larsson, Kovendhan Vijayan, and Peter A. Andrekson, "Zero-
Offset Frequency Locking of Lasers at Low Optical Powers With an Op-
tical Phase Locked Loop”, Journal of Lightwave Technology, vol. 42, no.
3, pp. 1183-1190, Feb, 2024.

This paper, which is an extension of the post-deadline paper in [H|, inves-
tigates the performance of a zero-offset frequency-locking dither-OPLL
at low reference wave powers. The system performance is thoroughly
characterized with respect to phase noise in the temporal and spectral
domains. For the sub-kHz linewidth lasers used we demonstrate locking
down to powers of —90 dBm contained in the reference wave. The co-
herent amplification of the error signal using the strong slave laser light
can enable the system over a broad range of wavelengths.

My contribution: [ performed the simulations as well as the over-
all analysis. I also performed the experiments, with K. Vijayan assisting
me in the RIN-measurement. I wrote the paper.

Paper D

Rasmus Larsson, Kovendhan Vijayan, Jochen Schroder, Peter A. An-
drekson, "Low-noise phase-sensitive optical parametric amplifier with
lossless local pump generation using a digital dither optical phase-locked
loop”, Optics Express, vol. 31, no. 22, pp. 36603-36614, Oct, 2023.

This paper demonstrates, for the first time, the novel local pump-locking
scheme in which the PSA gain-maximization is used as feedback for a
dither-OPLL controlling the pump frequency and phase. The demon-
strated locking-scheme circumvents the need for pump reference waves
or signal tapping for locking the PSA, significantly simplifying its imple-
mentation compared to previous demonstrations. With the use of this
locking system, low-noise PSA amplification is shown with a noise fig-
ure (NF) below 3 dB at received powers down to —65 dBm using sub-kHz
laser linewidths.

My contribution: I implemented the phase-locking system and per-

formed the simulations. I also performed the experiment and the data
processing with assistance from K. Vijayan. I wrote the paper.
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Chapter 7. Summary of papers

Paper E

Rasmus Larsson, Ruwan U. Weerasuriya, Peter A. Andrekson, "Ul-
tralow noise preamplified optical receiver using conventional single wave-
length transmission”, Manuscript submitted

This paper demonstrates, for the first time, low-noise (< 3 dB NF)
phase sensitive amplification based on the dual-pump, degenerate sig-
nal four-wave mixing (FWM)-configuration. The system employs the
local pump-locking scheme from [D] and hence enables low-noise phase
sensitievly pre-amplified coherent detection of single-wave signals. The
low-noise performance of the demonstrated system is achieved down to
—67 dBm received powers and would with the use of forward error correc-
tion (FEC) enable receiver sensitivities below 1 photons per information

bit (PPIB).

My contribution: I and P. A. Andrekson conceptualized the idea. I
performed the pre-study. I together with R. U. Weerasuriya built the ex-
perimental setup, optimized the pump and signal wavelength configura-
tion as well as implemented the pump-phase modulation for suppression
of stimulated Brillouin scattering. I performed the experiments with
assistance from R. U. Weerasuriya as well as the data processing and
analysis. I wrote the paper.
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APPENDIX A

Appendix A

A.1 Calculations for the AO-systems
A.1.1 AO model

The adaptive optics (AO) performance will depend heavily on the type
of wavefront sensor used, here is an analysis for an ideal sensor that is
able to allocate all tapped power (from the beam-splitter) to measure the
aberration for the modes of interest only. The average received optical
power per corrected mode is

_ 77optics7'BSIr7TD2
4N,

where I, is the time-averaged received intensity, see Fig. 4.1, noptics

accounts for the optical path loss from telescope to wavefront sensor and

P, (A1)

rps is the beam splitter ratio.

Typical detectors used for wavefront sensors comprise CMOS inte-
grated avalanche photo-detectors (APDs) and single photon avalanche
detectors (SPADs) [66] arrays which are typically cooled to reduce dark
counts (thermal noise). The signal to noise ratio (SNR) per aberration
mode, assuming ideal APD or SPAD detection, is ngrPy/ahvB(1 +
Iy/1,) [120]:

nQEnopticsrBS-[rﬂ-DQ nQEnopticsrBSIrrg
= = (A.2)

SNR = =
AN.chvB(1 + Ip/1,)  4chvpB(1+ I,/1,)



Chapter A. Appendix A

where 19 is the detector quantum efficiency, ¢ > 1 for SPAD and ¢ > 3
for APDs and represents excess detector noise, B is the control loop
bandwidth and I} is the time-average background intensity caused by e.g.
daylight scattering. The last equality in Eq. (A.2) uses N. = p(D/rg)?
where p is a tunable parameter.

To relate the SNR to a residual phase error we can employ a 1st
order PLL as the control system (see chapter 3) with error contributions
03)6 = aé + 0%, where the phase PSD of Eq. (2.4) is standard for
AO [46,47] and is used to calculate 02 = 1S4(1)/ B> via Eq. (3.10)
(B = ky/2m) and we have 0%, = 1/SNRopLL = B/(SNRopLL - B).

Assuming the same aé and 0]2\, for each corrected mode compensation,
the impact on the final efficiency can be written as [62,121]

~ (c {%] ke age)] (A.3)

where C' is a coefficient of Zernike fitting error

Ny >~ 0.81 exp

C ~0.2944N"V32 N> 10 (A.4)

and the entire C-term takes into account the efficiency penalty from
compensating a limited amount of modes. The factor 0.81 is obtained for
a diffraction limited Bessel-spot to single mode fiber (SMF) matching and
will change with telescope type, central obscuration etc. At this point,
it is actually the entirety of the exponential argument in Eq. (A.3) that
we wish to minimize for optimal AO performance. Thus we rewrite the
argument as o2 = J?] -+ (7(% + 0]2\, where

o4 == ai =—, oy=cnBp (A.5)

with ¢; = 0.2944(D /r()3/3-V3, cp = mSy(1), ey = 1/(SNRopLL - pB),
a =5/3 and b = 1/3/2. Here we are free to optimize both p (the number
of corrected modes) and the PLL bandwidth B. Following the same

IT
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optimization process as in chapter 3 we arrive at the minimized o?:

~Y

] 1/(a+b+ab)

2 b® b a? b b
—_ a a a
g = (aa—i—ab +a’b" + pb+ab > CICN C¢

0.8240 D~ —0.0274
' <E) K11t

0.3630
(1 + Ib/Ir)
path

0.2178
k2 / C%(z)v‘r’/?’(z)dz] =

0.8240B%2178
D0.02747.8.4082

(1 n Ib/IT) 0.3630
o (A.6)

where K, = nQENopticstBsT/4chrv and the last bracket in the second
row was condensed into a single channel parameter Br. It should be
noted that we only incorporated three error contributions to arrive at
this expression. For instance, the gain seen by increasing D in this
expression is surely cancelled by other implementation penalties that
increase with larger telescope sizes.

A.1.2 The ISS to ground AO sensitivity

A power of P; —36.6 dBm was required to operate the AO system in [63]
efficiently. The system used a 1m telescope D = 1 and the expected
turbulence conditions was 79 = 4.5 c¢cm in the worst case. We assume
N, = (D/rp)? number of corrected modes. In this instance the efficiency
is modelled as 1, = (NopticsPro — Ps/Ne)/Pry for noptics Pro — Ps/Ne > 0.
This assumes a beam splitter with splitting ratio optimized for each
power and which always ensured to feed the sensor with a power Ps/N,
per corrected mode.

A.1.3 Estimation of background intensity

A sunlight intensity of Ig = 0.19 W/m?/nm at A = 1550 nm was as-
sumed for daytime, a 100,000 lower intensity was assumed for night time.
Of this intensity 23% was assumed scattered (isotropic) with resulting
intensity per nanometer and solid angle 0.231g/4m. The field of view
of the wave-front sensor was assumed to be 6§ = 0.2°, i.e. the same as
the acceptance angle for the direct detection example in Fig. 2.4 b).
Moreover, a AX = 50 nm filter was assumed to filter out this noise. The
background intensity is then obtained as I = 0.231g0? A\ /4x.
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Chapter A. Appendix A

A.2 Factor relating angle of arrival and tip-tilt
phase

For efficient fiber coupling for SMF, we have a ~ 2.44\f/D where the
left hand side a is the fiber core and the right side is the spot size. The
optimized focal length thus becomes f = aD/2.44\. In the multi-mode
fiber (MMF) case the optimal focal length is instead f = arg/2.44\.
The displacement dx resulting from an incidence angle 6, is then d, =
f0, = aD0,/2.44)\. The equivalent OPLL tip-tilt phase is related to
the displacement 0, as ¢, = d, /0, where o, = r,a where r, is a factor.
Via numerical fitting to a a = 50 micron MMF in [B] it was found that
o, ~ 8.5 pm for single-mode reception (to the fundamental mode) and
o, ~ 17 pm for multi-mode reception, which yields r, ~ 0.17 and 0.34
respectively. The phase becomes ¢, = aD0,/2.44\rqa = 2.41D0,. /) in
the SMF-case and for the MMF ¢, = 1.217r¢60, /.
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