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Abstract

The demand for high data rate in space communication links is increasing
due to the growth of space exploration missions inter-satellite, and satellite-to-
Earth data transmission. Optical communication systems capable of handling
hundreds of Gigabits per second data transmission with a single light carrier
and are suitable for such space links. In addition, light o�ers smaller beam
divergence in space due to the shorter wavelength compared to radio frequency
beams (RF), resulting in smaller link loss and smaller size receiver apertures
required.

The receiver sensitivity is one of the key factors that determines the capacity
and reach for such long haul communication links. Currently, there is a search
for the optimal modulation format and receiver implementation combination to
achieve the best sensitivity for error-free transmission. In this thesis, we discuss
and implement the best possible combination of these, both theoretically and
experimentally.

Phase sensitive parametric optical ampli�er (PSA) can amplify optical sig-
nals ideally without adding any excess noise, limited only by quantum �uc-
tuations. Employing these as pre ampli�ers in free-space receivers can thus
improve the sensitivity compared to erbium doped �ber ampli�ers. We im-
plement a two-mode PSA with a noise �gure of 1.2 dB, which can amplify
both quadratures of a signal, being used as a pre-ampli�er in coherent receiver
setup. We experimentally demonstrate a record �black-box� sensitivity of 1
photon-per-bit using PSA receiver for quadrature phase shift keying (QPSK)
modulation format at 10.5 Gbps with 100 % overhead forward error correction
code. This sensitivity also includes ultra-low pump power (-72 dBm) which is
recovered using pre-ampli�ed injection locking.

We also investigate the most power e�cient modulation formats, where a
combination of m-(pulse-position modulation) PPM+QPSK with higher m-
values provides best sensitivity at relatively high received SNR-per-bit, while
QPSK outperforms all formats investigated at very low SNR-per-bit, which is
ideal for space communications.

Keywords: Phase sensitive ampli�er, optical injection locking, sensitivity, and
noise �gure
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Chapter 1

Introduction

Future expeditions into deep-space require fast and e�cient ways of communi-
cation with earth. The demand for returning larger data volumes from deep
space missions is continuously growing to support high resolution instruments
for real-time data transfer, space exploration of humans and to practice a vir-
tual presence by high de�nition (HD) videos or images. Due to these high data
rate demanding applications, radio frequency (RF) communications needs to
perform 100 fold faster and more e�cient than today [1, 2]. Current state-
of-the-art RF communication systems for deep-space network operate in the
Ka-band frequencies (26 GHz - 40 GHz) having replaced previous generation
X-band frequencies (1 - 10 GHz) for space missions such as Mars Reconnais-
sance orbiter (MRO) 2005, Cassini at Saturn, 2004 [2].

The challenging aspect of long distance deep-space communication is their
extremely low received powers due to the divergence of the beam, which induces
signi�cant loss due to the aperture size. Thus in RF communications for deep-
space links, antenna sizes on the ground used for deep-space network (DSN) are
extremely large, typically between 30 m to 70 m in diameter [3]. The increase in
distance of communication reduces the received power, also results in lowered
data-rates. For example, systems that can transmit 10 Gbps data from GEO
orbit to ground station may only achieve 10 bps from Saturn situated at 1
billion kilometres from Earth [1]. The only way to communicate at higher data
rates is to increase either transmitted power or receiver sensitivity. Increasing
the receiver sensitivity can be possible by choosing appropriate modulation
formats, forward error codes (FEC) and high sensitive receivers [1]. In RF
deep-space communications, the achieved nominal data rates were upto 6 Mbps
to Mars in Mars reconnaissance orbiter (MRO) 2006 and few hundred kbps to
Saturn in Cassini 2004 [1].

Ever since the discovery of the laser in the early 1960s, the use of light
for communications have been pursued. Since that time, advances in lasers,
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Chapter 1. Introduction

Figure 1.1: NASA relay constellation in 2025 [11]

detectors and optics have resulted in a number of successful demonstrations of
free-space communications. These include Orbit-to-Orbit and Orbit-to-ground
links [4�8]. The higher carrier frequency (104 times) and lower beam divergence
makes light an important medium for space communications to achieve high
data rates as well as longer reach.

NASA's lunar laser communication demonstration (LLCD) was the �rst at-
tempt to optically reach deep-space, with a laser based transceiver on a satellite
orbiting the moon operating at 1550 nm wavelength achieving a down-link with
622 Mbps rate to Earth [9]. This demonstration in 2013 paved the way to up-
coming missions include laser communication to Mars by 2022 [10] and high
speed near earth communication such as laser communication relay demonstra-
tion (LRCD) for downloading multi-tera bytes of data per day from outer space
satellites as well as high speed communication within the relay network in GEO
and ground station as shown in Fig. 1.1 [11]. Along side these, space missions
involving human travel is the `Orion EM-2' optical communication terminal,
where the objective is to provide bi-directional multi purpose crew vehicle in
the lunar vicinity, sending humans to space and communicating using lasers
at initial targeted speeds of 250 Mbps and later increase to Gbps speeds [12].
Many upcoming missions intended to probe into space are likely to use optical
communications operating at multi Gbps data rates.

Optical beams exhibit lower beam divergence compared to RF beams, as
beam divergence angle is proportional to wavelength allowing optical beams to
be 104 times narrower than RF beams. This means more power is concentrated
in a smaller area allowing the laser communication to be power e�cient than
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RF communication and result in smaller dimensions of the receiver antennas
or detectors. This puts a stringent requirement on precise beam alignment
which was accomplished in LLCD 2013 [13]. Large receiver aperture in optical
communication can be emulated by multiple small apertures and combining
them coherently instead of using a large size antenna [14,15].

Optical transmitters and receivers are widely available in the C-band (1530 -
1560 nm) and L-band (1560 -1625 nm) due to well established �ber-optic com-
munication technology. These power e�cient transmitter and receiver tech-
nologies can be adapted from �ber-optic technology. Typical power e�cient
modulation formats that are used in free-space communication are Pulse posi-
tion modulation (PPM), polarisation switching cascaded with QPSK or higher
order QAM [16], frequency shift keying (FSK) has been demonstrated in [17,18]
along with high sensitive optical receivers or detectors. The most widely used
approach is pulse position modulation along with direct detection optical re-
ceivers such as super conducting nano-wire single photon detectors (SN-SPDs),
single photon avalanche photodetectors (APDs). [19�21]. The drawback with
such detectors is their available limited bandwidth of few GHz, which imposes
restriction on the achievable data rates. Moreover by using power e�cient
modulation formats such as PPM, the achieved data rates can be much less
than the detection bandwidths, which are limited to few Mbps.

Coherent detection and spectral e�cient modulation formats are therefore
of importance for future communication links operating at Gbps data rates.
However, power e�ciency is one important factor that should be considered
along with spectral e�ciency. Power e�cient modulation formats with co-
herent detection are polarisation switched(PS)-QPSK, or PPM+QPSK which
combining PPM and QPSK to achieve better sensitivity. On the receiver side,
coherent homodyne receivers are theoretically optimal as they provide the best
capacity of all receivers while their low detection quantum e�ciency can limit
the practical performance. Pre-ampli�ed receivers can also be used to improve
the receiver sensitivity. Typically erbium doped �ber ampli�ers (EDFA) are
used as pre-ampli�ers having a ideal noise �gure (NF) of 3 dB which results
in a degradation of the signal to noise ratio(SNR) by a factor of 2. Phase sen-
sitive ampli�ers (PSA) can ideally have a NF of 0 dB [22], employing such a
pre-ampli�er can provide noise free detection of one or both quadratures of the
optical signal. Single quadrature phase sensitive ampli�ers demonstrated [23]
in the context of phase regeneration by squeezing the noise in one dimension,
can be used as a noise free ampli�er for single quadrature signal such as bi-
nary phase shift keyed signal (BPSK). Although this is a great demonstration,
the technique can only amplify single quadrature of the signal, which is not
spectrally e�cient as another quadrature of the signal is not being used.

A two mode PSA [24], can amplify both quadratures of the signal noise-free,
where it needs two waves, the signal and the idler at input of the PSA to per-
form noise-free ampli�cation in both quadratures of light. The two mode PSA
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Chapter 1. Introduction

has same spectral e�ciency as that of single mode PSA, allowing noise-free
detection in both quadratures to perform coherent detection of any advanced
modulation format. If implemented using a �ber-optic parametric ampli�ca-
tion [25] where the signal and idler waves are simultaneously ampli�ed using
parametric ampli�cation and coherently combined to achieve phase sensitive
ampli�cation. Strained highly non-linear �bers (HNLFs) are typically used
achieving parametric ampli�cation with maximum gain, demonstrated in [26].

1.1 This work

In this work, we demonstrate a phase sensitive parametric ampli�er as a pre-
ampli�er in a free-space communication scenario at extremely low received
power levels.

In Paper(A), we demonstrated the feasibility of a phase sensitive ampli�ed
receiver for a free-space channel, i.e atmospheric channel as well as deep space
channel. The atmospheric channel is emulated in the laboratory with a rotating
turbulence phase screen plate, designed to introduce turbulence e�ects on the
incident light beam. We studied the e�ect of turbulence on all the waves in
free-space channel on phase sensitive ampli�er and the corresponding sensitivity
and compared against the performance against a non-atmospheric channel.

In Paper(B), Unlike EDFA, PSAs require additional waves at the input,
signal, idler (conjugate of signal) and the pump wave. The pump power is
transmitted to be much lower than signal and idler to minimize the penalty.
Such a lower power pump typically below -65 dBm and is recovered using optical
injection locking (OIL) supported by a phase locked loop. We discuss in detail
the implementation of stable pump regeneration by optical injection locking at
-65 dBm using a PLL and a pre-ampli�er. We investigate the inherent phase
noise generated due to low injected powers in injection locking and discuss
its implications on the performance of a phase sensitive ampli�er. We gave a
theoretical explanation for why phase noise increases at low injected powers
and proved experimentally.

In paper (C), we demonstrated a sensitivity of 1 photon per bit using a phase
sensitive ampli�ed receiver for free-space communication where we use QPSK
modulation and standard forward error correction with 100 percent overhead.

In paper (D), we improve the results of paper (c) and show a black box
error-free sensitivity of 1 photon per bit of the PSA pre-ampli�ed receiver
for a transmitted QPSK data at 10 Gbps rate. We derive the expressions for
theoretical sensitivity achieved using PSA coherent receiver and compared with
most of the receivers used for free-space or deep-space communications.

In paper (E), we show the best modulation format for high sensitivity com-
munication where we combine PPM with QPSK to achieve improved power
e�ciency. However, simple QPSK can outperform all formats at low SNR per
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1.1. This work

bit regime. We experimentally demonstrate all performance of all these formats
with PSA receiver and calculate their sensitivities.

This thesis is organized as follows. Chapter 2 introduces with di�erent types
of free-space communication channels and their impairments for a link with
PSA based receiver and a regular link. In Chapter-3, the theory of the �ber-
optic parametric ampli�cation and phase sensitive ampli�cation in non-linear
�bers is discussed. Chapter-4 discusses systems level components used in free-
space communication/ deep-space communications for high power e�ciency in
particular. Power e�cient modulation formats, detectors/ receivers and also
the corresponding achievable information rates of using various modulation
formats/ detection schemes are discussed. Overall implementation challenges of
practical phase sensitive ampli�ers for free-space communication are discussed
in chapter 5, which involves optical injection locking, polarisation challenges,
pump power optimizations and also digital signal processing challenges.
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Chapter 2

Free-space optical

communications

2.1 Free-space optical communication links

Free-space optical communication links are point-to-point links have been im-
plemented as ground-to-ground, space-to-ground and space-to-space links. Com-
munication links on Earth are typically short distance(few kilo-meters) atmo-
spheric links supplement to RF/microwave links to establish broadband con-
nectivity [27]. The data rates provided by these links continue to increase in
both short and long range communications within atmosphere. Typical appli-
cations of these links include mobile and airborne platforms. Problems involved
with long range links are the atmospheric turbulence and scintillation e�ects
present challenges with fading and beam pointing. [28].

In deep-space links, communication takes place between a deep space satel-
lite and a communication receiver on Earth or in orbit around Earth. The
satellite in deep-space is usually the transmitter sending high speed data to
the ground station or to a satellite in the orbit which serves as relay.

A schematic of a typical free-space optical communication system is shown
in the Fig. (2.1).

The functions of the optical transmitter are to encode and modulate the

ωs    ωp      ωiωs   ωp1  ωp2    ωi ωs,ωp,ωi

Non-degenerate                   Part ial ly degenerate             Degenerate

Optical 

Transmitter
Optical

receiver

Free space
Space loss, Background noise, 

Atmospheric turbulence

Figure 2.1: Free space communication link [1]
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Chapter 2. Free-space optical communications

information onto the optical carrier, provide appropriate power by amplifying
the signal and provide necessary lens arrangement to point towards the receiver.

The signal passes through the optical channel which adds loss due to the
divergence of the beam, inversely proportional to the link distance z squared,
1/z2 [1]. The free-space channel also introduces background noise from the sun,
moon and bright stars for deep-space links. If the Earth terminal is ground
based, the signal passes through the Earth's atmosphere which introduces sky
irradiance, scintillations due to turbulence e�ects and attenuation due to clouds
and rain etc.

The function of the receiving terminal is to have appropriate receiver optics
to receive the light with maximum e�ciency and to provide su�cient sensitivity
to receive signals, demodulate and decode the information [1].

2.2 Link equation and received signal power

The performance of the optical link is primarily determined by the received
signal power, which is governed by the link equation [1].

Ps = Pt

(
ηT

4πAT
λ2
T

)
L

(
AR

4πz2

)
ηR (2.1)

where
Ps, Pt are received and transmitted signal power at input to receiver and at
transmit antenna interface.
ηT , ηR are the transmitting and receiving optics e�ciency.
AT , AR are the aperture areas of transmitting and receiving optics
L is the loss in the channel due to the beam pointing inaccuracy.
z is the link distance and AR/4πz

2 is the fraction of power collected by receiving
aperture considering transmitter is isotropic.
λT is the wavelength of the transmitted signal. Optical carrier wavelength
(frequency, foptical = 200 THz) is much shorter compared to the RF (fRF=
20 GHz). Hence optical beams diverges less than RF beams resulting higher
received signal power (108 times).

According to the link equation Eq. (2.1), the received power can be increased
by either:

� Increasing transmitted power, but this might lead to an excess power
consumption in the space craft.

� Increasing the transmitter aperture, but size is correlated with mass
which is the primary driver of cost for space missions.

� Reducing operating wavelength of signal, but lasers and detectors at such
wavelengths are not necessarily available.

8



2.2. Link equation and received signal power

Figure 2.2: Link losses of RF and optical communications in deep space from surface

of Earth

� Increasing receiver aperture area, but this can be useful when the receiver
is on the ground and not with receiver on the satellite. Another drawback
of this is that the amount of background noise collected also increases with
receiver aperture.

The typical link losses for deep-space links using RF and optical beams
were shown in Fig. 2.2. RF links used for deep-space communication, such as
Mars and other planets have receiver antenna aperture size larger than 30m [3]
whereas the transmitting antenna sizes are around 3 m for the satellite in
space. The loss of RF links is calculated using standard free-space path loss
formula [29], where the gain and size of antennas are considered according to
NASA's deep-space network(DSN) antennas. The typical inter satellite links
between di�erent orbits around Earth use 3 m antennas in both transmitter
and receiver. These are especially the relay satellites carrying high-speed data
to Earth. On the other hand, optical link losses are calculated using Eq. (2.1)
where transmitting and receiving aperture sizes are typically 10 cm [1] for all
types of space links. A �ber link loss was also shown to provide an idea that
exponential loss in �ber makes it impossible to communicate to such longer
distances.

In the Fig. 2.2, the distance on x-axis is measured from the surface of
the earth. The GEO orbit situated at 35000 Km above surface of earth will
experience a 50 dB divergence loss with optical links while with RF link link
it is atleast 80 dB. Note that these link losses are due to divergence of beams
only. Practically, there will be additional losses due to beam pointing, coupling
light into �ber etc. for optical beams.

9



Chapter 2. Free-space optical communications

Figure 2.3: In�uence of atmospheric turbulence on optical beam with increasing

turbulence strength [30]

To communicate to a satellite around moon using optical links, one has to
account for a link losses of atleast 80-100 dB and to Mars the losses are close to
150 dB. Satellites usually equipped with high power lasers instead of booster
ampli�ers to have less power consumption, where try transmit less than 1 W
of power (0.5 W in the case of LLCD) only [9]. Hence receiver sensitivity is the
most important metric in such links. In chapter 4, we discuss di�erent methods
to improve receiver sensitivity.

2.3 Atmospheric channel

A deep-space channel can simply be assumed as attenuation only channel
whereas the atmospheric channel is a�ected by the turbulence and visibility,
a�ecting the link performance [30]. Atmospheric turbulence creates beam-
wandering (changing direction of the beam) and scintillations resulting in phase
and amplitude �uctuations in the wave-front which obey Kolmogorov statstics
of turbulence, as depicted in the Fig. 2.3 [31]. Due to the strong turbulence,
the received optical beam splits into multiple small beams and also changes its
direction due to the refractive index variations in the path [31,32]. These spa-
tial variations can convert to time varying amplitude and phase �uctuations in
the received signal after the light focussed into an optical �ber. The refractive
index �uctuations seen by the optical beam due to atmospheric turbulence is
characterized by a parameter called atmospheric structure constant of the re-
fractive index C2

n, which indicates the strength of the turbulence. The spatial
phase distortion of the beam due to turbulence is quanti�ed by a parameter
called Rytov variance given by the expression [31]

σ2 = 1.23C2
n(2π/λ)7/6L11/6 (2.2)

where L is the length in meters and λ is the wavelength. The rytov approxi-
mation predicts that the �uctuations increase monotonically with link length.

When performing experiments in a laboratory environment, real atmo-
spheric turbulence can be emulated using a turbulence phase plate. This plate
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2.3. Atmospheric channel

is written with random refractive index variations around it with a variance
equal to the rytov variance of the corresponding atmospheric link.

2.3.1 Turbulence phase plate

The e�ects of turbulence can be emulated by a rotating phase screen plate
in the laboratory environment in a short distance free-space link of 1 meter
distance. The random phase distribution obeying Kolmogorov statistics are
characterized by an e�ective Fried coherence length (Spatial) r0, was machined
on the plate by Lexitec.Inc [33].
The parameter r0 is de�ned as the diameter of wave front area over which the
r.m.s phase variations due to turbulence equal to 1 rad. If the beam size is
much larger than the r0 value, we can consider that the e�ect of turbulence on
the beam is minimal and vice versa.

The strength of the atmospheric turbulence is varied by varying the r0

value or the incident optical beam size on the plate by changing the location of
the plate between transmitter and receiver [34,35]. The atmospheric structure
constant for a phase plate is given by

C2
n = 2.36(λ/2π)2(r0)−5/3 (2.3)

and the corresponding Rytov variance

σ2 = 0.56C2
n(2π/λ)7/6(0.25L)5/6 (2.4)

To relate the parameters of the simulated link to the real atmosphere, it is
required that the Rytov varience of practical atmospheric link Eq. (2.2) should
be equal to the estimated lab link Eq. (2.4) [34,35]. The design parameter r0 for
the phase plate, describing the amount of turbulence induced within the beam
is chosen to match the real atmospheric turbulence over a desired distance. [33].
In paper (A), we discuss the emulation of atmospheric turbulence using a phase
plate with a r0 values 0.3mm, 0.8mm and 2mm for high, medium and low
turbulence for a 1 km real atmospheric link in a 1 m laboratory link.
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Chapter 3

Phase sensitive parametric

ampli�ers

Phase sensitive ampli�ers (PSAs) are known to achieve low noise ampli�cation
of optical signals, ideally adding no noise (NF = 0 dB) whereas the conventional
EDFAs can have NF of 3 dB. EDFAs operate on electronic transitions between
energy levels whereas PSAs operate by parametric ampli�cation and coherent
addition of optical signals due to a nonlinear phenomenon such as four-wave
mixing or sum/di�erence frequency generation [36�40].

PSAs were �rst conceptualized in the year 1982 [41], where the author
shows that there exists a bandwidth dependent lower limit on the noise added
in one quadrature of signal. This was �rst experimentally demonstrated in
χ2 material [42] then using χ3 material [43]. Later PSAs were considered for
di�erent possible con�gurations for a �ber such as single mode, two-mode and
multi mode [44] and it has been realized in real �ber optic communication
environment [24] used as inline ampli�er. It has also been used as regenerator
for �ber transmission links by squeezing the phase and amplitude noise [23].
Recent demonstrations show that PSAs can be used to reach 6 times higher
transmission distance compared to EDFA [45]. In this thesis we show the
prospects of using PSA as highly sensitive pre-ampli�er for receivers in free-
space communications due to the 3 dB noise �gure bene�t over EDFA. Two
main mechanisms behind the operation of PSA are the four-wave mixing and
parametric ampli�cation process in a χ3 nonlinear medium which are discussed
in this chapter.

13
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Figure 3.1: Four wave mixing schemes

3.1 Four-wave mixing

Four-wave mixing is a third order nonlinear phenomenon where three optical
waves of di�erent frequencies interact in a nonlinear χ3 medium to generate
the fourth frequency by satisfying the conservation of energy and momentum
of photons incident [46]. If the three wave mixing frequencies are di�erent, it
is called non-degenerate four-wave mixing and if two of the mixing frequencies
are identical, it corresponds to partially degenerate case and if all are same, it
is called completely degenerate four-wave mixing [47]. The generated frequency
is called idler, conjugate or satellite [46]. The name conjugate is used because
four-wave mixing is mostly used in the partially degenerate case with a single
pump and a signal interact to generate a conjugate of the signal. However the
generated wave need not be a conjugate of signal in general. Fig. 3.1 show the
classi�cation of all the three con�gurations.

In this thesis, we study the partially degenerate case where a pump wave
interact with a weaker signal to generate the idler wave. In order to satisfy the
conservation of energy and momentum the frequency of pump related to signal
and idler by 2ωp = ωs + ωi and propagation constant 2βp = βs + βi where p,
s, i are notations of the pump, signal and idler. The generated idler power is
proportional to the square of injected pump P 2

p , signal power Ps and the phase
mismatch factor. The expression for idler power is given by [48].

Pi(L) = 4ηiγ
2P 2

pPse
−αL

(∣∣∣∣1− e−αLα

∣∣∣∣2
)

(3.1)

where α, γ are the attenuation coe�cient, nonlinear coe�cient of the HNLF
and η is the FWM e�ciency, which depends on the phase mismatch factor
given by [49].

η =

(
α2

α2 + ∆β2

)[
1 +

4e−αL sin2(∆βL)

|e−αL − 1|2

]
(3.2)

where ∆β = 2βp − βs − βi is the phase mismatch, if ∆β = 0, the FWM
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3.2. Parametric ampli�cation

e�ciency becomes 1 i.e., maximum. Due to dispersion in the HNLF the pump,
signal and idler waves travel at di�erent velocities, resulting in �nite phase
mismatch ∆β and hence the conversion e�ciency is less than 1.

3.2 Parametric ampli�cation

When a high power pump is launched into a HNLF, noise around the pump
will start experiencing ampli�cation as the energy of the pump gets transferred
to higher and lower frequencies satisfying energy and momentum conservation.
This can be described as FWM process under phase matching. If a weak signal
wave is present instead of noise in the gain region, it will see an ampli�cation
and also generate a idler via FWM. The shape of the gain spectrum depends on
the pump power and phase matching condition in the �ber. Parametric gain
can be understood in more detail using the propagation equations of pump,
signal and idler waves. These are obtained by substituting the �elds of these
waves in nonlinear Schrödinger equation and are given by [25],

(Note that the terms related to self-phase modulation and cross-phase mod-
ulation are ignored here)

dPp
dz

= −4γ(P 2
pPsPi)

1/2 sin θ (3.3)

dPs
dz

=
dPi
dz

= 2γ(P 2
pPsPi)

1/2 sin θ (3.4)

and

dθ

dz
= ∆β + γ(2Pp − Ps − Pi) +

√P 2
pPs

Pi
+

√
P 2
pPi

Ps
+ 4
√
PsPi

 cos θ (3.5)

where θ = φp − φs − φi.
φp, φs and φi are the absolute phases of pump, signal and the idler. In

Eq. (3.3) and Eq. (3.4), the negative and positive sign on the right hand side
indicate the pump power is attenuated and the signal and idler being ampli�ed
as they propagate in the �ber. This transfer of energy depends on the relative
phase value θ and should ideally π/2 to have maximum energy transfer from
pump to signal and idler.

If θ = π/2 in the Eq. (3.5), the last term will be zero and to stay phase
matched we need

κ = ∆β + γPp = 0 (3.6)

This assumes that the pump power is much higher than the signal and idler
power.
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It is clear from Eq. (3.6) that in order to have perfect phase matching,
∆β should be negative. If the pump frequency is close to the zero-dispersion
frequency of the HNLF ω0, then the phase matching condition can be written
approximated as

κ = β3(ωp − ω0)(ωs − ωp)2 + γPp = 0 (3.7)

Here β3 is the third derivative of the propagation constant at ω0. Eq. (3.7)
shows that, to have the phase matching condition condition satis�ed the dif-
ference ωp − ω0 must be negative. In other words, the pump frequency should
be in the anomalous dispersion regime to have maximum parametric gain. As-
suming no pump depletion and a weak signal, the analytical solutions for the
signal gain is given by

G =

(
1 +

γPp
g

sinh(gLeff )

)2

(3.8)

where Leff is the e�ective length of the �ber de�ned by Leff = [1− e−(αL)]/α
and g is the parametric gain coe�cient given by

g =

[
(γPp)

2 −
(κ

2

)2
]

(3.9)

Under perfect phase matching (κ = 0) the expression for the signal gain can
be simpli�ed to

G =
1

4
exp(2γPpLeff )) (3.10)

From the Eq. (3.10) we can infer that, the signal will grow exponentially
with respect to the pump power if the phase matching condition is satis�ed.
This gain region is also called exponential gain regime due to the exponential
dependence of gain on the pump power. The gain dependence on pump power
can become quadratic if the signal wavelength is close to the pump. However,
this condition is not relevant for discussion in this thesis as we operate in the
exponential gain regime. The maximum amount of pump power is typically
limited by the Brillouin scattering threshold, the power level above which pump
will start re�ecting back due to acoustic phonon vibrations in the HNLF.

3.3 Quantum noise

Quantum mechanics predicts that the quantum state with zero photons has
�nite energy, termed as vacuum energy state or zero point energy state. The
value of zero point energy for a single mode with frequency ν is hν/2. As the
name indicates, it originates from the zero point �uctuation of the electromag-
netic �eld. This results in measurement uncertainty of coherent state.
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3.3. Quantum noise

let â1 and â2 are the inphase and quadrature phase complex �elds and
〈∆â1〉, 〈∆â2〉 are the uncertainties associated with I and Q quadratures. Ac-
cording to Yamamoto in [50], coherent state is one of the minimum uncertainty
state satis�es the following relations, also satis�ed by Heisenberg's uncertainity
relations 〈

∆â2
1

〉 〈
∆â2

2

〉
=

1

16
(3.11)

for each quadrature [50], 〈
∆â2

1

〉
=
〈
∆â2

2

〉
=

1

4
(3.12)

where
〈
∆â2

i

〉
i=1,2

denote the variance of the uncertainty of each quadra-

tures. The inphase and quadrature phase of the coherent state are equally
noisy and have minimum uncertainties given by Eq. (3.12). These �utuations
1/4 of photon energy for each of the quadrature [50].

Simultaneous IQ measurement

For coherent state of light, simultaneous measurement is the measurement of
in-phase component doesn't e�ect the succeeding measurement of quadrature
phase component and vice versa.

The quantum mechanical uncertainty associated with simultaneous I and
Q measurement exceeds the uncertainty associated with coherent state of light
discussed before. The uncertainty product of measurement is 3 dB larger than
the one dictated by the uncertainty principle. This is due to simultaneous
measurement requires internal mode �uctuations to allow for commutation of
the two simultaneously measured operators. These �uctuations increase the
uncertainty by 3 dB from the uncertainty product of input operators. [50].

However, single observable measurement (one quadrature) is free of ex-
cess noise and therefore uncertainty product of two independent single observ-
ables (independent quadratures) is reduced to uncertainty relation discussed
Eq. (3.13) [50]. Hence, the measurement uncertainty of coherent state of light
is given by [50,51] 〈

∆x̂2
1

〉〈
∆x̂2

2

〉
>

1

4
(3.13)

where
〈
∆x̂2

1

〉
and

〈
∆x̂2

2

〉
are the measurement uncertainties associated with

I and Q quadratures.
It can be seen that, once we make measurement with least uncertainty

in one quadrature of coherent state, which is
〈
∆x̂2

1

〉
= 1/4, we add in�nite

uncertainty in the other quadrature.
A single quadrature measurement can be performed with minimum noise

energy hν/4, and Simultaneous measurement of I and Q require twice the
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Figure 3.2: Di�erent PSA schemes

uncertainty dictated by the measurement uncertainty principle, which is hν/2
in each quadrature or hν in both quadratures.

This uncertanity in measurement is also applicable to optical ampli�ers
where the ampli�cation process results in additional noise, discussed in next
section.

3.3.1 Ampli�er noise

EDFAs amplify a signal by population inversion which is associated with spon-
taneous emission noise because of the gain medium, whose power spectral den-
sity is given by the expression

Ssp(ν) = (G− 1)nsphν (3.14)

where ν is the optical frequency and nsp is the spontaneous emission factor
or population inversion factor given by N2/(N2 − N1). where N1 and N2 are
the atomic populations of the ground and excited states respectively.

The noise �gure of the, which is the ratio of input SNR to output SNR is
given by

F = 2nsp(G− 1)/G ≈ 2nsp (3.15)

The minimum value of nsp is 1, resulting in a minimum 3 dB noise �gure,
which means the ampli�er adds excess noise to the input quantum noise limited
signal. A PSA ampli�es one quadrature without adding any additional noise
and squeezing the noise in other quadrature while attenuating it. This results
in single quadrature measurement with least uncertainty hν/4.

A two mode PSA ampli�es both quadratures of light simultaneously where
we need two input waves at di�erent frequencies. Figure shows one-mode,
two-mode phase sensitive ampli�cation schemes which amplify single and both
quadratures of light simultaneously.

In the �rst case, i.e., the one-mode PSA, the signal and idler are degenerate
and is in between the two CW pumps in frequency domain. The signal and
one of the pumps originate from two separate free-running lasers, the second

18
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pump must be locked with the phase θp2 = 2θs − θp1. By coherent addition
signal and the generated idler at the same frequency, one of the quadratures of
the signal gets ampli�ed and other quadrature gets attenuated.

In the second case, the two-mode PSA, a non-degenerate signal and idler
pair at di�erent frequencies and a cw-pump in the con�guration shown in Fig.
2. The pump must be phase locked to the signal and idler and satisfy the
relation θi = 2θp − θs. By coherent addition of signal and conjugated idler,
both the quadratures of the signal will experience ampli�cation. The detailed
derivation of the ampli�cation will presented in the next section.

A two-mode PSA can amplify both quadratures of signal simultaneously
noise-free, by using two input waves. This can understood as two one-mode
ampli�ers, amplifying each of the two quadratures of coherent light.

3.4 Phase sensitive ampli�cation - Transfer ma-

trix approach

Eq. (3.8) and Eq. (3.9) describe the gain of parametric ampli�er with a single
input wave. If for the phase sensitive case, where a non zero idler also present
at the input, we need a more sophisticated model to understand the process. A
transfer matrix describing the �elds of signal and idler at output of parametric
ampli�er in terms of input �elds is given as[

Bs
Bi

]
=

[
µ ν
ν∗ µ∗

] [
As
A∗
i

]
(3.16)

The matrices A and B correspond to the input and output of the para-
metric ampli�er. s and i denote signal and idler waves, * denotes the complex
conjugate. µ and ν are complex transfer coe�cients given by.

µ = cosh(gL)− i κ
2g

sinh(gL) (3.17)

ν = i
γPp
2g

sinh(gL) (3.18)

It is important that µ and ν satisfy the relation [52]

|µ|2 − |ν|2 = 1 (3.19)

From Eq. (3.16) the output signal is obtained by coherent addition of input
signal and conjugated idler multiplied by their coe�cients µ and ν. Rewriting
the interacting �elds in terms of powers by considering A =

√
Pejφ, the signal

gain is obtained as

GPSA,s =
|Bs|2

|As|2
= |µ|2 +

|ν|2Pi0
Ps0

+ 2|µ||ν|
√
Pi0
Ps0

cos(φµ + φν + θrel) (3.20)
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Here Pi0, Ps0 are input idler and signal powers. φµ,ν denote the phase angles
of the complex transfer coe�cient and we have introduced the relative phase
θrel = φs+φi, is the phase angle measured relative to the pump. For zero input
idler power, the gain is simply |µ2| and is the phase in-sensitive parametric gain
denoted by G earlier in Eq.(3.8)

The maximum achievable PSA gain in Eq.(3.20) is

GPSA,s =
(
√
GPs0 +

√
(G− 1)Pi0)2

Ps0
(3.21)

GPSA,i =
(
√
GPi0 +

√
(G− 1)Ps0)2

Pi0
(3.22)

It can also be shown that, the PSA minimum gain is 1/Gmax which means PSA
can attenuate by the same factor as it can amplify. When input signal and idler
have identical power, phase sensitive gain will be 4 times the in-sensitive gain
GPSA,s = 4G

3.4.1 Noise �gure

Until now we have assumed signal without any noise. In reality, PSA is limited
by quantum noise, which is also considered as zero point energy or vacuum
energy given by hν/2 at a given frequency ν. Quantum noise can be statistically
expressed similar to additive Gaussian noise. Quantum noise is considered to be
uncorrelated at all frequencies, thus 〈nsni〉 = 0 , 〈ns〉 = 0 and 〈|ns|2〉 = hν/2.
where 〈.〉 is the expectation operator and ns, ni are noises at signal and idler.
The transfer matrix model is now written as[

Bs
Bi

]
=

[
µ ν
ν∗ µ∗

] [
As + ns
A∗
i + n∗i

]
(3.23)

Since ns and ni are uncorrelated, the ampli�cation of noise will be |µ|2+|ν|2
. We know that the gain of a PIA is G = |µ|2, we can thus write the noise gain
Gnoise = |µ|2 + |ν|2 = 2G− 1. The noise �gure can be written as

NF = (SNRin)/(SNRout) = Gnoise/Gsig (3.24)

substituting the expressions for signal gain and noise gain in the Eq. (3.24),
for phase in-sensitive ampli�er

NFPIA =
2G− 1

G
(3.25)

and for the phase sensitive ampli�er

NFPSAs
=

(2G− 1)Ps0

(
√
GPs0 +

√
(G− 1)Pi0)2

(3.26)
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NFPSAi
=

(2G− 1)Pi0

(
√
GPi0 +

√
(G− 1)Ps0)2

(3.27)

In the approximation G >> 1 and Pso = Pio which is practical case,
NFPIA = 2 (3 dB) and NFPSA = 1/2 (-3 dB). Since PSA has both signal
and idler as inputs, we need to account for idler power also. The combined
noise �gure for PSA will be

NFc = NFs +NFi = NFs
Ps0 + Pi0
Pso

(3.28)

This means that the combined noise �gure is approximately equal to sum-
mation of signal and idler noise �gures. If Ps = Pi then the NFc = 1 or 0
dB.
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Chapter 4

High sensitivity optical

communications

4.1 Optical receiver sensitivity

In chapter 2, we discussed di�erent ways of improving the received power in
a long haul free-space link. The communication performance is dictated by
receiver sensitivity measured in photons per bit for error free detection. The
Receiver sensitivity depends on three factors. 1. The receiver's ability to detect
received photons with minimum noise possible 2. Modulation format 3. For-
ward error correction codes. This chapter deals with the aspects of modulation
and reception of light to achieve lowest receiver sensitivity by di�erent methods
and their drawbacks.

4.1.1 Coherent receivers

Two types of receivers can be used in space communication, coherent receivers
and direct detection receivers. The statistical nature of channel output depends
on the detection method, which is Gaussian in the case of coherent and Poisso-
nian for direct detection for very low received powers. In coherent receivers, the
received signal is beat with a strong local oscillator (LO) and the beat signal is
detected in one or both quadratures using photo detectors as shown in Fig 4.1.
The local oscillator power is usually more than 10 mW and the received signal
power in the range of micro watt or lower. Due to the beating of the strong LO
with a weak signal, the noise level of signal increases much above the detector
thermal noise. A coherent receiver is thus limited by shot noise due to the
power of local oscillator. Low quantum e�ciency of the detectors can limit the
signal to noise ratio (SNR) of received signal and hence pre-ampli�er is used to
amplify the signal before detection, where its noise �gure will be limiting the
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Figure 4.1: Pre-ampli�ed single (left) and dual quadrature(right)coherent receiver

performance.
A typical pre-ampli�ed coherent receiver for measuring single and both

quadratures of light are shown in the Fig 4.1.
The derivation of signal's SNR after coherent receiver has been shown in

the literature multiple times, but di�erent authors claim di�erent results. For
example Kikuchi in [53] claims the shot noise limited SNR for a phase diversity
receiver (dual quadrature receiver) to be ns where ns is the average number of
photons-per-symbol. Whereas the same author claims SNR of 2ns in his paper
in 2015 [51] contradicting the previous result. The paper on coherent detection
by Ezra Ip in [54] claims that the SNR of phase diversity receiver is 2ns which
is same as single quadrature receiver, this result agrees with Agrawal.G.P [55]
in dual quadrature receiver but not with single quadrature case. Leong in his
paper in [56] claims that SNR of single quadrature and dual quarature receiver
is 2ns and provides a complete list of references who agrees and disagrees with
their result.

Out of these di�erent results, it is very important to have a correct one
as this is required for theoretical analysis of the PSA based receiver. Hence,
we provide a derivation of the SNR of single and dual quadrature receivers
under shot noise limit and also pre-ampli�ed coherent receivers under ampli�ed
spontaneous limit (ASE) noise limit. Our result agrees with our experimental
result including experimental penalties. An intuitive explanation was given in
paper D supplementary.

Fig. 4.1 shows the schematic of single and dual quadrature pre-ampli�ed
receivers for receiving single polarisation coherent signal. An external electrical
phase locked loop is used in the single quadrature receiver to track the phase
of the signal with respect to local oscillator (LO). Whereas in dual quadrature
receiver, o�ine digital signal processing techniques can be used to recover the
laser phase as both quadratures of signal are detected, which is not possible
with single quadrature detection.

Single quadrature receiver

For a single quadrature pre-ampli�ed receiver, the photo current at the output
of each of the photodiodes is given by
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I1(t) = R

[
GPS

2
+
PLO

2
+ 2

√
GPSPLO

4
cos(ωIF t+ φS − φLO)

]
(4.1)

I2(t) = R

[
GPS

2
+
PLO

2
− 2

√
GPSPLO

4
cos(ωIF t+ φS − φLO)

]
(4.2)

where PS is the signal power, PLO is the LO power, ωIF is di�erence in
frequency between signal and LO, φS and φLO are the phases of signal and
LO. G is the pre-ampli�er gain, R is the responsivity of the photodetector,
which is related to the quantum e�ciency η by the relation, R = ηq/hν, where
q, ν and h are the electron charge, photon frequency and planks constant.

The combined photo current is the di�erence of individual photo currents
generated, given by

Isig = I1 − I2 = R[2
√
GPSPLOcos(ωIF t+ φS − φLO)] (4.3)

where the DC terms will be eliminated due to subtraction of the currents
and the resulting beat-term doubles. This detection is also called balanced
detection.

The electrical signal power is

I2
sig = [2R

√
GPSPLOcos(ωIF t+ φS − φLO)]

2
(4.4)

In homodyne receiver, the term cos(ωIF t+φS−φLO) = 1 as frequency and
phase of the signal and LO are same, the signal power is

I2
sig = 4R2GPSPLO (4.5)

Noise sources for a pre-ampli�ed coherent receiver are mainly the ASE of
the pre-ampli�er and shot noise due to the LO.

The ASE power over the signal bandwidth B , in one polarisation mode is
given by

PASE = SASE∆f = nsp(G− 1)hνB (4.6)

where nsp is the spontaneous emission factor,SASE is the power spectral
density in one polarisation, G is the gain of the pre-ampli�er. The electric �led
of ASE over a arbitrary small frequency width δν, centered at frequency ωASE
is

EASE =
√
nsp(G− 1)hνδνcos(ωASEt+ φASE) (4.7)

where φASE is random phase of each component of spontaneous emission.
The corresponding ASE power over a small frequency width δν isNASE =| EASE |2
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The noise power is the electrical beat of ASE noise and LO over a small
frequency width δν given by (ignoring the DC terms due to balanced detection)

I2
ASE = [2R

√
PLONASEcos((ωs − ωASE)t+ φS − φASE)]

2
(4.8)

The beat of ASE and LO should be treated like a heterodyne beating due
to the random phase di�erence, hence the beat term cos((ωst−ωASEt) +φS −
φASE) = 1/

√
2,

Note that, the signal power is much lower than LO and hence signal-ASE
beat is neglected in equation.

This results ,

I2
ASE = 2R2GPLONASE (4.9)

In case of dual polarisation signal, the noise term doubles. However, we
discuss only single polarisation signal in this thesis.

The electrical noise power due to ASE in the receiver bandwidth ∆f is

σ2
ASE = I2

ASE∆f = 2R2GPLOnsp(G− 1)hν∆f (4.10)

Note that the receiver bandwidth ∆f can be approximated as ∆f = B/2.
As SASE is two sided power spectral density of ASE in optical domain, after
homodyne detection, only one sided PSD is considered, i.e., noise from both
sides folds into one side, resulting twice the ASE power. Hence Eq. (4.10)
becomes

σ2
ASE = 4R2GPLOnsp(G− 1)hν∆f (4.11)

Hence the SNR of single quadrature homodyne receiver is

SNR =
I2
sig

σ2
shot + σ2

ASE

=
4R2GPSPLO

2RqPLO∆f + 4R2GPLOnsp(G− 1)hν∆f
(4.12)

where the shot noise due to LO power is

σ2
shot = 2RqPLO∆f (4.13)

As discussed before, the shot noise due to LO could also be dominating
when the ASE power is low, caused by lower ampli�er gain.

The Eq. (4.12) can be simpli�ed to

SNR =
PS

q∆f
2RG + nsp(G− 1)hν∆f

(4.14)
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By substituting the expressions for responsivity R = ηq/hν, signal power
PS = hνBns where ns is the number of photons per symbol and receiver
bandwidth ∆f = B/2, and simplifying further,

SNR =
4Gns

1
η + 2Gnsp

(4.15)

Assuming the gain of pre-ampli�er is large, ASE noise term dominates over
the shot noise, then the SNR is simpli�ed to

SNR =
2ns
nsp

(4.16)

The spontaneous emission factor nsp related to the noise �gure of the am-
pli�er by F = 2nsp for EDFA. We can simply re-write the SNR equation to
SNR = 4ns/F

For a shot noise limited system, i.e., when pre-ampli�er was not used, ig-
noring the second term in the denominator and assuming G = 1, the received
SNR is given by

SNRshot = 4ηns (4.17)

We see that SNR of the shot noise limited system depends on quantum
e�ciency of the photo detector. Typical commercial coherent receivers have
very low quantum e�ciency 10 % approximately.

From Eq. (4.15), it is clear that the gain of the pre-ampli�er G should be
su�ciently high to overcome the quantum e�ciency of the photo-detector η
to see a clear advantage of using pre-ampli�er. However, the minimum noise
�gure of any pre-ampli�er is 3 dB, Pre-ampli�er reduces the SNR by a factor of
2 compared to ideal shot noise limited SNR given in Eq. (4.17), considering the
pre-ampli�er is EDFA with nsp = 1. If one were to consider a phase sensitive
pre-ampli�er (either one-mode or two mode con�guration) to amplify the signal
instead of EDFA, one can achieve the ideal shot noise limited SNR.

A similar analysis can be carried out for dual quadrature (DQ) coherent
receiver shown in Fig 4.1, where two single quadrature coherent receivers used
for both I and Q quadratures, where the signal, local oscillator and ASE were
split into half for each quadrature.

Dual quadrature receiver

To calculate the SNR of a DQ pre-ampli�ed receiver, we need to replace
PS → PS/2 , PLO → PLO/2 and PASE → PASE/2 for each quadrature in
the Eq. (4.12).

SNR =
4R2GPS

2
PLO

2

2Rq PLO

2 ∆f + 4R2GPLO

2
nsp(G−1)hν∆f

2

(4.18)
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=
PS

nsphν∆f
=

2PS
nsphνB

=
2ns
nsp

The SNR remains same as that of SQ pre-ampli�er if the ASE-LO beat noise
dominates over the shot noise. However, in the shot noise limited case the SNR
degrades by a factor of 2 due to the reduction of the signal power whereas the
the local oscillator power cancels out in numerator and denominator, having
no in�uence on the result.

The SNR of DQ pre-ampli�ed receiver in shot noise limited case is

SNRshot =
4R2GPS

2
PLO

2

2Rq PLO

2 ∆f
= 2ηns (4.19)

which is half of the SNR of SQ receiver. For the EDFA pre-ampli�er case,
the SNR both SQ and DQ receiver remains same and equal to ideal shot noise
limited DQ receiver SNR SNR = 2ns.

By using a PSA pre-ampli�er instead of EDFA, the SNR is 3 dB higher
than EDFA and it equals the single quadrature shot noise limited SNR 4ns.
PSA's used to amplify one quadrature of the signal, called one-mode PSA [22].
Two-mode PSAs are used to amplify both quadratures [44], yet providing the
same 0 dB noise �gure. The implementation of two-mode PSA will be discussed
in the next chapter.

It is important to note that, detecting both the quadratures allows using
higher order modulation format, which is not possible in single quadrature case.

4.1.2 Direct detection

In a direct detection receiver, the optical intensity is detected and there is no
need of further processing as in coherent detection. Direct detection is usually
limited by thermal noise, given by σ2

T = (4KBT/RL)F∆f . where T is the
ambient temperature and KB is Boltzman's constant, RL is the load resistance
of the detector circuit and ∆f is the bandwidth.

Photon counting direct detection receivers are mostly used as direct detec-
tion receivers in free-space communication and are in practice cooled down to
few Kelvin to reduce the e�ect of thermal noise [7]. According to [57], pho-
ton counting receivers can achieve higher sensitivity than coherent detection
by choosing an appropriate modulation format such as M-ary pulse position
modulation (M-PPM), provided photon counting detectors operate under low
thermal noise conditions.

By assuming thermal-noise-free direct detection, the received SNR will be
dictated by the arrival statistics of the photons following Poissonian distribu-
tion.

Suppose ns is the mean number of photons arrived at the receiver, the
probability of receiving k photons at that interval by Poissonian statistics is
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4.1. Optical receiver sensitivity

Figure 4.2: Probability of ON-OFF detection and multi-level detection ; P1 =
e−nsnns

s /ns! and P2 = 1− ens

given by

P (k) =
e−nsnks
k!

(4.20)

The mean and variance of the photon arrival statistics are same SNR = ns.
Note that, the Poissonian statistics are independent of size of the time interval
or duration of observation and position of the interval of observation.

For ON-OFF keyed signals, the probability of detecting more than 0 photons
is considered to be correct detection of the pulse. Hence the probability of
detecting a pulse is 1 − P (0) = 1 − ens , which is greater than probability of
detecting the exact number of photons as mean number, which is P (ns) =
e−nsnns

s /ns! as shown in Fig. 4.2. Exact photon detection is required in a
multilevel signal detection at low mean photon numbers.

The plot in Fig. 4.2 shows the probability of correctly detecting a pulse for
ON-OFF signal scenario and multilevel signal scenario denoted by P1 and P2.
The On-OFF signal probability is higher above mean of 1 photon. ON-OFF
signals perform better than any other multilevel formats with direct detection.
The SNR of direct detection receiver can be considered to be SNR < ns for a
simple ON-OFF signal, for multilevel signal, SNR = ns.

In deep-space communication, PPM format is widely used where ON-OFF
signal is generated with ON pulse generated with low probability. Correctly
detecting ON pulse can result in error free communication. In a typical deep-
space link , background noise due to other radiations in�uence the received
photon statistics. Ideal detection is not usually possible and the performance
is much worse than ideal detection discussed here. [1]
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Figure 4.3: Example of M-ary PPM

Figure 4.4: Example of hybrid PPM+QAM modulation format

4.1.3 Modulation formats

PPM format with direct detection is the most widely used modulation scheme
for free-space/deep-space communications due to its theoretical capacity to
reach Shannon's limit at su�ciently large peak to average ratio [1]. In a M-ary
PPM modulation scheme each temporal symbol is divided into M time slots
and the information is conveyed by the time window by which the signal pulse
is present. An illustration of M-PPM is shown in the Fig. 4.3

From the Fig. (3.2), to transmit log2(M) bits of information we need M
time slots, but the power need to be only in 1 slot. Since the information lies
in the position, the power e�ciency can be improved by increasing number
of slots (order of PPM) but this results in sacri�cing spectral e�ciency. The
spectral e�ciency of M-PPM format is (log2M)/M bits/s/Hz.

In space communications, a combination of pulse position modulation and
direct detection using photon counting receivers is most widely used. In 2013
space mission to moon communicating by using lasers uses 16-PPM modulation
format and nano-wire based photon counting receivers at earth operating at
maximum downlink rate of 622 Mbps with slot rate of 5 Gslots per second.

Although PPM is a power e�cient modulation format, its spectral e�-
ciency is low, and this is important in the practical case of limited detection
bandwidth. The maximum detection bandwidth of photon counting receivers
is limited to few GHz. If one were to use 16-PPM or 32-PPM with such re-
ceivers, the maximum achievable information rate is limited to few 100s of
Mbps considering FEC overheads. For future demands of high data rates in
space communications, a transition from traditional PPM formats with direct
detection to advanced QAM formats with coherent detection which are more
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spectrally e�cient, may be needed.
Simple QAM formats such as Binary phase shift keying (BPSK) and Quadra-

ture shift keying (QPSK), where coherent detection can be used. Previous
demonstrations of record sensitivities using coherent detection are [15, 58],
where they show a sensitivities of error-free 2 PPB.
BPSK and QPSK constellations are shown in Fig. 4.5 where the phase of the
optical �eld is modulated either in one or both quadratures, resulting in log2K
bits/s/Hz, where K is the number of constellation points. The probability of
bit error of rectangular K-QAM is given by [59]

BERK−QAM =
4(
√
K − 1)√

Klog2K
Q

(√
3γblog2K

(K − 1)

)
(4.21)

where γb is the SNR per bit and K is the order of the QAM.
The probability of error of 4-QAM (QPSK) is BERQPSK = Q(2γb) which

is the same as bit error probability of BPSK signal as a QPSK can be treated
as two independent BPSKs [59].

Hybrid modulation, combining PPM with QAM can provide both higher
spectral e�ciency while improving sensitivity. In a M-PPM+K-QAM format,
in each PPM's ON slot, QAM symbol is encoded as shown in Fig. 4.4 while
m and k are the orders of PPM and QAM, This results in log2Km bits, with
a spectral e�ciency of (log2KM)/m. There has been demonstration is the
past on these formats achieving high sensitivity compared to pure-PPM and
pure-QAM formats . [60, 61]
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4.1.4 Channel coding

To perform error free communication over long distances, there are constraints
on the modulation formats due to their implementation using physical devices.
For example PPM enforces constraints on the relative location of pulses and
describes the mapping of bits to the sequence of pulses.

On the other hand forward error correction (FEC) codes with soft decision
decoding can be used to approach the Shannon's capacity limit. FEC adds
redundancy to the transmitted information using a pre-determined algorithm.
The redundant bits are complex functions of original information bits. This
technique enhances the data reliability and error free communication. Typical
FEC codes used for free-space communication are turbo codes and low density
parity check LDPC codes. [1] The rate of a FEC code is R = k/n where k
is information word length in bits and n is codeword length, which is sum of
information word length and redundant bits length. It can also expressed as
overhead ratio, which is the ratio of redundant bits to information bits. For a
rate-1/2 code, overhead ratio is 100 percent.

In Paper D we use a standard code used in telecommunications for satel-
lite communications, which is a combination of 1/2 rate LDPC codes (100 %
overhead) and very high rate BCH codes (low redundancy). This combination
is used to have error free communication at all error rates.

4.2 Information capacity of di�erent receivers

Shannon's information theory tells us the maximum rate at which information
can be transmitted over a communication channel of a speci�ed bandwidth in
the presence of additive white Gaussian noise(AWGN) for error free communi-
cation [62], given by

C = Blog2

(
1 +

S

N

)
(4.22)

where C is the channel capacity in bits per second, a maximum bit rate,
B is the bandwidth of the channel in Hertz, S is the average received signal
power, N is the average noise power within the bandwidth.

4.2.1 Capacity of coherent receivers

The above equation can be applied to all the coherent receivers discussed above.
Complete derivations of capacities of all the receivers including shot noise lim-
ited, pre-ampli�ed coherent receivers are presented in the Paper D supplemen-
tary section.

The general Shannon capacity of a homodyne receiver which uses k- di-
mensions (eg. quadratures, polarisations) for measuring information with a
pre-ampli�er having noise �gure F given by
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4.2. Information capacity of di�erent receivers

Ccoherent = k

(
1

2
Blog2

(
1 +

4ns
kF

))
(4.23)

For shot noise limited receivers, the noise �gure F can be replaced with 1/η
where η is the quantum e�ciency of the detector. The value of k is 1 for single
quadrature detection and 2 for dual quadrature detection.
For example, the capacity of a single quadrature (SQ) homodyne receiver in
the shot noise limited (SN) case is given by

Chomodyne =
1

2
Blog2(1 + 4ηns) (4.24)

where 4ηns is the SNR of the signal. The factor 1/2 in front of the capac-
ity is due to single quadrature (SQ) detection of the signal, i.e., only half of
the capacity of the wave is used as one could transmit information in both
quadratures.

Two mode PSA is a special case (discussed in paper D, in supplementary)
where two separate channels are used to transmit the same information, uti-
lizing twice the bandwidth. This results in a factor of 1/2 in front of the
capacity in Eq. (4.23). This is similar to the capacity of shot noise limited
single quadrature receiver.

The sensitivity of a receiver is calculated from the capacity using the relation

Sensitivityζ =
photons-per-symbol

spectral e�ciency in bits-per-symbol
=

ns
C/B

. (4.25)

For a SQ receiver in the SN-limit case, the sensitivity is

ζSQ−SN =
ns

1
2 log2(1 + 4ηns)

(4.26)

For ns → 0, this approaches 1/2η.

4.2.2 Capacity of direct detection with PPM

As direct detection (photon counting detectors) results in Poissonian statistics,
the probability of receiving at least one photon results in correct detection, is
given by 1− P (0) = 1− e−ns . The spectral e�ciency of M-PPM is SEPPM =
log2M/M , the capacity of PPM, detected using photon counting receivers is
thus

CPPM = (1− e−ns)
log2M

M
(4.27)
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Chapter 4. High sensitivity optical communications

where ns is the average number of photons-per-symbol. For example, for 64-
PPM, CPPM = 0.09(1−e−ns) The corresponding sensitivity is simply ζPPM =
1/log2M

The Fig. 4.6 shows the sensitivities of the receivers discussed above. The
ultimate capacity of a photon channel is the so-called Gordon's capacity or
Holevo limit is obtained by considering photons as discrete particles being
detected ideally with exact number without any uncertainty due to Poisson
statistics [63].

Figure 4.6: Spectral e�ciency vs sensitivity of di�erent receivers; DQ-EDFA, Dual

quadrature coherent receiver with EDFA pre-ampli�er; SQ-SN, Single

quadratue shot noise limited receiver;DQ-PSA, Dual quadrature coher-

ent receiver with PSA pre-ampli�er; Ultimate: Ultimate capacity of a

photon channel

Cultimate = B

(
log2(1 + ns) + nslog2

(
1 +

1

ns

))
(4.28)

Here ns is the mean number of photons detected, the �rst term describes the
classical information capacity of a channel and is predominant when average
number of photons ns >> 1 and the second term is of quantum origin, depends
on photon arrival rate or probability of sending photons. Note that, in the limit
of SNR → 0, PPM approaches Gordon's capacity whereas coherent detection
can achieve Gordon's capacity at very high SNR or spectral e�ciencies.
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4.3. Capacity of N-mode phase sensitive ampli�er

Summary of capacities and sensitivities

All capacities of coherent homodyne receivers and their ultimate sensitivities
are summarized in the Table. 4.1 and plotted in Fig. 2 with respect to spectral
e�ciency.

Receiver→ Single quadrature homodyne Dual quadrature homodyne
Capacity Best sensitivity Capacity Best sensitivity

SN limit B/2log2(1 + 4ns) 0.35 PPB Blog2(1 + ns) 0.7 PPB
EDFA pre-amp B/2log2(1 + 2ns) 0.7 PPB Blog2(1 + ns) 0.7 PPB
PSA pre-amp B/2log2(1 + 4ns) 0.35 PPB B/2log2(1 + 4ns) 0.35 PPB

Direct detection

M-PPM (1− e−ns)log2M/M 1/log2M PPB

Table 4.1: Summary of the capacities of all coherent receivers with their ultimate

sensitivity limit

In the PSA capacity, the factor 1/2 infront is due to two optical waves, the
signal and idler carrying the same information. The SNR is 4times the SNR
of EDFA receiver due to the fact that the noise �gure of individual waves in
PSA is 1/2 or −3dB , where as the noise�gure of EDFA is 3dB, which is 4times
higher than the NF of each waves.

At very low SNRs log(1+SNR) ≈ SNR, hence the capacity of PSA (2Bns)
is twice that of EDFA(Bns), and the corresponding sensitivity also doubles.

The immediate thought may be, can we improve the capacity by increasing
number of modes of the PSA? It is not possible because the total noise �gure
of any mode PSA cannot be lower than 0 dB.

4.3 Capacity of N-mode phase sensitive ampli-

�er

Figure 4.7: N-mode PSA con�guration; G, Gain of the ampli�er; Pi, input power

of all the waves; Ni, input noise power; N, number of waves involved

Fig. 4.7 shows the N-mode con�guration of the PSA, where N/2 signals
and N/2 idler are involved in phase sensitive ampli�cation process. As all the
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Figure 4.8: Sensitivity vs spectral e�ciency of N-mode PSA compared

waves undergo coherent addition, the output power of each wave will be N2GPi
where Pi is the power of input waves and G is gain of PSA, whereas due to
incoherent addition of input quantum noise Ni, output noise power is NGNi.
This can be generalized to two-mode case, where only one signal and idler are
present at the input. The noise �gure of individual waves of N-mode PSA is
NFi=1:N = 1/N , for a two-mode PSA NFi=1:2 = 1/2 or 3 dB

The capacity of N-mode PSA is

CN−modePSA =
1

N
Blog2(1 +N × 2ns) (4.29)

At low SNRs, the capacity remains the same as 2-mode PSA, while at high
SNRs, log(1+SNR)≈ log(SNR)≈log(2SNR), and the capacity CN−modePSA =
C2−modePSA

N degrades by a factor of N compared to 2-mode PSA. Note that the
capacity of 2-mode and 1-mode PSA are the same, the factor 1/2 in 1-mode
PSA arises due to detecting singe quadrature of the wave.

We conclude that sensitivity can not be improved below the two mode PSA,
however spectral e�ciency keeps dropping as shown in Fig. 4.8

Block repeating and coherent combining

Block repeating and coherent combining is a technique to improve the SNR
of the weak received signal and also used for data-rate scaling in space com-
munications. This is accomplished by repeating the blocks of information sent
multiple times and coherently or incoherently adding them in time domain.

In block repeating, each block of a speci�ed number of data symbols, is
repeated N times by the transmitter. The receiver then combines the repeated
blocks in digital signal processing (DSP). The repeated block can be combined
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incoherently by power combining for a
√
N improvement in SNR, or coherently

which results in an N improvement in SNR since the phases of the signals
being combined can be phase aligned. Coherent combining is more e�cient,
but requires a phase sensitive receiver, such as a digital coherent receiver [15].

N-mode PSA accomplishes the same as that of block repeating. Instead
of repeating time domain blocks,we can repeat in frequency domain by using
N-frequency modes and performing PSA. In PSA, it is always guaranteed that
waves are coherently added whereas in time domain block repeat, waves may
not be coherently added and it depends on the phase noise of the signal.

Block repeating and coherent combining requires that the carrier phase be
known and tracked for the total time duration of each set of block repeats to be
coherently combined, whereas in N-mode PSA such tracking is not necessary.

One should also note that, time domain block repeating can complement
the SNR gain of the N-mode PSA or in other words it can improve the received
signal SNR and also allow improved data rate scaling.

4.4 Record sensitivity demonstrations

Free-space optical communications has been known since last few decades.
Many attempts have been made to demonstrate a real deep-space optical com-
munication link. The power requirements for deep-space links are typically
high and hence it is challenging to establish link into deep-space. For commu-
nication to Moon requires at least 100 dB of power budget as the loss due to
divergence itself is 80 dB and loss due to beam pointing and beam capturing can
add further [64], considering a transmitter and receiver aperture sizes of about
10 cm, which is commonly used in space communications. Power e�ciency or
sensitivity has been an interesting topic of research in space communications
over the years. Also there has growing interest in capturing more light using
multiple apertures [14,65].

Sensitivity is a measure of minimum number of photons required for error-
free communication, in photons per bit. Table. 4.2 shows a list of record high
sensitivity demonstrations in the past using various methods in free-space com-
munication. Direct detection photon counting receivers along with PPM mod-
ulation formats were the interest in space community due to their low photon
counting ability, but they su�er from low detection e�ciencies at increased
bandwidths. At high rates, optically pre-ampli�ed receivers show best sensi-
tivity, where ampli�ers provide near ideal noise �gures where as ideal shot noise
limited systems su�er from quantum e�ciency. Phase sensitive ampli�er being
the best known result at high rates, demonstrated in Paper D.
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Chapter 5

Implementation of PSA for

free space communication

A PSA is the lowest noise �gure ampli�er known, therefore ideally suited for
free-space, but when used instead of EDFA, the transmitter should also be mod-
i�ed to achieve phase-sensitive operation. Fig. (5.1) shows the implementation
of a PSA in a free space transmission link.

5.1 Free space link with PSA receiver

5.1.1 Transmitter

Unlike an EDFA, a PSA needs the signal, idler and, phase-coherent CW-pump
waves as input to achieve a noise �gure close to the 0 dB quantum limit. It is
necessary that all the three waves are transmitted from the transmitter to the
receiver. However, it is not mandatory to transmit the pump, and one could,
in principle, generate the pump locally at receiver.

In our work, the signal was modulated with 10 GBaud QPSK data, where
the data was encoded using forward error correction (FEC) code. The FEC
code used here was second generation digital video broadcasting standard code
(DVBS-2), which is used in modern satellite communications. The FEC en-
coded QPSK data was modulated on to the signal wavelength and combined
with the CW pump to generate the conjugated wave called the idler.

Copier generation

In the copier stage, the data modulated signal and the pump wave are combined
in an HNLF. Through the process of FWM, a conjugated copy of the signal
called the idler wave was generated. A very narrow linewidth laser (100 Hz)
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Figure 5.1: Setup for PSA implementation in a free space transmission link

was used as the pump, which makes the phase-locking of the pump, signal and
idler waves in the PSA easier. The Copier is a 240 m long HNLF having a
nonlinear coe�cient of 11(Wkm)−1. The input signal and pump polarisation
must be aligned for maximum conversion e�ciency in the copier. The signal
and pump wavelengths are chosen to maximise the signal gain according to the
phase matching condition in the HNLF, which will be discussed later.

After the copier, the signal and idler were power balanced. The pump was
attenuated to be 12 dB lower than the signal and the idler power using the
wave-shaper so that the penalty from the transmitting pump is minimal. At
the copier output, correlated quantum noise was generated at the signal and
the idler wavelengths due to FWM. Since the signal and idler are attenuated
by large amounts in the free space channel, the quantum noise becomes uncor-
related. Hence we can use the noise �gure expressions are given by Eq. (3.26)
in chapter 3.

5.1.2 Free space channel

As discussed in chapter 3, a 1 m long free-space link was used in the experiments
to emulate the real deep space link, where the loss is due to divergence of the
optical beam. We used �ber-coupled collimators at the transmitter and the
receiver to couple light (all three waves signal, idler and the pump) into and
from free-space. A variable optical attenuator was used to emulate the free-
space loss after the transmitter. The collimators used at the transmitter and
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the receiver had focal lengths of 0.38 mm and 2 mm. A collimator with larger
focal length was used in the receiver to capture turbulence e�ects from the
turbulence phase plate discussed in paper A. However for paper D, we did not
use any turbulence plate.
The received power (for the sensitivity calculation) was measured after the
receiver collimator. In free-space demonstrations, the sensitivity is measured
along with the receiver optics' loss, similar to our demonstrations. Therefore,
our results can be considered as a black-box sensitivity representing a realistic
scenario.

5.1.3 Receiver

Pump penalty

In �ber communication systems with PSA as an inline ampli�er, the pump
wave is transmitted through the channel, but its power is not accounted into
the receiver sensitivity as it does not occupy any signi�cant bandwidth [73,74].
In free-space communication, it is necessary to include the pump power into
the sensitivity calculation due to two reasons - the total received power must
be accounted, and transmitter booster power will be distributed among three
waves. If the pump was not transmitted, the booster power would be higher
for signal and idler waves resulting in higher received signal power.

It is also possible to regenerate a phase-coherent pump at the receiver with-
out transmitting through the channel. This requires a part of the received
signal and idler waves [75]. Therefore, the pump should be transmitted along
with the signal and idler to avoid sensitivity degradation.

The pump is separated from the signal and the idler waves by a WDM
coupler with a low loss (0.1 dB) to avoid the sensitivity penalty at the receiver.
The regenerated pump wave from injection locking is ampli�ed using high power
EDFA and combined with signal and idler in a HNLF stage for PSA with
another WDM with a loss of 0.1 dB. The total loss due WDM couplers is 0.2
dB which causes the sensitivity penalty.

Phase sensitive parametric ampli�cation

Nonlinear medium chosen for PSA was performed in a 4 stage HNLF with
spools of lengths 103m, 128m, 164m and 204m spliced with isolators in be-
tween to reduce stimulated Brillouin scattering [26]. Each HNLF is strained
with a linear strain across the length so as to increase the Brillouin threshold
further [46] . All HNLFs were manufactured and strained by OFS Denmark.
Straining the �ber increased the Brillouin threshold to be 500mW. After strain-
ing the �bers, the zero dispersion wavelength changes to 1543 nm from 1542 nm.
The maximum pump power that can be injected into the PSA is 29 dBm, more
than the Brillouin threshold resulting in maximum phase insensitive gain of 16
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dB. As discussed in Chapter 3 the pump wavelength should be in anomalous
dispersion region to have maximum exponential gain, we chose pump wave-
length to be 1554.13 nm and the signal wavelength at 1550.65 nm in a region
where maximum signal exponential gain can be achieved.

For maximum phase sensitive gain, the relative phase of all the waves at
the input should be constant θrel = φp−φs−φi = π/2 as discussed in chapter
3. The paths of signal-idler and pump are di�erent before reaching the PSA
which the phase of the pump change randomly with respect to signal-idler.
We employ a phase locked loop (PLL) to maintain the relative phase between
signal, idler and pump. A small fraction of the ampli�ed signal after the PSA
is fed as input to the PLL, which then is sampled digitally in a micro-controller
which generates an error signal proportional to the phase di�erence between the
waves, which is used to vary the pump path using a PZT stretcher to achieve
maximum phase sensitive signal gain.

The phase in-sensitive gain was 16 dB whereas phase sensitive gain was
close to 22 dB. Due to the large free-space loss, the input signal power can be
as low as -60 dBm resulting in an output signal to be only -38 dBm. The signal
is ampli�ed with an EDFA immediately after PSA with su�cient gain. It is
important to not that the SNR of the signal will not degrade by introducing
an EDFA after PSA as noise �gure of PSA determines the noise �gure of the
combined ampli�ers in a cascade system.

The signal is detected using a coherent receiver and data is captured using a
real time scope. The data is post processed o�-line with digital signal processing
algorithms. The processing steps include In phase-Quadrature phase imbalance
compensation, resampling of the received data to 2 samples per symbol. We
further perform channel equalization by using constant-modulus algorithm for
QPSK data resulting 1 sample per every symbol and then followed by frequency
and phase estimation and compensation between the local oscillator and the
signal waves [76].

DVBS2 code

DVBS2 code consists of a low-density parity check code (LDPC) with 100
percent overhead (1/2 rate) and BCH coded with a very high code rate. DVB-
S2 operates over wide range code rates such as 1/4, 1/3, 1/2, 3/5, 2/3,3/4,
4/5, 5/6, 8/9 and 9/10 with four di�erent modulation schemes, QPSK, 8-PSK,
16-APSK and 32-APSK. The QPSK modulation scheme performed the best
among all at very low SNRs and therefore was used in our work. This is
discussed in detail in paper E. We chose the 1/2 rate code as this was within
0.7 dB of Shannon's limit, close to rate-2/3 and 2/5 codes. Lowering code rate
results in low SNR error-free communication but rates cause loss of spectral
e�ciency resulting in similar overall sensitivity. The performance of FEC codes
was given in [77,78].
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The coded word length is N = 64800 bits for all rates. For the 1/2 rate
code, 32208 bit were encoded into the LDPC code and the remaining 196 bits
were encoded into the BCH code. The I and Q bits were �rst interleaved.
The interleaved bits were encoded into BCH code and then the LDPC code.
The decoding was performed in reverse order at the receiver, where �rst we
perform soft-decision decoding of LDPC code and then decoding of BCH code
and de-interleaving. The BCH code is used to obtain error free performance as
LDPC codes typically have an error �oor. A BCH code with small overhead
can correct for such errors and enable error free reception.

5.1.4 Optical injection locking

When light from a master laser, usually a highly coherent laser, is injected
into a low coherent slave laser, the slave cavity is forced to oscillate at master
frequency and following its phase. Hence the slave output will ideally be an
exact replica or regenerated version of the injected master. For locking to take
place, it is a necessary that the free running frequencies of both the lasers are
in proximity, which is decided by a parameter called locking bandwidth and
which will be discussed a little later.

Usually OIL is described by a pulling mechanism where the injected master
light pulls the slave cavity to oscillate at the master frequency. This theory was
�rst described in RF oscillators by Adler [79] in 1946 where the locking of an
oscillator circuit with external RF signal injection was shown. The behaviour
of pulling was �rst demonstrated in the optical domain by Stoven and Stier in
1966 [80] locking using two He-Ne Fabry-Perot lasers.

The locking bandwidth of the injection locking given by the following equa-
tion under steady state condition [81]:

∆ωLB =
√

1 + α2fd

√
Pinj
Psl

(5.1)

where fd is the longitudinal mode spacing of the slave laser, α is the
linewidth enhancement factor of the slave laser, Pinj is the injected master
power and Psl is the slave output power. The ratio of injected master power to
the slave output power Pinj/Psl is called the injection ratio and is an important
parameter for locking bandwidth.

Locking bandwidth can be intuitively understood as the maximum allowed
free running frequency di�erence between master and slave lasers in order to
achieve locking. However, it is not necessary that stable locking can be per-
formed even if the master and slave laser frequencies are present with in the
locking bandwidth. The plot in Fig. (5.2) taken from [82] shows the optical
injection ratio vs detuning frequency. The space between two solid lines where
the unlocked regions share boundary is the locking bandwidth, which increases
with increase in injection ratio. The region outside the locking bandwidth is
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Figure 5.2: Locking characteristics of a semiconductor DFB laser [82]

the �unlocked region� where stable locking cannot be performed or a periodic
locking and unlocking takes place.

The unstable region inside the locking bandwidth is called the injection
locking induced pulsations (ILIP) region where slave laser shows dynamically
unstable behaviour with pulsations close to relaxation frequency leading to
unstable locking. Hence there exists a narrow region where stable locking can
be performed. It is important that the master and slave frequencies should be
very close and stable such that their frequency di�erence lies within the stable
region especially when operated at extremely low injection ratios such as -75
dB discussed in paper (B).

In the stably locked steady state condition the locked slave output expe-
riences a phase shift corresponding to the free running frequency di�erence
between master and slave given by [81]

∆φL = − sin−1

(
ωm − ωsl

∆ωLB

)
− tan−1 α (5.2)

Here ωm − ωsl is the free running frequency di�erence between master and
slave lasers and ∆ωLB is the locking bandwidth. The phase shift increases
with decrease in locking bandwidth and at lower injection ratios this phase
shift becomes large. α is a constant depends on the laser material property.
The locked phase dependence property has been used in phase modulation
applications where the phase is changed by modulating the drive current of
the slave laser which eventually modulates the frequency of slave [83]. This
equation is crucial for understanding the phase noise generated by OIL at low
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injection ratios, discussed in paper (B).
When it comes to practical implementation for free space communication,

injection locking is challenging as the sensitivity of PSA requires pump powers
to be -72 dBm or below. At this low powers, the locking bandwidth is expected
to be less than 10 MHz.

Fig. 5.3 shows the injection locking set up for pump recovery in the PSA.
An EDFA is used as pre ampli�er to amplify the low power pump, the �lter
rejects some of the ASE and a PLL along with OIL is used to perform locking
stably.

5.2 Challenges in implementation

There are many challenges in implementing PSA at low SNRs will be discussed
here.

5.2.1 State of polarisation

The state of polarisation is critical for the practical implementations of a PSA
as it will lead to unexpected problems in the process of low noise ampli�cation.
The PSA operation depend on the coherent interaction of signal and idler,
therefore sensitive to polarisation, relative phase of these waves. Hence it is
important that these properties are maintained constant to achieve maximum
gain. There are two di�erent stages where the polarisation must be main-
tained well, the copier and the PSA. The SOP of the idler generated in the
copier depends on the SOP of both signal and the pump satisfying the angular
momentum conservation among the four interacting photons in an isotropic
medium [55].

The dependence of the SOP of the idler on SOP of signal and pump given
by,

dUi
dz

= iβiUi +
4iγ

3
[U2
PU

∗
s + 2UPUDD

∗
S ] (5.3)
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dDi

dz
= iβiDi +

4iγ

3
[D2

PD
∗
s + 2UPUDU

∗
S ] (5.4)

where Ui and Di are the �eld amplitudes of the left and right circular
polarisation states of the idler. The same notation can be used for signal and
pump waves.

Drift of the SOP of signal or the pump will result in drift of the SOP of the
idler multiplied by a factor shown in Eq. (5.3) and Eq. (5.4), this will cause
reduction in idler power and hence the power imbalance between signal and
idler which leads to degradation of noise �gure of the PSA as in Eq. (3.26).
Most importantly, the di�erent SOP's of idler and signal result in di�erent
parametric gains in the PSA as the pump is aligned to the signal polarisation,
causing degradation in noise �gure. As signal and idler propagate same path
before the PSA, it is assumed that the SOP of the signal and idler remain in
same. However, non-aligned SOPs of signal and idler result in degradation of
the PSA performance.

It is possible to control them by splitting the two waves and using polarisa-
tion controllers, but that can lead to higher power loss. To avoid this problem,
polarisation maintaining copier set-up is recommended.

5.2.2 Phase locked loop

Since the pump is split from signal and idler path for regeneration using injec-
tion locking, the relative phases of the waves in di�erent paths can drift due
to thermal and acoustic noise. A phase locked loop implemented to maintain
the relative phase between signal, idler and pump to achieve maximum signal
gain in all times. When the input signal powers into PSA are quite low, corre-
sponding optical signal to noise ratio (OSNR) is less than 0 dB, the operation
of PLL is not optimal. This is improved by �ltering the signal after PSA with
very narrow band �lter by blocking out most of the noise and also by optimiz-
ing the PLL parameters, such as increasing sampling rate and dither frequency
although doing this degrades sensitivity by a small amount.

5.2.3 Low power optical injection locking

Another challenge is stable optical injection locking at low powers as the stable
locking region can be very narrow. The challenge here is to keep the free
running slave frequency stable without sudden drifting because of thermal,
vibrational noise in the lab or polarisation drifts in the pump which may cause
OIL to unlock. SOP of the pump also can a�ect the locking performance as
injection locking depends on SOP and it is important to maintain it stable.
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5.2.4 Optimization of parametric gain

Instead of choosing a single HNLF �ber, four strained HNLF spools were chosen
to reduce the Brillouin threshold and achieve best parametric again, which
eventually means higher PSA gain. It is important to have high PSA gain
inorder to maintain the SNR of the signal after PSA and before ampli�cation
using EDFA. As Four spools are connected by isolators between them, having
a loss of 0.5 dB, reducing the noise �gure of the PSA. As each spool acts as
single PSA and cascaded with 3 other PSAs, acts as cascaded ampli�er system
with loss in between them. PSA gain of each spool is around 5 dB and overall
gain is 21 dB.

As the NF of cascaded PSA depends on gain of the �rst spool, it is important
we have maximum possible gain in the �rst section. This is the reason to launch
pump power beyond stimulated brillouin scattering threshold value and not
degrading the performance of the system.

As discussed in the injection locking section, due to low power injection
locking, a locking bandwidth dependent phase noise generated in the pump
wave . This results in phase noise in the pump into PSA, also increases the
brillouin threshold value as we know that phase modulation of the pump can
increase brillouin threshold, which eventually allows more pump power injected
into PSA, resulting more PSA gain. However this also results in penalty due
to in the PSA performance due to phase dependent gain. This penalty was
illustrated in paper (B).

Drift in SOP of pump in copier also increases the phase noise in the pump
after injection locking, resulting penalty in sensitivity.
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Chapter 6

Outlook

Phase sensitive parametric ampli�er have been investigated experimentally over
the last two decades, still remains an interesting device seemingly far form being
commercialized.

Free-space optical communications especially deep space satellites require
receivers or transmitter that consume least power and occupy less space and
weigh less. Certainly the current stage of the experimental PSA was far from
being deployed in a real space communication satellites. However one can
imagine technological developments that can make PSA simpler and cheaper
to build, smaller in size and lesser weight and also consume lesser energy as
the satellites have limited energy resources.

Currently PSA require pump power of the 1W, generated by high power
ampli�er. As one can consider having lasers of suitable characteristics with
large output power without the need for high power EDFAs, where high power
EDFAs consume extremely power consuming and heat dissipating. PSA is
performed in a silica based HNLF spools, which are less nonlinear compared
to many other platforms such as silicon nanowires , micro structured �bers or
photonic crystal �bers [84] . With enough reduction of coupling losses they
can become a medium of choice. The above all χ3 media, χ2 media also can be
considered by ultizing quasi phase matching techniques. In particluar, Lithium
niobate crystals (PPLN)have already been used to implement PSA, but the
coupling loss of these structures is higher. This results shows modest noise
�gure. [85�87]

At the transmitter, the signal and idler waves needs to be ampli�ed using
booster ampli�er before launching into free-space. The output powers of each
wave is assumed to be half of the case where one wave considered at input
(if we use EDFA instead of PSA for receiver pre-ampli�er). Typically booster
ampli�ers operate in saturation, hence the total output power will be the same
whether we use one or two waves (several 10s of Watts). Hence the transmitted
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power remains same for PSA receiver or EDFA receiver and PSA is 3 dB
more sensitive than EDFA for same total received power. The pump power
contribution is much lower, hence its contribution after booster is assumed to
be very less. There are also some implementation changes that can possibly
lead to much simpler PSA. The pump was transmitted from transmitter to
receiver causing penalty in the sensitivity and also adding penalty due to low
power injection locking, which adds phase noise to the pump. Along with that,
it might be required that, pump power needs to be transmitted at even lower
power for more power e�cient modulation formats. having a local pump instead
of transmitting pump could avoid the penalty. By using a highly coherent laser,
exactly at the same frequency as that of transmitter pump and using a faster
phase locked to track the phase between the waves. However it is challenging
to �nd laser at exactly same frequency within 100 Hz frequency di�erence.

Polarisation between the signal and pump waves can change when com-
munication between moving satellites. Polarisation trackers can employed to
compensate for these �uctuations as the �uctuations are slow.
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Chapter 7

Summary of papers

Paper A

�High Sensitivity Receiver Demonstration Using Phase Sensitive
Ampli�er for Free-Space Optical Communication� Proceedings of Euro-
pean Conference on Optical Communications(ECOC), Paper. Tu.2.E.3, 2017.

In this paper, we demonstrated a record sensitivity of 4.5 photons per bit
of using phase sensitive ampli�er based receiver for free-space communication.
This involves operating injection locking based pump recovery at powers as
low as -62 dBm. The experiment was extended to atmospheric channel where
turbulence was included in the channel by using a rotating turbulence phase
plate emulating turbulence for 1 km free-space link in the lab. Results show
that PSA sensitivity can be 3 dB and 1.3 dB better than EDFA when the
channel is free-space without and with turbulence.

My contribution I developed the idea, performed the experiment together
with Vijayan, I wrote the paper.
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Paper B

�Optical injection locking at sub nano-Watt powers� , Optics Letters.
vol. 43, no. 23, pp. 5769-5772, 2016.

The sensitivity of a PSA based receiver can be degraded mainly due to the
presence of pump at the receiver input. To have a negligible penalty due to
the pump, the received pump power needs to much lower than signal and idler
powers. So, we need to perform injection locking below -65 dBm pump power.
In this paper, we discuss the methods we have implemented for stable injection
locking at powers as low as -65 dBm. A phase locked loop was employed to keep
the locking stable at low powers and an EDFA pre-ampli�er was used to lock
at even low powers by amplifying the input. An interesting conclusion from
this paper is that, using a EDFA pre-ampli�er we can reduce the phase noise
at the locked output rather than increasing it. We also found that the injection
locking phase noise depends on the slave linewidth and that can increase with
decreasing injection ratio.
We have used such a low power injection locking in PSA based receiver en-
vironment and observed a penalty of 0.4 dB relative to the case with high
power pump and no injection locking, due to phase noise generated in injection
locking.

My contribution I developed the idea, performed the experiment and
wrote the paper.
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Paper C

�Record-sensitivity Gb/s receiver for free-space applications based
on phase-sensitive ampli�cation� , Conference on Lasers and Electro-Optics
(CLEO), pp. 1-2, 2019. (Post deadline paper).

In this paper, we implement phase sensitive ampli�ed receiver for free-space
communication, where 10 GBaud QPSK signal was encoded with DVBS2 FEC
code which consists of LDPC and BCH codes was transmitted. A receiver sen-
sitivity of error-free 1 PPB was demonstrated. The sensitivity includes received
signal, idler powers together -59 dBm and -72 dBm of pump power, where SNR
of the received signal is close to 0 dB. The low pump power was recovered using
pre-ampli�ed optical injection locking mechanism discussed in paper B.

My contribution I performed the experiment, including FEC implemen-
tation, Jochen processed data using DSP and wrote the paper.

Paper D

�One photon-per-bit receiver using near-noiseless phase-sensitive
ampli�cation�Accepted for publication in Light: Science and Applications.

This paper is an extension of the paper C, We show a black-box sensitivity of
1 PPB, where all the three waves were controlled at the transmitter, the pump
was set to 12 dB below signal and idler powers and control the power of all the
waves using a VOA and also introduced a free-space link. We derived a the-
ory for capacities of all coherent receivers including PSA pre-ampli�ed receiver.

My contribution I performed the experiment, contributed in developing
the theory and wrote the paper
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Paper E

Power e�cient communication for high data-rate deep-space op-
tical links, to be submitted.

In this paper, we demonstrate the performance of di�erent power e�cient
modulation formats using PSA pre-ampli�ed receiver. M-PPM+QPSK with
higher order M values perform well at higher SNR per bit (Eb/N0) values
where as smaller M values perform well at lower Eb/N0 values. A simple
QPSK format outperforms all these formats at low Eb/N0 values.

My contribution I performed the theoretical calculation, experiments and
wrote the DSP. Mikael worked on the DSP
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