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Abstract: Propagation losses in transmission media limit the transmission distance of optical
signals. In the case where the signal is made up of quantum optical states, conventional
deterministic optical amplification schemes cannot be used to increase the transmission distance
as the copying of an arbitrary and unknown quantum state is forbidden. One strategy that can
offset propagation loss is the use of probabilistic, or non-deterministic, amplification schemes
- an example of which is the state comparison amplifier. Here we report a state comparison
amplifier implemented in a compact, fiber-coupled femtosecond laser-written waveguide chip
as opposed to the large, bulk-optical components of previous designs. This pathfinder on-chip
implementation of the quantum amplifier has resulted in several performance improvements:
the polarization integrity of the written waveguides has resulted in improved visibility of the
amplifier interferometers; the potential of substantially-reduced losses throughout the amplifier
configuration; and a more compact and environmentally-stable amplifier which is scalable to
more complex networks.
Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1.
1.1.

Introduction
Background

The no-cloning theorem forbids the copying of an unknown quantum state [1] and gives rise to a
minimum bound on the amount of noise that an ideal deterministic amplifier must necessarily
add to a signal [2]. It also places a fundamental limit on the amount of information that an
eavesdropper can extract from a signal composed of non-orthogonal states which is the foundation
on which the security of quantum communications protocols is built [3]. For any communications
protocol, classical or quantum, to be implemented in real-world applications, information carriers
must be distributed over lossy communication channels and measured using imperfect detectors.
Propagation loss and detector inefficiency both serve to reduce the maximum transmission range
and decrease the communication rate. In the classical channels of fiber optic telecommunications
networks, these loss mechanisms can be mitigated using deterministic amplification of the signal
at periodic intervals throughout the channels. This solution is ineffective in the quantum domain
- where the information carriers are single-photons or, more often, weak coherent states - as even

#373277
Journal © 2019

https://doi.org/10.1364/OE.27.031713
Received 24 Jul 2019; revised 26 Sep 2019; accepted 26 Sep 2019; published 17 Oct 2019

Research Article

Vol. 27, No. 22 / 28 October 2019 / Optics Express 31714

the minimum added noise of the ideal amplifier makes the amplified state useless for quantum
communications purposes [4].
Probabilistic amplification aims to avoid the minimum noise requirement on an ideal deterministic linear amplifier by removing the requirement that the amplifier works every time [5]. The first
probabilistic amplifier was devised by Ralph and Lund [6] based on Pegg et al.’s quantum scissors
device [7]. It was implemented experimentally soon after their proposal [8,9] and probabilistic
amplification has since developed into a burgeoning field of research. Ralph and Lund’s amplifier
is an example of a phase-insensitive probabilistic amplifier. Further work on quantum scissors
style schemes followed [10–14] and other phase-insensitive probabilistic amplifiers have been
proposed and implemented based on photon addition and subtraction [15–17], noise addition
followed by photon subtraction [16–19], and weak measurement [20,21]. Phase-insensitive
probabilistic amplifiers are fundamentally limited to operating at very low success probability in
order to achieve high fidelity, however, phase-sensitive probabilistic amplifiers are subject to less
stringent bounds [5]. Phase-sensitive probabilistic amplification schemes have been proposed
based on unambiguous state discrimination [22] and state comparison amplification [23–25].
Most probabilistic amplification schemes generally try to herald successful amplification events
via success criteria (measured by the amplifier), although non-heralded schemes have also been
proposed such as the use of a non-heralded probabilistic amplifier to improve a signal nulling
binary receiver [26].
In addition to the fundamental challenges, there are also practical challenges that quantum
communications technologies must address; a commercially viable implementation of a quantumenhanced device would ideally be scalable, modular, and standardized. Inspired by integrated
electronics, there has been intense interest in recent years towards re-scaling quantum information
protocols from bulk optical systems to the miniaturized area of integrated optical devices [27–29].
Integrated photonic components are inherently more compact and have the potential to be
produced en masse in commercial fabrication facilities for relatively low cost.
There are a variety of different platforms that are being investigated for fabrication of integrated
optical devices and each have their own benefits and drawbacks. The advanced infrastructure
that has already been developed for the electronics industry makes it attractive to use silicon or
III-V compound semiconductor systems. These techniques produce highly compact devices but
they suffer from high propagation losses [28], and, while the technology for coupling electrical
signals on- and off-chip is advanced, the same cannot be said for coupling of light which remains
a non-trivial task due to the large size of a single-mode fiber core in comparison to the resultant
waveguides [30]. These drawbacks are improved (at some cost) by using glass waveguides such
as etched silica-on-silicon or writing waveguides directly into glass using femtosecond laser
writing (FLW).
1.2.

Femtosecond laser writing

FLW [31–33] is a laser-based manufacturing technique enabling fabrication of three-dimensional
micro-optic structures inside transparent dielectric materials. Due to nonlinear absorption
processes, focused sub-picosecond laser pulses can permanently change the refractive index
of the material allowing the direct inscription of optical waveguides. The unique capabilities
of this fabrication technique can facilitate the future development of many fields including
telecommunication, astrophotonics, and nonlinear dynamics, as well as help us to understand
various intriguing phenomena in photonic networks [34–36].
In the context of quantum optics, laser-inscribed components have been demonstrated to
implement a variety of important quantum optical operations such as polarization-dependent [37]
and polarization-independent [38] beamsplitters (generally referred to as directional couplers
when on-chip), wave plates [39,40], and controlled phase shifts [41]. Auxiliary waveguides can
also affect the local stress fields and ultimately give fine control to the primary waveguide’s
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birefringence and optical axis orientation [42]. In parallel with the technological developments
described above, proof of principle quantum devices have been demonstrated using laser-written
components, including quantum devices for state tomography [39], Hadamard [40] and CNOT
[43] quantum logic gates, and integrated quantum memories in rare-earth-doped crystals [44].
FLW is a comparatively recent innovation and does not yet have the mature infrastructure
of silicon and III-V manufacturing. However, it has the advantage that it can be used to create
truly three-dimensional waveguide structures. Additionally, when using an appropriate beamshaping method, FLW can produce waveguides with a circular cross-section [45], and therefore
reduced birefringence, making the resulting waveguides highly suitable for applications that
require the preservation of polarization and phase [28]. This fabrication technique provides
excellent control over the shape of the fundamental mode, allowing for better mode matching
and reduced on-chip coupling losses. Additionally, research has commenced into automation of
the waveguide inscription process [46], offering the prospect of commercial manufacturing of
multiple waveguide units in the future
No single platform currently provides the full range of capabilities required for all quantum
information tasks and, for the moment, it is important to choose the platform that best suits the
purposes of the device. We chose to implement the first on-chip implementation of the state
comparison amplifier (SCAMP) using a FLW manufactured chip as the low birefringence of the
waveguides ensured phase stability (crucial for state comparison of phase encoded states), the
comparatively low coupling loss from fiber to the device maximized the effective intensity gain
of the on-chip implementation, and the fast turnaround for creating prototypes aids investigation.
This paper reports the first step towards fully on-chip state comparison amplification, which has
been achieved by implementing the fundamental core beamsplitters of the amplifier in compact
on-chip integrated directional couplers fabricated using FLW.
1.3.

State comparison amplification

The SCAMP is a probabilistic amplifier operating on a known set of coherent state signals of
arbitrary dimension. A case of interest for quantum communication is when the alphabet is
composed of the states having the same mean photon number |α| 2 and whose phase belongs to
the set AN = {φn }, where 1 ≤ n ≤ N, n ∈ Z+ and 0 ≤ φn = 2π
N (n − 1)<2π [23]. The amplifier
consists of two stages: a state comparison stage, and a photon subtraction stage. In what we will
refer to in what follows as the standard SCAMP setup [24], the state comparison stage consists of
a single state-comparison operation and the photon subtraction stage consists of a single photon
subtraction operation; this setup is summarized schematically in Fig. 1.
The input signal state which is to be amplified, |αeiφn i, has phase chosen uniformly at random
from AN , with α being real, and is incident at one input of a beamsplitter (with amplitude
transmission and reflection coefficients given by t1 and r1 respectively and denoted BSC in the
figure). At the other input a guess coherent state is incident, | βφ i, the amplitude of which is that
of the input modified by a factor of t1 /r1 :
| βφ i = |t1 eiφ α/r1 i

with

φ ∈ AN

(1)

where the phase φ is chosen uniformly at random over the alphabet since there is no a priori
knowledge on the probability distribution for the input signal. This beamsplitter combined with a
single-photon detector (operating in Geiger mode) monitoring one of the output arms, D0 , forms
the state comparison stage. In the case that the phase of the guess has been chosen correctly
the state incident on the state comparison detector, D0 , is the vacuum state and the state output
into the other mode is the input state amplified by a factor of 1/r1 , i.e. |αeiφn /r1 i. On the other
hand, coherent light will be routed to the detector if the amplifier guesses incorrectly causing it
to possibly (but not necessarily) register an event. Thus, a success criterion can be defined as the
condition that no detection event is registered at D0 .
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ρφ = (r12 + t12 ei(φ−φn ) )gαeiφn
(2)
The other output of BPS is taken to be the output of the SCAMP,
where the nominal gain of the standard SCAMP
has been defined
as g = t2 /r1 . We note that the
2
2 i(φ−φn )
iφn
| ρφlinear
i = |(ramplification
)gαe
i
1 + t1 e
output of the SCAMP is a perfect
of
the input,
the
gαeiφn , if (and only if) (2)
guess was correct (φ = φn ) [2]. Without loss of generality we will set φn = 0 for the rest of the
where the nominal gain of the standard SCAMP has been defined as g = t2 /r1 ; the intensity gain
paper.
on the signal is given by the square of this value, g2 . We note that the output of the SCAMP is a
The running operation of the amplifier is then to condition the output signal based on having
perfect linear amplification of the input, |gαeiφn i, if (and only if) the guess was correct (φ = φn )
met both of the success criteria defined above. It is important to note that for all cases,
√ except
[2]. Without loss of generality we will set φn = 0 for the rest of the paper.
the special case where the state comparison beamsplitter is balanced (t1 = r1 = 1/ 2) and the
The running operation of the amplifier is then to condition the output signal based on having
phase alphabet is binary (N = 2), there is still a non-zero probability of an incorrect guess that
met both of the success criteria defined above. It is important to note that for all cases,
except
√ a practical
has met the first success criterion also meeting the second criterion. Furthermore, in
the special case where the state comparison beamsplitter is balanced (t1 = r1 = 1/ 2) and the
implementation an incorrect guess could meet both criteria even in the balanced binary case as
phase alphabet is binary (N = 2), there is still a non-zero probability of an incorrect guess that
the second success criterion could be met by a detector dark count or photons incorrectly routed
has met the first success criterion also meeting the second criterion. Furthermore, in a practical
due to experimental imperfections. Therefore, the output of the SCAMP, conditioned on the
implementation an incorrect guess could meet both criteria even in the balanced binary case as
success criteria having been met, is still a statistical mixture of the perfectly amplified target
the second success criterion could be met by a detector dark count or photons incorrectly routed
state, |gαi, and the other possible output states corresponding to incorrect guesses and can be
due to experimental imperfections. Therefore, the output of the SCAMP, conditioned on the
described by the following density operator [23]
success criteria having been met, is still a statistical mixture of the perfectly amplified target
Õ
state, |gαi, and the other possible output
ρ̂S = statespcorresponding
ρφ to incorrect guesses and can be
(3)
φ |S ρφ
φ ∈A N
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described by the following density operator [23]
Õ
ρ̂S =
pφ |S | ρφ ihρφ |
φ ∈AN

(3)

where pφ |S is the probability that the conditioned output contains the state corresponding to the φ
guess. This probability can be related to the detection probability via Bayes’ rule via the formula:

by estimating pS |φ by:

pφ |S = Í

pS |φ pφ
,
φ ∈AN pS |φ pφ

pS |φ = 1 −

!
C̃φ0 C̃φ1
Rφ

Rφ

(4)

(5)

where the C̃φi are count rates corrected for the non-unity single-photon detection efficiency of the
detectors and coupling losses, and the superscript i indicates the detector. The probability, pφ ,
that the amplifier guess is out of phase with the input by φ is again uniformly over the alphabet
since there is no a priori knowledge on the probability distribution for the input signal.
The standard SCAMP was first implemented experimentally with a nominal intensity gain
g2 = 1.8 for evenly spaced phase alphabets of two-, four-, and eight-dimensions [24]. More recent
work demonstrates a higher gain implementation with nominal intensity gain 11.9, investigates a
non-standard SCAMP setup where the photon subtraction stage consists of more than one photon
subtraction (increasing fidelity at cost of success rate), and shows SCAMP performance to be
robust against environmental noise [25]. It is important to note that the true effective intensity
gain of any implementation is suppressed by the component losses.
2.

Experimental method

The setup for this experiment comprised two nested fiber-based Mach-Zehnder interferometers
(MZIs) and was almost identical to that of previous bulk-optical implementations of the standard
SCAMP [24,25]. For brevity, the full experimental description, along with a schematic diagram,
is presented in Appendix A. Where this experiment differed from previous implementations of
the SCAMP was in the implementation of the state comparison beamsplitter, BSC , and the photon
subtraction beamsplitter, BPS . In previous implementations these were fiber-coupled standard
bulk optical components whereas here we made use of a FLW manufactured waveguide chip.
For a systematic characterization, a complete three-waveguide-device (as illustrated schematically in Fig. 2) and an additional straight uncoupled waveguide were fabricated inside a
15-mm-long borosilicate glass (AF45) substrate. The glass substrate was mounted on air-bearing
Aerotech x-y-z translation stages (ABL1000) and was translated at 6 mm/s through the focus (0.55
NA) of a 1-MHz train of circularly polarized sub-picosecond (∼ 350 fs) laser pulses to fabricate
each waveguide. The laser inscription parameters, such as translation speed, pulse energy and
numerical aperture of the focusing lens, were optimized to produce low-loss waveguides that
were single-mode and well confined for light at wavelengths near 850 nm wavelength.
The total insertion (propagation + bend + input/output coupling) loss was measured after
aligning the device with commercially available V-groove arrays. The loss due to mode-mismatch
was estimated to be less than 0.2 dB. The (average) on-chip loss for the waveguide(s) with one
(two) directional coupler(s) was estimated to be 2.42 dB (4.58 dB). The on-chip propagation
loss was estimated to be 0.017 dBmm−1 and the average losses associated with the directional
couplers was estimated to be 2.28 dB per coupler.
The effective beam splitting ratios of the two directional couplers (after attachment of the
V-grooves) were measured to be (12.5):(87.5) and (3.5):(96.5). As the waveguide structure of the
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Fig. 2. Illustration of the FLW process for the waveguide chip used in this experiment. The
two on-chip directional couplers are used as the implementation of the two beamsplitters,
BSC and BPS , shown in Fig. 1. The symmetry of the waveguide structure allows for the chip
to be integrated in two orientations.
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the side of the chip that was previously the input now becomes the output, and vice versa. We
define orientation 1 in such a way that BSC is the (12.5):(87.5) coupler and BPS is the (3.5):(96.5)
nominal intensity gain of 7.75 (25.09). The input-output coupling loss was estimated to be 1.70
coupler. On reversing the input direction of the chip we define orientation 2 such that BSC is
dB on average.
the (3.5):(96.5) coupler and BPS is the (12.5):(87.5) coupler. Consulting the nominal gain of the
The waveguide chip was integrated into the interferometric setup in both orientation 1 and
standard SCAMP setup, orientation 1 (orientation 2) corresponds to a nominal intensity gain of
orientation 2 where each orientation corresponds to an amplifier of different gain. Data was
7.75 (25.09). The input-output coupling loss was estimated to be 1.70 dB on average.
acquired for a binary (A2 = {0, π}) and a four-dimensional (A4 = {0, π/2, π, 3π/2}) phase
The waveguide chip was integrated into the interferometric setup in both orientation 1 and
alphabet. We present the visibility for both the binary and four-dimensional phase alphabet
orientation 2 where each orientation corresponds to an amplifier of different gain. Data was
alongside the amplifier figures of merit for the four-dimensional alphabet in the bulk of the paper.
acquired for a binary (A2 = {0, π}) and a four-dimensional (A4 = {0, π/2, π, 3π/2}) phase
The figures of merit for the binary alphabet are presented in Appendix B.
alphabet. We present the visibility for both the binary and four-dimensional phase alphabet
alongside the amplifier figures of merit for the four-dimensional alphabet in the bulk of the paper.
3. Analysis and results
The figures of merit for the binary alphabet are presented in Appendix B.
Following the detailed model of [25], the experimentally measured count rates Cφ are related to
3.
Analysiscount
and rates,
results
the idealised
C˜φ , of Eq. (5) via:

"
Following the detailed model of [25], the experimentally
measured
count rates Cφ are related to

1#
Rφ − Cφ L
the idealised count rates, C˜φ , of Eq.
(5)
via:
C̃φ = Rφ 1 −
(6)
Rφ
"
#

1
Rφ − Cφ L
C̃φ = R
−
(6)φ
where Rφ is the laser pulse repetition
rate
multiplied
by the a priori probability of an input
φ 1
Rφ
and L is the total intensity loss between the signal input
and the detector (modelling imperfect
detector efficiency as an additional source of loss). The corrected count rates can then be used to
where Rφ is the laser pulse repetition rate multiplied by the a priori probability of an input φ
estimate the idealised intensity that is measured at each detector when the phase of the guess
and L is the total intensity loss between the signal input and the detector (modelling imperfect
differs from the input by φ
detector efficiency as an additional source of loss). The corrected count rates can then be used to
!
estimate the idealised intensity that is measured at each detector
when the phase of the guess
Rφ
2
Dφ = ln
(7)
Rφ − C̃φ
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differs from the input by φ
|Dφ 2 | = ln

Rφ
Rφ − C̃φ

!

(7)

With these definitions, various figures of merit can be estimated for the SCAMP and plotted
against the input mean photon number per pulse, |α| 2 , which for each measurement was then
estimated from the count rates at the state comparison detector D0
|α| 2 =

1 Õ
|D0φ | 2
2Nt12 φ ∈AN

(8)

In order to quantify the experimental imperfection in the inner MZI we modify the description of
the guess state amplitude, Eq. (1), to add a phase mismatch term, χ

t1
| βφ i =
exp{i(φ + χ)}α
(9)
r1
We can estimate the cosine of the phase mismatch which corresponds to the visibility between a
correctly guessed state and a guess state where the guess differs from the input by π [25]
Visibility = cos( χ) =

|D0π | 2 − |D00 | 2

|D0π | 2 + |D00 | 2

(10)

The visibilities for both orientations of the chip are presented in Figs. 3(a) and 3(b) alongside
values for a previously published [25] equivalent bulk optical implementation of standard SCAMP.
We observe an increase in the achievable visibility for all values of |α| 2 for both the binary and
four-dimensional phase alphabets. The increased visibility is especially pronounced in the four
dimensional alphabet where we observe increased visibility on the order of 3.5%. This suggests
improved polarization integrity in the waveguide chip when compared with the bulk optical
components.
Further figures of merit for the SCAMP are presented in Figs. 4(a)–4(d) for the four-dimensional
phase alphabet (relevant, for example, for phase implementations of the BB84 protocol [47] or
quantum digital signatures [48,49]). The equivalent results for the binary alphabet are presented
in Figs. 6(a)–6(d) in Appendix B. We first consider the overall success rate of meeting the success
criteria, that is given by:
Õ
Success Rate =
Rφ pS |φ ,
(11)
φ ∈AN

where pS |φ has been defined in Eq. (4). The success rate is presented in Fig. 4(a), and increases
with the mean photon number per pulse, |α| 2 , as expected.
Another two important figures of merit to asses the output quality are: the correct state fraction
and fidelity with respect to the target state. The correct state fraction is the probability that the
output contains the correct amplified state given that the detectors indicate success, i.e. p0 |S in
our notation.
The fidelity with respect to the target state is given by F = hgα| ρ̂|gαi and can be seen as the
probability of passing a measurement test on the device output, given success [23,25]. The latter
quantities are not observables, but they can be estimated using the counts at the tomography
detectors conditioned on success. In order to reconstruct the output state of the SCAMP (Eq. (3))
we estimate the number of pulses, Nφ , that have met the success criteria for each value of the
guess phase φ. Following [23,25] the estimation of the Nφ has been done via the counts at the
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Further figures of merit for the SCAMP are presented in Fig. 4 for the four-dimensional
phase alphabet (relevant, for example, for phase implementations of the BB84 protocol [47] or
tomography detectors conditioned on success. The correct state fraction is thus given by:
p0 |S = Í

while the fidelity is given by:
F=

Õ

φ ∈AN

Í

N0
φ ∈AN

Nφ
φ ∈AN

Nφ

Nφ

,

|hgα| ρφ i| 2 ,

(12)

(13)

We present the correct state fraction p0 |S in Fig. 4(b) as a function of |α| 2 . As is predicted by
theory we observe that for all values of |α| 2 the correct state fraction exceeds the best achievable
with a priori probability of 1/N and increases towards unity with increasing input intensity. The
fidelity is presented in Fig. 4(c) and displays an initial decrease with mean photon number per
pulse followed by a recovery towards unity as predicted by the theory.
Finally, it is important to quantify the true gain that is achieved by the amplifier. The nominal
intensity gain, g2 = t22 /r12 , is suppressed by both the losses incurred by, and the imperfect visibility
of, the amplifier. For this reason we quantify the effective intensity gain of the amplifier to be


g2eff = g2 LSCAMP t14 + r14 + 2t12 r12 cos( χ)
(14)

where LSCAMP is the loss of the SCAMP implementation between the input and the output of the
device. Note that in case of unit visibility and of a lossless device, the expressions for the nominal
intensity gain and the effective intensity gain coincide. This is presented in Fig. 4(d) for both the
case where LSCAMP is entirely on-chip (solid squares and triangles), and the case when LSCAMP
includes on-/off-chip coupling (empty squares and triangles). For orientation 1 (orientation 2)
the mean effective intensity gain is 2.69 (8.73) when considering the amplification to be entirely
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Fig. 4. Figures of merit for the SCAMP with four-dimensional (N = 4) phase alphabet.
Fig. 4. Figures of merit for the SCAMP with four-dimensional (N = 4) phase alphabet. (a)
(a) success rate; the rate at which both of the success criteria are met. (b) correct state
success rate; the rate at which both of the success criteria are met. (b) correct state fraction;
fraction; weighting of the target state in the output ensemble. (c) fidelity; the overlap of
weighting of the target state in the output ensemble. (c) fidelity; the overlap of the output
the output mixture with the target state. (d) effective intensity gain; 2the nominal
intensity
mixture with the target state. (d) effective gain; the nominal gain (g = t22 /r12 , shown by the
gain (g2 = t22 /r12 , shown by the dotted lines) suppressed by losses and imperfect
visibility.
dotted lines) suppressed by losses and imperfect visibility. The filled shapes represent the
The filled shapes represent the entirely on-chip gain omitting the loss incurred in taking the
entirely on-chip gain omitting the loss incurred in taking the signal on- and off-chip. The
signal on- and off-chip. The empty shapes show the gain when accounting for on-/off-chip
empty shapes show the gain when accounting for on-/off-chip loss. Equivalent values for a
loss. Equivalent values for a previously published bulk optical implementation are shown
previously published bulk optical implementation are shown for comparison [25]. In all four
for comparison [25]. In all four plots the red triangles (blue squares) represent orientation
plots the red triangles (blue squares) represent orientation 1 (orientation 2) of the waveguide
1 (orientation 2) of the waveguide chip. In (a), (b), and (c) the dashed lines show the
chip. In (a), (b), and (c) the dashed lines show the theoretical predictions for the associated
theoretical predictions for the associated values using the theory of [23] assuming unity
values using the theory of Ref. [23] assuming unity detection efficiency. Data points and
detection efficiency. Data points and uncertainties are calculated as described in Fig. 3
uncertainties are calculated as described in Fig. 3

4.

Discussion

In this paper we have presented the results of two partially on-chip implementations of the
SCAMP where a coherent state signal was coupled from fiber optics onto on-chip FLW
manufactured waveguides, underwent on-chip coherent state amplification, before being coupled
back into fiber. We observed increased visibility due to improved polarization integrity in
the on-chip implementation when compared with an otherwise equivalent implementation that
used commercially available fiber-coupled bulk optical components. This improved visibility
is observed at the cost of decreased effective gain due to increased losses introduced by this
prototype version of the chip. The excess loss is, however, not prohibitive for the use of the
amplifier on-chip as we have shown that, even accounting for coupling on and off chip, we can
achieve similar gains to the bulk optical system, at a cost to fidelity, by varying transmission
and reflection parameters. Strategies to recover the lost fidelity could include adding extra
state comparisons (with feedforward state correction as demonstrated in [50]) or additional
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on-chip, and 1.72 (6.07) when on-/off-chip coupling is accounted for. For comparison, the
equivalent bulk optical implementation (g2 = 11.9) has mean effective intensity gain of 8.20. The
added suppression of the on-chip implementation is due to the increased on-/off-chip coupling
when compared with a fiber splice, and the increased loss of the FLW manufactured directional
couplers in comparison to the bulk optical components.
4.

Discussion

In this paper we have presented the results of two partially on-chip implementations of the
SCAMP where a coherent state signal was coupled from fiber optics onto on-chip FLW
manufactured waveguides, underwent on-chip coherent state amplification, before being coupled
back into fiber. We observed increased visibility due to improved polarization integrity in
the on-chip implementation when compared with an otherwise equivalent implementation that
used commercially available fiber-coupled bulk optical components. This improved visibility is
observed at the cost of decreased effective intensity gain due to increased losses introduced by
this prototype version of the chip. The excess loss is, however, not prohibitive for the use of the
amplifier on-chip as we have shown that, even accounting for coupling on and off chip, we can
achieve similar gains to the bulk optical system, at a cost to fidelity, by varying transmission and
reflection parameters. To be clear, we do not mean to say that fidelity is affected intrinsically by
switching from bulk optics to the FLW chip. However, equivalent effective intensity gain can
be achieved for the chip by compensating for any extra loss (when compared with bulk optics)
by implementing a higher nominal intensity gain which, in turn, causes a decrease in fidelity as
predicted by [23]. To quantify this for our particular chip, orientation 2 achieves an effective
intensity gain of 6.07 from a nominal intensity gain of 25.09, whereas the similar effective
intensity gain of 8.20 in [25] was achieved with a nominal intensity gain of 11.9. Strategies to
recover the lost fidelity could include adding extra state comparisons (with feedforward state
correction as demonstrated in [50]) or additional photon subtractions at a cost to the success rate.
Our results clearly illustrate that any future technological improvements in coupling light on
and off of integrated photonic platforms, as well as in minimizing bending loss introduced by
the directional couplers would directly translate to an enhanced effective intensity gain in the
SCAMP.
The amplifier could be further miniaturised by implementing any of the following on-chip
alongside the waveguides: phase modulation of the guess signal [51], the stability tuning of the
optical path length, dynamic tuning of the transmittance and reflectance of the directional couplers
(coarse tuning could provide re-configurable gain), or on-chip integration of the single-photon
detectors [52].
The SCAMP could perhaps be used as part of a more complex fully on-chip system to
probabilistically recover signals that are already on chip (negating the added losses due to the
coupling of light on and off chip). The SCAMP is highly customizable and the required effective
intensity gain, fidelity, and success rate can be tailored (while respecting trade-offs) to a potential
application. It can now also be said to be compatible with integrated photonic implementations
and could potentially be leveraged in hybrid applications, for example fully optical quantum
random number generation [53] or wavelength division multiplexed optical amplifier systems
[54]. Furthermore, future work on non-coherent state comparison amplification will look to
further explore the SCAMP’s potential as a modular resource for quantum optical devices.
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Fig. 5. A schematic representation of the experimental setup used in the partially on-chip
SCAMP experiment. Note the symmetry of the chip on rotation by 180 degrees. By reversing
the input and output ports of the chip it is possible to implement a SCAMP with a different
nominal gain.

Appendix A. Experimental setup
The experimental setup is shown schematically in Fig. 5. The initial source of coherent light,
|γi, was a fiber-coupled vertical cavity surface-emitting laser (VCSEL) diode with a central
wavelength of 848.2 nm, spectral linewidth (full width at half maximum) of 0.11 nm, and pulsed
at a repetition rate of 1 MHz with pulse duration of 300 ps. This light was attenuated to a low
mean photon number per pulse by a motorized optical attenuator before, using stress induced
birefringence (via polarization controllers), the light emitted by the laser was aligned with the
transmission axis of a 1000:1 extinction ratio fiber-coupled linear optical polarizer.
The light was then coupled into one input pigtail of a commercially available fiber-coupled
bulk optical beamsplitter. This beamsplitter and all subsequent bulk optical components were
fiber-coupled to fiber that was single-mode and polarization maintaining at the operational
wavelength. The beamsplitter split the light into two identical lower amplitude weak coherent
states at a balanced beamsplitter on entering the outer MZI. The state on the upper arm was
retained as a reference state for the purpose of comparing the output state of the SCAMP with
the idealized output state, or target state.
The state on the lower arm was again split by a second balanced beamsplitter on entering the
inner MZI where the upper arm provided the input signal, |αi, which maintained a constant
phase, and the lower arm was modulated by a phase φ to form the guess signal. The phase
modulation was performed with a lithium niobate phase modulator which varied the phase in a
cyclical fashion from the discrete set of phases A N . Each of the four detectors, D0 , D1 , DA , and
DB , was a commercial thick-junction silicon single-photon avalanche diode (SPAD) operating in
Geiger mode with a mean detection efficiency of 41.5% whose electrical output was monitored
by a picosecond resolution time-tagging module.
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During initial setup a timing calibration procedure was performed on each interferometer
to ensure high performance prior to loss balancing being performed between the arms of both
interferometers. Next, in order to loss balance the inner MZI, each arm of the inner MZI was
blocked in turn and the intensity at D0 was matched using the screw attenuator labelled la . This
corresponds to ensuring that the guess amplitude, βφ , is related to the signal amplitude, α by the
expression given in Eq. (9). Then, in order to loss balance the outer MZI, each arm of the outer
MZI was blocked in turn, while ensuring the intensity at D0 was minimized (corresponding to a
correct guess, φ = 0) and the intensity at DA and DB was matched using the screw attenuator
labelled lb . This calibration procedure allows us to infer the relation of |τi, to the target amplified
state |gαi.
The experiment was operated at various values of |α| 2 by varying the intensity of |γi using the
motorized attenuator. Custom software dynamically tuned the optical length differences (via
piezo-adjustable air-gaps) to maximize the observed visibility calculated between the φ = 0 and
φ = π pulses at D0 and the cross-visibility between the φ = 0 pulses at DA and DB . Minimum
thresholds for these values were set at 97% and 90% respectively and a measurement would
be discarded if they were not reached. Each data point plotted in this paper is an average of
twenty-five individual single second integration measurements that achieved, or exceeded, these
thresholds.
Appendix B. Figures of merit for the binary phase alphabet

Fig. 6. Figures of merit for the SCAMP with binary (N = 2) phase alphabet. Conventions
are the same as in Figs. 4(a)–4(d). Data points and uncertainties are calculated as described
in Fig. 3
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