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Polarisation vs. Time-bin Encoding for Free-Space QKD Links

Traditionally	 polarization	 encoding	is	preferred	for	free-space	links	
implementations.	 Essentially	implements	the	BB84	protocol.

Optical	photons:	Polarization	 is	only	affected	by	turbulence	 and	atmospheric	
effects

Depolarization of a Laser Beam at 6328 A due to
Atmospheric Transmission

D. H. Hhn

The depolarization of a linearly polarized laser beam was investigated primarily with an optical path of 4.5
km. A He-Ne gas laser at 6328 A was used with an additional polarizer at the output and with a ro-
tating polarization filter assembly in front of the receiver. Values of depolarization found ranged between
10-7 rad and about 5 X 10- rad. The lower limit was determined by the quality of the polarizer-ana-
lyzer combination used. These experimental values of depolarization are very much higher than that pre-
dicted by theories regarding turbulence-induced depolarization.

I. Introduction
The results of an experimental study of the depolar-

ization of a linearly polarized laser beam traversing the
atmosphere near ground level are presented and dis-
cussed in this paper.

A theoretical prediction, probably the first one con-
cerned with turbulence-induced polarization fluctua-
tions, was published by Hodara, but his results were in
error by some orders of magnitude,2 even if actual
measurements2 seemed to confirm his theory. Fried
and Mevers3 found very high degrees of polarization
fluctuations experimentally but "now it seems that this
rather large measured value was mainly due to a defect in
the experiment." 4 Strohbehm and Clifford5 presented a
new theory on turbulence-induced polarization fluctua-
tions. A first order solution to the wave equation was
found using spectral analysis techniques. Finally, Saleh4

published a theory on polarization fluctuations using
the geometrical optics approximation and Chernov's
three-dimensional ray statistical model, together with
some experimental results. The sensitivity of his
measurements was limited by the equipment used, to
-42 dB in the daytime and -45 dB at night. No
depolarization-corresponding to time- or space-aver-
aged fluctuations of the polarization angle of a linearly
polarized laser beam-was found at a propagation
range of 2.6 km. In agreement with his theory, it must
be much smaller as long as turbulence is the only source
of depolarization.

Because of the fact that the above-mentioned theoret-
ical predictions are contradictory, which is shown in
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Sec. II, the results of the measurements made near
Tilbingen should not be compared directly with any one
theory, but should be discussed in light of the theoretical
situation at present. In the Tubingen experiments, a
range of 4.5 km was usually used. The experiments
were conducted at night from the middle of 1966 until
the middle of 1967. Using a rotating-filter method
similar to that used by Saleh,4 depolarizations were
found. The root-mean-square variation of the angle of
polarization a,, used as a parameter for the depolariza-
tion, is compared with the root-mean-square variation
of the logarithm of intensity slog ,, from which the struc-
ture constant of the index of refraction C. can be de-
duced; C. is a characteristic parameter of atmospheric
turbulence.6

11. Theoretical Results
A. Polarization Fluctuations

If the laser beam is polarized linearly at the trans-
mitter output, the root-mean-square variation a-,, of the
angle of polarization 0 induced by atmospheric turbu-
lence is given by

1 (An2)'/2 l
= - >,) 1'/2 (1)

if we follow the theory of Strohbehm and Clifford [Ref.
5, Eq. (9) ]. An is the deviation of the index of refrac-
tion of the atmosphere from its mean, normalized to
unity; is the scale factor of the gaussian approxima-
tion of the three-dimensional spectral density of the
index of refraction used, and may be considered to be
the correlation length [Ref. 5, Eq. (31) ]; X is the wave-
length; L is the range of propagation. Assuming An2

= 10-12 and = 10 cm, corresponding to strong tur-
bulence near the ground, we find when X = 632.8 nm
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Pol.	Error	<	10-4 rad

Confirmed	by	many	QKD	tests:

- Horizontal	QKD	links	(144km):	QBER	ca.	5%
- Laser	links	with	satellites:	Pol.	Error	3.2	deg,	

QBER	ca.	3%
Toyoshima	et	al. ,	Vol. 	17,	No.	25	/	OPTICS	EXPRESS	22333	 (2009)

 

Fig. 6. Polarization characteristics of the downlink laser beam from the satellite. The blue, 
green and red dots show the data when the optical powers were received at −39 to −35, −41 to 
−39 and −43 to −41 dBm, respectively. 

Figure 5 shows the Stokes parameters of (S1, S2, S3) measured during the experiment. 
The Stokes parameters with rms errors were measured as (S1, S2, S3) = (−0.054±0.109, 
−0.005±0.104, 0.987±0.009), which indicates circular polarization. Figure 6 shows the 
polarization characteristics on the Poincaré sphere. The rms angular error on the Poincaré 
sphere was measured to be within 3.2° in this experiment. One revolution of 360° on the 
Poincaré sphere experiences 180° in the rotation angle of the polarization; therefore, the rms 
angular error for the linear polarization becomes half of 3.2°. This value includes both the 
nature of the atmospheric slant path and the instrument error; however, if we calculate 
tan(3.2°/2) = 0.028, the cross leak component of the orthogonal polarization will be 2.8% 
from the main component, which can be considered as a quantum bit error rate (QBER) for 
QKD. In the past polarization measurements of a laser beam after propagation over a 
horizontal 144 km path, the QBER was measured to be 4.8 ± 1% which was caused by the 
various imperfection of their experimental setup [29]. In this paper, however, it was measured 
from space so the beam went through many different atmospheric layers in contrast to Ref 
[29]. According to QKD theory, the maximal tolerated error has an upper bound of 11% [30]. 
Therefore, the error budget can be considered to be within this maximal tolerated error for the 
satellite-to-ground QKD systems. Thus, it is useful to estimate the link budget for satellite-to-
ground QKD scenarios by using the results presented here. 

5. Conclusion 

The polarization characteristics of an artificial laser source in space were measured through 
space-to-ground atmospheric transmission paths. A LEO satellite and an optical ground 
station were used to measure Stokes parameters and the degree of polarization of the laser 
beam transmitted from the satellite. The polarization was preserved within an rms error of 
1.6°, and the degree of polarization was 99.4±4.4% through the space-to-ground atmosphere. 
These results contribute to the link estimation for QKD via space and provide the upper 
bound based on the measurements and the potential for enhancements in quantum 
cryptography worldwide in the future. 
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Polarization	Reference	Frames	between	
Moving	Platforms
• Can	move	in	many	degrees	of	freedom	for	Alice,	and	Bob

Alice Bob

Active	control	of	polarization,	via	measurement	
and	correction

Reference	Frame	Independent	
Protocols,	which	essentially	test	
the	purity	of	received	qubits

Use:	L/R	 for	Key,	and	P/M	and	
H/V	for	link	integrity	 test

Bourgoin,	 Higgins,	Gigov,	Holloway,	Pugh,	Kaiser,	 Cranmer,	TJ,	 	Optics	
Express,	 (2015)	&	arxiv 2015,	1505.00292

PHYSICAL REVIEW A 82, 012304 (2010)

Reference-frame-independent quantum key distribution

Anthony Laing,1,* Valerio Scarani,2,† John G. Rarity,1,‡ and Jeremy L. O’Brien1,§
1Centre for Quantum Photonics, H. H. Wills Physics Laboratory & Department of Electrical and Electronic Engineering,

University of Bristol, BS8 1UB, United Kingdom
2Centre for Quantum Technologies and Department of Physics, National University of Singapore, Singapore

(Received 18 March 2010; published 7 July 2010)

We describe a quantum key distribution protocol based on pairs of entangled qubits that generates a secure
key between two partners in an environment of unknown and slowly varying reference frame. A direction of
particle delivery is required, but the phases between the computational basis states need not be known or fixed.
The protocol can simplify the operation of existing setups and has immediate applications to emerging scenarios
such as earth-to-satellite links and the use of integrated photonic waveguides. We compute the asymptotic secret
key rate for a two-qubit source, which coincides with the rate of the six-state protocol for white noise. We give
the generalization of the protocol to higher-dimensional systems and detail a scheme for physical implementation
in the three-dimensional qutrit case.

DOI: 10.1103/PhysRevA.82.012304 PACS number(s): 03.67.Dd, 03.65.Ud, 03.67.Hk

I. INTRODUCTION

Technologies based on the principles of quantum in-
formation [1] promise a revolution in informational tasks
such as computer processing [2,3] and communication [4].
Secure communication via quantum key distribution (QKD)
is one quantum information application that can be realized
with current technologies [5–8]. In general, all the QKD
protocols proposed to date have in common the need for a
shared reference frame between the authorized partners Alice
and Bob: alignment of polarization states for polarization
encoding, interferometric stability for phase encoding. This
requirement can, in principle, be dispensed with by encoding
logical qubits in larger-dimensional many-photon physical
systems [9]. However, the creation, manipulation, and de-
tection of many-photon entangled states is both technically
challenging and very sensitive to the losses on the Alice-Bob
channel—in a word, impractical. More feasible single-photon
physical implementations have been proposed which seek
to address the alignment limitations of standard protocols
[10–13] yet these schemes can inherit further complica-
tions that require active compensation between parties [14].
To date, therefore, all practical implementations of QKD
within an environment of varying phase have required the
frames of Alice and Bob to be actively aligned by classical
communication.

In this paper, we present a reference frame independent
(rfi) protocol that is separate from any particular physical
implementation, can be implemented with ordinary sources
and operate without frame alignment, beyond the obvious
establishment of a particle delivery link. Moreover, there are
at least two emerging scenarios in QKD that will benefit
from an rfi implementation (Fig. 1). The first such scenario
is earth-to-satellite QKD [10,14–21]. In this case, one axis
of the reference frame is well defined: The beam must

*anthony.laing@bristol.ac.uk
†physv@nus.edu.sg
‡john.rarity@bristol.ac.uk
§jeremy.obrien@bristol.ac.uk

obviously connect the earth station with the satellite. On
this beam, information encoded in circular polarization is
very stable, but the linear polarizations may vary in time
because the satellite may be rotating with respect to the ground
station. The second scenario is path-encoded chip-to-chip
QKD. The monolithic structures of planar waveguides have
been successfully used to perform the stable interferometric
measurements required in time and phase-encoded QKD
[22–25]. More recently, integrated quantum photonic circuits
have demonstrated their potential as components for more

(a)

(b)

FIG. 1. (Color online) Two meaningful scenarios for reference
frame independent QKD. (a) Polarization encoding in earth-to-
satellite quantum communication. Here the circular polarization
states are stable, but the linear states can vary with the rotation of the
satellite. (b) Path encoding in chip-to-chip quantum communication.
While the path information is stable, the unpredictable wavelength-
scale changes in relative path length amount to a varying reference
frame. This may occur between chips communicating through free
space, or between chips connected by optical fibres.

1050-2947/2010/82(1)/012304(5) 012304-1 ©2010 The American Physical Society

Laing,	Scarani,	Rarity,	O’Brien,	 PHYSICAL	REVIEW	A	82,	012304	 (2010)	
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Canadian	Quantum	Satellite	Studies

• QEYSSat
• Mission	proposal for	a	

micro-satellite	quantum	receiver
• IQC	scientific	 lead
• Designed	with	Canadian	 Industry
• LEO
• Mass:	50kg,	
• Dimensions:	80×60×60	cm^3

• Status: Feasibility studies, mission	and	payload	
development	 (STDP),	Form-fit-function	
prototype	+	rad	tests,	 outdoor	 trials

• NanoQEY:
• Cencept for	a	Nano- Sat	based	

Quantum	Key	Exchange	satellite
• Mass:	15	kg,	
• Dimensions:	40×26×20	cm^3
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Outdoor	Trials	with	Moving	Truck	
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FREE-SPACE QUANTUM KEY DISTRIBUTION TO A MOVING RECEIVER 15
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Figure 6. Angular speed of the motors during the
30 km/h test. The gray dotted line represents the max-
imum angular speed of a 600 km LEO satellite (0.7 �/s).
The higher variation at the receiver (Bob) is due to jitter
and curving motion of the truck. The azimuthal angular
speed at the transmitter (Alice) is more consistent, with
only a small increase (of ⇡0.03 �/s) during the test. Be-
fore 1.6 s Alice’s motors are not moving because she has
yet to acquire Bob’s beacon signal.

This operation represents di↵ering losses in the H and V modes, and is
thus non-unitary. Because we are only concerned with the properties
of states that are ultimately measured, we renormalize to impose unit
total probability in both modes via the N

mod

factor. Note that this
factor is dependent on the state at this stage.

Because the interferometer cannot directly produce H and V, but
only states on the Bloch circle passing through D, A, R and L, a unitary
rotation operation is then applied to the state to transform R to H and

• 1st	generation	system
• Quantum	transmission	range	650	m
• Quantum	receiver	 truck	driving	30	km/h
• Generated	160	bit	secure	key
• Realtime compensation	of	pointing,	

polarization	and	timing



9/26/16

4

Physical	Parameters
IOA Detectors CDPU Overall

Volume 
Budget 150 × 150 × 200 mm 150 × 150 × 200 mm

Measured 48.2 × 56.8 × 120 
mm 30 × 127 × 143 mm 25.4 × 106.6 × 118.4 

mm
Mass Budget (3 kg) (5 kg) (4 kg) 12 kg
Measured 0.32 kg 0.516 kg 0.129 kg < 2 kg

Power Budget (2.5 W) (2.5 W)* 6 W*

Measured 2.46 W 4 W* 6.46 W*

7

Optical	Fine	Pointing

8

QBER	[%] Count	rate	[/s]

Key	in	100s	[bits]• Intrinsic	source	QBER	≈	2%
• Near	constant	QBER	over	full	

FOV	(0.7	deg)
• Count	rate	drops	at	the	edges,	

reducing	key	length
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APT	system	in	‘action’

Lab-demonstration	of	QKD	with	expected	link	losses

•Because	of	finite	size	effects,	secure	key	extracted	only	after	57s
•500MHz	QKD	at	38.7dB	key	vs.	time
•Full	BB-84	QKD	protocol	with	decoy	states	(error	correction,	PA)
•The	key	length	is	predicted	to	reach	40kbit	after	162s
•The	key	length	is	predicted	to	reach	75.8kbit	after	250s
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Experimental	quantum	key	distribution	with	simulated	ground-to-satellite	
photon	losses	and	processing	limitations.	Bourgoin, Gigov, Higgins, 
Yan, Meyer-Scott, Khandani, Luetkenhaus, TJ, Phys. Rev. A 92, 
052339 (2015)

8

20

40

60

80

0 500 1000 1500 2000 2500

Lo
ss

[d
B

]

Time [s]

Loss, measured
Loss, smoothed

FIG. 6. Experimentally measured loss over the 45 min data collection
used to simulate the varying loss of a satellite pass. The data are
smoothed by taking the median value of a 29 s moving window.
These smoothed values are used to select experimental data that
tracks the theoretical loss of a satellite pass while maintaining the
natural statistical fluctuations.

into 1 s blocks, with the measured loss for each second over
the duration of the experiment shown in Fig. 6.

We redistribute select 1 s blocks of raw key data in such
a way that we obtain data sets that reproduce the statistics
expected for real satellite uplink orbits [19]. The passes con-
sidered are the best, upper-quartile and median passes (in terms
of contact time) over a hypothetical ground station located at
45° latitude of a year-long 600 km circular Sun-synchronous
low Earth orbit. The predicted losses are based on uplink at
a wavelength of 785 nm, with a receiver diameter of 30 cm,
a 2 µrad pointing error and a rural sea-level atmosphere. The
di�erences with our system (which has 532 nm wavelength and
5 cm receiver diameter) are necessary to mitigate the increased
geometric losses over the long distance link of a satellite (re-
quiring larger receiver diameter) and the e�ect of atmospheric
turbulence and transmission (reduced at 785 nm compared to
532 nm). Both our 532 nm system and the expected 785 nm
system utilize the same Si avalanche photodiode technology.
Analyzing our experimental data possessing these theoretical
losses is therefore a valid proof-of-concept demonstration.

The experimental data are smoothed by taking the median of
a moving window of 29 s width, the result illustrated in Fig. 6.
We use these smoothed data to select 1 s experimental data
blocks to include in our analysis for each orbit by progressively
scanning (from the center, in either direction) in 1 s steps for
the next 1 s data block that possesses smoothed loss matching
or exceeding the theoretical orbit loss prediction. By selecting
experimental data at points where the smoothed loss is matched
to theoretical link predictions, we ensure that the data we
sample are not biased by normal fluctuations in measured loss.

Figure 7 shows the three relevant losses—the theoreti-
cally predicted loss, the smoothed loss value at the sampled
point, and the experimentally measured loss from the sampled
point—and the estimated QBER for each representative pass.
The measured losses of the sampled experimental data closely
match the trend of the theoretical prediction, whilst maintain-
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FIG. 7. QBER and channel loss of data sets reconstructed from
measured data (shown in Fig. 5) for three representative satellite
pass conditions: best pass (top), upper-quartile pass (middle), and
median pass (bottom). The predicted loss is based on an uplink
with a 600 km circular Sun-synchronous low Earth orbit satellite
at a wavelength of 785 nm, with a receiver diameter of 30 cm, a
2 µrad pointing error and a rural sea-level atmosphere. Smoothed loss
follows the moving median determined at each 1 s experimental data
block selected. Measured loss and QBER derive from the selected
data, with shaded regions indicating the QBER 95 % credible interval
based on a uniform Bayesian prior. For the best pass, we obtain
3374 bit of secure key, including finite-size statistical e�ects.

ing realistic fluctuation. At higher losses the per-second QBER
estimate has significant fluctuations due to the reduced sample
size.

Performing the post-processing steps on these data sets
and incorporating finite-sized statistics, we are able to ex-
tract a 3374 bit secure key from the best pass, out of a total of
544 056 bit raw key (643 521 detection events) with an average
of 3.1 % QBER in the signal. This result shows that even with
our modest 76 MHz source a positive key rate can feasibly be
generated from one pass (albeit a good one) of a typical low
Earth orbit satellite receiver. In comparison, the upper-quartile
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measured data (shown in Fig. 5) for three representative satellite
pass conditions: best pass (top), upper-quartile pass (middle), and
median pass (bottom). The predicted loss is based on an uplink
with a 600 km circular Sun-synchronous low Earth orbit satellite
at a wavelength of 785 nm, with a receiver diameter of 30 cm, a
2 µrad pointing error and a rural sea-level atmosphere. Smoothed loss
follows the moving median determined at each 1 s experimental data
block selected. Measured loss and QBER derive from the selected
data, with shaded regions indicating the QBER 95 % credible interval
based on a uniform Bayesian prior. For the best pass, we obtain
3374 bit of secure key, including finite-size statistical e�ects.

ing realistic fluctuation. At higher losses the per-second QBER
estimate has significant fluctuations due to the reduced sample
size.

Performing the post-processing steps on these data sets
and incorporating finite-sized statistics, we are able to ex-
tract a 3374 bit secure key from the best pass, out of a total of
544 056 bit raw key (643 521 detection events) with an average
of 3.1 % QBER in the signal. This result shows that even with
our modest 76 MHz source a positive key rate can feasibly be
generated from one pass (albeit a good one) of a typical low
Earth orbit satellite receiver. In comparison, the upper-quartile
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Airborne	QKD	with	quantum	receiver

Link Loss Estimation
• Threshold for operation is grey 

bar (43 dB)
• Ground distance is path from 

source to point on ground directly 
under plane

• Altitude is above ground not 
above sea level (however, 
atmosphere model is calculated at 
sea level so this is worst case)

• Shaded area is unusable as link loss 
is too high

10

Electronics Crate

• Dimensions 23”l x 21”w x 22.5”h
• Needs to be located within 2 m of telescope. 

4

2nd generation	system:	Satellite	prototype	on	
aircraft
Goal:	demonstrate	 quantum	link	with	up	to	1	
deg/s	 angular	speed
Analysis	of	air-speed,	altitude,	distance	(graph	
on	right)
Tests	conducted	week	of	Sept.	19th/2016

The	Quantum	Transmitter	 setup Quantum	Receiver	Payload	Integration	&	Test	of	Payload	at	
aircraft	

Polarization	Issues	within	Optical	Systems

Breckinridge,	 Lam,	 Chipman,	Publications	of 	the	Astronomical	Society	of 	the	Pacif ic,	Vol.	127,	No.	951	(2015),	pp.	445

The depolarization coefficient k induced by the
telescope is 0.946. According to Eqs. (6) and (25),
the measurement error of depolarization parameter
da induced by the telescope is illustrated in Fig. 2 for
when the telescope polarization crosstalk is not con-
sidered. The error changes with the parameter da,

and a greater measurement error can be found when
the depolarization parameter da becomes smaller.
The maximum error can reach 5.7% when da is close
to zero.

B. Mueller Matrix of a Cassegrain Telescope

A Cassegrain telescope can be achieved by two mir-
rors; a large concave paraboloidal primary with a
central hole, and a small hyperboloidal convex mir-
ror. It is shown in Fig. 3.

If its focal length of the primary mirror is denoted
by f 1, and the focal length of the second mirror is f 2,

the incident angles β1 on the primary mirror and β2
on the second mirror can be expressed

β1 ≈ ρ∕!2f 1"; (26)

β2 ≈ ρ∕!2f 1" # $ρ!C · f 1 − f 2"%∕!2f 1f 2"; (27)

where C is the blocking ratio of the telescope.
The corresponding rotation angles ofΩ1 andΩ2 can

be deduced according to the method in [14]

Ω1 & 0.5 arcsin!A · sin!αi" # B · sin!2αi""∕β21; (28)

Ω2 & 0.5 arcsin!A · sin!αi" # B · sin!2αi""∕β22 #Ω1:

(29)

A and B depend on the coordinate ρ, but they are
independent of α. The exact values of the coefficients
A and B does not matter.

A Cassegrain telescope with F number F & 3 is
also chosen as our simulated model. Its detail param-
eters are shown in Table 2.

The Mueller matrix of the Cassegrain telescope in
Table 2 is

MC &

0

BBB@

0.8517 −3.694 · 10−3 0 0
−3.694 · 10−3 0.8517 −7.15 · 10−13 −1.6 · 10−14
−2 · 10−15 7.15 · 10−13 0.8513 0.0273

0 0 −0.0273 0.8513

1

CCCA: (30)

When it is used in polarization lidar, the depolari-
zation parameter da of aerosol is

da!z" &
2I⊥

1.0087I∥ # I⊥
. (31)

The induced depolarization coefficient is 1.0087.
We also assume that the laser is aligned to the
optical axis of telescope. Similarly to Fig. 2 in the
previous section, the measurement error induced
by the Cassegrain telescope is shown in Fig. 4.
The maximum measurement error is less than
1%, even if the polarization crosstalk is not
considered.

Fig. 2. Measurement error, induced by a Newton telescope with
an aluminum coating, changes with the parameter da, and it has a
range of 0–1; complex refractive index of the coating N is
0.877# 6.479i.

Fig. 3. Sketch of a polarized ray path through a Cassegrain
telescope.

Table 2. Parameters of the Cassegrain Telescope

Entrance pupil diameter D 667 mm
Focal length f 2000 mm
Obscuration 187 mm
f 1 −571.5
f 2 −216.395
N 0.877# 6.479i
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4. Polarization Effects and Correction of Different
Telescopes

Besides coatings, the telescope’s Mueller matrix is
related with system configuration and its character-
istic parameters, such as curvature of reflector, F
number, and so on. Metal coating optical constants
change with wavelength [16], so a telescope’sMueller
matrix will change with wavelength. The Mueller
matrices of a Newton telescope and a Cassegrain
telescope coated with aluminum and silver were cal-
culated over the wavelength range of 0.3–0.95 μm.
The value of k changes with the parameters of the
telescope and laser wavelength.

Figures 5 and 6 show the curves of the depolariza-
tion coefficient of a Newton telescope coated with an
aluminum and a silver layer in lidar applications,
over the wavelength range of 0.3–0.95 μm. The val-
ues of k change greatly with wavelength, and it
reaches the extreme value at the wavelength of about
0.83 μm for the aluminum layer, for the reason
that there is the greatest optical constant of the

aluminum coating at 0.83 μm. From Fig. 7, the larg-
est measurement error can be found at 0.83 μm. k is
calculated when the F number of the telescope is 2–8.
The lesser value of k can be found in the telescope
with a lower F number, but the difference induced
by the F number is small and can be neglected.

The value of k pertinent to the silver coating is less
than the aluminum coating over the wavelength
range of 0.3–0.47 μm. There is a greater depolariza-
tion coefficient of k at 0.47–0.95 μm for the silver
coating. At visible and near-infrared wavelengths
of 0.47–0.95 μm, there is less polarization crosstalk
for the silver coating.

The depolarization coefficients of a Cassegrain
telescope with aluminum and silver coatings over
the wavelength range of 0.3–0.95 μm are shown
in Fig. 8. For a Cassegrain telescope coated with
aluminum, its depolarization coefficients are all ap-
proximately equal to 1. That is to say, the depolari-
zation of a Cassegrain telescope can be neglected in
polarization measurements of the atmosphere. For a
Cassegrain telescope coated with silver, there are

Fig. 4. Measurement error, induced by a Cassegrain telescope
with an aluminum coating, changes with the parameter da; c
complex refractive index of the coatings N is 0.877! 6.479i.

Fig. 5. Calibration parameter of a Newtonian telescope coated
with aluminum over the wavelength range of 0.3–0.95 μm (the
F number of the telescope is 2–8); we assume that the laser polari-
zation is aligned to the x axis in the coordinate system in Fig. 1.

Fig. 6. Depolarization coefficient of a Newtonian telescope coated
with silver over the wavelength range of 355–950 nm; F number of
the telescope is 2–8.

Fig. 7. Measurement error, induced by a Newton telescope with
an aluminum coating, changes with the parameter da over the
wavelength range of 0.28–0.83 μm.

394 APPLIED OPTICS / Vol. 54, No. 3 / 20 January 2015

Polarization	effect	of	mirrors	due	to	
Fresnel-coefficients

3.6 Reflections from Metal 83

3.6 Reflections from Metal

In this section we generalize our analysis to materials with complex refractive
index N ¥ n + i∑. As a reminder, the imaginary part of the index controls atten-
uation of a wave as it propagates within a material. The real part of the index
governs the oscillatory nature of the wave. It turns out that both the imaginary
and real parts of the index strongly influence the reflection of light from a sur-
face. The reader may be grateful that there is no need to re-derive the Fresnel
coefficients (3.20)–(3.23) for the case of complex indices. The coefficients remain
valid whether the index is real or complex – just replace the real index n with the
complex index N . However, we do need to be a bit careful when applying them.

Figure 3.10 The reflectances (top)
with associated phases (bottom)
for silver, which has index n = 0.13
and ∑ = 4.05. Note the minimum
of Rp corresponding to a kind of
Brewster’s angle.

We restrict our discussion to reflections from a metallic or other absorbing
material surface. As we found in the case of total internal reflection, we actually do
not need to know the transmitted angle µt to employ Fresnel reflection coefficients
(3.20) and (3.22). We need only acquire expressions for cosµt and sinµt, and we
can obtain those from Snell’s law (3.7). To minimize complications, we let the
incident refractive index be ni = 1 (which is often the case). Let the index on
the transmitted side be written as Nt = N . Then by Snell’s law, the sine of the
transmitted angle is

sinµt =
sinµi

N
(3.45)

This expression is of course complex since N is complex, which is just fine.7 The
cosine of the same angle is

cosµt =
q

1° sin2µt =
1

N

q

N 2 ° sin2µi (3.46)

The positive sign in front of the square root is appropriate since it is clearly the
right choice if the imaginary part of the index approaches zero.

Upon substitution of these expressions, the Fresnel reflection coefficients
(3.20) and (3.22) become

rs =
cosµi °

p

N 2 ° sin2µi

cosµi +
p

N 2 ° sin2µi

(3.47)

and

rp =
p

N 2 ° sin2µi °N 2 cosµi
p

N 2 ° sin2µi +N 2 cosµi

(3.48)

These expressions are tedious to evaluate. When evaluating the expressions, it is
usually desirable to put them into the form

rs = |rs |ei¡s (3.49)

and
rp =

Ø

Ørp
Ø

Øei¡p (3.50)

7See M. Born and E. Wolf, Principles of Optics, 7th ed., Sect. 14.2 (Cambridge University Press,
1999).

Silver	Mirror:
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Alternative	Encoding	for	Quantum	Information	on	
Free-Space	Photons?

• In	principle	 degrees	of	freedom	(D)F)	of	photons	can	be	utilized	 to	encode	photonic	 qubits
• Spatial	Mode

• paths
• Orbital	angular	momentum,	LG	modes

• Time	bin
• related:	Differential	Phase	Shift,	COW

• Frequency	bins,	side	bands

• Quadrature	of	light	
(only	continuous	 	variables)

t
2

Δτ

PBS

1

CC

4

3

a) entangled
photon source

b) hybrid quantum gate c) state analysis

FBS

Si-APD

coincidence logicQWPHWP Polarizer 45°fiber coupler CCCC

ψ+

(|HH〉+|VV〉)

2

fiber pol. controller adjustable delay

⊗|ω1ω2〉
(|ω1ω2〉+|ω2ω1〉)

⊗|DD〉

ω2

ω1

FIG. 1: (Color online) Schematic of the experimental setup.
(a) Source of polarization-entangled photon pairs with tun-
able central frequencies. (b) The hybrid quantum gate’s po-
larizing beam splitter (PBS) maps the polarization entangle-
ment onto the color degree of freedom. Subsequently project-
ing on diagonal (D) linear polarization with polarizers (POL)
at 45◦ generates the discretely color entangled state. (c) The
state is analyzed by two-photon interference at a fiber beam-
splitter (FBS); Si-APD single-photon detectors and coinci-
dence counting (CC) logic measure the coincidence rate as a
function of temporal delay between modes.

the resulting hypoentangled [26, 27] multi-DOF state:

|ψhypo⟩ = α|Hω1⟩3|Hω2⟩4 + eiφβ|V ω2⟩3|V ω1⟩4. (2)

To create the desired state, the frequency entanglement
must then be decoupled from the polarization DOF. This
can be achieved deterministically by selectively rotating
the polarization of one of the two frequencies (e.g., us-
ing dual-wavelength wave plates). For simplicity, we in-
stead chose to erase the polarization information proba-
bilistically by projecting both photons onto diagonal po-
larization using polarizers at 45◦. We erased temporal
distinguishability between input photons by translating
fibre coupler 2 to maximise the non-classical interference
visibility at the PBS for degenerate photons. Finally, we
compensated for unwanted birefringent effects of the PBS
using wave plates in one arm. The gate output is then:

|ψout⟩ = α|ω1⟩3|ω2⟩4 + eiφβ|ω2⟩3|ω1⟩4. (3)

The parameters defining this state can be set by prepar-
ing an appropriate polarization input state (Eq. 1).

To explore the performance of the hybrid gate, we
first injected photon pairs close to the polarization state
(|H⟩1|H⟩2−|V ⟩1|V ⟩2)/

√
2 with individual wavelengths

811.9 nm and 807.3 nm. The gate should then ide-
ally produce the discrete, anticorrelated color-entangled
state: |ψ⟩ = (|ω1⟩3|ω2⟩4−|ω2⟩3|ω1⟩4)/

√
2. Figure 2a)

shows the unfiltered single-photon spectra of the two out-
put modes, illustrating that each photon is measured at
either ω1 or ω2. This reflects a curious feature of dis-
cretely colour-entangled states, that individual photons
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FIG. 2: (Color online) Analysis of the discretely color-
entangled state. a) Single-photon spectra for modes 3 and
4; frequency separation is 2.1 THz (4.6 nm). The observed
width of each bin is limited by the single-photon spectrome-
ter. b) Normalized (i) coincidence and (ii) singles count rates
as a function of delay in mode 4. The solid line in (i) is a fit
of Eq. 5 to determine V and the phase φ. c) The estimated
restricted density matrix: target-state fidelity, 0.891±0.003;
tangle, 0.611±0.009; and purity, 0.801±0.004.

have no well-defined color and no photon is ever observed
at “mean-value” frequency. This feature clearly distin-
guishes our experiment from the continuous frequency
entanglement studied in earlier work [5, 21, 22].

Because the detuning, µ = 4.6 nm, is much larger than
the FWHM bandwidth of the individual color modes of
0.66 nm (0.30 THz; defined by the 10 mm nonlinear crys-
tal), the two modes are truly orthogonal, making them
good logical states for a frequency-bin qubit. This or-
thogonality also means that color anticorrelations are
strictly enforced by energy conservation, because a sin-
gle down-conversion event cannot produce two photons
in the same frequency bin. We confirmed this by di-
rectly measuring the gate output in the frequency-bin
computational basis (i.e. with bandpass filters in each
arm tuned to ω1 or ω2). We observed strong, compara-
ble coincidence rates for the two “anticorrelated” basis
states (10882 ± 104 and 9068 ± 95 in 30s for |ω1⟩3|ω2⟩4
and |ω2⟩3|ω1⟩4, resp.), and no coincidences for the same-
frequency states (|ω1⟩3|ω1⟩4 and |ω2⟩3|ω2⟩4) to within er-
ror bars determined by the filters’ finite extinction ratios.

To demonstrate that the color state was not only anti-
correlated but genuinely entangled, we used nonclassical
two-photon interference [28], overlapping the photons at
a 50:50 fibre beam splitter (FBS) (Fig. 1c) and vary-
ing their relative arrival time by translating fibre cou-
pler 4 while observing the output coincidences. The re-
sults in Fig. 2b) show high-visibility sinusoidal oscilla-
tions (frequency µ) within a triangular envelope caused
by the unfiltered “sinc-squared” spectral distribution of
the source [4, 29]. At the central delay, the normalised
coincidence probability reaches up to 0.881 ± 0.007, far

the continuous-variable Clifford group can be efficiently
simulated by purely classical means. This is a
continuous-variable extension of the discrete-variable
Gottesman-Knill theorem in which the Clifford group
elements include gates such as the Hadamard !in the
continuous-variable case, Fourier" transform or the con-
trolled NOT !CNOT". The theorem applies, for example,
to quantum teleportation which is fully describable by
CNOT’s and Hadamard !or Fourier" transforms of some
eigenstates supplemented by measurements in that
eigenbasis and spin or phase flip operations !or phase-
space displacements".

Before some concluding remarks in Sec. VIII, we
present some of the experimental approaches to squeez-
ing of light and squeezed-state entanglement generation
in Sec. VII.A. Both quadratic and quartic optical nonlin-
earities are suitable for this, namely, parametric down
conversion and the Kerr effect, respectively. Quantum
teleportation experiments that have been performed al-
ready based on continuous-variable squeezed-state en-
tanglement are described in Sec. VII.D. In Sec. VII, we
further discuss experiments with long-lived atomic en-
tanglement, with genuine multipartite entanglement of
optical modes, experimental dense coding, experimental
quantum key distribution, and the demonstration of a
quantum memory effect.

II. CONTINUOUS VARIABLES IN QUANTUM OPTICS

For the transition from classical to quantum mechan-
ics, the position and momentum observables of the par-
ticles turn into noncommuting Hermitian operators in
the Hamiltonian. In quantum optics, the quantized elec-
tromagnetic modes correspond to quantum harmonic
oscillators. The modes’ quadratures play the roles of the
oscillators’ position and momentum operators obeying
an analogous Heisenberg uncertainty relation.

A. The quadratures of the quantized field

From the Hamiltonian of a quantum harmonic oscil-
lator expressed in terms of !dimensionless" creation and
annihilation operators and representing a single mode k,
Ĥk=!"k!âk

†âk+ 1
2

", we obtain the well-known form writ-
ten in terms of “position” and “momentum” operators
!unit mass",

Ĥk =
1
2

!p̂k
2 + "k

2x̂k
2" , !1"

with

âk =
1

#2!"k
!"kx̂k + ip̂k" , !2"

âk
† =

1
#2!"k

!"kx̂k − ip̂k" , !3"

or, conversely,

x̂k =# !

2"k
!âk + âk

†" , !4"

p̂k = − i#!"k

2
!âk − âk

†" . !5"

Here, we have used the well-known commutation rela-
tion for position and momentum,

$x̂k,p̂k!% = i!#kk!, !6"

which is consistent with the bosonic commutation rela-
tions $âk , âk!

† %=#kk!, $âk , âk!%=0. In Eq. !2", we see that up
to normalization factors the position and the momentum
are the real and imaginary parts of the annihilation op-
erator. Let us now define the dimensionless pair of con-
jugate variables,

X̂k &#"k

2!
x̂k = Re âk, P̂k &

1
#2!"k

p̂k = Im âk. !7"

Their commutation relation is then

$X̂k,P̂k!% =
i
2

#kk!. !8"

In other words, the dimensionless position and momen-
tum operators, X̂k and P̂k, are defined as if we set !
=1/2. These operators represent the quadratures of a
single mode k, in classical terms corresponding to the
real and imaginary parts of the oscillator’s complex am-
plitude. In the following, by using !X̂ , P̂" or equivalently
!x̂ , p̂", we shall always refer to these dimensionless
quadratures as playing the roles of position and momen-
tum. Hence !x̂ , p̂" will also stand for a conjugate pair of
dimensionless quadratures.

The Heisenberg uncertainty relation, expressed in
terms of the variances of two arbitrary noncommuting
observables Â and B̂ for an arbitrary given quantum
state,

'!$Â"2( & Š!Â − 'Â("2‹ = 'Â2( − 'Â(2,

'!$B̂"2( & Š!B̂ − 'B̂("2‹ = 'B̂2( − 'B̂(2, !9"

becomes

'!$Â"2('!$B̂"2( %
1
4

)'$Â,B̂%()2. !10"

Inserting Eq. !8" into Eq. !10" yields the uncertainty re-
lation for a pair of conjugate quadrature observables of
a single mode k,

x̂k = !âk + âk
†"/2, p̂k = !âk − âk

†"/2i , !11"

namely,

'!$x̂k"2('!$p̂k"2( %
1
4

)'$x̂k,p̂k%()2 =
1
16

. !12"

Thus, in our units, the quadrature variance for a vacuum
or coherent state of a single mode is 1 /4. Let us further
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Figure 3. Contour plots of the two coherent states in our binary phase shift
keying protocol. The amplitude α corresponds to the first moment of the Gaussian
probability distributions. Due to the small amplitude the two states are nearly
indistinguishable to Eve. By postselecting favourable measurement events, Bob
gains an information advantage over Eve [29].

split into two parts by a Wollaston prism. The difference of the photocurrents from the
two photodiodes is electronically amplified and recorded. For an S2 measurement, the
detection basis is adjusted by a half-wave plate. Monitoring of the S3 component [39]
is not performed in this study, but will be implemented in future experiments.

3. Results

We commence this section with an investigation of the noise behaviour of our newly
developed magneto-optical modulator. Next, we present measurements of atmospheric
polarization noise. From the absence of significant excess noise in both cases we
deduce that our system is suitable for QKD operation. Finally, we demonstrate the
transmission of quantum states over the atmospheric channel and provide calculations
of the achievable key rate.

3.1. Noise behaviour of the magneto-optic modulator

The bandwidth of our magneto-optical modulator (MOM) is limited by the inductance
of the coil which generates the magnetic field. In the new version, the size of this coil
has been decreased which enables us to operate the modulator at 1MHz. When
characterizing the MOM, we detect the modulated beam directly after modulation.
We are therefore able to investigate the noise behaviour of the MOM separately from
the free space channel.

A signal state is generated by applying a predefined positive or negative voltage
to the MOM driver for 400ns. After each signal pulse the modulation voltage is
switched to zero for 600ns to enable the modulator to return to its zero position.
Furthermore, a vacuum reference is needed for calibration since the polarization in
the setup drifts slowly in time. We determine the vacuum level by taking into account
100 vacuum measurements neighbouring each signal pulse. At a constant vacuum
level, an increased number of calibration pulses allows for a more precise calibration.
In practice, however, this number is limited by slow polarization drifts as well as by
laser excess noise at low frequencies.

We determine the excess noise of a signal state by comparing its variance to
the variance of the vacuum state (shot noise). The variance of the vacuum state is
normalized to unity. Figure 4 shows the excess noise introduced by the modulation

Are	 they	suitable	for	a		long	distance	free-space	link?
Motion	errors,	atmospheric	turbulence

Time	bin	encoding	for	free-space

• Requires,	that	the	unbalanced	interferometers	for	encoding	/	
decoding	the	qubits	 can	work	with	multimodal	 beams

(left)	Single	mode	ban	(right)	Test	
beam	generated	2	m	of	MMF

3

light, a single-mode Gaussian with an amplitude of a and variance �

2, at the output of

interferometer as
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!
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Here, � denotes the relative phase between the interfering paths. Combining the Eq. (1)

and Eq. (2) yields the visibility of interference V , defined by (I
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)/(I
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),

as

V(↵) = V
0

exp

 
�
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�l

0

tan(↵)p
2�(1 + tan(↵))

◆
2

!
, (3)

where V
0

denotes the system visibility at zero AOI. For instance, with � = 1.49mm and

�l

0

= 0.60m, chosen to achieve a clear separation of the time bins given our detector

timing jitter and channel-induced dispersion, we expect the visibility to drop to 0.70 for

↵ = 1.70mrad and V
0

= 0.91. Furthermore, the relative phase between the two paths is

very sensitive to the AOI, with a predicted ⇡–shift per 349 nrad input angle variation.

The relationship Eq. (3) is verified experimentally with a single-mode beam (see

Fig. 1(a)), generated by a continuous-wave laser at 776 nm. For instance, as shown in

Fig. 1(d), the initial interference visibility of Vsingle

0

= 0.91 ± 0.01 decreases rapidly

with AOI when no correction optics are implemented, as expected from Eq. (3). Next,

the same laser beam is sent through a multimode fiber, thereby distorting it into a

multimodal beam [23] which mimicks the e↵ect of turbulent atmosphere (Fig. 1(b),

see [1, 17] for comparison). Despite lengthy and careful alignment we are only able to

obtain a maximum visibility of Vmulti

0

= 0.16 ± 0.01, which, as shown in Fig. 1(e), drops

with AOI. Current solutions to this behavior include spatial-mode filtering using single-

mode optical fibers, which, however, discard most of the impinging photons [24]. These

observations clearly show that, given the expected angular deviations reported for free-

space quantum channels, it would be technically very challenging to achieve a reliable,

stable and e�cient operation of time-bin qubit receiver using standard interferometers.

2.1. MM-TQA with imaging optics

These interference challenges are overcome by utilizing relay optics in the long arm of the

unbalanced Michelson interferometer, as shown in Fig. 1(c). E↵ectively, the relay optics

reverse di↵erences in the evolution of the spatial mode over length �l in the long arm,

and thus symmetrize the two paths of the interferometer while maintaining temporal

separation between the paths. With the TQA design, for a single-mode beam, an inter-

ference visibility of Vsingle

avg

= 0.91 ± 0.01 is obtained, which remains constant as the AOI

is varied (see Fig. 1(d)). The improvement is further confirmed by measurements with a

multimode beam (Fig. 1(b)) where the high visibility of Vmulti

avg

=0.89 ± 0.01 (Fig. 1(e))

demonstrates that the interferometer design is robust against highly distorted beams.

The output of the interferometer is coupled into a multimode fiber, with a coupling

e�ciency of 0.87, for delivery of the photons to the detector. The total throughput is

Uncorrected	Interferometer:

Prior	Solutions:
Couple	into	single	mode	fiber	(losses	very	high)
Adaptive	optics	(can	be	lossy,	challenging)	
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spectral filter also have large field of view, which means that the spread of incident angles 
may be relatively large (e.g., approximately 1° full-angle for the LaRC HSRL-2 instrument). 
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and we can find that, the OPD is power series of the sine squared incident angle. In order to 
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where the 4th and higher terms can be omitted when θ  is small. Note that one can obtain a 
super field-widened Michelson filter by adding more glasses [18]. 

Figure 3 shows the incident angle dependence of OPD for an ordinary Michelson 
interferometer (blue star) and a field-widened one (pink diamond) that has the same original 
OPD (150mm) and works at the same wavelength (355nm). As is shown in Fig. 3(a), the OPD 
suffers a change of more than 60 λ  for the ordinary MI with the incident angle at 1 degree 
while the OPD of the field-widened MI is very constant over a large range of incident angle. 
Figure 3(b) shows a detail illustration of the incident angle dependence of the field-widened 
MI and the discussed field-widened MI encounters an OPD change of only about 0.068 λ . 
For a 400mm aperture, 1mrad field of view telescope, the spectral filter should have at least 
16mrad if the input beam aperture is 25mm. The 16mrad divergence angle, or about 0.92 
degree, is too large for ordinary MI to act as spectral filter, but it will not pose a problem for a 
field-widened MI. 

 

Fig. 3. Comparison of OPD incident angle dependence between ordinary and field-widened 
Michelson interferometers, (a) incident angle dependence comparison, (b) detailed illustration 
of the performance of the field-widened MI. 

2.3 Transmission ratio of the Michelson spectral filter 

Figure 4 shows a schematic diagram of the field-widened Michelson spectral filter for spectral 
discrimination in HSRL system. The backscatter signal which contains backscatter from the 
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stable, and can obtain high quality spectral discrimination [4, 12, 13]; however, absorption 
filters are not photon efficient and there are no absorption lines at many convenient laser 
wavelengths. Field-widened interferometers [14, 15] are of high efficiency and can be built to 
any desirable laser wavelength. Applications, such as measuring Doppler linewidths [15], 
demonstrate they can be adopted as the interferometric spectral filter for HSRL system. 

A compact, robust, quasi-monolithic tilted field-widened Michelson interferometer (MI) is 
under development as the spectral discrimination filter for a second-generation HSRL(HSRL-
2) at National Aeronautics and Space Administration (NASA) Langley Research Center 
(LaRC). The MI consists of a cubic beam splitter, a solid arm and an air arm. Piezo stacks 
connect the air arm mirror to the body of the interferometer allowing the interferometer to be 
tuned within a small spectral range. The widened field of view makes the optical path 
difference (OPD) of the filter vary slowly with incident angle and allows the collection of 
light over a large angle. In this paper, the system performance is analyzed over several types 
of system imperfections, such as cumulative wavefront error, locking error, reflectance of the 
beam splitter and anti-reflection coatings, system tilt, and depolarization angle. The 
requirements of each imperfection for good interferometer performance are obtained. 

This paper is constructed as follow: Section 2 makes a detailed description of the field-
widened Michelson interferometric spectral filter and provides the definition of the 
Transmission Ratio that can be used to evaluate the performance of the Michelson spectral 
filter in HSRL; Section 3 shows the principle of the prototype tilted field-widened MI for 
HSRL; the system performances of the interferometer are analyzed over different system 
imperfections in Section 4, which is followed by discussions in Section 5, and finally, some 
conclusions are given in Section 6. 

2. Field-widened Michelson spectral filter for HSRL 

2.1 Michelson interferometer 

The MI is one of the best known interferometers in optical testing and has been adopted for 
many applications [16, 17]. It consists of a 50/50 beam splitter and two arms with a mirror at 
each end. The input beam is directed into the system and produces two outputs, as are 
indicated by Output I and II in Fig. 2. 

 

Fig. 2. Ray diagram of Michelson interferometer. 

When the incident angle 0θ is zero, the above shown interferometer is an ordinary 

Michelson interferometer and the irradiance IT at the Output I can be expressed as 

 0 0 02 [1 cos 2 ]IT I t r Wπ= +  (1) 

where, 0I  is the irradiance of input beam, 0t and 0r  are the absolute transmittance and 

reflectance coefficients of the beam splitter and W is the OPD of the two arms in the unit of 
wavelength. 

In a similar way, the irradiance IIT  at the Output II is 
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Unbalanced	 Interferometer	Suitable	for	
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• Dispersion,	Polarization	effects,	stability	?
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Figure 2. Experimental setup. The polarization-entangled photon-pair source
(EPS) is described in the text. For projection measurements, photon A is directed to a
polarization-qubit analyzer (PQA), consisting of a quarter-wave plate (QWP), a half-
wave plate (HWP), a polarizing beam splitter (PBS), and silicon avalanche photodiodes
(Si-APDs). After reflection at a dichroic mirror (DM), by a flip mirror (FM), photon
B is sent either to a PQA or a time-bin qubit converter (TQC1(2)) followed by
a multimode fiber and a multimode time-bin qubit analyzer (MM-TQA1(2)). The
purpose of the PQA is to measure reference entanglement visibilities with the source of
polarization entanglement, which will be compared to visibilities with polarization-time
entanglement. The TQC maps the polarization qubit onto a time-bin qubit (see text
for details). For projection measurements, the time-bin qubit, spatially and temporally
distorted by a multimode fiber (MMF), is then sent to a MM-TQA whose output is
coupled into a MMF before detection by a Si-APD. A polarizer (POL) removes any
possible path-dependent polarization distinguishability. All detection signals are sent
to a time tagger for data analysis.

variable AOI within experimental errors, confirming the robustness of the MM-TQAs

against angular fluctuations.

3.2.3. Phase invariance against AOI variation Without correcting optics, a variance

of AOI also introduces phase fluctuations of interferometer [26]. From our theoretical

model, we anticipate a 5⇡-shift with an AOI of only 1.75 µrads (see inset of Fig. 4). To

assess the phase stability of the MM-TQA with AOI, using the method 1, we measure

expectation values, defined as E
�

⌘ (N
+�

0
�

�N��

0
�

)/(N
+�

0
�

+N��

0
�

), for AOIs changing

from -0.20� to +0.20� continuously over 20 seconds. The measured E-values remain

almost constant within experimental errors (see Fig. 4), showing that the MM-TQA

5

0.74 from input to output.

2.2. MM-TQA with di↵erent refractive-indexed paths

The second method we studied is to use di↵erent refractive-indexed medium for

each path of an unbalanced interferomter [20]. The optical path di↵erence of the

interferometer is given by �l = 2(n
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. By properly choosing refractive indices for the paths, one can remove the second

term so that �l becomes insensitive to AOI. In our implementation (see Fig. 1(f)), we

use a 118 mm-long glass with the refractive index of 1.4825 in the long path and none

in the short path, providing an optical path-length di↵erence of 0.57 ns. Interference

visibilities of 0.94±0.01(see Fig.1(g)) and 0.90±0.01 (see Fi.g 1(h)) are measured with

a single-mode and multimode beam respectively, which remain constant with various

AOI within experimental errors. For the used glass, we calculated dispersion of 5.48

waves/nm and 5.21 waves/ �C. In order to avoid the dispersion e↵ect, we symmetrize

the paths in the time-bin converter and analyzer as shown in Fig. 2.

3. Demonstration of MM-TQAs for quantum communication

3.1. Experimental setup

The utility of the interferometers, as working TQAs for multimodal quantum signals, is

demonstrated with the experimental setup depicted in Fig. 2. Light from a 404 nm

continuous-wave laser with an average power of 6mW pumps a periodically poled

potassium titanyl phosphate crystal inside a Sagnac interferometer. This generates

polarization entangled photon pairs at 776 nm (A) and 842 nm (B) in a form of

| i = 1p
2

(|Vi
A

|Hi
B

+ |Hi
A

|Vi
B

) via a type-II spontaneous parametric downconversion.

Here, |Hi and |Vi is the horizontal and vertical polarization state respectively, forming

the eigenstates of the computational basis. Unused pump photons are removed by

band-pass filters. While the photon B is directed to a polarization analyzer, the photon

A is sent either a polarization analyzer or a time-bin converter (TQC) followed by a

multimode channel and a MM-TQA for various measurements.

To convert a polarization state of the photon A into a time-bin state, we use an

unbalanced interferometer as a TQC
1(2)

, whose path-length di↵erence is matched to the

MM-TQA
1(2)

. At the polarizing beam splitter of the TQCs, the photon is either reflected

or transmitted into the short or long path, respectively. A fiber-polarization controller

ensures the faithful mapping of the vertical (horizontal) polarization onto the early (late)

temporal bin. The inserted quarter-wave plate in each path guides the photon to the

desired output port. Leaving the TQCs, the photon passes through a polarizer set to an

equal superposition between the polarizations, allowing to erase polarization information

6

for each time-bin states at the cost of 50 % transmission loss. This therefore completes

the map |Vi 7! |Ei and |Hi 7! |Li, resulting the two-photon entangled state in the

hybrid state

| i = 1p
2
(|Ei

A

|Hi
B

+ |Li
A

|Vi
B

), (4)

where |Ei (|Li) denotes the quantum state in which photon A is in early (late) temporal

mode. The photon A then travels through a 1m-long step-index multimode fiber, as

a multimode channel, distorting the spatial mode (see Fig. 3(a)) and temporal mode

(measured dispersion is about 50 ps, drastically exceeding the photon’s coherence time

of of 3.2 ps [25]), prior to entering the MM-TQAs. After being analyzed in the MM-

TQAs, both photon A and B are detected by silicon avalanche photodiodes and the

detection signals are sent to a time tagger and a computer for data analysis.

3.2. Experimental results

3.2.1. Observation of Entanglement Verification of the MM-TQA performance is done

by measuring entanglement visibilities. Each qubit is first projected onto computational

basis, i.e. | ± Zih±Z|, where | + Zi
A

⌘ |Ei, | � Zi
A

⌘ |Li, | + Zi
B

⌘ |Hi,
and | � Zi

B

⌘ |Vi. The coincidence counts are used to calculate visibilties V±z

⌘
(N±z±z

�N⌥z±z

)/(N±z±z

+N⌥z±z

), from which we obtain the average V
z

= (V
+z

+V�z

)/2.

Here, N
ij

denotes the joint-detection counts when time-bin qubit A is projected onto

|iihi| and polarization qubit B onto |jihj|, where i, j 2 {+Z, -Z} (see Fig. 3(b)). More

important operation is the projection of the time-bin qubits onto superposition states,

i.e. | ± �ih±�|, where | ± �i
A(B)

⌘ 1p
2

(| + Zi
A(B)

± ei�A(B) | � Zi
A(B)

). To measure the

visibility, we vary the relative phase between basis states of the polarization qubit. A

complete scan of the phase along the xy-plane of the Bloch sphere is performed, yielding

an average visibility V
xy

= (V
+xy

+ V�xy

)/2 (see Fig. 3(c)). These allow to compute

an average visibility as V
avg

⌘ V
z

/3 + 2V
xy

/3. In order to access the performance

of the MM-TQAs, we compare the value to source visibility obtained from original

polarization entanglement. This is done by routing the photon A to a polarization

analyzer. For the method 1(2), we measure visibilities of V
z

=0.95 ± 0.01 (0.92 ± 0.01)

and V
xy

=0.80 ± 0.01 (0.77 ± 0.01), yielding an average visibility of V
avg

= 0.85 ± 0.01

(0.82 ± 0.01). Di↵erence from a source visibility of Vref
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=0.93 ± 0.01(0.91 ± 0.01), as

shown in Fig. 3(d), mainly stems from non-perfect projection of time-bin qubit onto

superposition bases.

3.2.2. Tolerance to angular fluctuations To prove the invariance of interfering power of

the MM-TQAs against AOI variation of incoming photon, we carry out the entanglement

verification measurements for di↵erent AOI. Due to the coupling geometry of the photons

into the multimode detector fiber, we vary the AOI up to 3.49 mrads. Note that the

value is larger than measured error of our signal pointing system on a moving vehicle [22].

As shown in Fig. 3(d), for the both methods, the measured visibilities are constant to
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(|Ei
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|Hi
B

+ |Li
A

|Vi
B

), (4)
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shown in Fig. 3(d), mainly stems from non-perfect projection of time-bin qubit onto
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Figure 3. Experimental results for entangled photons analyzed with MM-

TQAs. (a) Spatial mode of the photon A before entering the MM-TQA. The image
is captured by a Hamamatsu electron multiplier CCD camera (C9100-13). (b) Joint
detections for the projection ±ZA ⌦ ±ZB as a function of detection-time di↵erence
between the photon A and B. (c) Joint detections for the projection ±�A ⌦ �B0 as a
function of phase �B0 of a polarization qubit using motorized wave plates. Visibilities
V±xy

are obtained from sinusoidal fittings. Single counts remain essentially constant as
we scan the phase. (d) The measurement (b) and (c) are repeated for di↵erent AOIs.
Red circles and blue squares are average visibilities obtained with the method 1 and
2, respectively. Solid lines are reference visibilities measured directly with the source
of polarization-polarization entanglement. We maintain high entanglement visibility
(close to source visibility) despite the high multimode nature of the incoming photons.

Figure 4. Phase stability of MM-TQA Expectation values (green circles) are
measured using the method 1 as the AOI is continuously varied from -0.2� to +0.2�

over 20 seconds. The inset shows the expectation value without relay optics as a
function of AOI. Due to AOI-induced phase fluctuations, the value rapidly changes
with AOI and thus yields an average value of zero (red circle). Measured visibility
V
xy

= 0.80 ± 0.01 bounds the value E
�

. These phase fluctuations are corrected by
relay optics, allowing a near constant expectation value.

Highly	multimodal	beams,	variation	of	angular	input
Interferometer	visibility	>	90%,	the	system	visibility	reduced	to	ca.80%	due	to	source,	conversion,	alignment	

- [J. 	Jin,	S. 	Agne,	 J.P.	Bourgoin,	Y.	Zhang,	N.	Lutkenhaus,	T.	Jennewein,	 arXiv:1509.07490]
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Figure 2. Experimental setup. The polarization-entangled photon-pair source
(EPS) is described in the text. For projection measurements, photon A is directed to a
polarization-qubit analyzer (PQA), consisting of a quarter-wave plate (QWP), a half-
wave plate (HWP), a polarizing beam splitter (PBS), and silicon avalanche photodiodes
(Si-APDs). After reflection at a dichroic mirror (DM), by a flip mirror (FM), photon
B is sent either to a PQA or a time-bin qubit converter (TQC1(2)) followed by
a multimode fiber and a multimode time-bin qubit analyzer (MM-TQA1(2)). The
purpose of the PQA is to measure reference entanglement visibilities with the source of
polarization entanglement, which will be compared to visibilities with polarization-time
entanglement. The TQC maps the polarization qubit onto a time-bin qubit (see text
for details). For projection measurements, the time-bin qubit, spatially and temporally
distorted by a multimode fiber (MMF), is then sent to a MM-TQA whose output is
coupled into a MMF before detection by a Si-APD. A polarizer (POL) removes any
possible path-dependent polarization distinguishability. All detection signals are sent
to a time tagger for data analysis.

variable AOI within experimental errors, confirming the robustness of the MM-TQAs

against angular fluctuations.

3.2.3. Phase invariance against AOI variation Without correcting optics, a variance

of AOI also introduces phase fluctuations of interferometer [26]. From our theoretical

model, we anticipate a 5⇡-shift with an AOI of only 1.75 µrads (see inset of Fig. 4). To

assess the phase stability of the MM-TQA with AOI, using the method 1, we measure

expectation values, defined as E
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Outdoors?	Time	bin	QKD	over	telescope	link

• Preliminary	link	demonstrated
• QBER:	ca.	5%
• Uses	2nd	generation	interferometers:
>95%	intrinsic	visibility
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Figure 2. Experimental setup. The polarization-entangled photon-pair source
(EPS) is described in the text. For projection measurements, photon A is directed to a
polarization-qubit analyzer (PQA), consisting of a quarter-wave plate (QWP), a half-
wave plate (HWP), a polarizing beam splitter (PBS), and silicon avalanche photodiodes
(Si-APDs). After reflection at a dichroic mirror (DM), by a flip mirror (FM), photon
B is sent either to a PQA or a time-bin qubit converter (TQC1(2)) followed by
a multimode fiber and a multimode time-bin qubit analyzer (MM-TQA1(2)). The
purpose of the PQA is to measure reference entanglement visibilities with the source of
polarization entanglement, which will be compared to visibilities with polarization-time
entanglement. The TQC maps the polarization qubit onto a time-bin qubit (see text
for details). For projection measurements, the time-bin qubit, spatially and temporally
distorted by a multimode fiber (MMF), is then sent to a MM-TQA whose output is
coupled into a MMF before detection by a Si-APD. A polarizer (POL) removes any
possible path-dependent polarization distinguishability. All detection signals are sent
to a time tagger for data analysis.

variable AOI within experimental errors, confirming the robustness of the MM-TQAs

against angular fluctuations.

3.2.3. Phase invariance against AOI variation Without correcting optics, a variance

of AOI also introduces phase fluctuations of interferometer [26]. From our theoretical

model, we anticipate a 5⇡-shift with an AOI of only 1.75 µrads (see inset of Fig. 4). To

assess the phase stability of the MM-TQA with AOI, using the method 1, we measure

expectation values, defined as E
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⌘ (N
+�

0
�

�N��
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)/(N
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), for AOIs changing

from -0.20� to +0.20� continuously over 20 seconds. The measured E-values remain

almost constant within experimental errors (see Fig. 4), showing that the MM-TQA

Time-bin	interferometer	using	glass
• Tested	a	different	approach:	using	 refraction	to	compensate	field
• Refractive	index	cancels	walk-off

Then, a high ATR means the aerosol signal is well blocked in the molecular channel and 
the stabilization of MTR contributes to the calibration of the system. Then the system will 
have better determination of the lidar extinction and backscatter coefficients and be less 
dependent on the calibration with higher ATR and more stable MTR. 

Note that, the outputs IT  and IIT  vary as cosine function of the OPD and have a π  

relative phase shift. Theoretically, either channel can be the aerosol or molecular channel. 

3. Tilted Field-widened Michelson Spectral filter for HSRL 

A tilted field-widened MI is being developed as the spectral discrimination filter for the 
HSRL-2 system at NASA LaRC. It consists of a near 50/50 cubic beam splitter, a solid arm 

and an air arm, as is shown in Fig. 5. The solid arm is made of fused silica ( 1n  = 1.4765, 1d  = 

87.578mm) with one end optically contacted to the beam splitter and the other end finely 

polished and coated with 100% mirror. The air arm contains air ( 2n  = 1.00027, 2d  = 

59.318mm) between the beam splitter and the other mirror, which is connected by piezo 
stacks to the body of the interferometer and permitted to be translated and angle tuned within 
a small range. 

 

Fig. 5. Layout of the field-widened Michelson spectral filter. 

The beam splitter is 50mm×50mm×50mm and has anti-reflection (AR) coatings on three 

outside surfaces indicated by AAR , BAR and CAR  as shown in Fig. 5. The AR coating greatly 

reduces the reflection of the beam splitter cube external surfaces and improves the efficiency 
of the interferometer since less light is lost. The input signal is expanded to a 25.4mm 

aperture and has a full divergence of 16mrad (0.92°). The entire MI is tilted at an angle Tiltθ  

such that the Output II signal is accessible. A locking technique is employed to tune the MI to 
match the laser output frequency. The piezo is driven to change the length and angle of the air 
arm until the brightest/darkest signals are obtained for locking laser. 

The above field-widened MI has an FSR of about 2.0GHz, and its performance over field 
angle is shown in Fig. 6. The deviation of the interferometer output intensity is unnoticeable 
when the input divergence is smaller than 2.0 degree. As the input full divergence is only 
about 0.92°, a large flexibility can be obtained for the tilt angle of the interferometer. 

The field-widened MI has two advantages over the absorption filter to act as the spectral 
filter in HSRL system. First, the field-widened MI is more photon-efficient. The MI has only 
a few percent loss while the iodine vapor cell suffers typically 50-70% absorption depending 
on the concentration. The high efficiency helps to reduce laser power and/or telescope 
aperture on the lidar system, thereby reducing mass, size, risk and cost. Second, the field-
widened MI can be built and optimized for a wide range of wavelengths while few laser 
wavelengths have suitable absorption filters. 
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Imaging is achieved by a CCD array detector placed in the focal plane

of an imaging system, where the interference fringes and the view at infinity

are focused together. Phase and visibility can be determined for each pixel

of the CCD, corresponding with each element of the field of view, so images

can be built up of the motion and temperature of the source.

Care must be taken in the design of these instruments to avoid re- cycling

light reflected from filters and other elements outside the interferometer.

This is done by tilting such critical elements or the Michelson itself by a

few degrees. Another problem is secondary fringes produced in the Michelson

by reflections from the air -glass surface at the air gap. The secondary

fringes can be elminated by building wedges into the interferometer arms

(Fig. 1) that introduce variations in path difference across the face for

the secondary fringes but not for the primaries. Fig. 2 shows the results

of an experimental set -up, with and without such wedges.

moving A--gap
mirror arm 2

beam-
splitter

arm 1

Fig. 1 Schematic showing Michelson

and CCD camera. Arm wedges are

shown (greatly exaggerated).

(a) (b)

Fig. 2 a) Primary and secondary fringes in a

Michelson. b) Secondary fringes eliminated

by wedges.

Laboratory and field tests of WAMDII have proved very successful and

have yielded valuable airglow data.2) WAMDII has been described in some

detail by Sheperd, et al.1) A description of WINDII will be published

later.
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Measured	Interference	Visibilities,	118	mm	glass	cube:
Time	delay:	0.57	ns
Multimode	Fiber	input	beam:
V=	0.95	(comp	basis),	 V=0.90	(superposition	basis)

spectral filter also have large field of view, which means that the spread of incident angles 
may be relatively large (e.g., approximately 1° full-angle for the LaRC HSRL-2 instrument). 

Expanding 0sinθ we get 

 

2 1 2
1 1 2 2 0

1 2
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4 8

d d
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θ θ

= − − −
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 (7) 

and we can find that, the OPD is power series of the sine squared incident angle. In order to 
enlarge the field of view, we can let the second term be zero, that is 

 1 1 2 2/ / 0.d n d n− =  (8) 

Then this system would be independent of incident angle to third order and have an OPD 
between the two arms as 
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sin sin
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d d d d
W n d n d

n n n n

θ θ
= − − − − − ⋯⋯  (9) 

where the 4th and higher terms can be omitted when θ  is small. Note that one can obtain a 
super field-widened Michelson filter by adding more glasses [18]. 

Figure 3 shows the incident angle dependence of OPD for an ordinary Michelson 
interferometer (blue star) and a field-widened one (pink diamond) that has the same original 
OPD (150mm) and works at the same wavelength (355nm). As is shown in Fig. 3(a), the OPD 
suffers a change of more than 60 λ  for the ordinary MI with the incident angle at 1 degree 
while the OPD of the field-widened MI is very constant over a large range of incident angle. 
Figure 3(b) shows a detail illustration of the incident angle dependence of the field-widened 
MI and the discussed field-widened MI encounters an OPD change of only about 0.068 λ . 
For a 400mm aperture, 1mrad field of view telescope, the spectral filter should have at least 
16mrad if the input beam aperture is 25mm. The 16mrad divergence angle, or about 0.92 
degree, is too large for ordinary MI to act as spectral filter, but it will not pose a problem for a 
field-widened MI. 

 

Fig. 3. Comparison of OPD incident angle dependence between ordinary and field-widened 
Michelson interferometers, (a) incident angle dependence comparison, (b) detailed illustration 
of the performance of the field-widened MI. 

2.3 Transmission ratio of the Michelson spectral filter 

Figure 4 shows a schematic diagram of the field-widened Michelson spectral filter for spectral 
discrimination in HSRL system. The backscatter signal which contains backscatter from the 
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Figure 2. Experimental setup. The polarization-entangled photon-pair source
(EPS) is described in the text. For projection measurements, photon A is directed to a
polarization-qubit analyzer (PQA), consisting of a quarter-wave plate (QWP), a half-
wave plate (HWP), a polarizing beam splitter (PBS), and silicon avalanche photodiodes
(Si-APDs). After reflection at a dichroic mirror (DM), by a flip mirror (FM), photon
B is sent either to a PQA or a time-bin qubit converter (TQC1(2)) followed by
a multimode fiber and a multimode time-bin qubit analyzer (MM-TQA1(2)). The
purpose of the PQA is to measure reference entanglement visibilities with the source of
polarization entanglement, which will be compared to visibilities with polarization-time
entanglement. The TQC maps the polarization qubit onto a time-bin qubit (see text
for details). For projection measurements, the time-bin qubit, spatially and temporally
distorted by a multimode fiber (MMF), is then sent to a MM-TQA whose output is
coupled into a MMF before detection by a Si-APD. A polarizer (POL) removes any
possible path-dependent polarization distinguishability. All detection signals are sent
to a time tagger for data analysis.

variable AOI within experimental errors, confirming the robustness of the MM-TQAs

against angular fluctuations.

3.2.3. Phase invariance against AOI variation Without correcting optics, a variance

of AOI also introduces phase fluctuations of interferometer [26]. From our theoretical

model, we anticipate a 5⇡-shift with an AOI of only 1.75 µrads (see inset of Fig. 4). To

assess the phase stability of the MM-TQA with AOI, using the method 1, we measure
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almost constant within experimental errors (see Fig. 4), showing that the MM-TQA
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0.74 from input to output.

2.2. MM-TQA with di↵erent refractive-indexed paths
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. By properly choosing refractive indices for the paths, one can remove the second

term so that �l becomes insensitive to AOI. In our implementation (see Fig. 1(f)), we

use a 118 mm-long glass with the refractive index of 1.4825 in the long path and none

in the short path, providing an optical path-length di↵erence of 0.57 ns. Interference

visibilities of 0.94±0.01(see Fig.1(g)) and 0.90±0.01 (see Fi.g 1(h)) are measured with

a single-mode and multimode beam respectively, which remain constant with various

AOI within experimental errors. For the used glass, we calculated dispersion of 5.48

waves/nm and 5.21 waves/ �C. In order to avoid the dispersion e↵ect, we symmetrize

the paths in the time-bin converter and analyzer as shown in Fig. 2.

3. Demonstration of MM-TQAs for quantum communication

3.1. Experimental setup

The utility of the interferometers, as working TQAs for multimodal quantum signals, is

demonstrated with the experimental setup depicted in Fig. 2. Light from a 404 nm

continuous-wave laser with an average power of 6mW pumps a periodically poled

potassium titanyl phosphate crystal inside a Sagnac interferometer. This generates

polarization entangled photon pairs at 776 nm (A) and 842 nm (B) in a form of

| i = 1p
2

(|Vi
A

|Hi
B

+ |Hi
A

|Vi
B

) via a type-II spontaneous parametric downconversion.

Here, |Hi and |Vi is the horizontal and vertical polarization state respectively, forming

the eigenstates of the computational basis. Unused pump photons are removed by

band-pass filters. While the photon B is directed to a polarization analyzer, the photon

A is sent either a polarization analyzer or a time-bin converter (TQC) followed by a

multimode channel and a MM-TQA for various measurements.

To convert a polarization state of the photon A into a time-bin state, we use an

unbalanced interferometer as a TQC
1(2)

, whose path-length di↵erence is matched to the

MM-TQA
1(2)

. At the polarizing beam splitter of the TQCs, the photon is either reflected

or transmitted into the short or long path, respectively. A fiber-polarization controller

ensures the faithful mapping of the vertical (horizontal) polarization onto the early (late)

temporal bin. The inserted quarter-wave plate in each path guides the photon to the

desired output port. Leaving the TQCs, the photon passes through a polarizer set to an

equal superposition between the polarizations, allowing to erase polarization information
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for each time-bin states at the cost of 50 % transmission loss. This therefore completes

the map |Vi 7! |Ei and |Hi 7! |Li, resulting the two-photon entangled state in the

hybrid state

| i = 1p
2
(|Ei

A

|Hi
B

+ |Li
A

|Vi
B

), (4)

where |Ei (|Li) denotes the quantum state in which photon A is in early (late) temporal

mode. The photon A then travels through a 1m-long step-index multimode fiber, as

a multimode channel, distorting the spatial mode (see Fig. 3(a)) and temporal mode

(measured dispersion is about 50 ps, drastically exceeding the photon’s coherence time

of of 3.2 ps [25]), prior to entering the MM-TQAs. After being analyzed in the MM-

TQAs, both photon A and B are detected by silicon avalanche photodiodes and the

detection signals are sent to a time tagger and a computer for data analysis.

3.2. Experimental results

3.2.1. Observation of Entanglement Verification of the MM-TQA performance is done

by measuring entanglement visibilities. Each qubit is first projected onto computational

basis, i.e. | ± Zih±Z|, where | + Zi
A

⌘ |Ei, | � Zi
A

⌘ |Li, | + Zi
B

⌘ |Hi,
and | � Zi

B

⌘ |Vi. The coincidence counts are used to calculate visibilties V±z

⌘
(N±z±z

�N⌥z±z

)/(N±z±z

+N⌥z±z

), from which we obtain the average V
z

= (V
+z

+V�z

)/2.

Here, N
ij

denotes the joint-detection counts when time-bin qubit A is projected onto

|iihi| and polarization qubit B onto |jihj|, where i, j 2 {+Z, -Z} (see Fig. 3(b)). More

important operation is the projection of the time-bin qubits onto superposition states,

i.e. | ± �ih±�|, where | ± �i
A(B)

⌘ 1p
2

(| + Zi
A(B)

± ei�A(B) | � Zi
A(B)

). To measure the

visibility, we vary the relative phase between basis states of the polarization qubit. A

complete scan of the phase along the xy-plane of the Bloch sphere is performed, yielding

an average visibility V
xy

= (V
+xy

+ V�xy

)/2 (see Fig. 3(c)). These allow to compute

an average visibility as V
avg

⌘ V
z

/3 + 2V
xy

/3. In order to access the performance

of the MM-TQAs, we compare the value to source visibility obtained from original

polarization entanglement. This is done by routing the photon A to a polarization

analyzer. For the method 1(2), we measure visibilities of V
z

=0.95 ± 0.01 (0.92 ± 0.01)

and V
xy

=0.80 ± 0.01 (0.77 ± 0.01), yielding an average visibility of V
avg

= 0.85 ± 0.01

(0.82 ± 0.01). Di↵erence from a source visibility of Vref

avg

=0.93 ± 0.01(0.91 ± 0.01), as

shown in Fig. 3(d), mainly stems from non-perfect projection of time-bin qubit onto

superposition bases.

3.2.2. Tolerance to angular fluctuations To prove the invariance of interfering power of

the MM-TQAs against AOI variation of incoming photon, we carry out the entanglement

verification measurements for di↵erent AOI. Due to the coupling geometry of the photons

into the multimode detector fiber, we vary the AOI up to 3.49 mrads. Note that the

value is larger than measured error of our signal pointing system on a moving vehicle [22].

As shown in Fig. 3(d), for the both methods, the measured visibilities are constant to
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Hybrid	entangled	State:

Xiao-song Ma, et al, PHYSICAL REVIEW A, 
79(4), (2009).

Type-II	 interferometer,	 refractiive index

Results	for	Type-II	interferometer

• Test	with	MMF,	with	(green)	and	without	(black)	glass
• Alignment	turned	out	to	be	“very	easy”
• Challenge:	dispersion	of	5.48	waves/nm	and	5.21	waves/	◦C	

Angle	of	Incidence	[deg]

V=	0.95	(comp	basis)		
V=0.90	(superposition	basis)
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Quantum	Interferometers	for	Multi-Mode	
beams	Widely	Studied

Villorsei,	Padova group:	Quantum	 interference	along	satellite-
ground	channels,	PRL	2016,		arXiv:1509.07855	[quant-ph]

Quantum interference along satellite-ground channels

Giuseppe Vallone,1 Daniele Dequal,1 Marco Tomasin,1 Francesco Vedovato,1

Matteo Schiavon,1 Vincenza Luceri,2 Giuseppe Bianco,3 and Paolo Villoresi1, ⇤

1Dipartimento di Ingegneria dell’Informazione, Università degli Studi di Padova, Padova, Italy
2e-GEOS spa, Matera, Italy

3Matera Laser Ranging Observatory, Agenzia Spaziale Italiana, Matera, Italy
(Dated: September 28, 2015)

Observing quantum interference by moving terminals in Space is a great challenge as well as a
necessary tool for testing Quantum Mechanics in an unexplored scenario. Here we experimentally
demonstrate single photon interference due to a superposition of two temporal modes reflected by
a rapidly moving satellite thousand kilometers away from the ground station. The relative speed
of the satellite induces a varying modulation in the interference pattern. The measurement of the
satellite distance in real time by laser ranging allowed us to precisely predict the instantaneous value
of the interference phase. We observed the interference patterns with visibility up to 67% with three
di↵erent satellites. Our results pave the way for Quantum Communications and tests of Quantum
Mechanics and General Relativity.

Quantum interference is playing a crucial role to
highlight the essence of Quantum Mechanics since the
Einstein-Bohr dialogues at the end of the Twenties [1].
Individual particles can be in more than one place at any
given time, the so called quantum superposition. Such
superposition can indeed be verified by measuring inter-
ference between alternative possibilities. Quantum inter-
ference can be observed with photons [2, 3], electrons [4],
neutrons [5] and even with large molecules with masses
exceeding 10000 amu [6]. One of the main challenges in
Quantum Physics is establishing if fundamental bounds
to interference exist: for instance, can we observe quan-
tum interference at arbitrary large distance and with
components in relative motion?

We address this question by exploiting temporal modes
of photon to demonstrate the interference along satellite-
ground channels. To this purpose, we generated a quan-
tum superposition and observed its interference after a
reflection by a rapidly moving satellite at very large dis-
tance. The relative speed of the satellite with respect to
the ground introduces a modulation in the interference
pattern, as explained below. Our results show that inter-
ference can be observed with fast moving objects, paving
the way for Quantum Communications (QC) and tests of
Quantum Mechanics combined with General Relativity.

The interplay of Quantum Theory with Gravitation is
indeed one of the big unresolved puzzle in Physics. Novel
experimental schemes are needed to reveal the e↵ect of
Gravity in quantum experiments. These include the ex-
change of elementary particles from moving and accele-
rated reference frames, which would allow to test Bell’s
inequalities, quantum interference and possible gravity-
induced decoherence in this novel scenario [7, 8]. We
point out that tiny gravitational e↵ects may be enhanced
by increasing the temporal separation of the two interfer-
ing modes unlike the case of e↵ects manifested by photon
polarization rotation as in the scheme proposed in the
optical version [7, 9] of the Colella-Overhauser-Werner

Source

Single photon
detector

FIG. 1. Scheme of the experiment and satellite radial veloc-
ity. In the top panel we show the measured radial velocity of
the Beacon-C satellite ranging from �6 km/s to +6 km/s as
a function of time during a single passage. Dashed line rep-
resents the fit. In the bottom panel we show the unbalanced
MZI used for the generation of quantum superposition and
the measurement of quantum interference. Light and dark
green lines represents outgoing and ingoing beam respectively.
Right photo shows MLRO with the laser ranging beam and
the Beacon-C satellite (not to scale). The phase '(t) depends
on the satellite radial velocity as described in the text.

(COW) experiment realized with neutrons [10]: gravita-
tional phase shift between a superposition of two photon
wavepackets could provide tests of gravitational redshift
in the context of a quantum optics experiment.

In our scheme, a superposition | 
out

i between two pho-
ton wavepackets |Si and |Li is generated at the ground
station with an unbalanced Mach-Zehnder interferome-
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P.	Kwiat,	U	Illinois	group:
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Conclusion
• Time	bin	encoding	 viable	for	multi-mode	 channels!
• Purely	passive	 optical	correction	of	beams
• 80%	coupling	 throughput	of	input	signal	into	detectors
• Stable	and	consistent	interference	visibilities	 of	up	to	97%	achieved

• Challenges:	
• stabilizing	transmitter	and	receiver	interferometers
• Designing	thermally	stable	and	compact	interferometers
• Dispersion	effects	need	to	be	cancelled
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Outlook

• Time-bin	over	free	space	channels,	opens	up		several	new	directions
• Polarizing	effects	of	telescopes	and	optical	path	can	be	overcome

• Broad	variety	of	fine-steering	systems	technology
• Compact,	short	telescopes
• Optical	fiber	interfaced	of	photons	with	source	and	detectors

• Interfacing	of	fiber	optical	and	free-soace links	straight	forward
• Direct	compatibility	between	QKD	and	classical	laser	coms
• Implementation	of	differential-phase	shift	protocols	over	free-space	DPS-QKD,	COW-QKD	
• Novel	protocols	for	free-space

• reference-frame	independence
• hyper	dimensional	encoding

• Novel	media		QKD,	such	as	over	multi-mode	fiber	(plastic	fiber),	depolarizing	channels
• QIP:	capture	of	multi-modal	photons	also	suitable	for	experiments

Thank	You

• Polarization	 systems	well	advanced
• Time-bin	can	be	an	important	 	alternative
• Could	simplify	 optical	 systems	design,	pointing
• Enable	novel	protocols	 and	schems

Thank	You
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