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Path entanglement constitutes an essential resource in quantum information and communication proto-

cols. Here, we demonstrate frequency-degenerate entanglement between continuous-variable quantum

microwaves propagating along two spatially separated paths. We combine a squeezed and a vacuum state

using a microwave beam splitter. Via correlation measurements, we detect and quantify the path entangle-

ment contained in the beam splitter output state. Our experiments open the avenue to quantum teleportation,

quantum communication, or quantum radar with continuous variables at microwave frequencies.
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Fascinatingly, quantum mechanics allows for a com-
pound system to have a common description while, at the
same time, no individual states can be ascribed to its
subsystems [1]. The presence of entanglement between
spatially separated systems is a necessary condition for
what Einstein called ‘‘spooky action at a distance’’ [2]:
the contradiction between quantum mechanics and local
realism [1,3]. Furthermore, entanglement is at the heart of
quantum communication and information processing tech-
nologies, which promise significant performance gains
over classical protocols [1,4,5]. Consequently, entangle-
ment has been extensively explored in atomic physics and
quantum optics [4–6]. In these investigations, optical fre-
quencies were preferred over microwaves because the
higher photon energies facilitate practical applications.
However, since the late 1990s, microwave technology
has evolved rapidly in both industry and science. For one
thing, classical microwave fields have become an indis-
pensable tool in mobile communication. For another, a
promising direction towards scalable quantum information
processing has appeared with the advent of superconduct-
ing microwave quantum circuits [7–9]. Despite some
decoherence issues, these systems provide unprecedented
light-matter coupling strengths due to their large effective
dipole moments and field enhancement effects [10,11]. As
a consequence, standing-wave fields in transmission line
resonators were shown to act as a short-range quantum bus
between superconducting qubits [12,13] and various gates
were implemented [12–16]. For microwave quantum com-
munication, however, propagating fields are required. As a
first step in this direction, early experiments demonstrated

tomography of weak thermal states [17], coherent states
[18], and single photons [19]. Next, continuous-variable
states generated by Josephson parametric devices were
reconstructed [20]. Very recently, such devices have
permitted to investigate two-mode squeezing [21,22] and
frequency nondegenerate path entanglement [23]. An
important aspect of these experiments is the under-
standing they provide regarding entanglement. In order to
be a resource in quantum communication protocols, it
must occur between spatially separated subsystems [1].
Furthermore, a strict proof of entanglement requires the
entangler and the detector to be based on independent
experimental techniques. In this work, we make a signifi-
cant step beyond previous efforts and demonstrate
frequency-degenerate path entanglement in the microwave
regime. We respect both criteria mentioned above by
directly measuring the correlations between two different
propagation paths. Our experiments follow the spirit of the
quantum-optical realization [6] of the original Einstein-
Podolsky-Rosen (EPR) paradox [3]. As shown in Fig. 1, we
combine a vacuum and a squeezed vacuum state in a hybrid
ring microwave beam splitter [24] acting as an entangling
device. Its two output ports hold a continuous-variable
state which is frequency degenerate and entangled with
respect to the two propagation paths. Along these paths, the
entanglement can be conveniently distributed to two par-
ties requiring it for any suitable quantum communication
protocol. In our experiments, we first reconstruct the
squeezed input state by means of dual-path tomography
[18], which assumes knowledge of the beam splitter rela-
tions. Next, we reconstruct the moments of the output state

PRL 109, 250502 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

21 DECEMBER 2012

0031-9007=12=109(25)=250502(4) 250502-1 � 2012 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.109.250502


after the beam splitter by treating the latter as a black box
and calibrating against a known state [25]. In this
reference-state method [26], we only assume that indepen-
dent vacuum states are produced in each output path when
vacuum is incident at both input ports. From the moments
reconstructed in this way, we build a witness matrix which
proves the existence of path entanglement independently
of the detailed nature of our output state [27]. Since in
practice the data show that our states are Gaussian, we
finally quantify the degree of entanglement by means of the
negativity [28]. The result of this analysis agrees with what
we expect for our squeezed input state. We note here that
for bipartite single-mode Gaussian entanglement, as it is
relevant in our case, entanglement implies nonlocality
[1,5]. All in all, our results show that we have realized
the main building block for microwave quantum teleporta-
tion and communication protocols.

The generation of the input states for the beam splitter is
straightforward. The vacuum is realized with a commercial
50 � termination at 40 mK acting as a broadband black-
body emitter [17]. The squeezed state is produced using
a particular superconducting circuit, the flux-driven
Josephson parametric amplifier (JPA) [29]. In this device
two Josephson junctions form a nonlinearity which can be
modulated (‘‘pumped’’) at gigahertz frequencies to achieve
a parametric effect. The JPA box is stabilized to 50 mK. A
thermal state emitted by an attenuator, whose temperature
can be varied from 50 to 800 mK, can be fed into the JPA.
Our cross correlation detector is based on the insight that
for microwave signals off-the-shelf high-gain low-noise
linear amplifiers are available rather than efficient single
photon counters. We connect one amplification path to
each output port of the beam splitter. At room temperature
we record the in-phase and quadrature components, I1;2
and Q1;2 of the amplified signals. The averaged moments

hIj1Ik2Qm
1 Q

n
2i are computed for jþ kþmþ n � 4 and j, k,

m, n 2 N0 in real time using a field programmable
gate array (FPGA) logic. We typically average over
7:7� 108 � 5:7� 109 samples and all subsequently given
error bars are based on this statistics. Further details can be
found in the Supplemental Material [26].
As a first test of our setup, we perform dual-path recon-

structions of the Wigner function for known input states.
Here, we exploit the fact that the noise contributions of the
two amplification paths are independent, while the split
signals are correlated [18,26]. We reconstruct vacuum fluc-
tuations and coherent states (displaced vacuum), both at a
frequency f0 ¼ 5:637 GHz. Because of the narrow mea-
surement bandwidth of 978 kHz, we approximate the vac-
uum and thermal states as single-mode fields. The results
shown in Fig. 2(a) exhibit a very good phase control for the
coherent state. In addition, we find a small thermal contri-
bution of 0:097� 0:007 photons above the vacuum level
which can be due to a small thermal population or other
experimental imperfections. In the next step, we generate a
squeezed state by pumping the JPA at 2f0. For a signal gain
of 10 dB and a phase of 45�, the reconstructed Wigner
function is shown in Fig. 2(b). An analysis of the recon-
structed signal moments reveals that, at the input of the
beam splitter, the state generated by the JPA is squeezed by
4:9� 0:2 dB below the vacuum level and contains 8:72�
0:05 photons. Furthermore, the product of the standard de-
viation of the squeezed quadraturewith that of its orthogonal,
enlarged one, is 3:45� 0:07 times larger than the variance of
the ideal vacuum. In other words, we can model the state as
one created by an ideal squeezer acting on an effective
thermal field with 1:22� 0:04 photons. This thermal field
contains the combined effects of losses and the small thermal
population found in the experimental vacuum. Again, we
notice good control of the phase. It is noteworthy tomention
that the amount of squeezing quoted above ismainly limited
by cable losses and not by the JPA itself.

FIG. 1 (color). Layout of the experiment. The JPA is operated in reflection using a circulator (red circle). A 180�-hybrid ring
microwave beam splitter (green) acts as entangling device. The vacuum state (blue) is realized by a 50 � load at 40 mK. The signal
can be a thermal state or a (displaced) vacuum and becomes squeezed by the JPAwhen the pump is on. The blue-and-red arrows denote
the output state, which can be path-entangled. The cross correlation detector consists of two noisy amplification (triangular symbols)
and analog down-conversion (circles with crosses) paths. LO denotes the common local oscillator which is detuned by 11 MHz.
Analog-to-digital converters (ADCs) digitize the in-phase (I1;2) and quadrature (Q1;2) components of the output state. After digital

down-conversion and filtering, the averaged moments hIj1Ik2Qm
1 Q

n
2i are computed in real time using an FPGA logic.
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After characterizing the input fields of the beam splitter,
we now turn to its outputs. With the reference-state
method, we build an entanglement witness matrix from
the reconstructed moments. Our witness reliably distin-
guishes between ‘‘separable outputs’’ for the vacuum state
and ‘‘path entangled outputs’’ for the squeezed state input.
Next, we analyze the third and fourth order cumulants and
find them to be small for JPA signal gains up to 10 dB.
Since this is a strong indication for Gaussian states, we
explore the path entanglement generated in our setup
quantitatively via the negativityN out. For positive values,
N out describes the degree of entanglement produced
between the beam splitter output paths [26]. In the limit
of low JPA signal gain, Fig. 3(a) shows howN out becomes
suppressed when sending more and more thermal photons
into the JPA. At some point, the JPA cannot squeeze the
incoming field below the vacuum anymore and the output
state is no longer entangled. For a constant temperature,
Fig. 3(b) shows howN out increases with increasing signal
gain from zero to a valueN out;max ¼ 0:55� 0:04 at 10 dB

signal gain. This behavior is in good agreement with the
negativity N calc calculated from the dual-path recon-
structed input state. Again, we observe a suppression for
large thermal fields sent into the JPA. Our results confirm
the expectation [30] that the degree of squeezing at the
beam splitter input determines the amount of entanglement
generated between the output paths. However, sinceN calc

is generally slightly lower than N out, we conclude that
either the dual-path reconstruction underestimates the
squeezing at the beam splitter input or the reference-state
method ignores a small amount of spurious classical cor-
relations between the two paths. Both effects are consistent
with the data shown in Fig. 3(a), where at constant signal
gain, the curve measured with the reference-state method
at the beam splitter output converges for high temperatures
to that calculated from the dual-path reconstructed input
state. We finally note that the path-entangled state is
expected to be a two-mode squeezed state with two
additional local squeezing operations applied to it [30].
Since local operations do not change the amount of
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FIG. 2 (color). Dual-path reconstruction of various states incident at the ‘‘squeezed state input port’’ of the beam splitter. p and q are
dimensionless variables spanning the phase space. (a) JPA pump off. Reconstruction of the vacuum and of displaced vacuum states
(coherent states, 8:80� 0:01 photons, eight different phase values). All nine Wigner functions are superposed. (b) JPA pump on.
Squeezed state for 10 dB JPA signal gain at 45�. Inset: 1=e contours of the ideal vacuum (blue), the experimental vacuum (green)
displayed in panel (a), and the squeezed state (red).
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FIG. 3 (color). Quantitative analysis of the path entanglement generated in our experiments. The negativities N out, N calc are the
maxima of the corresponding negativity kernels ~N out,

~N calc, and 0. Circular symbols: ~N out data at the beam splitter output. Square
symbols: ~N calc calculated from the reconstructed input state. The lines are guides to the eye. (a) Negativity kernel versus attenuator
temperature (color code) at 1 dB signal gain. For the data points in the shaded area, the witness matrix [27] confirms entanglement.
(b) Negativity kernel versus the JPA signal gain. The blue (red) curves are recorded at 50 mK (573 mK). Grey point: Negativity of the
reference state, assumed to be zero.
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entanglement, the negativity N out;max ¼ 0:55� 0:04
implies that the two-mode squeezed state before the two
local operations would have a variance squeezed by 3:2�
0:2 dB below that of the two-mode vacuum.

In summary, we present clear evidence for path
entanglement generated by combining two frequency-
degenerate continuous-variable microwave fields, the vac-
uum and the squeezed vacuum, in a beam splitter. For an
input state squeezed 4:9� 0:2 dB below the vacuum, we
observe a maximum negativity N out;max ¼ 0:55� 0:04 at

10 dB JPA signal gain. Our experiments bring the exciting
quantum physics of entangled propagating electromagnetic
fields to the technologically highly attractive microwave
domain. In this way, they open up new and exciting per-
spectives towards microwave quantum teleportation, quan-
tum communication, and quantum radar [31].
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