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Abstract—Quantum illumination is a sensing technique that
employs entangled signal-idler beams to improve the detection
efficiency of low-reflectivity objects in environments with large
thermal noise. The advantage over classical strategies is evident
at low signal brightness, a feature which could make the protocol
an ideal prototype for non-invasive scanning or low-power short-
range radar. Here we experimentally investigate the concept of
quantum illumination at microwave frequencies, by generating
entangled fields using a Josephson parametric converter which
are then amplified to illuminate a room-temperature object at
a distance of 1 meter. Starting from experimental data, we
simulate the case of perfect idler photon number detection,
which results in a quantum advantage compared to the relative
classical benchmark. Our results highlight the opportunities
and challenges on the way towards a first room-temperature
application of microwave quantum circuits.

Index Terms—microwave detection, radar, quantum signals,
entanglement

I. INTRODUCTION

Many applications of quantum sensing are naturally embed-
ded in the microwave regime. A prominent example is quan-
tum illumination (QI) [1]-[9] for its remarkable robustness
to background noise, which at room temperature amounts to
~ 103 thermal quanta per mode at a few GHz. The aim of QI is
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to detect a low-reflectivity object in the presence of very bright
thermal noise. This is accomplished by probing the target with
less than one entangled photon per mode, in a non-invasive
fashion which is impossible to reproduce with classical means.
In the Gaussian QI protocol [2], the light is prepared in a
two mode squeezed vacuum state [10] with the signal mode
sent to probe the target while the idler mode is kept at
the receiver. Even though entanglement is lost in the round
trip from the target, the surviving signal-idler correlations,
when appropriately measured, can be strong enough to beat
the performance achievable by the most powerful classical
detection strategy. In the low brightness regime, where QI
shows the biggest advantage, it could be suitable for extending
quantum sensing techniques to short-range radar [11] and non-
invasive diagnostic scanner applications [12].

Previous experiments relied directly on the measurement
of field quadratures, and in the microwave domain Refs. [13]
and [14] demonstrated a quantum enhancement of the detected
covariances compared to a symmetric classical noise radar,
i.e. with approximately equal signal and idler photon number.
When the phase of the reflected signal is stable over relevant
timescales or it is a priori known, homodyne detection of
field quadratures, where the signal is mixed with a local
oscillator with the same frequency and with a stable and
tunable phase, represents the optimal field detection and the
strongest classical benchmark. Due to this appropriate phase-
sensitive detection, an ideal classically correlated noise radar
can be on par or, in the case of a bright idler [8], even out-
perform coherent heterodyne detection, which is the optimal
choice maximizing the signal-to-noise (SNR) in the case of
uncontrollable, phase-rotating targets. In this latter case the
two field quadratures are measured simultaneously, with the
unavoidable addition of 3 dB of quantum noise.

In this work, we implement a digital version of the phase-
conjugated receiver of Ref. [15], experimentally investigating
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Fig. 1. Implementation of microwave quantum illumination. (a) A quantum source generates and emits stationary entangled microwave fields in two separate
paths. The signal mode ag is used to interrogate the presence (¢ = 1) or absence (¢ = 0) of a room-temperature object with total round-trip reflectivity
n. The returned mode dgef is measured together with the unperturbed idler mode ay. (b) Circuit diagram of the experimental setup. A superconducting
Josephson parametric converter (JPC) is used to entangle signal and idler modes at frequencies wg and wy by applying a suitable parametric pump tone at
the sum frequency wp = wg + wr at ~ 7 mK. A coherent microwave tone or a classically correlated noise source are used to generate benchmark signals
at room temperature that are sent into the dilution refrigerator and reflected from the JPC ports. The outputs of the JPC or the reflected classical signals
are amplified, down-converted and digitized simultaneously and independently for both channels. The signal mode passes through a measurement line that
contains a room-temperature switch that is used to select between a digitally controllable attenuator 7 and a free-space link realized with two antennas and a

movable reflective object.

proof of concept QI in the microwave regime [16]. We use
a Josephson parametric converter (JPC) [17], [18] inside a
dilution refrigerator at 7 mK for entanglement generation [19],
[20]. The generated signal microwave mode, with annihilation
operator ag, is amplified by a HEMT amplifier at 4 K to
facilitate its detection, and sent to probe a target placed in the
noisy environment at room-temperature, while the idler mode
ar is measured as shown in Fig. 1. The reflection from the
target ap is also detected, and the two measurement results
are post-processed to calculate the SNR for discriminating the
presence or absence of the object. Our experimental imple-
mentation of QI relies on linear quadrature measurements and
suitable post-processing in order to compute all covariance
matrix elements from the full measurement record as shown
in previous microwave quantum optics experiments with linear
detectors [21]-[23]. This enables the digital simulation of
the phase-conjugated receiver of Ref. [15], exploiting the
correlations of the JPC output fields without the explicit use
of analog photodetection. We then compare the resulting SNR
with the SNR of other detection strategies employing the
same signal path and the same signal photon numbers at
the JPC output. This means comparing our detection strategy
not with the ultimate classical benchmark, but with the best
classical benchmark operating under the same conditions and
amplification/measurement chain.

Our digital approach to QI circumvents common practical
problems such as finite idler storage time that can limit the
range and fidelity of QI detection schemes. However, this
advantage comes at the expense that the theoretically strongest
classical benchmark in the same conditions - the coherent
state homodyne detector using the same signal power and

signal path - can be approached in specific conditions such as
quantum limited amplification, but never be outperformed. To
outperform coherent state homodyne detection in practice, will
require low temperature square law detection of microwave
fields that can be realized with radiometer or photon counting
measurements, even though in this latter case idler storage is
again needed. Nevertheless, using calibration measurements
of the idler path, we can simulate a situation with perfect
idler photon number detection, extrapolating the case where
the reflected mode is detected together with the idler mode
using analog microwave photon counters. For this situation
we show that the SNR of coherent heterodyne detection and
symmetric noise radars is exceeded by up to 4 dB and that
of homodyne detection - the classical benchmark - by up
to 1 dB for the same amplified signal path, measurement
bandwidth and signal power. We also note that the strong and
noisy amplification of the signal path chosen to facilitate the
detection with commercial analog-to-digital converters enables
another classical receiver strategy, i.e. the detection of the am-
plifier noise in the presence of the target. Since the amplified
noise exceeds the environmental noise at room temperature by
orders of magnitude, this would indeed be the most effective
strategy for the implemented experiment. For the same reason,
a low noise coherent source at room temperature would out-
perform the relative benchmarks considered here. In practice,
outperforming the room temperature benchmark depends on
the chosen amount of gain, the type of amplifier and the loss in
the detection system and therefore does not pose a fundamental
limitation to the presented measurement scheme that focusses
on the relative comparison of the different illumination types.



II. RESULTS

The experimental setup, shown in Fig. 1(b), is based on a
frequency tunable superconducting JPC operated in the three-
wave mixing regime and pumped at the sum of signal and idler
frequencies w,, = wg + wy. The output of the JPC contains
a nonzero phase-sensitive cross correlation (agdy), which is
a signature of the entanglement between the signal mode
with frequency wg = 10.09 GHz and the idler mode with
frequency w; = 6.8 GHz. The quantities (O) and (AO;)? =
(02) = (0;)? define the mean and the variance of the operator
O, respectively, and they are evaluated from experimental data.
The signal and idler are sent through two different measure-
ment lines, where they are amplified, filtered, down-converted
to an intermediate frequency of 20 MHz and digitized with
a sampling rate of 100 MHz using an 8 bit analog-to-digital
converter. Applying fast Fourier transform and post-processing
to the measured data, we obtain the quadrature voltages I; and
@;, which are related to the complex amplitudes a; and their
conjugate a; of the signal and idler modes at the outputs of

the JPC as a; = % and af = %, having

the same measurement statistics as the annihilation operator
a;. Here, R = 509, B = 200 kHz is the measurement
bandwidth set by a digital filter and ¢ = S, I [23]-[25]. We
have calibrated the system gain and noise of both measurement
channel, obtaining (Gg, Gy) = (93.98(01),94.25(02)) dB and
(Nadd,s, Nadd,r) = (9.61(04),14.91(1)) respectively.

A first important check for the experiment is to quantify
the amount of entanglement at the output of the JPC at 7
mK. A sufficient condition for the signal and idler modes
to be entangled is the non-separability criterion [26] A :=
(X2) + <P£> < 1, for the joint field quadratures X =
(as+al, —ar —al)/2 and Py = (ag —al +a; —ab)/(2i).
In Fig. 2(a) we show measurements of A as a function of
the signal photon number Ng = (&g&g at the output of the
JPC at millikelvin temperatures, as obtained by applying the
above calibration procedure to both signal and idler modes,
and compare the result with classically-correlated radiation.
The latter is generated at room temperature using the white
noise mode of an arbitrary waveform generator, divided into
two different lines, individually up-converted to the signal wg
and idler wy frequencies and fed to the JPC inside the dilution
refrigerator. Note that, for both JPC and classically correlated
noise, we digitally rotate the relative phase of the quadratures
to maximize the correlation between signal and idler.

The classically-correlated signal and idler modes are then
reflected back from the JPC (pumps are off) and pass through
the measurement lines attached to the outputs of the JPC. This
ensures that both classical and quantum radiations experience
the same conditions in terms of gain, loss, and noise before
reaching the target and before being detected in the identical
way. As shown in Fig. 2(a), at low photon number the
parameter A is below one proving that the outputs of the JPC
are entangled, while at larger photon number (larger pump
power) the entanglement gradually degrades and vanishes at
Ng = 4.5 photons -s~!-Hz~!. We attribute this to finite
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Fig. 2. Entanglement and quantum illumination. (a) The measured

entanglement parameter A for the output of the JPC (blue) and classically-
correlated noise (red) as a function of the inferred signal photon number Ng
at the output of the JPC and the pump power P, at the input of the JPC.
(b) Comparison of the measured single mode signal-to-noise ratio (SNR)
of quantum illumination (QI, solid blue), symmetric classically-correlated
illumination (CI, solid red), coherent-state illumination with homodyne (solid
green) and heterodyne detection (solid yellow), and the inferred SNR of
calibrated QI (dashed blue) and CI (dashed red) as a function of the signal
photon number Ng for a perfectly reflective object and a 5 us measurement
time. The dots are measured and inferred data points and the solid and dashed
lines are the theory prediction. For both panels (a) and (b) the error bars
indicate the 95% confidence interval based on 3 sets of measurements, each
with 380 k two channel quadrature pairs for QI/CI, and 192 k quadrature pairs
for coherent-state illumination.

losses in the JPC, which leads to pump power dependent
heating and results in larger variances of the output field. The
classically correlated radiation of the same signal power on the
other hand (red data points), cannot fulfill the non-separability
criterion and therefore A > 1 for the entire range of the signal
photons.

The experiments of QI and classically-correlated illumina-
tion (CI) are implemented in a similar way, see Fig. 1(b). The
two amplified quadratures of the idler mode d‘}“ are measured
at room temperature, and the signal mode a is amplified (with
gain G'¢"" and the noise mode a;,¢) and used to probe a noisy
region that is suspected to contain an object. In this process, we
define 7 as the total detection loss on the signal path between
the two room-temperature switches used in the measurement
chain, which includes cable loss, free-space loss, and object
reflectivity. The reflected signal from the region is measured,
by means of a mixer and an amplifier with gain G%et and the
noise mode a5°%. The output a4’ in the presence (i = 1) or
absence (i = 0) of the object is then post-processed for the



reconstruction of the covariance matrix of the detected signal-
idler state.

The signal mode a Ad“ takes different forms depending on
the presence
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of the target with a."v is the environmental noise mode.

In the absence of the object, the signal contains only noise
no = GENeny + (G — 1)nger,s in which nger s is the
amplifier added noise after interrogating the object region.
In the presence of the target and for n < 1, the added
noise to the signal is ny = n GEFH(GE™ — )namp,s + no,
whose first term is due to the amplifier added noise of the
first amplification stage before reaching the target, which
exceeds the environmental noise nen, as well as the signal
photon numbers used to probe the target. This implies that
in our proof of principle demonstration the optimal classical
strategy would actually be based on detecting the presence
or absence of the amplifier noise rather than the coherences
and correlations of the signal-idler path with the measured
SNRpassive = (1 — ng)/(no + 1) ~ 31.4dB for the chosen
gain and receiver noise in our setup. However, for lower noise
temperature signal amplifiers and lower gain as well as in
longer range applications with increased loss, such a passive
signature of the detection scheme will be drastically reduced
and eventually disappear in the environmental noise at room
temperature.

The final step of the measurement is the application of a
digital version of the phase-conjugate receiver [15]. The re-
flected mode adet is first phase-conjugated, and then combined
with the idler mode on a 50-50 beam splitter. The SNR of the
balanced difference photodetection measurement reads

) — (Ro)?
SNRQI/Clz (< 1> < O>) 2 (3)
2 (VAN +/(BNR)
where N; = d;+&i,+ — &;,di,— with a;+ = (ddsi‘tT +

V24, + &‘}et) / V2 is the annihilation operator of the mixed
signal and idler modes at the output of the beam splitter in
the absence (i = 0) and the presence (i = 1) of the target
(here a, is the vacuum noise operator). For the raw SNR
without idler calibration we use Eq. (3). In order to simulate
perfect photon number detection of the idler mode directly at
the JPC output we reduce the variance in the denominator of
Eq. (3) by the calibrated idler vacuum and amplifier noise as
(abar) = (@i*""ad*t) /G — (Nagas +1).

The experiment of coherent state illumination is performed
by generating a weak coherent tone using a microwave source
at room temperature followed by low temperature chain of
thermalized attenuators inside the dilution refrigerator. The
center frequency of the coherent tone is wg, exactly matched
with the frequency of the signal used in the QI and CI
experiments. The coherent tone is reflected back from the
unpumped JPC and directed into the same measurement chain
identical to that of QI and CI, see Fig. 1(b). The signal is sent
to probe a target region and the detected radiation agf’f is used
to calculate the SNR of the digital homodyne and heterodyne
detections for the same probe power, bandwidth and amplifier
noise.

In the absence of a passive signature due to signal noise
amplification, digital homodyne detection of a coherent state
represents the optimal classical strategy in terms of the SNR,
which is given by

(X — (X))

o faxED? +\[axg?)

while the SNR of the digital heterodyne detection is lower and
given by

SNReE" =

)

o (Kb — (Xdeh))2 + ((Pdef) — (PaSh))?
SNR2S = 5 s
( Z \/ AXdet APdet) )
where Xdet = agtitasi’ and Pdet = agii—asy! are the field
- NG Sy T iv2

quadrature operators.

In Fig. 2(b) we compare the SNR of QI and CI with and
without idler calibration for a perfectly reflective object in a
zero loss channel n = 1. For comparison, we also include
the results of coherent-state illumination with homodyne and
heterodyne detection. In all cases the signal mode at room
temperature is overwhelmed with amplifier noise. For the
same measurement bandwidth and using the raw data of
the measured quadrature pairs (solid lines) QI (blue dots)
outperforms sub-optimum symmetric CI (red dots) by up to 3
dB at low signal photon numbers but it cannot compete with
the SNR obtained with coherent state illumination (yellow
and green dots). Under the assumption of perfect idler photon
number detection, i.e. applying the calibration discussed above
(dashed lines), the SNR of QI is up to 4 dB larger than that of
symmetric CI and coherent-state illumination with heterodyne
detection, which does not require phase information, over the
region where the outputs of the JPC are entangled. For signal
photon numbers Ng > 4.5, where there is no entanglement
present in the signal source, the sensitivity of the coherent-state
transmitter with heterodyne detection outperforms QI and CI,
confirming the critical role of entanglement to improve the
sensitivity of the detection.

QI with a phase conjugate receiver is potentially able to out-
perform coherent-state illumination with homodyne detection
by up to 3 dB, i.e. the optimum classical benchmark, in the
regime of low signal photon numbers. In the region Ng < 0.4
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Fig. 3. Low reflectivity quantum correlated noise radar. The inferred signal to noise ratio (SNR) of calibrated QI (blue) and symmetric CI (red), and
the measured coherent-state illumination with digital heterodyne detection (yellow) as a function of (a) the total signal loss 7 and (b) object distance from
the transmitting and receiving antennas for free space illumination. The error bars are calculated similar to Fig. 2. For both panels the signal photon number
is Ng = 0.5. The shaded regions are the theoretical uncertainties extracted by fitting the experimental data. The SNR of the coherent state with homodyne
detection is not presented in this figure since the expected advantage at the chosen Ng is smaller than systematic errors in this measurement.

the experimentally inferred SNR of QI is approximately 1 dB
larger, in agreement with the theoretical prediction taking into
account experimental non-idealities like the finite squeezing
of the source. In practice though, i.e. without the applied idler
calibration, the quantum advantage compared to coherent ho-
modyne detection is not accessible with a digital receiver based
on heterodyne measurements, even in the case of quantum
limited amplifiers, due to the captured idler vacuum noise,
which lowers the optimal SNR by at least 3 dB [2], [6]. The
experimental results (dots) are in very good agreement with the
theoretical prediction (solid and dashed lines). For the theory
we rewrite the SNRs Eqgs. (3)-(5) in terms of the signal photon
number Ng = (dgd5>, the idler photon number Ny = (d}&ﬁ,
and the signal-idler correlation (agas) at the output of the
JPC. These parameters are extracted from the measured and
calibrated data as a function of the JPC pump power. Together
with the known system gain and noise we plot the theoretical
predictions of the various protocols at room-temperature.

An important feature of a radar or short range scanner
is its resilience with respect to signal loss. To verify this,
as shown in Fig. 1(b), we use two microwave switches at
room temperature in the signal line in order to select between
a digitally controllable step attenuator to mimic an object
with tunable reflectivity and a proof of principle radar setup.
With this setup we determine the effects of loss and object
reflectivity as well as target distance on the efficiency of the
quantum enhanced radar. In Fig. 3(a) we plot the measured
SNR of QI, CI and coherent-state illumination with heterodyne
detection, as a function of the imposed loss on the signal mode.
The calibrated QI protocol is always superior to calibrated
symmetric CI and coherent-state illumination with heterodyne
detection for a range of effective loss -25 dB < 1 < 0 dB. The
dashed lines are the theory predictions from Eq. (3) and Eq. (5)
for a fixed chosen signal photon number Ng = 0.5. The
shaded regions represent the confidence interval extracted from

the standard deviation of the measured idler photon numbers
and the cross-correlations as a function of 7.

In the context of radar, small improvements in the SNR
lead to the exponentially improved error probability & =
1/2erfc(v/SNR - M), where M = Ti,tB is the number of
single mode measurements, and Ti. is the total measurement
time required for a successful target detection. To test the
principle of microwave QI in free-space at room temperature,
we amplify and send the microwave signal emitted from JPC
to a horn antenna and a copper plate representing the target
at a variable distance. The reflected signal from this object
is collected using a second antenna of the same type, down-
converted, digitized, and combined with the calibrated idler
mode to calculate the SNR of the binary decision. With this
setup we repeat the measurement for CI and coherent state
illumination with heterodyne. Fig. 3(b) shows the SNR of
these protocols as a function of the object distance from the
transmitting antenna as well as the total loss of the free space
link. Calibrated QI reveals higher sensitivity for a reflective
target up to 1 meter away from the transmitting antenna. The
results are in good agreement with the theoretical model.

CONCLUSION

In this work we have studied proof of concept quantum illu-
mination in the microwave domain, the most natural frequency
range for target detection. Assuming perfect idler photon num-
ber detection we showed that a quantum advantage is possible
despite the entanglement-breaking signal path. Since the best
results are achieved for less than one mean photon per mode,
our experiment indicates the potential of QI as non-invasive
scanning method, e.g. for biomedical applications, imaging of
human tissues or non-destructive rotational spectroscopy of
proteins, besides its potential use as short-range low-power
radar, e.g. for security applications. However, for this initial
proof of principle demonstration the amplified bright noise in



the target region overwhelms the environmental noise by or-
ders of magnitude, which precludes the non-invasive character
at short target distances and presents an opportunity to use the
presence or absence of the amplifier noise to detect the object
with even higher SNR. The use of quantum limited parametric
amplifiers [27]-[29] with limited gain, such that the amplified
vacuum does not significantly exceed environmental or typical
electronic noise at the target, may help to achieve a practical
advantage with respect to the lowest noise-figure coherent
state heterodyne receivers at room temperature and, up to
the vacuum noise, they will also render the idler calibration
obsolete. The use of sensitive radiometers or microwave single
photon detectors [30]-[32] at millikelvin temperatures without
signal amplification, represents a promising route to achieve
an advantage in practical situations and with respect to ideal
coherent state homodyne receivers. One advantage of the
presented digital implementation of QI is that it does not
suffer from the idler storage problem of receivers that rely
on analog photodetection schemes, inherently limiting the
accessible range when used as a radar. It is an interesting
open question what other types of receivers [33] could be
implemented in the microwave domain, based on state of
the art superconducting circuit technology and digital signal
processing.
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