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The main thrust of our program was proof-of-principle quantum illumination (QI) experiments to demonstrate QI’s target detection
capabilities. Supporting theoretical work to advance understanding and enhancement of the QI paradigm was also included. Our
experiments demonstrated high signal-to-noise ratio (SNR) quantum-illumination target detection in a lossy, noisy environment using an
optical parametric amplifier (OPA) receiver, and explored the SNR's dependence on key parameters such as the signal attenuation, the noise
level, and the OPA gain. We constructed a classical (laser) illumination system, which used homodyne reception instead of an OPA, and
compared its SNR to the QI system’s. Our theoretical work studied the use of dual-OPA reception as a route to account for random phase in
the target return. It showed that such an approach is infeasible, thus indicating the need to do active phase-tracking in QI target detection.
We also found that the single-OPA receiver still provides a QI target-detection performance advantage, in comparison to a laser system of
the same average transmitted photon number, when the target return has random-amplitude behavior. Receiver operating characteristic
comparison between QI and an erbium-doped fiber amplifier source showed that quantum illumination provides more than 27 dB of stealth
advantage in target detection.
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Research Summary
The main thrust of our program was to perform proof-of-principle quantum illumination
(QI) experiments for improved target detection. In addition, supporting theoretical work to
advance understanding and enhancement of the QI paradigm was included in our program.

Experimental Work
Quantum illumination (QI) is a novel technique [1, 2] for achieving an advantage over
classical-state illumination in target detection in a high loss and high noise environment.
The focus of our QI experimental efforts was a proof-of-concept demonstration of QI target detection and compare the results to those of a classical illumination setup. Below we
summarize our work in the implementation and results of the tabletop experiment.
The QI experimental configuration we employed is shown schematically in Fig. 1. Multitemporal-mode entangled signal and idler beams were generated by spontaneous parametric
downconversion (SPDC) in a 4-cm-long periodically poled magnesium oxide-doped lithium
niobate (MgO:PPLN) crystal. PPLN is highly nonlinear and its copolarized frequencynondegenerate outputs at the signal and idler wavelengths of 1590 nm and 1530 nm, respectively, were easily separated with a long-pass edge filter (Semrock) that reflected nearly 100%
of the idler light. The pump was loosely focused at the MgO:PPLN crystal and the signal
and idler outputs were optimally coupled into their respective single-mode fibers. The pump
focusing and collection optics were designed to maximize the heralding efficiency of the idler
light [3], as needed for maximizing the signal-to-noise ratio in QI target detection. Using
gated InGaAs avalanche photodiodes as single-photon detectors, we measured a single-mode
conditional coupling efficiency of ∼93% of an idler photon upon the detection of a signal
photon.
A coarse wavelength-division multiplexer (CWDM) filter with a 16 nm bandwidth that
is centered at 1590 nm was used to define the bandwidth of the signal output. The signal
photon number per mode NS was much less than unity and the number of temporal modes
contained within the 16-nm (∼2 THz) bandwidth of the CWDM filter was estimated to be
about 4 × 1012 per second. We applied phase modulation to the signal beam with a squarewave π-phase modulation depth in the kHz range for clean detection in an audio spectral
1

Figure 1: Schematic of experimental setup for QI-based target detection under high-loss and
high-noise conditions. Phase modulation in the kHz range is imposed on the signal to allow
easy signal recovery using an audio spectrum analyzer.
region that is free of significant technical noise. The signal was attenuated with a free-space
variable attenuator to simulate the loss expected in a target detection scenario. Broadband
amplified emission noise from an erbium-doped fiber amplifier (EDFA) was combined with
the signal to simulate a high-noise environment, with a noise photon number per mode NB
in the range 40–300. The returned signal with injected noise was then combined with the
cw pump and the retained idler beam for phase-sensitive detection using a low-gain optical
parametric amplifier (OPA) as the joint quantum receiver [4]. The OPA output at the
idler wavelength was directly detected using an InGaAs p-i-n photodiode with an estimated
quantum efficiency of 85% and an ultralow-noise transimpedance amplifier. Compared with
to our initial QI measurements, which used an InGaAs avalanche photodiode, the p-i-n
photodiode yielded a better signal-to-noise ratio (SNR) because it does not have the excess
noise associated with the avalanche multiplication process. The observed signal was then
measured using an audio network analyzer. Figure 2 shows the measured results for a
modulation frequency of 20 kHz without or with the target’s presence, i.e., by blocking
or unblocking the signal beam path. The high SNR in Fig. 2 shows that a much wider
measurement bandwidth (shorter integration interval) could be used.
Theory indicates that quantum illumination with the OPA receiver should perform better
than a classical illumination setup with the same output signal power by a factor of two in
the SNR [4] under ideal operating conditions with ideal components. We set up a classical
illumination experiment to compare with the QI measurements. Figure 3 shows the setup
for classical illumination. A 1550-nm laser was used to generate the signal for interrogating
the target and the local oscillator used in the homodyne receiver. For a proper comparison
with the QI measurements, our classical source used the same amount of signal power as the
total signal power used in QI.
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Figure 2: Received signal output obtained from an audio spectrum analyzer without or with
the target. Signal loss is ∼13 dB and injected noise is 2 × 104 higher than signal strength.
Figure 4 shows the target detection SNR comparison between classical illumination and
earlier QI measurements that were made with the InGaAs avalanche photodiode. The lower
set of data (black) is for a signal photon number NS of 2 × 10−5 per mode, and the upper
set of data (blue) is for a higher pump power that yields 2 × 10−4 photon per mode. Other
operating conditions are the same for both cases: 300 noise photons per mode and signal
transmission of 0.02. The measured SNR for QI as a function of the OPA receiver gain
(G − 1) setting shows that the SNRs are not a sharp function of the gain; however, there
is an optimal gain setting to maximize the SNR that is clearly evident in both NS cases.
Note that the difference between the two QI measured values of ∼10 dB is the same as the
difference in their NS values. The classical illumination measurements show higher SNRs
than the QI measurements by ∼3 dB. In comparison, theory expects the ideal case for QI
should yield 3 dB higher SNR than the classical measurements, as indicated by the dashed
curves in Fig. 4. The discrepancy between the ideal case and the measured values for QI is
due to nonideal components and operating conditions, such as transmission efficiency in the
retained idler channel of 0.8, sub-unity detector quantum efficiency of 0.73, and sub-unity
pairing of the signal and idler modes of 0.44 [5]. The dotted curves in Fig. 4 represent the
expected QI values if we make realistic improvements to these efficiencies, in which case an
improvement of between 1 to 2 dB over the classical case is possible.
The final experimental setup for QI target detection is shown in Fig. 1. To achieve high
heralding efficiency, we implemented two zoom-lens systems to optimize the confocal parameters for the signal and idler beams produced by SPDC. We fixed the pump-beam focal size
at the SPDC and maximized the heralding efficiency by choosing different zoom-lens settings.
A heralding efficiency of 83% was measured using InGaAs APDs. The heralding efficiency
could be further increased by improving the filters between the SPDC output and the idler
3

Figure 3: Schematic of classical-illumination target detection.
collimator such that the idler loss is reduced. We also improved the idler storage efficiency
to 90%, accounting for all losses introduced by fiber connections, propagation, dichroic mirrors, and scattering inside the OPA. We are still working to complete measurements that we
believe should demonstrate a 1 to 2 dB SNR advantage for quantum illumination over its
classical counterpart.
In summary, we have achieved the following in our experimental efforts in the program:
• Performed extensive tabletop target detection measurements using quantum illumination and classical illumination;
• Showed good agreement with theory;
• Evaluated performance limitations and designed configuration to achieve QI measurement improvement over classical illumination;
• Presented a contributed talk on this work at the CLEO conference in San Jose, June
10–14, 2013.

Theoretical Work
The initial theoretical demonstration that quantum illumination could provide improved
performance in target detection relied on a probability-of-error performance metric in which
target absence and target presence were equally likely hypotheses [2]. Radar target detection,
however, seldom if ever confronts target detection with equal likelihood of target absence
or presence. Instead, the Neyman-Pearson criterion is employed, wherein the probability of
detection, PD ≡ Pr( decide target present | target present ), is maximized subject to a constraint on the false-alarm probability, PF ≡ Pr( decide target present | target absent ). The
advantage of using the minimum error-probability criterion—insofar as quantum illumination performance analysis is concerned—is the availability of the quantum Chernoff bound
to circumvent the formidable difficulty of evaluating the eigenvalues of a high-dimensional
4

Figure 4: Measured SNRs for QI target detection (filled squares) and classical illumination
(solid curves labeled classical) as a function of the OPA receiver gain at two different signal
photon numbers per mode, NS = 2 × 10−5 (black) and 2 × 10−4 (blue). Also shown are
the corresponding calculated values for QI under ideal conditions (dashed curve) and more
realistic conditions with a number of efficiency improvements (dotted curves).
mixed-state quantum system. In classical detection theory, there are Chernoff-bound formulas that can be applied to PD versus PF behavior—what is known as the receiver operating
characteristic (ROC)—for target detection. No such bounds are available in the literature
for quantum detection, and our work makes it clear that such bounds may not be obtainable.
So, to demonstrate that the QI performance advantage in target detection extends to a broad
swath of the ROC curve, we compared the PD versus PF performance of the optical parametric amplifier (OPA) receiver [4] for quantum illumination with that of the homodyne receiver
for coherent-state illumination. Figure 5 shows our results for κ = 0.01 roundtrip propagation loss when the target is present, NS = 0.01 source brightness, M = 105.5 mode pairs,
and NB = 20 background-noise brightness. The OPA receiver’s performance was obtained
from the Gaussian approximation (Central Limit Theorem) approximation for that receiver’s
photocount statistics, and the homodyne receiver performance is an excellent approximation,
in this operating regime, for the performance of the optimum receiver for coherent-state illumination. This figure shows that the QI advantage is retained over the entire ROC range
we have examined.
The preceding QI performance evaluations presumed perfect interferometric phase stability and non-fluctuating targets. Because coherent-state target detection with conventional
5
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Figure 5: Receiver operating characteristic comparison between OPA reception of a quantumillumination source and homodyne reception of coherent-state illumination.
coherent-detection receivers reduces to the well-studied problem of detecting a signal in the
presence of additive white Gaussian noise, many results are available in this case for targetdetection performance in the presence of random target phase or amplitude behavior, but no
such results had been developed for QI operation prior to our work in which we investigated
QI receivers capable of accommodating uniformly-distributed random phase or fluctuating
target amplitude. Unfortunately, the results we obtained offered very limited encouragement
[6]. In particular, we did not find a QI receiver that outperforms the OPA receiver when
there is neither random phase nor random amplitude. Moreover, the dual-OPA receiver—
which does 50–50 beam splitting of the return light and the idler light and then performs
OPA reception on each of the resulting output beams with one OPA tuned to amplify the
real quadrature and the other tuned to amplify the imaginary quadrature—does not yield
acceptable error probability, as we had initially hoped. Indeed, its performance is far worse
than the dual-homodyne (or heterodyne) receiver that can be used for coherent-state operation. On the other hand, with stable phase we have found that QI operation with OPA
reception continues to outperform coherent-state operation with homodyne detection when
the target has random amplitude behavior with either Rayleigh or exponential statistics.
However, because target randomness can be expected to exhibit itself in both phase and
amplitude, multiple-pulse QI operation with phase tracking will likely be required for such
scenarios.
All of the work described above presumed that the target-detection performance comparison should be made between a coherent-state (classical) system and the quantumillumination system. Barring discovery of a way to realize optimum quantum reception
for QI, the maximum error-exponent (SNR) advantage for QI over its classical competitor is
6

the 3 dB afforded by OPA reception. Moreover, that is only possible under ideal operating
conditions with ideal components. Indeed, our experiments confirm that realizing that full
3 dB advantage is quite challenging. There is, however, another comparison that places QI
in a much more favorable light: target detection with stealth. The high brightness of a laser
illuminator whose power matches that of a QI transmitter makes it readily detectable at the
target. Consider, instead, using an erbium-doped fiber amplifier (EDFA) as the transmitter,
whose bandwidth matched that of the QI transmitter. At the same brightness, both would
be equally and much more stealthy than the laser transmitter. As shown in Fig. 6, however,
the QI system has a vastly superior receiver operating characteristic in comparison with the
EDFA system, with latter requiring more than 27 dB higher brightness to approach the former’s PD versus PF behavior. Here, QI’s enormous performance advantage is similar to what
is present in a communication context, when QI has been shown, theoretically, to provide
immunity to passive eavesdropping under ideal operating conditions with ideal components
[7]. More importantly, recent experimental work has shown that this immunity can be realized under realistic operating conditions with realistic components [8], so stealthy QI-based
target detection should definitely be possible.
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Figure 6: Receiver operating characteristic comparison between OPA reception of a quantumillumination source and direct-detection of an EDFA source of the same bandwidth. NS =
source brightness (photons/mode); κ = roundtrip transmissivity; NB = background brightness; and M = number temporal modes (EDFA) or mode pairs (QI).
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