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We are embarked on research in the area of quantum information technology whose goal is to
enable the quantum-mechanical information transmission, storage, and processing needed for
future applications in quantum computing and quantum communication. Our theoretical work is
currently focused on the fundamental limits on classical information transmission that are due to
the quantum noise of bosonic channels, and on the use of quantum resources in precision
measurement and imaging applications. Our main experimental work is focused on generation
and application of entanglement sources with high brightness and wavelength tunability. In
addition, we are interested in novel entanglement sources and their applications in quantum logic
gates, enhanced quantum measurements, quantum imaging, quantum protocols for
entanglement distillation, and quantum cryptography.
Reverse Coherent Information Shannon proved that sending classical information through a
noisy classical channel can be achieved with vanishingly small error probability in the limit of
many channel uses subject to two conditions: (1) the information rate is less than the channel’s
capacity; and (2) appropriate error-correction coding is employed [1,2]. Quantum information
theory is a generalization of Shannon’s work that treats both classical and quantum information
transmission over noisy quantum-mechanical channels. In recent years we have devoted a great
deal of our attention to classical information transmission over bosonic channels [3-7], because
the vast majority of today’s communication carriage employs fiber-optic systems to convey
classical information. During the past year, however, we turned to questions of quantum
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information transmission and entanglement distribution. The quantum communication capacity
Q (Λ) of a channel governed by the trace-preserving completely positive map Λ is found from
⊗n
the coherent information, I (Λ , ρ A ) , for n channel uses with density operator ρ A as follows
[8,9]
1
⊗n
Q(Λ) = lim
max I (Λ , ρ A ) .
n→∞ n ρ
The necessity of including multiple-letter (n>1) encoding arises from the fact that quantum
channels need not be additive.
Unlike the case for classical channels, for which feedback does not increase channel capacity,
having access to a classical communication channel between Alice (the quantum transmitter) and
Bob (the quantum receiver) can increase quantum communication capacity. Indeed, one can
define three new quantum communication capacities according whether the classical
communication is one-way forward between Alice and Bob ( Q→ ), one-way backward between
Bob and Alice ( Q← ), or two way ( Q← ).
Entanglement is the cornerstone of quantum information science. Hence its distribution is of
critical importance for many applications, and so the entanglement-distribution capacities of
quantum channels — without classical-communication assistance ( E ) and with such assistance
in either one-way forward ( E→ ), one-way backward ( E← ), or two way ( E↔ ) — are of
considerable interest. We summarize the known relationships between the preceding quantum
and entanglement-distribution capacities in Fig. 1.

Figure 1. Relations between the quantum communication and entanglement-distribution capacities. The
notes in this figure refer to the following. (1) The equality E = Q = Q→ was shown in [10]. (2) Any
entanglement-distribution protocol can be transformed into a quantum communication protocol by appending
teleportation to it. (3) This relation results from combining 1 and 2. (4) This result follows from combining 1,
and 3, with the fact that increasing the feedback resources available cannot decrease capacity. (5) It is easy
to prove that E← = Q ↔ for the erasure channel [11,12]. In [12] it was shown that the erasure channel
satisfies the strict inequality Q ← < Q ↔ , which gives E ← ≠ Q← .

The coherent information can be expressed as I (ρ RB ) , where ψ
density operator obtained by adjoining a reference system R, and

RA

is a purification of Alice’s

I (ρ RB ) = S(ρ B ) − S (ρ RB )

with S(ρ ) ≡ −tr[ ρln(ρ )] being the von Neumann entropy of density operator ρ . We have given
operational meaning to the reverse coherent information,
I R (ρ RB ) = S(ρ R ) − S (ρ RB ) ,

45-2 RLE Progress Report 151

Chapter 45. Optical and Quantum Communications
by showing that its maximum, over single-letter density operators for Alice, leads to a reverse
coherent information capacity for entanglement distribution assisted by classical feedback that
can exceed the unassisted capacity for the amplitude-damping channel and the generalized
amplitude-damping channel [13].
Nonlinear Waveguide Polarization Entanglement Source The capability to efficiently generate
high-quality entangled photons is key to many applications of photonic quantum information
processing, such as quantum key distribution and linear optics quantum computing. In recent
years most entanglement sources have been based on spontaneous parametric downconversion
(SPDC) in a noncollinearly propagating, angle phase-matched crystal, such as beta barium
borate (BBO) [14]. We have taken a different approach to entanglement generation that takes
advantage of advances in nonlinear materials and utilizes standard techniques in nonlinear
optics. We have employed the method of quasi-phase matching in periodically-poled potassium
titanyl phosphate (PPKTP) or periodically-poled lithium niobate (PPLN) bulk crystals to enable
efficient downconversion at user-specified wavelengths. During the past year we have developed
a source of high quality polarization-entangled photons generated from a PPKTP waveguide that
promises to be more efficient and compact than bulk-crystal sources. Additionally, the single
spatial mode nature of the waveguide output can, in principle, be efficiently extracted into a
single-mode fiber for easy transport and manipulation.
SPDC generation efficiency in bulk crystals is typically in the range of 10-12 to 10-8, depending on
the type of crystal, the crystal length, collection angle and bandwidth. Moreover, in a bulk crystal
the total output flux from a bulk crystal is linearly proportional to the pump power and is not
dependent on pump focusing. Nonlinear waveguides, on the other hand, have been shown to
have a significantly higher SPDC efficiency. Fiorentino et al. made a direct comparison between
the outputs from a waveguide on PPKTP and a bulk PPKTP crystal, showing a 50-fold
enhancement in the case of the waveguide and in agreement with a semiclassical model based
on the density of states of guided mode fields [15]. We have developed an alternative theoretical
model for waveguide SPDC generation by taking into account the transverse index profile of a
nonlinear crystal waveguide that imposes an effective transverse momentum on the phasematching conditions. We find that the effective transversal grating leads to a broader transverse
spatial bandwidth of the signal and idler outputs, which in turn explains the much higher spectral
brightness of a waveguide SPDC source compared with a bulk-crystal SPDC source [16]. Our
model gives essentially the same result as the model based on density of states, suggesting that
the higher density of states comes from a larger transverse bandwidth due to the presence of the
waveguide. The signal spectral brightness is given by
3
2 2
dPs 16π h deff L cPp 1
2
=
sinc (Δk z L / 2) ,
4
dλ s
ε 0 n s ni n pλ s λi Awg

where Ps is the signal power at wavelength λ s, L is the length of the waveguide with a crosssectional area Awg. Pp is the pump power, λ i is the idler wavelength, deff is the nonlinear
coefficient, Δ kz is the momentum mismatch along the propagation z axis, and h is the reduction
factor to account for focused beams. The waveguide cross section Awg factor is what yields the
large enhancement in generation efficiency over SPDC in bulk crystals.
The 16-mm long fiber-coupled Rb-indiffused PPKTP waveguide was fabricated by AdvR, Inc. for
type-II phase matching with orthogonally polarized degenerate outputs at 1316 nm. We obtained
a pair production rate of 2 x 107/s/mW of pump power in a 1.08-nm bandwidth, in good
agreement with our theoretical estimate. Figure 2 shows the Hong-Ou-Mandel (HOM) quantum
interference setup for measuring the indistinguishability of the signal and idler photons from the
fiber-coupled PPKTP waveguide source. The orthogonally-polarized signal and idler were
separated using a polarizing beam splitter (PBS), and a polarization controller in one of the output
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paths was used to match the polarizations of both photons for interference measurements at the
fiber 50/50 beam splitter. By blocking the residual pump light to eliminate any pump-induced
fluorescence that might originate from downstream optical components and by using a tunable
narrowband filter, we obtained an HOM quantum-interference visibility of 98.2% after subtraction
of accidental coincidences (caused by the InGaAs avalanche photodiodes), as shown in Fig. 3,
representing the highest reported value for a waveguide-based photon-pair source [16].

Figure 2. Schematic of experimental setup for Hong-Ou-Mandel two-photon quantum interference
measurement. Three different types of spectral filters were used to eliminate residual pump light and out-ofband fluorescence to yield more accurate characterization of the PPKTP waveguide SPDC source.

The high HOM visibility of the waveguide device suggests that it is a suitable source for many
quantum information processing applications that require compactness, high spectral brightness,
and a high degree of indistinguishability. We took advantage of the high quality waveguide
source to generate polarization-entangled photons at 1316 nm and collaborated with Professor
Karl Berggren to demonstrate remote detection of entangled photons using his superconducting
nanowire single-photon detector (SNSPD). SNSPDs are much better than InGaAs detectors for
single-photon detection at telecom wavelengths because of low dark counts, high speed, and
better detection efficiency [17]. See the chapter Quantum Nanostructures and Nanofabrication in
this Report for details of the design, fabrication, and characteristics of SNSPDs.

Figure 3. Measured HOM coincidences and accidentals counts in 300-s time intervals as function of the
optical path difference between the signal and idler arms, yielding an HOM visibility of 98.2% with
accidentals subtracted [16].
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Figure 4 shows the experimental setup for polarization entanglement generation and a novel
time-multiplexed scheme for two-photon coincidence detection using a single SNSPD. After
separating the orthogonally polarized outputs from the PPKTP waveguide, we applied a relative
time delay between the two photons to compensate for the birefringence imposed on them in the
waveguide, thereby eliminating any temporal distinguishability between the two photons. We
then combined the orthogonally polarized photons at a 50/50 fiber splitter, and a postselected
polarization-entangled state was generated when there was one photon in each of the output
paths of the 50/50 fiber splitter. This can be verified by two-photon coincidence measurements
using a single SNSPD located in a separate laboratory and linked by two 200-m single-mode
optical fibers. Each of the two entangled photons from the 50/50 coupler (labeled 1 and 2) was
polarization analyzed with a half-wave plate and PBS and then sent through the optical fibers to
the remote SNSPD location. Photon 2 had a 125-ns optical delay and the two photons were
combined with a fiber coupler and sent to the fiber-coupled SNSPD. The time separation was
larger than the reset time of the detector and therefore a single SNSPD was capable of
performing coincidence measurements between the time-separated photons. Figure 5 shows the
two-photon quantum-interference of polarization-entangled photons generated by the PPKTP
waveguide. We obtained a quantum-interference visibility of 98.7% in the horizontal-vertical (HV) basis and 96.2% in the antidiagonal-diagonal (A-D) basis, after subtraction of accidental
coincidences [18].
The PPKTP waveguide source of photon pairs scores high on two key performance metrics,
namely the spectral brightness and the degree of indistinguishability for the generated photon
pairs. Our waveguide source has a ~40x greater pair generation efficiency compared with a bulk
PPKTP crystal [19], yielding a pair production rate of 2 x 107/s/mW of pump power in a 1.1 nm
bandwidth. The high visibility of the HOM quantum interference enabled us to produce
polarization-entangled photons showing high-visibility two-photon quantum interference. We
believe the compact nonlinear waveguide source with its high-quality single-spatial mode outputs
will play an increasing role in future photonic sources for quantum information science such as
linear optics quantum computing.

Figure 4. Schematic of experimental setup for polarization entanglement generation in PPKTP waveguide
and time-multiplexed two-photon coincidence detection with a single SNSPD.
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Figure 5. Two-photon quantum interference of polarization-entangled photons generated from a fibercoupled PPKTP waveguide and detected by a single SNSPD in a time-multiplexed measurement scheme,
showing visibilities of 98.7% and 96.2% in the H-V and A-D bases, respectively.

Imaging with Phase-Sensitive Light We have been exploring the use of phase-sensitive light in a
variety of imaging scenarios in both quantum and quantum-mimetic imaging scenarios. A pair of
Gaussian-state light beams that possess a phase-sensitive cross-correlation can be produced by
continuous-wave (cw) spontaneous parametric downconversion (SPDC) with vacuum-state signal
and idler inputs [19-21]. The low-flux limit of cw SPDC can then be approximated by a vacuum
state plus a frequency-entangled biphoton. Many quantum imaging scenarios have been
characterized — both theoretically and experimentally — in terms of post-selected biphoton
detection, e.g., quantum optical coherence tomography [22,23], ghost imaging [24], and twophoton imaging [25,26]. The primary objective of our work has been to clearly delineate the
boundary between classical and quantum behavior in these and other imaging scenarios and to
use this understanding to develop new, and more robust imaging schemes that offer advantages
over classical techniques. What follows is a brief summary of our recent results on optical
coherence tomography. Our recent work on ghost imaging will be described in the section to
follow.
Optical coherence tomography (OCT) produces 3-D imagery through focused-beam scanning (for
transverse resolution) and interference measurements (for axial resolution). Conventional OCT
(C-OCT) uses classical-state signal and reference beams, with a phase-insensitive crosscorrelation, and measures their second-order interference in a Michelson interferometer [27].
Quantum OCT (Q-OCT) employs signal and reference beams in an entangled biphoton state, and
measures their fourth-order interference in a Hong-Ou-Mandel (HOM) interferometer [22,23]. In
comparison to C-OCT, Q-OCT offers the advantages of a two-fold improvement in axial resolution
and even-order dispersion cancellation. Q-OCT's advantages have been ascribed to the nonclassical nature of the entangled biphoton state, but we have shown that it is the phase-sensitive
cross-correlation between the signal and reference fields, rather than non-classical behavior per
se, that provides the axial resolution improvement and even-order dispersion cancellation [28].
Based on this understanding, we proposed a new OCT configuration — phase-conjugate OCT
(PC-OCT) — which can exploit classical signal and reference beams with phase-sensitive crosscorrelation to achieve the factor-of-two axial resolution improvement and the even-order
dispersion cancellation reaped by Q-OCT. PC-OCT, shown schematically in Fig. 6, employs a
double-pass interrogation of the sample being imaged — with a conjugate amplifier sandwiched
in between these interrogations — followed by a Michelson interferometer measurement module
as used in C-OCT. The conjugate amplifier converts the phase-sensitive cross-correlation
between signal and reference into a phase-insensitive cross-correlation that can be sensed with
the Michelson (second-order) interferometer. Q-OCT, on the other hand, needs a Hong-OuMandel (fourth-order) interferometer, in order to measure phase-sensitive cross-correlation.
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Unlike Q-OCT, PC-OCT can use strong fields, hence it may be applicable to standoff sensing as
well as microscopy.

Figure 6. Schematic for phase-conjugate optical coherence tomography. The signal and reference are
broadband light beams with a phase-sensitive cross correlation. The signal is transmitted to a target
represented by a linear time-invariant filter h(t) — shown here in transmission, but in the real application it
would be seen in reflection — and then phase conjugated upon its return in a parametric device with impulse
response ν (t). The conjugate beam re-interrogates the target after which it is interfered with the delayed
reference in a Michelson interferometer. Axial information is derived from the location of peak fringe
visibility.

Two key components necessary for implementing PC-OCT are a classical source of phasesensitive cross-correlated signal and reference beams and a phase-conjugate amplifier, which
can be realized with a strongly-driven parametric downconverter. We have developed a pulsed
source of single-mode broadband amplified spontaneous parametric downconversion based on a
strongly pumped type-0 phase-matched periodically poled MgO-doped lithium niobate (PPMgO:LN) crystal [29]. Ultrabroadband SPDC was obtained with a 20-mm long crystal yielding a
phase-matching bandwidth of 132 nm centered at 1560 nm, and we chose to evaluate the
performance of amplified SPDC in two narrow spectral output regions at 1550 and 1570 nm. The
pulsed pump was a frequency-doubled narrowband mode-locked fiber laser at 780 nm with 50-ps
pulses, an average output power greater than 2 W, and a repetition rate of 31 MHz. By optimally
focusing the pump into the PP-MgO:LN crystal, we were able to concentrate ~70% of the typically
multimode downconverted output into a single spatial mode, of which 82% was coupled into a
single-mode fiber. High peak powers of the pump laser in the kW range permitted us to drive the
downconverter into the nonlinear regime in which amplification of the spontaneously emitted
output occurred. Figure 7 shows the single-mode SPDC output power per nm of bandwidth as a
function of the average pump power, showing clearly exponential growth due to parametric
amplification of parametric fluorescence for pump powers greater than 0.5 W. At a spectral
brightness level of 1 nW/nW and a bandwidth of 5 nm, each fiber-coupled output pulse contained
~600 photon pairs that could be easily detectable by a high-sensitivity InGaAs pin photodetector.
We have also operated a second strongly pumped PP-MgO:LN crystal as an optical parametric
amplifier (OPA) that served as the phase-conjugate amplifier for PC-OCT [29]. For a continuouswave (cw) input at 1570 nm to the OPA we measured the output power at 1550 nm and obtained
the parametric gain G of the OPA as a function of the average pump power, as shown in Fig. 8.
More relevant to PC-OCT was to input the 1570-nm signal from our pulsed SPDC into the OPA.
At 1.3 W pump power, we obtain a parametric gain of ~14 dB and the amplified conjugate output
at 1550 nm had a pulse width of 50 ps. The observed pulse width, shown in Fig. 9, is narrower
than one would expect from the linear convolution of the input signal pulse (25 ps) and the pump
pulse (50 ps). The conjugate idler pulse narrowing was due to the strong pump power, such that
the OPA gain is higher at the center of the idler pulse than in its wings.
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Figure 7. Spectral brightness of parametric fluorescence measured at the output of a single-mode fiber as a
function of average pump power. Dashed line shows exponential fit. The spectral brightness level in the
linear regime is 46 pW/nm/W.

Figure 8. Measured OPA gain (solid squares) and theoretical values (dashed line) as functions of the
average pulsed pump power. The theoretical model uses a fitting factor of 0.6 to account for the temporal
mismatch between the pulsed pump and the cw signal input.

Figure 9. Normalized idler power of OPA as a function of the pump-signal spatial delay and theoretical
values (dashed curve). The idler power envelope width (full width at half maximum) is 15 mm (50 ps).
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Figure 10 is a schematic of our experimental setup for demonstrating that axial resolution is
improved by a factor of two with dispersion cancellation in PC-OCT. The output from the pulsed
SPDC source was spectrally separated with a coarse wavelength division multiplexer (CWDM)
into a signal channel at 1570 nm and a reference channel at 1550 nm. The signal light was sent
through a 50-m single-mode fiber (SMF-28) to a reflective target whose relative position was to
be determined. The returned signal light was directed to the high-gain OPA to generate the
phase-conjugate signal at 1550 nm and the OPA also provided gain to overcome transmission
losses in our laboratory setup. The amplified conjugate beam at 1550 nm was then sent to the
target one more time, through the 50-m fiber, and collected via a second CWDM for input to a
fiber-optic Michelson interferometer. We used an interference filter with a 5.9-nm bandwidth
centered at 1550 nm to set the operating bandwidth of the PC-OCT experiment, and hence the
effective pulse width of the signal and reference channels was ~0.7 ps. The roundtrip passage
through the 50-m SMF-28 fiber and additional fibers in the setup would have broadened the pulse
to ~15 ps due to dispersion (17 ps/km/nm) if there were no dispersion cancellation. For the
reference path, we used a dispersion-shifted LEAF fiber (4.2 ps/km/nm) to replace most of the
reference fiber length, so that the reference pulse was broadened to ~5 ps. Dispersion
cancellation due to phase conjugation of the signal was expected to reduce the dispersive
broadening in the signal channel significantly (but not to zero, because of residual fiber lengths
that were uncompensated). Interferometric measurements between the returned beam and the
reference beam then yielded the relative location of the target as the target was translated.

Figure 10. Schematic for phase-conjugate optical coherence tomography experimental setup.

At each target position, we scanned the reference mirror to tune the relative delay between the
reference pulse and the return pulse. The interferometric signal was measured with a highsensitivity InGaAs pin photodetector and the interference envelope amplitude was recorded for
each reference mirror position and each target location, as shown in Fig. 11 for three different
target locations. Adjacent target positions were separated by a distance of 450 µm. Compared
with a classical OCT measurement (such as in Fig. 10 by not interrogating the target mirror
twice), the shift in the reference mirror was twice as large as the target positional shift. For the
same envelope width, this implies a factor-of-two better axial resolution because the signal
(reference mirror shift) to noise (envelope width) ratio is twice as large in the double-pass PCOCT configuration. We measured an interference envelope width of 890 ± 30 µm, or 6 ± 0.2 ps in
time after doubling the spatial delay to account for the double-pass configuration. The 6-ps width
was in line with our expectation that it was primarily due to the small amount of LEAF-fiber
dispersion in the reference channel (5 ps) plus some small residual dispersion in the signal
channel. More importantly, the measured envelope width was a clear indication that dispersion in
the reference channel was cancelled by the PC-OCT's phase-conjugation technique. The results
of 2x axial resolution and dispersion cancellation that can be achieved by Q-OCT and a
completely classical technique of PC-OCT confirms that the origin of these results comes from
the phase-sensitive cross correlation of the signal and reference beams.
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Figure 11. Interference envelope amplitudes for three target positions with adjacent separation of 450 µm.
Envelope width was measured to be 890 ± 30 µm, caused mainly by dispersion in the reference channel.

Ghost Imaging Ghost imaging is the acquisition of the transmittance pattern of an object through
intensity correlation measurements, and it has been demonstrated with both thermal (classical)
light and biphoton (quantum) light [24,30-32]. We have used our coherence theory [33] for
Gaussian-state sources — which encompasses both thermal light and biphoton-state light as
special cases — to show that almost all the characteristics of quantum ghost imaging are due to
the phase-sensitive cross correlation between the signal and reference beams [34]. The
particular ghost-imaging setup that we considered is shown in Fig. 12. For this arrangement we
showed that thermal light, classical phase-sensitive light, and quantum phase-sensitive light all
yield ghost images in both near-field and far-field operation. The same image inversion that has
been seen in the quantum phase-sensitive light case, but not the thermal light case, turns out to
be present for ghost imaging with classical phase-sensitive light. If the ghost-imager’s source
fields are constrained to have specific phase-insensitive auto-correlations, then quantum light
offers a spatial resolution advantage in the source’s near field and improved field-of-view in the
far field. The principal advantage of quantum ghost imaging, however, comes from the nearabsence of any background term in the ghost image. During the past year we have completed a
comprehensive analysis of the signal-to-noise ratio behavior obtained with thermal light, classical
phase-sensitive light, and quantum phase-sensitive light [35], as well as conceiving two new
configurations for ghost imaging [36], as summarized below.

Figure 12. Schematic for ghost imaging. The signal and reference are broadband light beams with either a
phase-insensitive or phase-sensitive cross correlation. After propagation over an L-m-long free space path,
the signal beam illuminates a scanning pinhole detector and the reference illuminates an object
transmittance mask followed by a large-area (bucket) detector. Cross correlating the resulting (shot-noise
limited) photocurrents as the pinhole detector is scanned yields the ghost image.

Figure 13 compares the signal-to-ratios (SNRs) of quantum-state (left panel) and thermal-state
(right panel) ghost imagers as functions of the brightness of the fields arriving at the object
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transmittance mask for various values of the time-bandwidth product, i.e., the source coherence
time multiplied by the photodetector’s electrical bandwidth [35]. Because quantum-state (SPDC)
sources are inherently broadband, whereas pseudothermal (laser light passed through a rotating
ground-glass diffuser) are inherently narrowband, with respect to typical photodetector
bandwidths, the ΩBT0 values we have chosen are different for the two sources. In both cases,
however, there is a high-brightness asymptote that is due to speckle fluctuations, and in both
cases there is a low-brightness asymptote that is set by photon-flux limitations.

Figure 13. Ghost imaging SNR behavior for far-field propagation of a quantum-state source (left panel) or a
thermal-state source (right panel) versus the source brightness at the object transmittance plane. T0 and TI
are the source coherence time and ghost-imaging integration time, respectively, and ΩB is the
photodetector’s electrical bandwidth. In both cases, the high-brightness asymptote represents specklenoise limited SNR. In both cases the low-brightness asymptotes represent flux-limited SNR.

Our SNR analysis permits, for the first time, a meaningful comparison between quantum-state
and thermal-state ghost imaging performance with respect to their image acquisition time. i.e., the
integration time required to achieve a desired SNR value for the image. For the important case of
far-field broadband entangled-state imaging versus far-field narrowband thermal-state imaging we
find that neither one enjoys a universal advantage, viz., depending on the parameter values
involved either the quantum or the classical-state system may have the shorter image acquisition
time [35].
The correlation-based theory we have developed for ghost imaging has recently led us to
conceive two novel configurations for ghost imaging: spatial-light modulator (SLM) ghost imaging
and computational ghost imaging [36], as shown in Fig. 14 and 15, respectively. In SLM ghost
imaging we transmit a cw laser beam through a spatial-light modulator that imposes an
independent deterministic phase shift on each pixel such that the output field mimics a source of
low spatial coherence. The rest of the setup is the same as a thermal-light lensless ghost imager.
Our analysis shows that this arrangement yields a far-field ghost image with the essentially the
same field-of-view and spatial resolution characteristics as found previously for thermal-state
ghost imaging. In particular, the field of view is inversely proportional to the effective coherence
length at the output of the SLM and the spatial resolution in inversely proportional to the beam
size at the output of the SLM.
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Figure 14. Configuration for spatial-light modulator ghost imaging. The output from a cw laser is passed
through a spatial light modulator driven by deterministic waveforms that impose different phase shifts on
each pixel such that the output field mimics a source of low spatial coherence. The remainder of the setup
is the same as a thermal-light lensless ghost imager.

Figure 15. Configuration for computational ghost imaging. The output from a cw laser is passed through a
spatial light modulator driven by deterministic waveforms that impose different phase shifts on each pixel
such that the output field mimics a source of low spatial coherence. The remainder of the setup is the same
as a thermal-light lensless ghost imager except that the reference path is derived by computing the freespace diffraction integral of the output field obtained from the spatial light modulator.

The transition from SLM ghost imaging to computational ghost imaging arises from the realization
that we can precompute the reference field arriving at the high-resolution detector, in this case,
because it is due to free-space diffraction of the deterministic light field obtained from passing the
cw laser beam through the spatial light modulator. Aside from eliminating the need for a high
spatial-resolution reference-path detector, computational ghost imaging allows the reference field
to be precomputed for a range of path lengths, hence by correlating the bucket detector’s output
with these precomputed quantities permits range sectioning to be performed using a single data
collection, something that is not possible in conventional ghost imaging. In this regard it is worth
noting that proof-of-principle experiments have already demonstrated the basic features we
predicted for computational ghost imaging [37].
Physical Simulation of the Asymmetric Cloning BB84 Attack The Bennett-Brassard 1984
quantum key distribution (BB84 QKD) protocol is the most mature application in quantum
information processing and is poised for deployment in the near future. The BB84 protocol is a
technique to securely distribute secret keys for one-time pad encryption and is considered to be
unconditionally secure by the laws of physics under a specified set of operating conditions. It is,
useful, however, to verify its security by attacking the BB84 system. Previously we have
demonstrated a physical simulation of the entangling-probe attack on BB84 [38,39] using single-
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photon two-qubit (SPTQ) quantum logic [40]. Eve uses a controlled-NOT (CNOT) gate to interact
her probe qubit with Alice's qubit in a unitary manner, then sends Alice's qubit to Bob, and
performs a positive operator-valued measurement on her probe qubit. The CNOT gate
interaction allows Eve to obtain some information on Alice's qubit, but it also disturbs Alice's qubit
and produces an error that Alice and Bob can detect and discard. Our SPTQ implementation,
which utilizes both momentum and polarization degrees of freedom of a single photon, is both
efficient and deterministic. Our experimental results agree with theoretical predictions; however,
the experiment is only a physical simulation because with SPTQ implementation it is necessary
for Eve to share the detection apparatus with Bob in order to measure both qubits of a single
photon.
The entangling-probe method is the most powerful individual-qubit attack for a BB84 protocol that
discards the errors. However, it has been pointed out that for error-correcting protocols the
entangling-probe attack is not optimal [41]. Indeed, the optimal attack for BB84 with errorcorrecting post processing is the asymmetric Fourier-covariant cloning machine (AFCCM) attack
[42], which optimally and uniformly copies the states in the computational and incompatible
bases. Here, “asymmetric” denotes the fact that the two copies of the input state — the one Eve
sends to Bob and the one she retains — have different fidelities. This fidelity inequality enables
the tradeoff between the amount of information that Eve gleans versus the quantum bit error rate
(QBER) she creates.

Figure 16. In the economical cloner Eve prepares her ancilla in the 0 state, which interacts with Alice's
state through a controlled rotation about the y-axis of the Bloch sphere, followed by a CNOT gate. A π
rotation about the x-axis before and after the economical cloner is required to put Alice's qubit in the proper
frame of reference in Eve's Bloch sphere.

For BB84, a simpler version of the AFCCM attack can be implemented by taking advantage of the
fact that the four states which are involved in BB84, namely H, V, D (+45°) and A (-45°), all reside
on an equatorial plane of the Bloch sphere. Figure 16 shows a circuit diagram of this economical
phase-covariant cloning attack, so called because it requires only one ancilla qubit to accomplish
the cloning task. More interestingly is that the economical cloning attack can also be physically
simulated with SPTQ quantum logic gates, such as CNOT [43] and SWAP [44] gates. The
amount of information Eve obtains about Alice's qubit is determined by the controlled rotation
(Ry(2 θ ) which can be implemented easily using two half-wave plates. A major difference
between the entangling-probe and the economical cloning attacks is that in the cloning attack Eve
must measure her ancilla qubit in the same basis as that used by Alice and Bob.
Figure 17 shows a quantum circuit diagram for our SPTQ implementation of the economical
cloner. Alice's qubit at the input is in one of four linear polarization states H, V, D, A that are first
mapped into RC, LC, D, A by a rotation R to simplify the SPTQ implementation, where RC and
LC denote right-circular and left-circular polarization, respectively. This initial mapping is
accomplished by use of a quarter-wave plate (QWP) with its fast and slow axes aligned with the
D and A polarization axes, as shown in the left panel of Fig. 18. After the initial mapping, the
main step of the economical cloner is a controlled rotation Ry(2 θ ) of Eve's qubit. A linear rotation
Ry(2 θ ) about the y-axis of the Bloch sphere with an arbitrary angle θ for any linear polarization is
more easily accomplished in the polarization space than in the momentum space. We therefore
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apply a SWAP between the Alice's polarization qubit and Eve's momentum qubit of the same
photon so that the controlled rotation of Eve's qubit (now in polarization) can be done with a halfwave plate (HWP), as shown in the right panel of Fig. 18. After the controlled rotation, Alice and
Eve's qubits are swapped again, each to its original polarization and momentum space,
respectively. Finally, the inverse rotation R-1 is applied to map the final state of Alice's qubit back
to the H, V, D, A states before sending it to Bob for measurements.

Figure 17. Quantum circuit diagram for SPTQ implementation of the economical cloner. Polarization and
momentum qubits are represented by the upper and lower rails, respectively. Initial rotation R of Alice's qubit
puts it on the equator of the Bloch sphere, while a subsequent inverse rotation R-1 restores the original
orientation. The economical cloner is implemented using two SWAP gates and a controlled rotation Ry(2 θ ).
The initial momentum-controlled NOT (M-CNOT) gate is not needed because Eve's input is in the state 0 ,
and the last two M-CNOT gates cancel each other.

Figure 18. Left: The π rotation about the Bloch-sphere's x axis uses a QWP with its slow axis aligned with
the antidiagonal (A) polarization to transform the states H, V, D, A into RC, LC, D, A. The inverse rotation R-1
is accomplished by aligning the QWP's slow axis with the diagonal (D) polarization. Right: For an initial state
along H, the controlled rotation Ry(2 θ ) is implemented using a HWP with its fast axis aligned at an angle
θ /2 from the H polarization axis, thus rotating it by an angle θ .

The relatively simple SPTQ implementation of the economical cloner in Fig. 17 using previously
demonstrated SPTQ logic gates suggests that a physical simulation can be realized using
realistic sources and SPTQ gates. The economical cloner uses more SPTQ gates than the
previously demonstrated entangling-probe (CNOT gate) attack. It is therefore our expectation
that implementing the economical cloner using SPTQ gates is feasible but perhaps more difficult
than the entangling-probe attack. The ability to implement optimal individual attacks such as the
economical cloner should provide the QKD community with experimentally realistic data for
testing BB84 eavesdropping vulnerability and learning about the interplay between security and
post-processing protocols.
Quantum Illumination Loss and noise can quickly destroy entanglement, so it has commonly
been thought that there is little reason to employ entangled light sources in such scenarios. Lloyd
[47], however, showed that “quantum illumination” can reap substantial benefits, from the use of
entanglement in target detection, despite the presence of loss-destroying loss and noise. In
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Lloyd’s quantum-illumination paradigm, a photonic source creates d-mode maximally entangled
signal and ancilla beams each containing a single photon. The signal beam irradiates a target
region containing a very weak thermal-noise bath — with an average of b << 1 photons per mode
— in which a low-reflectivity object might be embedded. The light received from this region —
together with the retained ancilla beam — is then used to decide whether the object is present or
absent. Lloyd showed that quantum illumination, with the optimum joint measurement on the
received light and the ancilla, achieves a much higher signal-to-background ratio than that
realized by optimum quantum reception of light received in response to transmission of a single
unentangled photon.
The analysis in [47] was confined, primarily, to the vacuum plus single-photon manifold, wherein
at most one photon arrives at the receiver during the measurement interval regardless of whether
the object of interest in absent or present in the target region. During the past year we remedied
that deficiency by providing a full Gaussian-state treatment of quantum-illumination target
detection [48]. We employed the exact quantum statistical model for the entangled signal and
idler beams obtained from continuous-wave (cw) spontaneous parametric downconversion
(SPDC) in the absence of pump depletion [16] in conjunction with the standard model for the
lossy, bosonic channel [4]. We showed that in a very lossy, very noisy environment, a lowbrightness quantum-illumination system enjoys a substantial improvement in the effective signalto-background ratio — which translates into a very large reduction in the target-detection error
probability — in comparison to that achieved by a coherent-state transmitter of the same average
photon number. Just as Lloyd found in [47], the SPDC quantum illumination advantage that we
have derived accrues despite there being no entanglement between the light that is received from
the target region and the retained idler. Quantum illumination is thus the first example of an
entanglement-based performance gain, in a full bosonic-channel setting, that survives
entanglement-killing loss and noise.
Figure 19 summarized the results that we have found for target detection using bosonic quantum
illumination [47].
Here we have plotted error-probability bounds on optimum receivers for
coherent-state and quantum-illumination systems of the same average transmitted photon
number. In both cases NS is the average number of transmitted photons per mode, NB is the
average number of received background photons per mode, κ is the roundtrip (transmitter-totarget-to-receiver) channel transmissivity, and M is the number of modes employed. The solid
curves are the Chernoff bound and the Bhattacharyya bound, respectively, on the error
probabilities of the optimum quantum receivers for coherent-state and quantum-illumination
transmitters. The former is an exponentially-tight upper bound, whereas the latter, in this case, is
approximately so. The dashed curve is a lower bound, which in general is loose, on the error
probability of the coherent-state system. Figure 18 shows that for M sufficiently large quantum
illumination has an error probability that can be much smaller than that of the coherent-state
system. Moreover, we have shown that the lower bound in this figure also applies to all classicalstate transmitters, revealing that entangled-state quantum illumination achieves performance
beyond that of any such conventional target-detection system.
Additional Theoretical Work In addition to the research accomplishments detailed above, our
group has also made significant progress in several other theoretical areas. These include the
theory of quantum temporal phase and instantaneous frequency [48,49]. Here we have built a
general theory — guided by classical estimation theory — that leads to optimal designs for
homodyne phase-locked loops in both input-output and state-variable forms. We have also
shown two ways in which quantum resources can allow images to be obtained whose resolutions
exceed classical diffraction limits [50,51].
We are presently planning proof-of-principle
experiments to demonstrate some of these quantum-enhanced capabilities.
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Figure 19. Upper bounds (solid curves) on the target-detection error probabilities for coherent-state
(Chernoff bound) and quantum-illumination (Bhattacharyya bound) transmitters with M transmitted modes.
Also shown is the lower bound (dashed curve) for the coherent-state case, which applies to all classicalstate transmitters with the same total average transmitted photon number. For large M, the classical-state
lower bound exceed the quantum-illumination upper bound
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