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Abstract. Quantum microwave photonics (QMWP) is an innovative approach that combines energy-time
entangled biphoton sources as the optical carrier with time-correlated single-photon detection for high-
speed radio frequency (RF) signal recovery. This groundbreaking method offers unique advantages,
such as nonlocal RF signal encoding and robust resistance to dispersion-induced frequency fading. We
explore the versatility of processing the quantum microwave photonic signal by utilizing coincidence
window selection on the biphoton coincidence distribution. The demonstration includes finely tunable RF
phase shifting, flexible multitap transversal filtering (with up to 14 taps), and photonically implemented RF
mixing, leveraging the nonlocal RF mapping characteristic of QMWP. These accomplishments significantly
enhance the capability of microwave photonic systems in processing ultraweak signals, opening up new
possibilities for various applications.
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1 Introduction technology to enhance the capability of MWP.* Inspired by
the enhancements of photonic quantum technology in a vast
range of fields from precise navigation and timing, secure com-
munications, to superresolution imaging and sensing, etc.,”"™
quantum microwave photonics (QMWP) is highly promising to
break the bottlenecks of the current MWP technology. By ap-

Microwave photonics (MWP)'™ is an interdisciplinary field
that combines the principles of both microwave engineering
and photonics to leverage the unique advantages of both do-
mains. Due to its wide range of applications across various

areas, including broadband wireless access networks, sensor Ivine th | it d hich tivity sinele-phot
networks, radars, satellite communications, and warfare sys- plying the superlowjitier and high-senstivity: single-photon

tems,”"' MWP has been intensively researched for the last few detector, the scheme of single-photon MWP has provided
decades, and numerous solutions have been demonstrated.*'>" the capability of ultraweak signal detection and high-speed
Accompanying the rapid development of MWP technology, the processing.”” Further qtilizing an energy—time entangled bipho-
bandwidth and sensitivity limitations in traditional microwaves  ton source as the optical carrier, the QMWP technology has

boost the highly demanding need for the exploration of new been proposed and presented in a radio-over-fiber system.”
Benefiting from the nonclassical feature of quantum entangle-

ment, the unprecedented capability of nonlocal radio frequency
*Address all correspondence to Ruifang Dong, dongruifang @ ntsc.ac.cn. (RF) signal modulation with strong resistance to the dispersion-
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induced frequency fading effect associated with ultrashort pulse
carriers as well as the significantly improved spurious-free
dynamic range in terms of second harmonic distortion has
been shown, unveiling invaluable new possibilities in MWP.
Recently, both RF phase shifting and multitap transversal filter-
ing have been demonstrated by introducing a programmable
optical waveshaper into the QMWP system.” However, the
wavelength selection onto the photon carrier can lead to a
significant loss, at least 20 dB for the realization of a three-tap
transversal filtering, in the system. In addition, constrained by
the grating-based monochromator used in the waveshaper, the
achievable spectral resolution is challenging to improve for
the purpose of precise and efficient wavelength selection.®
On the other hand, as the implementation of the QMWP tech-
nology depends directly on the coincidence-based heralding on
either the signal or the idler photons, the law of appropriate
selection of the coincidence window width for maximizing the
recovered RF signal has been revealed very recently.”

In this paper, the utility of the coincidence window selection
for processing the RF signal is further revealed, which encom-
passes the versatile realization of a microwave photonic phase
shifter, a microwave photonic filter, and a microwave photonic
mixer. The phase shifter offers a fine-phase shift of 0.01 rad at
0.2 GHz and a large-phase shift range of 24.5 rad at 6.1 GHz,
achieved by varying the window displacement. For multitap
filters, the tap number, free spectral range (FSR), and main side-
lobe suppression ratio (MSLR) are key indicators of their per-
formance, which can be flexibly manipulated by configuring
the number of selection windows within the biphotons coinci-
dence distribution envelope, adjusting the spacing between
these windows, and applying the required weight ratios to them.
Furthermore, we present a microwave photonic mixer structure
based on the nonlocal RF mapping characteristic of QMWP,
which offers enhanced functionality and flexibility in RF signal
mixing applications. These accomplishments once again give

prominence to the superiority of QMWP and its bright prospect
in the new application field of MWP.

2 Theoretical Principle

To illustrate the working principle of the QMWP processing
scheme based on the coincidence window selection technique,
its comparison with the classical MWP scheme is first pre-
sented. Figure 1(a) demonstrates the implementation of a basic
classical multitap transversal MWP filter 14, ..., 4, using a mul-
tiwavelength optical carrier. This carrier is modulated by a high-
speed RF signal and undergoes dispersion. According to the
dispersive phase-shifting theory, each wavelength component
in the optical carrier experiences a wavelength-dependent phase
shift due to dispersion. By setting the wavelengths of the optical
carrier with an identical spacing between them, the n-tap trans-
versal MWP filter is realized.”

In the QMWP transversal filtering scheme, as shown in
Fig. 1(b), the RF modulation on the idler photons can be con-
sidered as the temporal shaping of the photon flows. This shap-
ing is nonlocally mapped onto their “twin” signal photons due to
the energy—time entanglement between the signal and idler
photons.**** The mapping process is visualized in inset I of
Fig. 1(b). Simultaneously, the dispersion applied to the signal
photons not only broadens the biphoton coincidence distribution
but also enables nonlocal wavelength-to-time mapping.*> The
joint temporal distribution profile of the dispersed photon pairs
is visualized in inset II of Fig. 1(b). By incorporating multiple
selection windows, spaced identically by y, within the biphoton
coincidence distribution envelope, the QMWP transversal filter-
ing function is implemented. The visualized evolution of this
process is displayed in inset III of Fig. 1(b). The theoretical
model is described as follows: for a continuouswave-pumped
spontaneous parametric downconversion (SPDC) process,
the generated signal and idler photons exhibit well-known
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Fig. 1 (a) Scheme of a classical n-tap transversal MWP filter. (b) Scheme of a QMWP transversal
filter. Insets (I)-(lll) depict the working principle of the QMWP signal processing based on the

coincidence window selection technique.
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energy—time entanglement. Following the deduction in Ref. 28,
the corresponding joint temporal wave function of the energy—
time entangled biphoton source can be given by

. o2 (t; — 1,)?
W(11,1;) x exp[—i(ws ot + w;ot2)] exp {— %} , (D

where 7 and ¢, denote the temporal coordinates of the emitted
optical signal and idler photons, respectively, w,;) o denotes
the center angular frequency of the signal (idler) photon, and
o is the correlation time of the twin photons. Then the idler pho-
tons are intensity modulated by the RF signal, while the signal
photons pass through a dispersive medium for the (nonlocal)
wavelength-to-time mapping. Assume the RF signal has a
frequency wgp, its transfer function is given by M(z,) =
1 + A cos(wggt,), where 0 < A < 1 represents the modulation
magnitude. The corresponding transfer function for the disper-
sive element with a dispersion parameter of D is given by

1
H(t)) ol

waveform can be expressed as

V(1. 1) /df exp [—M} exp [_iﬂ}

exp [—i(%)}. The resultant biphoton temporal

2 2D
x [1 + A cos(wrets)], 2)

whose square module defines the second-order Glauber corre-
lation function (G?), i.e., G® = |¥(t,,1,)|?, and is measured
by the biphoton coincidence distribution. Based on the detailed
deduction of G?, as provided in Appendix B, the temporal den-
sity function of the signal and idler photons can be approxi-

mately expressed as
Dw}y
5

2
pi(ty) o ;ﬂ [1 + A cos(wretz)]. )

2
ol 2p2a?

2 _
px(t])oc—ﬂ l+Ae e T
c

cos(wggt; ) cos (
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From Egs. (3) and (4), one can see that the RF modulation on
the idler photons can be nonlocally mapped onto their entangled
counterparts. The dispersion in the signal photon path degrades

oD%

the amplitude by a factor of e7 = “* and introduces the RF-

dependent fading [cos (D(‘T)'Z‘FH to the recovered the RF signal.

As demonstrated in Ref. 31, by appropriately selecting the width
of the coincidence window, which is described by the function

F(t;j —t,) = exp {— %] , it is possible to minimize the two

adverse effects. In the subsequent discussion, we reveal that a
straightforward modification of this function can significantly
enhance the feasibility of RF signal processing. The modified
function is expressed as

{_ (t) —t,— ky)T ’

202

F'(t) — 1) = Z exp

k

®)

where k is an integer and represents the kth coincidence selec-
tion window, whose center has a deviation of ky from that of the
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biphoton correlation distribution. The total number of k, which
is taken is given by N, represents the total number of selection
windows inside the biphoton wave packet. a and y, respectively,
denote the width of each coincidence selection window and the
spacing between them. Assume y > Dawgr and in the approxi-
mation of a2, ﬁ < D?¢?, the resultant temporal density function
of the signal photons can be deduced as

ﬂs/(fl)Z/dt2|‘}'/(f1s12)|2F'(f1—fz)

2 o 2 :
ocia{l+Ae et cos( DR )Ze(gﬂ)zCOS[wRF(tl —ky)]}.
k

Do 2Dc¢*

(©)

For the case of N =1 and k = £1, a QMWP phase shifter
can be implemented, where the relative phase shift is generated
by the displacement between the selection window and the bi-
photon correlation distribution. The relation between the phase
shift and the displacement y can be described as ¢ = £ywgg. By
changing the window displacement y, the phase shift can be
flexibly tuned for a given wgr. For the condition of N =3
and k =0,—1,1, a three-tap QMWP transversal filter is con-
structed, with the FSR being FSR = 1/y. By increasing the
number (N) of coincidence selection windows, as long as all
of them fall within the biphoton correlation distribution, the
tap number of the filter can be flexibly extended.

3 Results

3.1 Quantum Microwave Photonic Phase Shifter

To realize a phase shifter, the nonlocal RF signal mapping on the
signal photons and its phase shifting based on the coincidence
window selection technique is first investigated. The RF modu-
lation is applied to the idler photons at a frequency of 2.08 GHz
with a power of 10 dBm. When the dispersion compensation
module (DCM) in the signal photon path is set to have a group
delay dispersion (GDD) of 495 ps/nm, the measured full
width at half-maximum (FWHM) of the biphoton coincidence
distribution width is broadened to 300 ps. By applying different
window selections of Fig. 2(a) to the biphoton coincidence dis-
tribution, the reconstructed waveforms of the signal and idler
photons are plotted in Figs. 2(b) and 2(c), respectively. In these
plots, we choose three different window displacements (y) rel-
ative to the center of the biphoton coincidence distribution: 0,
120, and 240 ps. The window width is fixed at 48 ps, achieved
by selecting photons within specific time bins of the time-cor-
related single photon counting (TCSPC) measured histogram,
which is comparable to the timing jitter of the superconductive
nanowire single-photon detectors (SNSPDs). At y = 0 ps, both
the signal and idler photon waveforms exhibit the same phase.
As y increases, it becomes evident that the phase of dispersed
signal photons undergoes a right-hand shift in their phase.
However, the nondispersed idler photons remain unchanged,
regardless of the window displacement. Additionally, it can be
observed that the amplitude of the recovered microwave signal
gradually decreases with increasing window displacement (y).
This decrease is attributed to the reduced coincidence counts
at positions deviating from the center of the biphoton coinci-
dence distribution. To further clarify this effect, Fig. 2(d) plots
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Fig. 2 (a) Different window displacements in the biphoton coincidence distribution. (b), (c) The
reconstructed waveforms from the signal and idler photons based on the coincidence window
selection technique. Their center deviations are, respectively: (b1), (c1) y =0; (b2), (c2)
y = 120 ps; (b3), (c3) y = 240 ps; and (d) the experimentally acquired amplitudes of the recovered
RF signals from the signal photon path as a function of the center deviation. For all the results, the
selected windows have a width of 48 ps. The GDD of the DCM is chosen as 495 ps/nm and the
RF modulation is at 2.08 GHz. (e) The extracted phase shift as a function of the window displace-
ment. Three modulation frequencies at 0.2, 4.1, and 6.1 GHz are investigated and shown by black
squares, orange dots, and purple triangles, respectively.

the amplitudes of the recovered RF signals from the signal pho-
ton path as a function of the center displacement. We investigate
three different modulation frequencies: 0.2 GHz (black squares),
4.1 GHz (orange dots), and 6.1 GHz (purple triangles).
The solid lines represent the theoretical fittings to these results
using Eq. (6), and we observe good agreement between the
theoretical simulation and the experimental data. To evaluate
the phase-shifting performance of the system with different win-
dow displacements, we extracted the phase of the signal photon
waveforms at various window positions. Figure 2(e) shows
the phase differences as a function of the window displacement
for three modulation frequencies at 0.2 GHz (black squares),
4.1 GHz (orange dots), and 6.1 GHz (purple triangles). We
can observe a linear correlation between the amount of phase
shift and the window displacement. This demonstrates the
fine-tuning capability of the phase shift for low modulation
frequencies and the large dynamic range of the phase shift
for high modulation frequencies. In our system, the time-
bin resolution of the biphoton coincidence counts distribution
is set to be 8 ps, leading to a minimum window displacement
of y = 8 ps. The relationship between phase shift and window
displacement, as derived from the theoretical analysis, is
expressed as ¢ = 2aywgg. Considering the low modulation
frequency of 0.2 GHz, the minimum achievable phase shift is
calculated to be 0.01 rad. On the other hand, to ensure a good
recovery of the signal photons’ waveforms for phase analysis,
the maximum window displacement is limited to the FWHM
of the biphoton coincidence distribution. Consequently, at
the maximum window displacement, the dynamic range of
the phase shift reaches a maximum value of 24.5 rad at the
modulation frequency of 6.1 GHz, ~7.8z. To further validate
this phase-shifting phenomenon, the phase differences as a
function of the window displacement under the condition of
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GDD = 826 ps/nm and different modulation frequencies are
also investigated (see Appendix B).

3.2 Quantum Microwave Photonic Filter

The multitap transversal filtering function using coincidence
window selection is then evaluated by inserting a DCM with
a GDD of 826 ps/nm in the signal photon path. To demonstrate
a three-tap filter, we set three windows with displacements of -
240, 0, 240 ps and identical widths of 48 ps as the tap. The
MSLR, which indicates the sidelobe suppression capability
of the filter, can be flexibly adjusted by assigning different
weights to the windows. With the RF modulation frequency
varying from 200 MHz to 8 GHz, the ratios between the ampli-
tudes of the recovered RF waveform with dispersion and that
without dispersion are investigated and plotted in Fig. 3 by blue
diamonds. For three different weight configurations of the win-
dows: (al) 0.56:1:0.56, (a2) 0.75:1:0.75, and (a3) 1:1:1, the cor-
responding MSLR are, respectively, given by 10.62, 6.29, and
3.95 dB. The solid orange curve is the theoretical simulation
result based on Eq. (6), which shows a nice agreement with
the experimental results. Furthermore, we examine the depend-
ence of MSLR on the weight ratio, which is plotted in Fig. 3(d).
The experimental results align perfectly with the theoretical pre-
dictions. To investigate the FSR tunability of the three-tap filter,
we fix the weight of the three windows at 0.56:1:0.56 and vary
the spacing between the windows. Figures 3(b1)-3(b3) demon-
strate the resulting FSR values of 8, 6, and 4 GHz, respectively,
achieved by choosing window spacings of 240, 160, and 120 ps.
The achieved FSR values, plotted in Fig. 3(e) as blue dots,
exhibit an inverse dependence on the spacing (y) that aligns per-
fectly with the theoretical expectation. As the Q factor of a filter
is directly related to the number of taps,” the increase of tap
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Fig. 3 lllustration of the three-tap transversal filter based on applying three selection windows to
the biphoton coincidence measurement. (a) The displacements of the three windows are set as
—240, 0, and 240 ps, with their widths being identical to 48 ps. (a1)-(a3) Reconfigurable MSLR of
the three-tap filter is investigated via setting the weights of the three windows at 0.56:1:0.56,
0.75:1:0.75, and 1:1:1, respectively. (b1)-(b3) The FSR tunability of the three-tap filter is inves-
tigated while the spacing between the windows is chosen as 240, 160, and 120 ps, and the weight
of the three windows is fixed at 0.56:1:0.56. (c1)—(c3) lllustration of the multitap filter by increasing
the number of selection windows four-tap, five-tap, and seven-tap, respectively. (d) Dependence
of the MSLR on the weight ratio. (e) The relationship between FSR and the window spacing value.
(f) The theoretically achieved maximum tap number as a function of biphoton coincidence width.

number is another important issue. By increasing the number
of selection windows, a multitap filter can be realized.
Figures 3(cl1)-3(c3) illustrate the reconstructed multitap
QMWP filters, implemented by introducing four, five, and seven
selection windows to the biphoton coincidence distribution. The
tap number of the filter can be conveniently adjusted by altering
the number of windows. If a DCM with a larger GDD is utilized
to broaden the biphoton coincidence width, it would be possible
to increase the tap number of the filter. Figure 3(f) showcases the
theoretically achievable maximum number of filter taps as a
function of the biphoton coincidence width. The achievable
maximum number of the filter taps as a function of the biphoton

coincidence width A should satisfy Ny, = 375, where |...]

represents the least integer function. The minimum window
spacing is y &~ 112 ps, which is set by the maximum achievable
FSR of 8.8 GHz. Then a maximum tap number of 14 can be
achieved when the biphoton coincidence distribution width
reaches 3700 ps at a GDD value of 1650 ps/nm.

3.3 Quantum Microwave Photonics Mixer

Benefiting from the nonlocal RF mapping characteristic of
QMWP, the photonic RF mixing is also realized. For
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demonstrating the RF mixing, an RF signal (wgrg;) at a fre-
quency of 5 GHz and with a modulation power of 10 dBm
is intensity modulated onto the signal photons, whose temporal
waveform is Fourier-transformed and shown in Fig. 4(al). At
the same time, an RF signal at a frequency of 1 GHz (wgp)
and with a modulation power of 10 dBm is intensity-modulated
onto the idler photons, whose temporal waveform is Fourier-
transformed and shown in Fig. 4(a2). Applying coincidence-
based postselection, the Fourier spectra of the reconstructed
temporal waveforms from the signal and idler photons are
then given in Figs. 4(b1) and 4(b2). One can see that the signal
and idler photons not only acquire the RF component carried by
their twins but also give rise to the sum frequency (wrp; + ®rp2)
and difference frequency (wrp; — wrpy) of the two RF compo-
nents. To eliminate the individual RF components from the RF
mixing components, a filter is required. Installing a DCM with a
GDD of 826 ps/nm in the idler photon path, a two-tap transver-
sal filter is then designed by utilizing the afore-mentioned
coincidence window selection technique, whose filtering func-
tion is shown in Fig. 4(cl). After the filtering manipulation,
the Fourier spectrum of the idler photon waveform is shown
in Fig. 4(c2), which contains only the difference frequency
and sum frequency components. Finally, in Fig. 4(dl), the

Sep/Oct 2024 e Vol. 3(5)
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Fig. 4 Fourier spectra of the RF-modulated signal photons at 5 GHz (a1) and the RF-modulated
idler photons at 1 GHz (a2). Fourier spectra of the signal photon waveform (b1) and the idler
photon waveform (b2) after the nonlocal RF signal mapping. (c1) The frequency response of
the designed two-tap filter. (c2) Fourier spectrum of the idler photon waveform after the two-
tap frequency filtering manipulation. (d1) The frequency response of a designed digital filter de-
signed based on the Chebyshev algorithm. (d2) Fourier spectrum of the idler photon waveform

after the digital-filtering manipulation.

Chebyshev digital-filtering algorithm™ is employed to realize an

output with either sum or difference frequency, as demonstrated
in Fig. 4(d2).

4 Discussion and Conclusion

The microwave photonic phase shifter developed in this study
exhibits exceptional linearity across the entire frequency spec-
trum, including low-, medium-, and high-frequency bands. This
addresses a common issue observed in classical phase shifters,
where phase linearity tends to degrade at higher frequencies.”
Under a specific window displacement condition, the maximum
achievable phase shift is determined by the detectable micro-
wave signal bandwidth of the system. In our system, the utilized
SNSPD has a timing jitter of ~50 ps (FWHM). According to the
Fourier transformation law, it sets the maximum detection fre-
quency bandwidth to be about 8.8 GHz.”” Consequently, the cal-
culated maximum phase-shift range can reach 18.21x under the
condition of a maximum window displacement of 520 ps and
a GDD value of 826 ps/nm. By the same token, the maximum
detection frequency bandwidth also determines the maximum
FSR that can be obtained by the QMWP filter. As the maxi-
mum tunable FSR bandwidth is limited to about 8.8 GHz, it
means that the minimum spacing between windows should
be larger than 112 ps. In our system, the single photons’ band-
width after SPDC is ~2.4 nm. After undergoing dispersion in
a DCM with a GDD value of 826 ps/nm, the biphoton coinci-
dence distribution is broadened to having an FWHM of 790 ps.
As the tap number cannot be freely increased, since all the
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windows should be located within the FWHM of the biphoton
coincidence distribution, the maximum achievable tap number
is limited to 7. The current state-of-the-art SNSPDs can achieve
a remarkable sub-10 ps timing jitter.”*** By utilizing such ad-
vanced SNSPDs, the FSR can be increased to 44 GHz, and a
maximum tap number of 35 can be achieved with the same
dispersion incorporated into the system. As the Q factor is di-
rectly related to the number of taps used in its implementation,
the Q factor of the QMWP filter can be significantly improved.
In contrast to the classical MWP, the QMWP RF filter presents
good immunity to the dispersion-induced frequency fading ef-
fect associated with the broadband optical carrier. The method
of increasing the number of taps solely through postselection
eliminates the need for a significant number of multiwavelength
lasers or alternative equipment, effectively reducing associated
costs. Additionally, compared to filter designs based on optical
waveshapers, this approach overcomes the limitation imposed
on the number of taps by the spectral resolution achievable
with a single grating used in the optical waveshaper, offering
enhanced flexibility in tap adjustment. The QMWP mixer in
our system functions similarly to conventional microwave pho-
tonic mixers, where a series connection of two electro-optic in-
tensity modulators is typically employed.'” However, our system
offers enhanced flexibility through the coincidence window
selection technique, which eliminates the need to fix the center
wavelength of the optical filter. Furthermore, this technique
ensures insensitivity to environmental changes while effectively
suppressing fundamental frequencies without affecting the out-
put mixing frequency. The conversion loss for this QMWP RF
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mixer is calculated to be ~10 to 13 dB, which is higher com-
pared with the conversion loss value of classical microwave
photonic mixers, typically ranging from 5 to 10 dB. Despite this
higher loss, we can achieve a remarkable isolation level of
20 dB, which is defined as the ratio of the leakage power at
the output to the input RF signal power. This high level of iso-
lation ensures the effective suppression of unwanted signals and
minimizes their interference with the desired output.

In conclusion, we have introduced a quantum microwave sig-
nal processing system that incorporates the coincidence window
selection technique. This system seamlessly integrates a micro-
wave photonic phase shifter, microwave photonic filter, and
microwave photonic mixer. The phase shifter enables precise
and versatile phase shift adjustments through window displace-
ments. By manipulating the ratio of photons within the window
and adjusting window spacings, we can achieve a three-tap filter
with adjustable MSLRs and tunable FSRs. Compared to pre-
vious multitap filtering methods that rely on the application
of the programmable waveshaper to the photon carrier, our
approach offers a cost-effective solution by simply increasing
the number of windows within the biphoton wave packet.
Additionally, our system features an innovative microwave pho-
tonic mixer structure that utilizes nonlocal RF signal mapping
and a reconfigurable multitap filtering function. This design
enhances the functionality and flexibility of signal-processing
applications. Overall, our proposed system showcases the
potential of quantum microwave signal-processing techniques
and opens up new possibilities for advanced communication
systems.

5 Appendix A: Materials and Methods

The experimental setup of the QM WP signal processing system
is shown in Fig. 5. The energy—time-entangled photon pairs are
generated from a piece of 10 mm long, type-II PPLN waveguide
pumped by a CW laser at 780 nm.*”’ The idler photons are in-
tensity-modulated by a Mach—Zehnder modulator (PowerBitTM
F10-0, Oclaro), through which the high-speed RF signal from a
signal generator (E8257D, KeySight) is loaded. The signal pho-
tons are fed into a fiber-Bragg-grating-based DCM (Proximion
AB) for realizing the dispersion-induced phase shifting.
Afterward, the signal and idler photons are, respectively, detected
by the low-jitter SNSPD1 and SNSPD2 (Photec) with their tim-
ing jitter being about 50 ps in FWHM (all the mentioned widths
in the text refers to the FWHM), which determines the minimum
width of the selection window. The two SNSPD outputs are then
fed into a TCSPC module (PicoQuant Hydraharp 400), which is
operated in the time-tagged time-resolved T3 mode, with its time-
bin resolution being set as 8 ps. The 10 MHz time base from the
signal generator E8257D is used for establishing phase stabiliza-
tion between the RF signal and the sync signal. By manipulating
appropriate selection windows on the measured biphoton coinci-
dence distribution, the signal photons can be selected to build the
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Fig. 5 Experimental setup. EOM, electro-optic modulator; DCM,
dispersion compensation module; SNSPD, superconductive
nanowire single-photon detector; RF signal, radio-frequency
signal; and TCSPC, time-correlated single-photon counting.

temporal waveforms with desired phase shifting or filtering
features.

6 Appendix B: Theory
6.1 Theory of the QUWP Signal Processing

The detailed theoretical deduction starts from Eq. (1). The
energy—time-entangled biphoton source is utilized as the optical
carrier; its two-photon spectral wave function in the time do-
main can be given by

o’ (1) — 1)?

W(t),1,) o exp[—i(w, ot + w;ot2)] exp {— 2 } ., ()

where #; and ¢, denote the temporal coordinates of the emitted
optical signal and idler photons, respectively. ;) o denotes the
center angular frequency of the signal (idler) photon, and o is the
correlation time of the twin photons. In the experimental
scheme, the RF signal with a frequency wgr is intensity-modu-
lated onto the idler photons, while the signal photons traverse a
dispersive medium with a dispersion parameter of D. If the
transfer function of the RF modulation is directly added to
the square module of the two-photon temporal wave function,
which corresponds to the joint intensity of the biphotons, the
phase information will be completely lost. Therefore, in our
theoretical deduction, the transfer function of the RF modulation
is applied to the two-photon temporal wave function. The result-
ant biphoton temporal waveform can be expressed as

(1), 1,) /dr exp {——62(7; ZZ)T exp [—i%}

X [1 +A COS(G)RFZ‘Q)], (8)

whose square module (i.e., the second-order Glauber correlation
function) is then deduced as

Sep/Oct 2024 e Vol. 3(5)



Litet'al': Versatile quantum microwave photonic signal processing platform based on coincidence window selection. .

G = |¥(1. 1)

—06*(t; — 1y — Dagg)?

B (i —1)*
2r 2<i+D2524> % —0°(t; — 1 + Dogg)?
o
VI1D% e \& +—e

—Uz(t] — t2 + DH)RF)Z
2(1 + D%*¢*)

Ccos

I+(D+D)* A
4

- D -
WRF (tz + D20'4t1 — az)RF)

. 1+ (D+D)%*

COS

(UR]: <t2 + D254t1 + T)

1+ D%

D WRF

—0°(t) — ty — Dagg)* —0°(t — 1, + Dagg)?

LA T (1 D% 2(1+ D%
2

e

It shows that the biphoton correlation width broadens from %
to Do due to the dispersion effect. In the far-field approximation
(% < D?¢?), by performing marginal integration over the tem-
poral coordinates of #; and t,, the temporal density function of
the signal and idler photons can be approximately expressed as

ps(tl) X—
o

2 A2 _i 20202 D 2
ﬂ {1 —&—74- 2Ae e cos(a)RFtl)cos( C;RF)

A% e s
+?g 2 e P %e cos(2wgpty) |, (10)

2 A? A?
pi(f) 777 {1 + 5 + 2A cos(wggts) + 5 cos(2wRFt2)].
(11)

Note should be taken that the terms related to the 2wgg com-
ponents are derived as the result of squaring the modulus of the
RF-modulated two-photon temporal wave function and should
play no roles in the conclusion. Therefore, the above formula
should be reduced to

Dy
2 ki

12)

2
ke D%

2 “RE
ps(ty) « L1+ AeFe s
c

cos(wrgt) cos(
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s |:260Rp(t2 + ?104t1):| (9)
14+ D¢
2
pi(ty) o . [1+ A cos(wggts)]. (13)

6.2 Performance Validation of Quantum Microwave
Photonic Phase Shifter

To further validate the QMWP phase-shifting performance,
we used a DCM with a GDD of 826 ps/nm in the system.
By applying an RF modulation at 0.81 GHz with a power
level of 10 dBm, the reconstructed waveforms of the signal and
idler photons for different window displacements (y = O ps,
y =200 ps, and y =400 ps) are plotted in Figs. 6(b) and
6(c), respectively. As expected, the phase of the nondispersed
idler photon waveform remains unchanged regardless of the
window displacement, and the dispersed signal photon wave-
form undergoes a right-hand shift in their phase. Similar to
the results shown in Fig. 2(c), the recovered microwave signal
gradually decreases as the window displacement increases. We
also investigated the amplitudes of the recovered RF signals for
three different modulation frequencies (0.2, 2.5, and 4.9 GHz)
in Fig. 6(c). By applying Eq. (9) to the experimental results,
we observed good agreement with the theoretical fittings.
Furthermore, we plotted the phase shift as a function of the win-
dow displacement for modulation frequencies of 0.2, 2.5, and
4.9 GHz in Fig. 6(d). At the high modulation frequency of
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