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Temporal filtering is widely recognized as an effective strategy for improving the visibility of the
Hong-Ou-Mandel interferometer, an important tool for observing the phenomenon of two-photon quantum
interference. However, such manipulation may lead to additional effects on the measurement. In addition
to demonstrating the degradation of photon-detection efficiency, this paper demonstrates that temporal fil-
tering can significantly broaden the interference width, especially in scenarios where photons experience
substantial dispersion. This broadening effect is also presented in the nonlocal Franson interferometer. The
good agreement between experimental results and theoretical simulations not only reveals the mechanism
behind dispersion-induced broadening in two-photon quantum interference but also provides an alternative
and convenient method for measuring dispersion without the need for extra equipment.
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I. INTRODUCTION

As a representative tool of two-photon quantum inter-
ference, the Hong-Ou-Mandel (HOM) interferometer [1]
has been extensively studied for its crucial role in mod-
ern quantum mechanics [2,3] and versatile applications in
quantum information science and technology [4—15]. To
broaden the scope of quantum interference applications
from local to nonlocal scenarios, the Franson interferom-
eter (FI) was proposed as well [16]. In contrast to the
HOM interferometer (HOMI), where a photon pair inter-
feres with itself, the Franson interferometer involves the
interference of a photon pair generated at one time with
another (identical) photon pair generated at a later time.
Based on the Franson interferometer, the HOM-type inter-
ference fringe can be observed without use of a common
beam splitter [17,18]. Both the visibility and the width
of these quantum interferences are important references
for characterizing the correlated or entangled nature of
the two-photon state and assessing the performance of
relevant applications. For example, measurement of the
HOM visibility is invaluable for diagnosing the indistin-
guishability of the single-photon sources and states [19].
Franson interference visibility, on the other hand, char-
acterizes the quality of energy-time entangled photons
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[20,21]. Therefore, effective enhancement of visibility in
both HOM and Franson interference is of great importance.
It has been reported that temporal filtering can significantly
increase interference visibility [22,23]. However, there is
an additional effect on two-photon quantum interference
measurements besides the degradation of measurement
efficiency.

In this paper, we demonstrate both in theory and in
experiments the mechanism of dispersion-induced broad-
ening in two-photon quantum interference width due to
temporal filtering, which is contradictory to the previous
cognition of the dispersion cancellation effect in two-
photon interferometers [24-26]. Since it is requisite to
propagate photon pairs through long-distance fibers for
fiber-based quantum information applications [23,27,28],
this effect deserves to be characterized. In the following
sections, we present a theoretical model for both the HOM
interference width and the Franson interference width as
functions of the temporal filtering width and the dis-
persion experienced by energy-time entangled biphotons.
Experimental verification is achieved by use of photon
pairs generated via the type-II spontaneous parametric
down-conversion (SPDC) process by a quasimonochro-
matic pump to pass through the dispersive media in front
of the interferometer. The good agreement between the-
ory and experiments well quantifies the mechanism of
dispersion-induced broadening of the quantum interfer-
ence width under the temporal filtering effect. Furthermore,
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it provides an alternative and convenient method of eval-
uating the path dispersion by simply applying temporal
filtering to the interference measurements without the need
for additional equipment.

II. THEORETICAL DIAGRAM

Schematic diagrams of the HOMI and the FI with dis-
persive media in the photon paths are shown in Figs. 1(a)
and 1(b), respectively. For the HOMI setup, under the con-
dition of temporal filtering of the coincidence window, the
photon coincidence rate (P, nomr) detected by the photode-
tectors D and D, at the output of the interferometer can be
written as

P nomr & /dfl /dle (th — 1)
x (Win |a] (1) a5 () @z () a1 (1) | W), (1)

where H (t; — t;) denotes the temporal filtering function of
the coincidence window. For deduction simplicity, a Gaus-
sian function is assumed, i.e., H(t, — t,) = e~ (1=2)*/2T)),
Its corresponding full width at half maximum (FWHM) is
given by 2+/21n2t. |W;,) is the two-photon state function
in the time domain. &;r (t;),j = 1,2, represents the annihi-
lation (creation) operator of the single photon arriving at
the j th detector at time ¢;, and its Fourier transformation in
the frequency domain can be given by
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FIG. 1. (a) HOM interferometer and (b) Franson interferome-

ter with dispersive media in the photon paths. BS, beam splitter;
C.C., coincidence counter.

Considering the presence of dispersive media in both the
signal path and the idler path, the dispersion experienced
by the signal and idler photons around their center angular
frequencies can be represented as B, and B,;, respec-
tively. Then the expression for a;) (@) can be related to
that of the input signal and idler photons by

1 ) )
511(2) () = —(as(w)e’ﬂZ,S(“’—ws,o)

V2

+ g(w)eP2il=eio)’ o), (3)

where p represents the relative delay between the signal-photon and idler-photon paths in front of the 50:50 beam
splitter. w; and w; denote the center angular frequencies of the signal and idler photons, respectively. Substituting Eq.
(3) into Eq. (1), we can write the HOMI coincidence rate as
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where |vi,) is the Fourier transformation of |Wy,). For the two-photon state generated by the common SPDC process,
[Yin) can be given by [29]

i) = f dissdiny (@, ) @t (@) & @) 0), 5)
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where |0) represents the vacuum state and v (ws, @;) is the
spectral wave function of the generated biphoton source.
This function is given by the product of the pump spectral
function o (w;, @;) and the phase-matching function within
the nonlinear crystal, denoted as ¢ (&s, @;). Here, @y rep-
resents the angular frequency deviation of the signal (idler)
photon from its center angular frequency w;(; 0. It is impor-
tant to note that wy o + w; o = w0, Where w, o is the pump
center angular frequency.

The spectral function of the quasimonochromatic light
pump can be given by

o (J)sad)i) x (J)S‘ + (Z)l) . (6)
For a type-II nonlinear crystal with length L, the phase-

matching function can be approximated by a Gaussian
function as [30]

where a = 0.04822 and y,;) = k; (a)p,o) — ké(i) (ws(i),o),
where k,, k;, and k; denote the first-order derivatives of
the wave numbers for the pump, signal, and idler photons
around their center frequencies, respectively. Assuming
degenerate down-conversion, where w;y = w;9 = @y, the
single-photon coherence width expressed as the FWHM
can be given by Ag = 2+/2In2al |ys — y;|. Substituting
Egs. (5)«7) into Eq. (4), we can express the HOMI photon
coincidence rate as follows:
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Since the coincidence-measurement-window width is gen-
erally much larger than the single-photon coherence width,
ie., T > /aL (y; — y;), the normalized HOMI coinci-
dence rate as a function of the relative path delay between
the signal and idler photons can be approximated as fol-

lows:
2

W
- 2
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Penomi(n) ~1—e (10)
Thus, energy-time entangled biphotons, after experiencing
dispersion and temporal filtering, yield a broadened HOMI
dip. The FWHM of this dip is given by
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As long as the temporal filtering is removed, or t >
|Bos + Boil/V/aLlys — yil is satisfied, Ajgny = Ao =
2+/2In2al |y, — y;| is deduced, and the previously well-
known dispersion cancellation characteristic of two-
photon quantum interference [24—26] is recovered.

On the other hand, for the FI case [Fig. 1(b)], the expres-
sion for a; ;) (w) at the output of the interferometer can be
related to that of the input signal and idler photons by

1 . .
i1 (@) = S (@)ePra@=e0” (1 4 gorTi) - (12)

where AT, and AT, respectively represent the transit
time difference between the longer and shorter arms of
the unbalanced Mach-Zehnder interferometers (UMZIs)
in the signal and idler paths. Equation (1) can thus be
rewritten as

_(t1*t2)2 . . . .
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Substituting Egs. (5)~7) into Eq. (13), we can obtain the
photon coincidence rate as follows:

- R G
P.pr o< | doy | dase 2

o0 (a1 403) -i(Basthri) (9 -33)
< (1 4 ei(wo+d)1)AT1> (1 +ei(w0—d)1)AT2>
% (1 n efi<wo+ca3>AT1) (1 + eﬁ(wof&;)m)' (14)

To ensure observation of only the two-photon Franson
interferogram, it is necessary for AT} ~ AT, ~ AT >
JaL (ys — y;) to be satisfied [28]. When incorporating this
approximation into the deduction, we can express the nor-
malized two-photon FI coincidence rate as follows (details
can be found in the Appendix):
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where u = AT} — AT, denotes the path difference
between the two UMZIs. The FI graph displays a
Gaussian-enveloped oscillation at frequency wy with an
envelope width given by

(/32,5' + ,32,i)2
al? (ys — yi)* 2
(16)

By comparing Egs. (11) and (16), we can see that the
width of the FI fringe is exactly twice the HOMI width. In
the case of 7 > |,32,S + ﬁz,i|/\/5L lvs — ¥il, Eq. (16) can
be reduced to Ay =2A¢ =4+/21In2aL |y, — y;| and the
nonlocal dispersion cancellation characteristic of the FI is
recovered as well [18].

On the other hand, when strong temporal filtering is
applied so that T < |Bas + Ba.il/~/aLlys — yi is satisfied,
the approximations of Egs. (11) and (16) yield Af, =
2A%om X 4vV2In2(|Bys + Ba,il/T). Under this condition,
by measuring the two-photon quantum interference width,
one can evaluate the dispersion involved in the photon
propagation paths. Since HOMI measurements need to

Api(t) = 4v21n2al |y; — il

ensure spectral indistinguishability between signal and
idler photons, the ability to characterize dispersion as a
function of wavelength is significantly restricted. How-
ever, with the FI setup, the performance is no longer
limited by the two-photon spectral indistinguishability.
By changing the working temperature of the nonlinear
medium for the SPDC, one can tune the center wave-
lengths of the down-converted biphotons in a quite large
dynamic range [31,32]. In this case, the group delay dis-
persion (GDD) as a function of the wavelength of the dis-
persive medium involved can be easily measured. Through
numerical derivatives, the higher-order dispersion prop-
erties of the dispersive medium involved can be derived
simultaneously.

1. EXPERIMENTAL SETUP

On the basis of the theoretical model described above,
both types of two-photon quantum interferometer were
tested. The experimental setup is depicted in Fig. 2.
The energy-time entangled photon-pair source was gen-
erated from a 10-mm-long piece of type-II Periodically
Poled Lithium Niobate (PPLN) waveguide (HC Photon-
ics Corp.), which was pumped by a continuous-wave
distributed-Bragg-reflector laser (Photodigm Inc.) at 780
nm [33]. Under such a SPDC configuration, the single-
photon coherence width A, was calculated to be approx-
imately 1.48 ps. After filtering out of the residual pump
beam, the signal and idler photons with orthogonal polar-
ization were coupled into a fiber-optic polarization beam
splitter (FPBS) and separated into two fiber paths marked
as s and i, respectively, in Fig. 2.

To investigate the dispersion effect, fiber-Bragg-grating-
(FBG-)based dispersion compensation modules (DCM-
CB, Proximion AB), with their nominal GDD values 1545
nm being 165, 330, 495, and 825 ps/nm, respectively, and
their length being about 12.25 m for each, were inserted
into the idler path. In the experimental configuration of the
HOM interferometer [Fig. 2(b)], it is crucial that the signal-
photon path preceding the HOM interferometer maintains
a length equivalent to that of the idler-photon path. As a
result, extra single-mode fibers were introduced into the
signal path to account for various FBG scenarios and to
effectively counterbalance the delay caused by the FBGs.
For the HOMI experimental scheme [Fig. 2(b)], an opti-
cal delay line (ODL; General Photonics Inc.) with a fixed
delay of 100 ps was inserted in the signal path. The ODL
was connected to the signal path by a single-mode fiber
and a fiber coupler, while a motorized optical delay line
(MDL-002, General Photonics Inc.), which is adjustable
from 0 to 560 ps with a resolution of 1 fs, was placed
in the idler path. Afterward, the signal and idler pho-
tons were fed into a 50:50 fiber-based beam splitter and
detected by two superconducting nanowire single-photon
detectors (SNSPDs Photec Ltd.), which contribute to a
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FIG. 2. Experimental setup for (a) the generation of an energy-
time entangled biphoton source, (b) the HOM interferometer, and
(c) the Franson interferometer. The energy-time entangled pho-
ton pairs are generated by a continuous-wave-pumped SPDC.
They are separated by the fiber-optic polarization beam splitter
(FPBS) into two fiber paths: signal (s) and idler (7). After being
transmitted through the dispersive module, they are routed to
the respective interferometers. FBG, fiber Bragg grating; FBS,
fiber-based beam splitter; FC, fiber coupler; HWP, half-wave
plate; LPF, long-pass filter; MDL, motorized optical delay line;
ODL, optical delay line; PC, polarization controller; PPLN,
Periodically Poled Lithium Niobate waveguide; SMF, single-
mode fiber; SNSPD, superconducting nanowire single-photon
detector; TCSPC, time-correlated single-photon counter; UMZI,
unbalanced Mach-Zehnder interferometer.

time jitter of about 65 ps as the FWHM. Two polar-
ization controllers were used to adjust the polarization
of the propagated photons. The detection events from
the SNSPDs were connected to a time-correlated single-
photon counting module (PicoHarp 300, PicoQuant) for
coincidence measurement. The timing resolution was set
at 4 ps during the measurement. By applying postselec-
tion on the coincidence-window width, we implemented
temporal filtering. The FI experimental setup is shown
in Fig. 2(c). All the experimental settings were kept the
same, except that the interferometer was changed to the

FI type. Specifically, two unbalanced Mach-Zehnder inter-
ferometers (UMZI1 and UMZI2) were connected to the
signal and idler paths, respectively. The motorized opti-
cal delay line was inserted in the long arm of UMZII,
while the ODL was placed in that of UMZI2, with the
imbalances of the two UMZIs maintained almost identical
(AT, =~ AT;). To ensure accurate Franson-type quantum
interference measurements, it is crucial to keep the path-
delay differences within the two UMZIs nearly equivalent.
In our experiment, we enclosed all UMZI components
within a container to passively mitigate temperature fluctu-
ations and vibrations, effectively maintaining both UMZIs’
imbalances at approximately 500 ps. To further increase
stability, optimizing the compactness of the UMZI config-
uration and improving isolation from the environment will
be beneficial.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Dispersion-broadened HOMI dip width under
temporal filtering

The two-photon HOM interference was first measured.
Two experiments were conducted: one measured the
HOMI width by our varying the GDD in the idler path
and keeping the coincidence window width fixed at 800
ps, while the other measured the HOMI width by varying
the coincidence window width and keeping the GDD in
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FIG. 3. Experimental results for the HOM interference mea-
surement. For the coincidence window width fixed at 800 ps,
(a)(d) show the measured HOMI dip plots as a function of the
path-delay difference between the signal and idler photons, with
the GDD of the dispersive module in the idler-photon path being
0, 330, 495, and 825 ps/nm, respectively. (¢) Measured FWHM
HOMI dip width as a function of the GDD (black squares) and
corresponding theoretical simulation (solid red curve). (f) Mea-
sured FWHM HOMI dip width for different coincidence window
widths (black squares) and corresponding theoretical simulations
(solid red curve) obtained with the GDD fixed at 165 ps/nm.
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the idler path fixed at 165 ps/nm. The results are shown in
Fig. 3.

By fixing the coincidence window width at 800 ps,
Figs. 3(a)-3(d) show the measured HOM-type dip fringes
as a function of the path-delay difference between the sig-
nal and idler photons with the GDD of the dispersive
module in the idler-photon path being 0, 330, 495, and 825
ps/nm, respectively. It can be seen that when no disper-
sion is inserted in the photon propagation path, the HOMI
dip width is given by the single-photon coherence width
of the biphoton source. With increase of the dispersion in
the idler-photon path, the measured HOMI width increases
accordingly. The measured HOMI dip width as a func-
tion of the GDD is plotted in Fig. 3(e) as black squares.
The corresponding theoretical simulation curve based on
Eq. (11) and the experimental parameters is also given in
Fig. 3(e), and good agreement was achieved. Meanwhile,
the measured FWHM HOMI dip width for different coin-
cidence window widths obtained by fixing the GDD at 165
ps/nm (black squares) is plotted in Fig. 3(f), and the cor-
responding theoretical simulation (solid red curve) gives a
simulated GDD of 172 + 2.8 ps/nm, which is also consis-
tent with the measured value of the FBG module in another
experiment [34].

B. Dispersion-broadened FI fringe width under
temporal filtering

Under the same experimental configurations, the two-
photon Franson interference was also measured and is
displayed in Fig. 4. For the coincidence window width
fixed at 800 ps, the measured FI fringes as a function
of the path-delay difference between the two UMZIs for
different GDD cases are shown in Figs. 4(a)y-4(d). As
shown in Fig. 4(a), when no dispersion is inserted into
the photon propagation path, the FI fringe width is twice
the single-photon coherence width of the biphoton source.
With increase of the dispersion in the idler-photon path, the
measured FI fringe width experienced an increase with the
same slope as that of the HOMI dip width. The measured
FWHM FI fringe width as a function of the GDD is plot-
ted in Fig. 4(e) as black squares. For the GDD fixed at 165
ps/nm, the measured FI fringe width for different coinci-
dence window widths (black squares) is plotted in Fig. 4(f).
On the basis of Eq. (16) and the experimental parameters,
corresponding theoretical simulations for both results in
Figs. 4(e) and 4(f) were also performed and are given by
the solid red curves. The simulated GDD from Fig. 4(f)
gives a value of 161 2.6 ps/nm. One may notice that
this value is different from that deduced from the HOMI
measurement result. We think such a difference should be
due to the instability of the UMZIs involved in the FI
setup, which can also be observed from the irregularity
of the contour in Figs. 4(a)-4(d). By packing the UMZIs
into enclosures and applying temperature stabilization, an
increase in the measurement precision can be expected.
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FIG. 4. Experimental results for the Franson interference mea-
surement. For the coincidence window width fixed at 800 ps,
(a)d) show the measured FI fringe plots as a function of the
path-delay difference between the signal and idler photons with
the GDD of the dispersive module in the idler-photon path being
0, 330, 495, and 825 ps/nm, respectively. (¢) Measured FWHM
FI fringe widths versus the GDD (black squares) and the cor-
responding theoretical simulation (solid red curve). (f) Measured
FWHM FI fringe widths for different coincidence window widths
obtained with the GDD fixed at 165 ps/nm (black squares) and
the corresponding theoretical simulation (solid red curve).

The agreement between the theoretical simulations and
the experimental results, as depicted in Figs. 3(f) and 4(f),
effectively validates the utility of quantum interference
measurements using temporal filtering as an effective
means of characterizing chromatic dispersion. Given the
flexibility of adjusting the temporal filtering through a
postselection process on the coincidence window width,
there is no need for additional instruments during the mea-
surements. Moreover, the FI measurement is no longer
constrained by local coincidence detection and spectral
indistinguishability between the signal and idler photons,
leading to a substantial improvement in its ability to char-
acterize the wavelength-dependent dispersion properties of
the dispersive media studied.

V. CONCLUSION

Quantum interference lies at the heart of many quan-
tum optical phenomena and applications, including quan-
tum information processing, quantum communication, and
quantum sensing. Understanding the factors that influence
the width of quantum interference patterns is essential for
optimizing the performance of such systems. Temporal
filtering is commonly used in practical quantum experi-
ments for improving the interference visibility. However,
it may introduce nontrivial side effects, especially when
large dispersion is involved in the photon propagation
paths. In this paper, we demonstrate both theoretically
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and experimentally the dispersion broadening of the two-
photon quantum interference width due to temporal fil-
tering. This work enriches research on HOM-type and
Franson-type quantum interferometry and holds significant
value for advancing new quantum interference applica-
tions. Furthermore, such phenomenon can be used to char-
acterize the dispersion properties of an unknown dispersive
medium. This implementation offers a convenient disper-
sion measurement method by allowing flexible adjustment
of the temporal-filtering width through postselection. Fur-
thermore, the FI-based quantum interferometry surmounts
the constraints posed by local coincidence measurements
and the spectral indistinguishability of two photons, which
is typical in HOM-based interferometry. This advantage
significantly enhances its adaptability in assessing the
wavelength-dependent dispersion characteristics of disper-
sive media. It is noteworthy that temporal filtering does

J

impact effective coincidence detection efficiency, necessi-
tating sufficient measurement time for the effective SNR,
especially when one is evaluating dispersive media with
notable attenuation.
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APPENDIX: THEORETICAL DEDUCTION FOR THE FI COINCIDENCE RATE

In this appendix, we present the detailed deduction of Eq. (15), which describes the normalized photon coincidence rate
at the output of the FI. Starting from Eq. (13), the substitution of Eqs. (5)«7) leads to the expression of the rate as

2
-t ~ ~ . ~ ~
Perr o / / dndie T a0 / / dindivye” 710 (@13) 1B t21) (51-53)
% (1 +ei(wo+d)1)AT1> (1 n ei(wofd)l)ATz) (1 +e7i(w0+d;3)AT1> (1 n efi(wofc?g)ATz)

P13 a2y (@433) i) (53
o</d5)1/dd)3e‘ T e TN TR RIS

< (1 +ei(w0+(l)1)AT1> (1 4 e—i(a)0+£)3)AT1> (1 +ei(w0—&)1)AT2> (1 + e—i(wo—@3)AT2>_

(AT)

Expansion of the product terms of Eq. (A1) leads to the following expression:

2(,—-a3)> 9, - . 9 -
Purt //dd)lddgez ( L 3) efaLz(Vs*}’i)z(w%Jra)%)e*l(ﬁz,ﬁﬁz,i)(w%fwg)(1 F @HODATY  —ilwo+@3) ATy i(=63) ATy

+ei(w07(Z)1)AT2 _i_e*i(wO*&)})ATZ + e*i((’[)lf&g)ATz +eiwo(AT1+AT2)+i£)1(AT17AT2) + ei(uo(ATl7AT2)+I'(Z)1AT1+I'£)3AT2

+ei(w0+c~ul)AT17i(5)lfﬁ)3)AT2 4 e*iwo(AT1+AT2)7i5)3(AT17AT2) 4 e*i(w0+5)3)AT17!’(5)17&)3)AT2 +ei(w()f&)l)AT2+i(c~e)17(~u3)AT1

+e—i(wo—(z)3)AT2+i(5)1—5)3)AT1 +€[((I)1_6)3)(AT1_AT2)).

(A2)

Because of symmetry, the exchange between @; and @; does not affect the integration. Therefore, Eq. (A2) can be

rewritten as

2(3,-a3)2 2, - ) 2 -
P f/dcbldd)}eMeaLz(ysyi)z(w%er%)el(ﬂz,ﬁﬁz,i)(w%w%)(l 1 ef@HONAT) | (=ilgt@)AT] | gilwo—aAT)

+e—i((u0—(2)1)AT2 +eia)o(AT]-‘rATz)-‘rid'n(AT]—ATz) +e—iwo(ATl-FATz)—i(Z)](AT]—ATz) +ein(ATl—AT2)+i(I)1AT1+i&)3AT2

+e*iwo(ATlfATz)fiivlAT17i£)3AT2 + ei(woﬁ»i[)l)ATlfi(&lf(I)j,)ATz + e*i(w0+a~)1)AT1+i(&)17(1)3)AT2

+ei((u()—cf)l)AT2+i(E)1—c?)3)AT1 +e—i((uo—cf)l)ATz—i(cf)l—&)3)AT1 + ei(&)]—5)3)AT1 +e—[(&)1—d)3)AT2 +ei(&)1—c?)3)(AT1—AT2)> )

(A3)
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Let w; — w3 = x,w; + @3 = y. Equation (A3) can then be transformed to

2.2 _aLz(x;—Vi)z (

2 2 . . x+y . X+ . X+
Py & /dxdye‘ e Xy )e"(ﬂz,s+ﬂz,i)xy(1 + e’(w°+T)AT‘ + e_’(“’°+Ty)AT1 + e’(‘“O_Ty)MZ

. x4y , . e
+ e—t(wo—%)ATz +eiw0(AT1+AT2)+ﬂ? (AT|=ATy) | e—in(AT1+AT2)—i’%(AT1—ATz) +eiw0(AT1—AT2)+ﬂ? AT +i5E AT,

Y

4 00 (AT ATy~ AT| 52 AT, L ei(wﬁ%)Arl—ixATz L e—i(wﬁ%)ATﬁixATz n ei(wo—%)ATzﬂxArl
*i(wO*m)ATZ*iXATl ix AT —ixAT: ix(AT;|—AT»)
+e : + e e N2 4 MATITRNY), (A4)
To simplify the integral calculation, 4 = 2, B = al? (y; — yi)%, and B = By, + Br; are defined, and Eq. (A4) is

transformed to

2 2 2 2
BAT} BATS B(AT|-ATy) ATS(442B)

- - - O I 2BATE
P x1+e 2(4B+B2+p2) +e 2(4B+B2+p2) +e 2(4B+B2+p2) +2e 8(4B+B2+p2) cos | wg AT, + 1
¢,FI 0A L] 8(AB—|—B2+,32)

AT (4+2B)

+e SEBEA7) cos | wo ATy —
AT — 2 “

2BAT2
B+ B+ B?)
_ (ATI—ATz)z(A+2B)

+2e BUBHEHEY) oo (a)o (AT, + AT) +

2B (AT — ATy)?
8 (4B + B> + B?)

B(AT 24473 ) +4AT3

+2e @) oo (wo(ATl—AT2)+

2BATI AT,
8 (4B + B + B2)

AAT3+2B(AT3-2AT| ATy +24T2) JBAT, (AT, — 2ATy)
+2e 8(4B+B2+p2) cos | wo AT, + B 1 1 2
8 (4B + B2 + B2)
AAT3+2B(AT3-2AT ATy +24T} %) JBAT, (AT, — 2AT))
+2 8(48+5%+5%) cos AT, + 2 . ! A5
e () 2 8(AB+B2+,32) ( )
Since AT} ~ AT, > JaL (y; — ;) is satisfied, Eq. (A5) can be approximated to
B(ATl—ATz)Z (ATI—ATZ)Z(AJrZB) )
_ 20) S Gl i B i 2B (AT, — AT»)
Popr o 1 4 2UBHBE) g SUBBE)  cos | @y (AT) + ATy) + : A6
FI 0 (AT, 2) S(B+ B + ) (AO6)
Consider that
Brit Bos \
AB+ B>+ B2 = al’ (v, — y)* [ T* +al? (v — )" + (— :
VaL (ys = ) (A7)
A+2B =1%4+2al® (ys — v)*.
As long as 2 > al? (y, — v)?, Eq. (A7) can be deduced that
8AB+BZ+ 2 L2 s_iz i+ s :
( :8 ) ~ 8aL2 (Vs _ Vi)2 1 + a (V V) + ﬂZ, ,62,‘
A+2B T2 Val (ys =yt
BoitBos )
~ 8al* (v — v [ 1+ <— : (A8)
VaL (ys =yt
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Assume that AT; ~ AT, ~ AT and AT, — AT, = u. The coincidence rate for the FI is thus reduced to

2

MZ

2 2<1+
PC,FI 10 1 + e T \/ziL(VS*Vi)T

aLz(yS_y")zﬁ—( Paithas )2 8aL2 (ys—v;)? l+aL2(Vs—Vi)2 +< Bithas
’ + 2e - o

2
\/EL(VX*W)T) ) cos (wg(RAT + 1)) . (A9)

When u?/8al? (vs — yi)? {1 + [(Basi + Bay)/aL (yvs — v) r]z} « 0 is satisfied, Eq. (15) is obtained.
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