PHYSICAL REVIEW A 106, 053716 (2022)
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Highly entangled biphoton states, generated by spontaneous parametric processes, find wide applications in
many experimental realizations. There is an increasing demand for accurate prediction of their time-dependent
detection. Unlike approaches that have emerged so far, this paper presents an approach providing full time-
dependent counting statistics in terms of efficiently computable formulas, valid for a wide range of entanglement
and arbitrary interaction times. General spatial modes are taken into account to describe free space and fiber
propagation. The time intervals that correspond to the statistics are classified according their widths. Apart from
large and small widths compared to the temporal correlation width, intermediate interval widths give access to
accidental correlations between separated time intervals. Moreover, the approach is easily applicable to a modular
array of arbitrary optical components and external influences. This is demonstrated on phase-time coding, where
the detuning of the interferometers affecting Franson interference is investigated. An acceptable range for the
detuning is estimated, such that the security of the key is not compromised.
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I. INTRODUCTION

Quantum entanglement is one of the most useful resources
in quantum information technologies and is fundamental for
secure information processing and communications. In partic-
ular, a high degree of entanglement is attractive for its high
data capacity and error resilience [1]. Bipartite states with
continuous variables (CV) enable a degree of entanglement,
which might be much higher than the maximal achievable
degree of entanglement with respect to (w.r.t.) discrete vari-
ables [2]. One of the most conventional methods in CV is
presently the generation of entangled photons by sponta-
neous parametric processes, such as spontaneous parametric
down-conversion (SPDC) and spontaneous four-wave mixing
(SFWM). These processes generate photon pairs with a strong
spectral and temporal correlation, where each photon is trans-
mitted to a party (conventionally referred to as Alice and Bob).
It plays a major role in quantum cryptography (QC) since
the detection of one photon heralds the presence of the other.
Highly entangled biphoton states find a wide application in
many experimental realizations. Frequency-bin entanglement
[3], frequency multiplexing [4], nonlocal dispersion cancel-
lation (NDC) [5], and quantum electro-optic circuits [6] were
recently investigated using a continuous-wave pump laser. Al-
though perfect frequency entanglement can thus be achieved
[7], it is inadequate for many applications requiring tim-
ing information since the emission time of the photon pairs
is completely random [8]. Hence, pulsed pumps with well-
defined emission times were recently realized to generate
highly entangled photon pairs, where entanglement properties
[8] and NDC [9-11] have been investigated. Pulsed pumps
have also found great applications in areas such as arrayed
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waveguide grating [12], on-chip generation [13], time-bin
implementation [14], and quantum key distribution systems
[15,16].

A specific application of pulsed pumps is phase-time cod-
ing, which was first proposed by Brendel er al. [17] and
has been experimentally realized [18]. This is a promising
approach for QC since coding in time basis is particularly
stable and the coherence length of the pump laser is not critical
[19]. The setup includes a Franson arrangement, which com-
prises two unbalanced Mach-Zehnder interferometers (MZIs)
and is widely used in several applications, such as gate
operations [20], superdense coding [21], and chip-based mi-
croresonators [22]. The key bits are first established based on
the photon pair’s temporal correlation. Hence, there is a strong
demand for an accurate prediction of this correlation with
ever-increasing precision [23]. A second basis to establish the
key bits is implemented using Franson interference, which can
be achieved by adjusting the phases of the MZIs. To ensure
perfect correlation, the optical path lengths of the MZIs must
differ less than the coherence length of the entangled photons
[24]. Otherwise, Franson interference is affected, culminating
in its complete disappearance if the detuning of the MZIs
exceeds the coherence length. Since the security of the key
relies on perfect correlation, full knowledge of this influence
is indispensable. In particular, an acceptable range of the
detuning without compromising the security of the key is of
substantial interest for experimental realizations of phase-time
coding. For a detailed description, however, many kinds of
temporal information must be taken into account, such as
the width of the pulsed pump, required for coding in time
basis, and the detailed temporal correlation, which determines
Franson interference in the case of small detuning. At the
same time, a precise description of detecting multiple photon
pairs should be provided since uncorrelated photons cause
accidental coincidences, which must be discarded during key
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distillation [19,25]. Due to wide applications and decisive
advantages of high entanglement, an arbitrarily high degree
of entanglement should also be allowed, in particular the limit
of perfect entanglement.

A detailed description of Franson interference for small
detuning, however, has only been poorly addressed yet. Al-
though many different approaches have emerged so far, none
of them is suitable for this task since they do not fulfill all
aforementioned requirements at the same time. For instance,
modeling each pulse as orthogonal states [14,20,26-29] ne-
glects many kinds of temporal information. Another way in
which they are taken into account is the perturbative limit of
low mean photon number [1,7-9,30-33]. Although this ap-
proach was recently used to investigate Franson interference
for increasing detuning of the MZIs [34,35], the generation
of multiple photon pairs is neglected. This, however, is of
particular importance for phase-time coding due to serious
consequences on the security of the key [19].

Another approach is to assume perfect entanglement [36]
or to approximate the strong temporal and spectral correlation,
respectively, by a diagonal matrix of discrete bins [13,37].
This approach has been applied to investigate spatial quantum
correlations [38] and to derive full counting statistics [25,39].
The detailed temporal correlation between entangled photons,
however, is neglected. This is incompatible with modeling of
Franson interference for small detuning of the MZIs. Fur-
ther approaches, such as Schmidt decomposition [40] and
general optical modes [41], provide full knowledge of the
quantum state [42,43]. Although the latter approaches include
all physical information, even pump field depletion [44], the
computational effort increases significantly for higher entan-
glement since more modes contribute, hence an exceedingly
time and resource consuming approach. Many experimental
realizations can thus not be modeled suitably since improving
the degree of entanglement is of broad interest. In particular,
the limit of perfect entanglement remains an open problem.

In this paper, a theoretical approach is presented provid-
ing full time-dependent counting statistics of photon pairs
generated by spontaneous parametric processes in terms of
efficiently computable formulas. The joint amplitude may
be chosen arbitrarily. General spatial modes and two widely
adopted communication channels, free space and fiber prop-
agation [45], are discussed. For the latter channel, the
corresponding time intervals are classified into two types:
Their widths are much smaller and their widths are much
larger than the temporal correlation width. The first case
provides the computation of general correlation functions,
whereas the second case is important for coding in time basis.
Intermediate interval widths are investigated by expanding the
latter liming cases, giving access to a more precise prediction
of accidental correlations between separated time intervals.
The approach is valid for a high degree of entanglement
and likewise for a low degree if the mean photon number
is bounded by (N) <« Npa.. The higher the entanglement,
the larger Np.x. In the case of low entanglement, the mean
photon number is restricted by Np.x &~ 1, which corresponds
to the perturbative limit. In the case of high entanglement, the
limitation can be neglected due to Np,x > 1. The first steps
of this approach were derived in a previous work [46] and the
present paper shows it completely.

In the case of further optical components and external
influences, the approach can be generalized by simple mod-
ifications of the derived formulas. To this end, a general
procedure is presented, which can be easily applied to a
modular array of arbitrary components and influences. This is
applied to the setup of phase-time coding. To demonstrate the
usefulness of this approach, full counting statistics of Franson
interference are derived and detection probabilities are pre-
sented for increasing detuning of the MZIs. By means of these
results, an acceptable range for the detuning is estimated,
such that the security for practical QKD installations is not
compromised. This could not be achieved before since, unlike
previous approaches, the requirements to accurately describe
Franson interference for increasing detuning are fulfilled. All
temporal information and multiple photon pairs effects are
taken into account. Since the derived formulas are efficiently
computable, they can be easily applied to an arbitrarily high
degree of entanglement.

The paper is organized as follows: After the description
of biphoton states generated by spontaneous parametric pro-
cesses in Sec. II, the general photoelectric counting statistics
are presented in Sec. III. Even though there is no systematic
numerical treatment of the general statistics, Sec. IV provides
the statistics in terms of efficiently computable formulas,
which are the central results of this paper. At the very heart
of the derivation lies a theorem to evaluate the operators
occurring in the general statistics. In Sec. V, a general proce-
dure to generalize the derived formulas to setups and external
influences is presented. This is applied to phase-time coding
and the detuning of the MZIs affecting Franson interference is
investigated. Section VI concludes the paper by summarizing
the main results.

II. BIPHOTON STATES

The approach of this paper deals with squeezed bipho-
ton states, which are generated by spontaneous parametric
processes under certain assumptions. The pump pulse is as-
sumed to be bright enough to apply the undepleted pump
approximation, where appreciable attenuation due to down-
conversion events can be neglected [47]. To treat frequencies
continuously, the crystal is considered to be large compared
to the optical wavelengths [47]. For the sake of simplicity, the
polarizations of input and output photons are considered to be
fixed, determining the type of the process. Although omitted
here, the results of this paper can be easily extended to general
polarization. Within these assumptions and the usual rotating
wave approximation, the Hamiltonian of SPDC processes in
the interaction picture reads as [47,48]

H(t) o / dka d’k d*kp &) (kp)af ()
R3
X F(ka, kg, kp)e' @ T@p=er) L Hc |

F(ka, kg, kp) := oy (kp) / &*r xP(r, wa, wg, wp)
|4

% e_i(kA"!‘kB_kP)‘r, (1)

where V, oy, and x@® denote the crystal volume, the mo-
mentum amplitude of the pump field, and the nonlinear
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susceptibility. The frequencies w; are determined by the corre-
sponding momenta k;. The mean momenta of both parties can
be neglected if the photons are not mixed and the propagation
is devoid of nonlinear dispersion effects. Hence, they will be
set to zero, as well as the mean frequencies of fiber cou-
pled photon pairs. To obtain the Hamiltonian of the SFWM
process, it suffices to make the substitution [49]

F(ka, kg, kp) 1=/ d3k/05k1(k/)0lk2(k1>—k/)/dar
R3 %

X xO(r, wa, wg, Yo 1 Eatks KT 0y
with the corresponding pump fields o and o,. Due to the
dependence x ®(r), techniques such as quasi-phase-matching
are included in this approach [6,11,39,50,51]. An expression
of the time evolution operator for general interaction times ¢
can be achieved using the Magnus expansion [52,53]

. 1 t/2 . 1 t/2
U = exXp [_h/ dt,H(t/)— ﬁ/ dt/
l

—t/2 —t/2
X / di"[H@), Ht"] + .. } 3)
—t/2

Since [a;a;, &j&j, &j&j, I;; forms a Lie algebra, U can be
disentangled to a rotation operator R and a squeezing operator

A

S =exp UR} d*ka d®kp W (ka, kp)a (ka)ag (kg) — Hc]
“

where 1 (ka, kg) designates the joint amplitude (JA). Initial
vacuum states of Alice and Bob eliminate R to give

U10)410)s = SR|0)A]0)5 = $|0)A|0)5, Q)

which gives proof that for each order of the Magnus expan-
sion, even for the exact solution, the quantum state can be
written in terms of a squeezing operator S, determined by a JA
Y (ka, kg) as in Eq. (4). For the first-order term of the Magnus
expansion, the JA is given by

Wrllen, k) o /R hoF (kn, Ky k)

WA + wB —CUP]
2 9

where time ordering effects are neglected and the limit of
long interaction times results in energy conservation. Further
orders of the Magnus expansion are discussed in [52], where
an explicit expression of ¥ (ka, kp) is derived in dependence
on F(kA, kB, kp)

Despite the closed-form expression of the quantum state,
the continuous character of the JA renders it difficult to
compute the state exactly. Therefore, many approximations
pertaining to the aforementioned approaches, such as the
perturbative limit, perfect entanglement, and Schmidt decom-
position, have been applied to Eq. (4). In this manner, the
approach of this paper is based on a suitable expression of
the JA, aiming to apply approximations that are appropriate
for highly entangled biphoton states and still lead to analytical
expressions for the counting statistics. To this end, it is worth-
while to distill crucial features of high entanglement and to

(6)

X t sinc [t

correspondingly rewrite the JA ¥ (ka, kg). First, it should be
noted that it depends distinctly on ks + kg and wa + wp and
thus exhibits a diagonal shape. Therefore, it is plausible to
express the JA in rotating coordinates kx + kg and ky — kg.
Secondly, the amplitudes along the rotating coordinates deter-
mine spatial and momentum detection of each party’s pulse.
This motivates the definition of the function ¢(x, k), where
normalized (dimensionless) spatial and momentum coordi-
nates x and k represent the spatial and momentum amplitude,
respectively, of each party’s pulse. As derived in Sec. 1V,
spatial and momentum detection can simply be obtained by
integration w.r.t. the other variable, similar to the Wigner
function. It should be pointed out that ¢(x, «) is only assumed
to have normalized widths in all variables and otherwise can
be chosen arbitrarily. In particular, ¢(x, k) does not need to
decouple, which allows the approach of this paper to include
nontrivial phase mismatches.

It is envisioned that the sought-after expression for the JA
explicitly reproduces each party’s spatial and momentum am-
plitude in its respective basis. The JA v (ka, kg) in momentum
basis and ¥ (x4, xp) in spatial basis can be related by inserting

1 .
s /R 3 dkak)e ™k (7

in Eq. (4). Due to the scaling property of the Fourier trans-
formation, it is apparent that high momentum anticorrelation
corresponds to high spatial correlation and vice versa. In the
case of momentum anticorrelation, each party’s spatial and
momentum amplitudes are thus determined by the JA along
xa —xp and kp + kg, respectively. The need to relate these
coordinates to the normalized variables x and k suggests
the introduction of three-dimensional momentum and spatial
widths. This can be written as
~1
x= A; (xa txB), k= %x(kA—kB) (®)

with positive-definite 3 x 3 matrices J, and Ay, the eigen-
values of which designate the spatial correlation widths and
the spatial full widths at half maximum (FWHM) of the
pulses at each party’s side, respectively. Since §, and A, do
not need to be diagonal, the approach of this paper includes
general elliptical shapes of the JA, essential for noncollinear
geometries [54].

In keeping with this modeling, the relation between the JA
and ¢ (x, k) is set to be

a(x) =

Ay
ko, kg) =d
Yka, kg) et(m>

Sx
x ]-';1 |:¢<X’ E(kA —kB)>](Ax(kA +kp)),

8_1
W (xn, x5) = det (m)

A_l
x fx[aﬁ(%(m + xp), x)](a;‘(xA —xp)),
9)

where F denotes the Fourier transformation w.r.t. the sub-
scripted variable. It becomes apparent that these expressions
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for yr(ka, kg) and ¥ (xa, xg) indeed represent the respective
amplitudes of each party’s pulse. The prefactors are chosen in
such a way that the structure of Eq. (9) will be preserved at
best, as presented in Sec. [V. After the photon pairs have been
coupled into fibers, it suffices to consider the temporal corre-
lation width §; and the temporal FWHM A, of each party’s
pulse, defined in Sec. IV, where fiber coupling is discussed.
It should be kept in mind that §, and A, are scalars since
fiber coupling reduces the spatial and momentum modes to
one dimension.

In the case of collinear degenerate phase matching, where
transverse momenta are negligible, the JA in Eq. (9) can be
expressed in time and frequency basis as

A
Y (wa, wp) = T

x F;! [qﬁ(x, 3,@)](&(% + wp)),

Al (5. 0o

where ¢(x, k) is intended to represent the temporal and spec-
tral amplitude of each party’s pulse and, once again, is only
assumed to have normalized widths. All results of this paper
can be reduced to this case by replacing the matrices J, and
Ay by the scalars §, and A;, respectively. Needless to say,
determinants of §, and A, can be dropped.

Quantitative results will be computed for type-II SPDC
with collinear degenerate phase matching and long interaction
time, neglecting time ordering effects, where

Y(ta, tg) =

Y(wa, wp) X F(wp, w, wp + wg). (11)

Moreover, the phase mismatch is assumed to be dominated
by wa — wp, whereas wa + wg ~ 0 compared to «,. This
enables to decouple the function ¢(x, k) as

d(x, k) oca(x)sinc(g), (12)

where the scale factor depends on the mean photon number
and the degree of entanglement, as discussed in Sec. IV. This
determines the JA in time basis to be

I+ IA—1B
Y(ta, tg) X oz( o, )rect( 5, ), (13)
where the rectangular function rect(x) originates from the
crystal geometry. The temporal pump amplitude o will be
considered as Gaussian, where |«|?> has normalized FWHM.
It can be noted that §, and A, correspond to their introduced
interpretation.

In this paper, momentum anticorrelation and spatial corre-
lation, that is, A, > &y, are discussed. In the opposite case,
the following results can be obtained in the same way, but
this might be discussed elsewhere. Conventionally, the degree
of entanglement is characterized by the Schmidt number K
[43], a measure for the number of effectively contributing op-
tical modes [40]. Another important entanglement quantifier
is given by the parameter R, defined as the ratio of widths of
single-particle and coincidence wave packets, which is rather
easily experimentally measurable [2]. In three dimensions, the
latter corresponds to the matrix A,d; ! which is intended to
characterize the entanglement of the spatial (transverse and

longitudinal) modes in this paper. The Schmidt number K
turns out to be proportional to det(A,d, 1y, as discussed in
Sec. IV. Entanglement of transverse modes is mainly deter-
mined by the pump beam waist, in particular for large beam
sizes [54], and the transverse correlation length, recently esti-
mated in [47]. Both quantities can be obtained by projection
of Ay and 8, onto the transverse plane, respectively. Various
values of their ratio are used in experimental realizations: 3.8
[30], 13-79 [38], and 140 [55] up to 360 [56].

For fiber coupled photon pairs, the degree of entanglement
simplifies to A,/é;, which is particularly determined by the
longitudinal modes. Experimental realizations of entangled
biphoton states deal with various values of A;/§;: 3.6 [12],
5.2 [16], and 10 [14,27] up to 103 [29] and 10° [11]. The ap-
proach of this paper is valid for a wide range of entanglement,
where Axdy !'is related to an upper bound of the mean photon
number (N) <« Npax. The larger A 6. 1 the larger Npax, as
discussed in Sec. IV.

III. PHOTOELECTRIC COUNTING STATISTICS

In this section, the photoelectric counting statistics of Alice
and Bob are addressed. Their photodetectors are first assumed
to be perfect. As communication channels, free space and fiber
propagation are discussed, which are both widely adopted
[45].

In the case of fiber propagation, the counting statistics
of Alice and Bob are referred to time intervals I, Ig. The
probability of 7 counts at the time interval / is given by [57]

S\
(V1) T

1
p(n, 1) = <: — ;> = —5"0), (14)
n. n:

where N; = f,dt &j&, denotes the photon number at I, the
colons signify normal ordering, and

g0) = (e ) = () (15)
denotes the probability generating function (PGF) [58]. This
can be extended to two parties as

N, N
gaye) = (v " yp""®). (16)

In the case of biphoton states generated by spontaneous para-
metric processes, this turns out to be

l—

N
g(ya, yp) = det [H + P(ya, )’B)(Uf - E]I)} ,

1 —ya)P, 0
P(a.y8) = (( o (l_yB)P]), (a7

where I, P;, and oy are the identity operator, the projection
onto / in time basis, and the covariance o of the biphoton
state projected onto the transverse modes that are selected
by the fiber [59], respectively. The derivation of Eq. (17) is
presented in Appendix A. The Fredholm determinant included
in this result covers the correlations of all combinations of
parties and time values, except for time values outside of the
intervals, which are eliminated by the projection operators.
It should be emphasized that Fredholm determinants have no
systematic numerical treatment in general [60], which renders
an exact computation virtually impossible. In the case of free
space propagation, the counting statistics of Alice and Bob are
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referred to volumes Va, Vg € R3. Similarly, the PGF is given
by

1
2

’

1
g(yAa yB) = det |:I[ +P(}’A»)’B)<U — E]I):|
0
(1 —y)Py,

with the projection Py onto V in spatial basis.

These results can be generalized to real photodetectors.
Dark counts can be modeled by additional radiation with Pois-
son or thermal distributed counting statistics [61]. Quantum
efficiencies na, 7 can be taken into account by modifying
the photon number operator Nq,lq > nql\ﬂlq, 1, of both parties
q = A, B [62], which leads to an effective replacement

8(va, y8) = g(1 — na +naya, 1 —ns +nsys).  (19)
It can be shown that attenuation in fibers leads to the same
result, which can be modeled by beam splitters (BSs), where
the reflected outcomes are eliminated [28].

The covariance operator o of the biphoton state describes
the correlation between two arbitrary time values within each
party and among both parties. Expressed in terms of the JA
¥ (xa,xp), given by Eq. (9), the covariance reads as [63]

(1 —ya)Py,

0 (18)

P(ya,yB) = (

_ (OAA O-AB>’ 20)
OBA OBB
where each entry can be written as
U su+ G —isu+iGan)
OAB = OBA = — . i T wet T |2
4\ —isu+i(5a") —su — (3ii")
or = 1 e+ T ic —icT
AT —ic+icT e+ T )
L/ e+e"  g—id”
98B = 3 (—iE +ieT o4& @0

using the abbreviations c := cosh(2r), ¢ := cosh(27), s =
sinh(2r), § := sinh(27) and the polar decomposition of
Vv = ru = ir 22)

in Hermitian parts r, 7 and unitary parts u, ii. It may be worth
noting that i can be seen as an integral operator, where the

J

JA (x4, xp) determines the kernel. As one might have antic-
ipated, the squeezing process leads to hyperbolic functions of
the JA, occurring in Eq. (21).

IV. ANALYTICAL RESULTS

A crucial problem for the quantification of general PGFs
as in Eq. (17) is the computation of the covariance o. There
is a strong demand for a simple, analytical expression of the
operators occurring in Eq. (21).

Before embarking on the crucial theorem of this paper
providing a satisfactory solution, the first, nonzero order of
the PGF is addressed separately. For Iy = Iy = R, expanding
the PGF in r and 7, defined in Eq. (22), reveals the quadratic
order, which can be computed without any simplifications as

AyS;!

2
T )I|¢|I2,

where |.||, denotes the L? (R®) norm. It should be emphasized
that Eq. (23) is devoid of any assumption of A, and §,. Hence,
the perturbative limit (N) < 1 is covered by the following
results for any choice of A, and §, whatsoever. Moreover, this
order can be bounded by the mean number of photons leaving

the crystal at one party’s side (e.g., Alice) [58]:

Tr[r?] = T[] = det ( (23)

(N) = 0ag(1, 1) = 1 Tr[e — 11 > Tr[°], (24)
where the PGF g(ya, yg) is given by Eq. (17). Provided that
(N) < oo, it can be seen that r and 7 are Hilbert-Schmidt
operators [60]. Under further assumptions that are physically
reasonable, r and 7 can even be shown to be trace class
operators [60].

A detailed quantification of the PGFs should also include
higher orders of r and 7. To this end, the expression of the JA,
as introduced in Eq. (9), benefits the following theorem pro-
viding a pointwise evaluation of f(r) and f(7) in spatial and
momentum basis. It reveals the major advantage of Eq. (9),
which consists in the fact that its structure is completely
preserved and functions of the JA simplify to functions of

d(X, k).

Theorem 1. Let r, 7, u, and ii be as defined in Eq. (22) and let f(x) be an analytic function fulfilling f(0) = 0.
If the terms of order n 2 nim = 2/[|A; 18, |, of its power series can be neglected for all

6] < o = /et (2 A5 '8, (A)

1o
pll2”

(25)

where ||.||oc, |I.1lp, and || || are the supremum norm, the L?(R®) norm, and the spectral norm, respectively, the following holds:

-1
X

V2

-1
X

V2r

-1
X

V2r

LF()1x, ¥) = [F(P)(x, &) = det (

Lf (ru](x, x') = det (

[f(#i'] e, x') = det (

=
=
=

Afl
2

f (x +x"), IC)

:‘45( ]}(le(x—x’)),
(%
5

(x +x7), K)] }(8;l(x -x)),

7

(x+x), x) ] }((le(x —x')),
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A
L1, K) = LF () (—k, —k') = det (
2T
L (rulk. k') = det( A
2
(P 1k, k') = det( Ax
27

where f(x) := f(|x)x/|x| and ¢(x, k) is defined in Eq. 9).

The proof can be found in Appendix B. Owing to this theorem,
the covariance o can be evaluated pointwise in spatial basis as

|:a — %]I:|(x,x/)
d x_l S A;l / 8_1 /
- (A (e
(27)

in terms of the matrix

S(x. k) = <SAA(X, K)

Sa(X, k)
Saa (X, ) ) %)

SeB(X. k) )’

The entries are given by

1 .
Saa(X, k) = Sg(X, k) =7 Z¢C(x, iK)(:;i jlj),

SaB(X: ) = Spa (X, )" = qu(x i)t <¢l fi),
(29)
where z+ := Rez & iImz is intended to abbreviate z € C itself

and the complex conjugate z*, respectively. Moreover, the
abbreviations

$e(X, 1) = cosh[2|p(x, ©)]] — 1,

d(X, k)
(X, k) == sinh[2 ,
&s(X, k) == sinh[2]¢(x )|]I¢( P

are used throughout this paper, where ¢(x, k) is defined in
Eq. (9). In the case of collinear degenerate phase matching,
dc(x, k) and ¢s(x, k) are defined in the same way, where
¢ (X, k) needs to be replaced by ¢(x, k), defined in Eq. (10).

Further interesting quantities, such as the Schmidt number

K [2], can also be calculated as
T2 o (Axéxl )<||¢||2)4
27 lolla)

T T
which reveals the aforementioned relation to A,8;!. In the
case of Eq. (12) with collinear degenerate phase matching, K
and A, /§; even share the same magnitude:

K :L(H(ﬁllz) _
A3, I6ls) ~ 2/2r W)

Based on Theorem 1, the spatial and momentum distribution
of each party’s pulse can be obtained as

(30)

€29

~ 0.72.

(32)

-1

5 o 1 8 3 -1
(Na(x)) = (Np(x)) = Edet (g) /1;3 d’k e (A 'x, k),

) N | |
F s ‘45( —(k+k))”}mx(k—k)),
(!

¢ X,gx +k’> “(Ax(—k—k')),

N
\z

k") )] } (Ax(k +K)),

=k —
2
8

—k

7
\1

(26)

. . 1 Ay
(Na(k)) = (Np(—k)) = zdet (Z) /11{3 d’>x e (X, 8:k).
(33)

These relations corroborate the interpretation of §, and A, as
well as the motivation of introducing ¢(x, «), namely, repre-
senting the spatial and momentum amplitude of each party’s
pulse. Integrating Eq. (33) gives the mean photon number of
one party as

Ny = %det(

It should be kept in mind that this relation serves to determine
the scale factor of ¢(x, k) in dependence on the mean pho-
ton number and the degree of entanglement, as pointed out
for Eq. (12). This can be done numerically or by expanding
dc(X, k) in terms of ¢(x, k).

The condition of Theorem 1 reveals the regime of validity
of the approach that is presented in this paper: The higher the
entanglement A,8_! and the lower the mean photon number
(N), the better is the condition fulfilled. The required degree
of entanglement is thus related to the mean photon number,
which can be expressed by an upper bound (N) < Npay. The
relation between the degree of entanglement and N,y is pre-
sented in Table I and evaluated in the case of Eq. (12). To
derive this relation, the condition of Theorem 1 can be adapted
to collinear degenerate phase matching as

2A ) 00
e el 35)
8 A gl

In view of Eq. (30), the remainder of the power series of
f(x) := cosh(2x) — 1 and sinh(2x) needs to be estimated. The
remainder of the order n 2 ny, has thus to be much smaller
than the quadratic and linear order for all |x| < xpax, respec-
tively. This can be achieved by

Ayt
21

) / &’k &y e(x, 1) (34)
]RS

Njim =

cosh(2xmax)

(36)
n!

(2Xmax)" << min {Xma, EX,znax}‘

TABLE I. Upper bound N« of the mean photon number for
given degree of entanglement A, /§;, such that the approach of this
paper is still valid. This relation was evaluated in the case of Eq. (12).

A, /6 2 3 4 5 7 10 15 20

Ninax 29 8.7 18 34 85 229 715 1619
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~

Since Nyax > (V) exceeds the regime of validity, the variable
X >> Xmax 1S introduced, which is defined as

b
27 Ny — 19lloo . 3 (37)
A ol

cosh(2X%)

Mim !

and fulfills
(2%)"m = min{x, 25°}. (38)

Computing X for fixed A, /8, gives Npax, which is presented in
Table I. It should be pointed out that the computation of the
quadratic order is valid for any choice of A; and &, as shown
in Eq. (23).

Moreover, Theorem 1 paves the way towards a simple,
analytical expression of the general PGF in Eq. (17), which
will be derived for fiber propagation. Although omitted in this
paper, the same results can be easily obtained for free space
propagation by extending the formulas to three-dimensional
spatial basis, which might be discussed elsewhere. In the case
of fiber propagation, the covariance needs to be modified due
to fiber coupling as

1 / / !
[af - §H]<x, ¥) = f &*qd*q Pix, QP(x' . )"
R3

1
® [o — EH}(‘I’ q), (39)

occurring in Eq. (17), where Pr denotes the projection onto
transverse modes of the fiber (e.g., Laguerre Gaussian modes
or Hermite Gaussian modes) [59]. It may be worth noting
that Pi(x, ¢)P;(x', ¢')" is generally a matrix representing all
combinations of transverse modes selected by the fiber. This
extends o — I[/2 to an additional mode structure, hence the
tensor product. More precisely, a continuous number of trans-
verse modes simplifies to a finite number. Equation (39) can
be expressed in time basis and can be put in the form

1 N1 t+t t—t
e atfen= Gl l(50)

(40)

which defines the matrix S(x, «) and determines §, and A,
since S(x,«) is once again assumed to have normalized
widths. In the case of collinear degenerate phase matching,
fiber coupling in Eq. (39) is redundant and S(, «) coincides
with Eq. (28) depending on ¢(x, k), defined in Eq. (10),
instead of ¢(x, k).

As discussed in Sec. III, the counting statistics w.r.t. fiber
propagation are referred to time intervals I, Izg. An ana-
Iytical expression of the general PGF, however, can hardly
be achieved for general Ia, Ig. Therefore, they are classified
according to their widths into two types: |Iz|, |Iz] < é; and
[Ial, Ig| > &;, discussed in Secs. IV A and IV B, respectively.
The first case provides the computation of general correlation
functions, whereas the second case is important for coding
in time basis. The remainder of this section addresses in-
termediate interval widths, paving the way towards a more
precise prediction of accidental correlations between sepa-
rated time intervals. The following results can also be obtained
in frequency basis, that is, I5, Iy would designate frequency

intervals, but this is omitted here and might be discussed
elsewhere.

A. Small interval widths

The intervals are now assumed to satisfy |In], |Ig] < §;. In
order to facilitate the PGF in Eq. (17), the projection operators
Py, , Py, and the covariance oy are addressed. According to
Eq. (40), of varies at most in the magnitude of ;. Therefore,
P, and Pj, cause approximately a pointwise evaluation at
some arbitrary value in the interval. This can be written as

qu ~ |Iq><lq|a
(I4|Ally) ~ |y |A(T, Ty) (41)

for any operator A = ¢, ¢, s,§ occurring in Eq. (21), and
party g, where T, € I, is an arbitrary time value and (¢|/,) :=
1,1/,/11] denotes the L2-normalized indicator function of ,.
Inserting Eq. (40) into the PGF gives

B 1 (taGa) 0
8(ya, yp) = det |:H 276, ( 0 TB()’B))

« /oo dic (SAA(TA, Ta)  Sas(Ta, TB))i|2
oo Sa(Ts, Tn)  Spe(TB, Ip) ’

T+T
2A,

where 7,(y,) = (y, — DIl,| and T, € I, can be chosen arbi-
trarily for each party g. It should be noted that Eq. (42) can
be evaluated with moderate computational effort. Due to the
reduction to one time value per interval, only the correlation
between the parties is taken into account. The Fredholm de-
terminant thus shrinks to a determinant of a 4 x 4 matrix.
Moreover, the Fourier transform, occurring in the entries AB
and BA, can be computed efficiently by fast Fourier transfor-
mation. Unlike approaches based on Schmidt decomposition
or general optical modes, the computation of the determinant
does not grow indefinitely for increasing entanglement.

Equation (42) serves to generalize the counting statistics
to further components and external influences, as discussed in
Sec. V A, and provides the computation of correlation func-
tions

S'(T, T/) — S( ’K)e—iK(T—T/)/(Sr’ (42)

(NA(TaD) - .- Na(Tamy)Ne(Ts1) ... Ng(Tom,))  (43)

of general order ma, mg € N. To relate correlation functions
to general PGFs, defined in Eq. (16), it is pertinent to replace
the photon number operators as

T N‘Iv q
No(Ty) = 9y, 9y, (yq i

(44)

yq=1141=0"

where I, = [T, — |I,1/2, T, + |1,]/2] for each party q. Since
the PGF in Eq. (42) only depends on t4 and g, the derivatives
in Eq. (44) simplify to 9, evaluated at 7, = 0. The second-
order correlation function can thus be written as

(NA(TA)Ng(Ts)) = 97,05, 8(ta = 0,75 = 0).  (45)

To derive higher-order correlation functions as in Eq. (43),
I5 and Iz can be considered as a union of disjoint subinter-
vals Iy ...Iam, and I ...Is,, containing the time values
Tar...Tam, and Ty ... Tgy,, respectively. The subintervals
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designate independent modes, such that the approximation in
Eq. (41) can be generalized to
|Iql ) <Iq1 | 0
P, ~ . (46)
0 1Lgm, ) {Lgm, |

Reproducing the derivation of the PGF in Eq. (42) shows that
it suffices to make the substitutions

741 0
T, > (G
0 Tym,
and
Sqq’(quv Ty) Sqq/(zﬂ’ Tq’mqf)
Sqq (T Ty) : :
Sqq/(Tqmq’ 7;/’1) T Sqq’(Tqmq’ Tf/m,/)

(48)

for each party g, ¢’ in Eq. (42). It can be seen that the correla-
tions between all time values 7y, ... Tz, and Tg; . . . Tpy, are
taken into account. This exactly reveals a discretized version

J

of the Fredholm determinant in Eq. (17). By means of these
substitutions, general correlation functions in Eq. (43) can be
computed as

am e 8tAmA BTBI e aerB g(‘L’Al = 0, ey TAmy, = 0,

B = O, coos TBmg = 0) (49)

B. Large interval widths

The intervals are now assumed to satisfy |Is[, |Ig]| > &;.
The PGF in Eq. (17) can be written as

1 1
g(yA9 yB) = exXp {—ETrln |:]I + P(yAyyB)<0‘f — EH):|}

(50)

using the identity Indet = Trln [60]. According to Eq. (40),
the covariance or behaves approximately diagonally com-
pared to I, and Ig. Hence, it commutes with the projection
operators P;, and P, occurring in P(ya,ys). Powers of
P(ya,yg)(or —1/2) in Eq. (50), however, give rise to the
combination P;, P, = Pj,ny, in some terms, where /5 and I
might be different. This problem is solved by the statement

P, 0 1 P, 0\ _(Pogfllof—1/2)x4] 0 1
f[(o p,B><"f‘§H>](o p,B) ”( o P,B\,Af[(of—ﬂ/z>BB]>+P’A“’Bf [““5“} G

for analytic functions f(x) fulfilling f(0) = 0, which can be
proven for the power series of f(x) by induction. Setting
f(x) =1In(1 + x) in Eq. (51) leads to a decomposition

ga,y8) = &n " OA) &5 M oB) €A (vasye)  (52)

of the PGF in Eq. (50). The total counting statistics are thus
determined by the mutually uncorrelated statistics of Alice’s
counting at I, \ I, Bob’s counting at Ig \ I, and their cor-
relation at Ix N Ig. The PGFs of each party can be written

as g (ya) = gjl(yA, 1) and gh(yg) = gg(l,yB) in terms of the
joint PGF, given by

1 _
gJ((yA,yB) = exp |:—§ /Idt Tr<{ln [H + <1 OyA 1 _OyB)
1
X (af — EH)} }(t,t)>i|. (53)

In order to evaluate the operator at (¢,¢), Eq. (40) can be
generalized to

=)o
1 t+t t—t
-Gl (5T) e

using Theorem 1. It should be pointed out that fiber coupling
might have changed the degree of entanglement and thus the
conditions of Theorem 1. Applying Eq. (54) to Eq. (53) gives

(

the desired result

At o
gJ((yA,yB) =expy— dyx dk
48, Ji/a, —00

x Indet |:I[ + (1 _OyA | _OyB>S(X, K)]},
(55

where S(x, ) is determined by Eq. (40). In contrast to
Eq. (42), the integrals are outside of the determinant and the
logarithm. Some insights in this observation may be gained by
extracting the integrals from the exponential function, which
would reveal a product integral (a continuous version of a
product) of the determinant. Hence, the correlations of all
combinations of parties and values for x, k are taken into
account. As in Sec. IV A, this formula is efficiently com-
putable due to limited size of S(x, «), even for increasing
entanglement. Moreover, Eq. (55) again serves to generalize
the counting statistics to further components and external
influences, as discussed in Sec. V A. If the phase matching
is collinear degenerate and the entangled photon pairs are
detected without further influences, the PGF in Eq. (55) sim-
plifies to

A, ©
8§(YA,yB) =expy— / dyx / dk
278 Jiya, o0

l_
%y%c(x,:«)]}, (56)

where ¢.(x, k) is defined in Eq. (30). It can be inferred that
the statistics are strictly correlated since the PGF only depends
on the product yayg, which matches with [40,41].

><1n|:1+
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For one party (e.g., Alice) and collinear degenerate phase
matching, the statistics become Poissonian in the case of per-
fect entanglement. An expansion about this case gives

- D> )
2 K

revealing the Schmidt number K and the mean photon number

(N), determined by Egs. (31) and (34), respectively. This

succinctly describes how far the degree of entanglement in-
fluences the counting statistics of one party.

ga(y) ~ exp [(y — (N + } (57)

C. Intermediate interval widths

The remaining case, where the approximations applied
to the projection operators P, , P, in the latter sections are
not sufficient anymore, turns out to be more difficult. Since
an analytical solution without any approximations is hardly
possible, intermediate interval widths can only be investigated
by expanding the limiting cases in terms of interval widths,
benefiting a more detailed description of the counting statis-

|
1 n
Tr{[P(yA,yB)(af—EH)} }= > /dn
qis---4n

—AB

(1- yq,,)lzne

To derive Eq. (51), each projection operator was commuted
and combined with the first one, which corresponds to the
approximation lt/elt,j ~ 1, el for all j =2...n. For a more
detailed description, the error is taken into account as

e, = Lyey, +2q,(1)). (59)

Expanding the product of indicator functions in Eq. (58) w.r.t.
gq4;(t;) as

n

J=1

Z 1, e 1oy Eax @) (60)
k=2

gives the first order of the desired case of intermediate interval
widths. It is worth noting that each interval I,; corresponds
to either I or Ig. It is thus pertinent to distinguish whether

|
A’/ d /Ood T<1 [H+(
X Kk Tr( In
4, Jia, —o0

g (ya, y8) =exp [—
q

where P, and Tq denote a2 x 2 projection matrix onto party g
and the midpoint of 1, respectively, and S(x, « ) is determined
by Eq. (40). The error is represented by its Fourier transfor-

I

I —ya

0

+ ZquK/{sq(K’)f[(l o _OyB>S(X, K+ &), <

1
.dz,,Tr{(l — Yo e, [Gf - EH}

qn

tics. In particular, large interval widths, modeled by oy being
approximately diagonal compared to Py, , P;, and discussed
in Sec. IV B, immediately lead to the fact that correlations
solely exist between overlapping intervals, as presented in
Eq. (52). Due to finite temporal correlation widths &;, how-
ever, correlated photons are able to overcome the interval
borders and to be detected at separated time intervals, most
significantly if the intervals are neighbored. Hence, counting
statistics that cover this influence are of considerable interest
for experimental applications. It is envisioned to extend the
PGF in Eq. (52) by expansion about the approximation for
large interval widths and to gain potential correlations be-
tween separated time intervals. It should be mentioned that
this expansion is inaccessible to approaches based on Schmidt
decomposition or general optical modes since diagonal o
corresponds to perfect entanglement.

In view of Eq. (50), it is worthwhile to express the loga-
rithm in its power series and to consider each power n € N
as

(t1,t2). ..
q1.92

(58)

1
|:Uf_ E]Ii| (tnatl)}~
qn-q1
[
all intervals coincide, only one interval differs, or at least

two intervals differ. Depending on these cases, lzleﬂ’} .1, and
=174j

Lien, . 1, €qual to either 1, cf,np, or 1 e, -
A detailed calculation using Eq. (40) reveals an extended
version of Eq. (51), which leads to the sought-after PGF

ga, y8) = ¢ (A, y8) €4 " (va) &5 (B)

Ia\Ip I \Ian

X 8a corVAs YB) &8 cor VA, VB)- (61)

It can be seen that the functions ga cor and gg cor provide corre-
lations between separated intervals. Once again, the PGFs of

each party can be written as g, (ya) = g (va, 1) and gp(y8) =
gJJ- (1, yg) in terms of the joint PGF

0
. _yB)S(x, K)}

l—ys 0 ) Ay =T
0 1 —yB)S(X’K - )“<26—tq>>}
(62)
[
mation
gq(k") = «/E[% sinc(/c/l(ls—q|) - 8(/(/):|, (63)
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which vanishes for |I,|/§; — oo. Moreover, the matrix-
valued function

n—1

X 1yt
f(M,N) :=§ D § M*N"K (64)
n

n=1 k=1

for matrices M, N, originating from the power series of the
logarithm, does not generally simplify to an analytic expres-

sion since S(x,x +«’) and S(x,x —«’) do not commute.
This is the case for one party though, such that

fFM,N)y=M —N)'[NIn(I + M) — M In(I + N)] (65)

can be applied to compute g, (ya) and gh(yg). It should be
noted that the first term in Eq. (62) corresponds to the joint
PGF for large interval widths in Eq. (55).

J

The correction PGF is given by

A o0
& cor (VA YB) = €Xp {— n; / dx / dic Tr Fi{e—g (k") (1 = y)Sq=q (X & + k)1 = y-g)S—gq(x, & — k')
t JI/A, —00

4

7 i ’ AIX _Tﬂl
Xf[(l _yq)Sqq(Xv K —K )a (1 _yq)Sqq(Xv K+ K )]} 28— ) (66)

where —¢g denotes the opposite party of g and f(M, N) := M~' f(M, N)N~! can be expressed using Eq. (65) since Sqq(X, Kk — k)
and Sy, (x, k + k') commute for each party g.

The presented results can be applied to coding in time basis, where the pump pulse consists of two pulses that are localized
in temporally separated intervals. The establishment of the key bits is based on the perturbative limit, where exactly one photon
pair is assumed to be generated and the probability of Alice and Bob detecting these photons at different intervals would thus
vanish. A more detailed description is already given by the PGF of large interval widths in Eq. (52), which, however, only covers
uncorrelated photon pairs. Correlations between these intervals due to finite §, are provided in Egs. (62) and (66). To evaluate
these latter PGFs, the probability of each party detecting exactly one photon at separated time intervals I, Ig is addressed, which
is the central figure of merit for coding in time basis and is given by

p(na =1, Ia;ng = 1, Ig) = 9484 (0) dpgi (0) + 94988 (0, 0) + 0adBgE (0, 0). (67)

It can be noted that the first term represents the detection of uncorrelated photon pairs. For the sake of simplicity, the intervals

are set to be I = [0, 0o) and Iz := (—00, 0], which yields the corresponding PGFs as

g1(y) = exp <—

A, oo l_y * ’ ~ /
s | [acfam 1+ E g0 = [ a iz
78 Ji,/a, —00 2 —o0

n [1+ 2¢c(x, k +kD)]pe(xto k6 — k") = In[1+ e,k — &) ]pe(x, k + &)
G5 ke + k) — pe(X, k — k) ’

A 1—

I, Y=g *© / ~ /
g’,cor(yA,yB)=exr>{— —/ dx / dicdi’ | x1E(x|c")
i Aws, 2 /A .

x Re[os(x, &k + & )ps (X, 6 — k)]

g (1, k + k)] = f[52¢e(x, k6 — k)] }

(68)
DX,k +K")— Ge(x,6c —K')

where f(x) := In(1 + x)/x and ¢.(x, k), ¢s(x, ) are defined in Eq. (30).

The error is now given by

- 24, . <2Az )
8(x) :=8(x) — — sinc| —x |, (69)
T &
where, compared to Eq. (63), the pulse width plays the role of
the interval width, which is attributed to the fact that detection
outside the pulse width is negligible. The error thus includes
the degree of entanglement and vanishes for §; /A; — 0. Con-
versely, the term | x| &(]x|«”), occurring in Eq. (68), depends
on the distance to the interval border |x|, which the photon
pairs need to overcome in order to trigger the detection of cor-
relations. Hence, the error is maximal for x = 0 and vanishes
for [x| — oo.
The probability of each party detecting exactly one pho-
ton in dependence on the temporal correlation width &, is
illustrated in Fig.1, where the detection of uncorrelated and

(

any (uncorrelated and correlated) photon pairs is displayed.
For the sake of simplicity, the mean photon number of the
entire pulse is set to be (N) = 2, such that each interval I
contains (Nq) = 1. What is evident from this figure is that
the probability for the detection of correlated photon pairs,
corresponding to the difference of the curves, vanishes at
8; = 0 and increases for higher values of §,/A,. It can be
inferred that correlated photon pairs have a modest, yet not
negligible, influence on the detection results. The decrease of
the probability to detect uncorrelated photons can straight-
forwardly be understood based on the fact that the statistics
depend on the degree of entanglement, being Poissonian for
perfect entanglement and thermal without entanglement. For
8:/A; 2 0.3, the curve depicting the detection of any photon
pairs starts to decrease, which could suggest that expanding
the limiting case of large interval widths within the first order
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FIG. 1. Probability of each party detecting exactly one photon in
dependence on the temporal correlation width §,. The cases of un-
correlated photon pairs and any (correlated and uncorrelated) photon
pairs are displayed. The probability to detect correlated photon pairs
vanishes at §, = 0, increases for higher values of §,/A,, and starts to
decrease again for §,/A, = 0.3. Since each party’s statistics depend
on the degree of entanglement, the probability to detect uncorrelated
photons decreases.

is not sufficient anymore and further orders need to be taken
into account, which could lead to a further increase. A detailed
computation, however, would be beyond the scope of this
paper and might be addressed elsewhere. Moreover, it should
be kept in mind that the approach of this paper is only valid
for a certain range of entanglement, as presented in Table 1.

V. SETUPS AND EXTERNAL INFLUENCES

So far, the entangled photon pairs were considered to be
detected without any setup or environmental influences. In
this section, the results are generalized to further optical com-
ponents and external influences of interest for experimental
realizations. To this end, a general procedure is presented and
applied to phase-time coding.

A. General procedure

Linear optical processes can be modeled by a unitary op-
erator F modifying the covariance o — FoFT [64]. Based
on Egs. (27) and (40), this corresponds to a transforma-
tion of the matrices S(x,kx) and S(x,«) for free space
and fiber propagation, respectively. In the latter case, the
PGFs for small, large, and intermediate interval widths,
given by Egs. (42), (55), (62), and (66), respectively,
can simply be generalized by modifying S(x, «). In the
case of a modular array of several components and in-
fluences, the corresponding transformations can be applied
successively.

There is only need to clarify whether the corresponding
assumptions are still verified. In general, the condition of
Theorem 1 needs to be checked again and, if it is compro-
mised, Table I needs to be adjusted. Moreover, in the case of
small interval widths, derived in Sec. IVA, (1) FoFT still
needs to be approximately constant compared to I, Is. In

the case of large and intermediate interval widths, derived in
Secs. IV B and IV C, respectively, (1) Fo F T still needs to be-
have approximately diagonally compared to I, I and (2) the
transformation of S(yx, ), derived based on Eq. (40), has to
be extended to the generalized version in Eq. (54). Conditions
1 can simply be verified by determining the maximal variation
and the shape of Fo FT, respectively. To verify condition 2, it
is suggested to investigate, whether F' completely or partially
commutes with o.

This procedure can be applied to various setups and ex-
ternal influences. Apart from phase-time coding, which is
discussed in the next section, full descriptions of Hong-Ou-
Mandel interferometric measurement, nonlinear dispersion,
and polarization mode dispersion were derived. A detailed
presentation, however, would be beyond the scope of this
paper and will be addressed elsewhere.

B. Phase-time coding

In this section, the PGF for large interval widths, given
by Eq. (55), is applied to the setup of phase-time coding
with fiber propagation and the detuning of the MZIs affecting
Franson interference is investigated.

The pump pulse consists of two pulses o and o with a
temporal delay T and a phase difference ¢,. The setup com-
prises a MZI at each party’s side with time delays ta, tg and
phase shifts pa, @, respectively. The corresponding detection
profile consists of three pulses that are localized in time inter-
vals I, I, and I. The interval I (1)) is attributed to the early
(late) pump pulse taking the short (long) arm of the MZI. The
middle interval I, contains a superposition of the early pump
pulse propagating through the long arm and of the late pump
pulse propagating through the short arm. Phase-time coding is
based on two assumptions [17]: the generation of exactly one
photon pair and perfect Franson interference between [;;, and
In. The first statement is merely a rough estimation, which
is apparent from Sec. IV B. The second statement, where
the correlation is assumed to vanish in the case of ¢ =&
with ¢ = ¢, — pa — @B, is closely related to the first one. It
turns out that destructive interference ¢ = 7 and constructive
interference ¢ = 0 lead to uncorrelated and strictly correlated
counting statistics, respectively, which are both alleviated by
attenuation. To this end, multiple photon pairs need to be taken
into account, which excludes the perturbative limit to describe
Franson interference suitably. Moreover, the second condition
holds only if the time delays of the MZIs coincide, which,
however, is already affected if they differ in the magnitude of
the temporal correlation width §, [24]. As it becomes apparent
shortly, the dependence on the phase differences ¢ is already
negligible for a detuning |to — tg| = ;. Since the security
of the key relies on perfect Franson interference, a detailed
description of this influence is indispensable.

To investigate the full contribution of Franson interference,
a_ =a, e and collinear degenerate phase matching are
assumed. Moreover, the phase matching is considered to be
symmetric, that is, ¢(x, «), defined in Eq. (10), is symmetric
w.r.t. k. Only one choice of detectors for each party g is inves-
tigated since the opposite detector can be modeled by shifting
the phase ¢, — ¢, + 7. The pulses «,, a_ and the three
pulses of the detection profile are assumed to be completely
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separated, such that 4+, — and I, I,, I} designate independent
modes. In particular, this means

lta — 7|, ltB — T, |TA — TB| K A/ (70)

The covariance of the biphoton state is thus given by

o= <Oo+ :) (71)

where oy depends on the pump amplitude «r. The MZI of
party g can be modeled by

Fy =Y JtgiRaiy pUsr . (72)
+

where R and f,4,%,— denote a 2 x 2 rotation matrix with
subscripted rotation angle and the transmissions of each arm
including the BSs eliminating one outcome each, respectively.
The time shift operators Usr, 2 can be written as a transforma-
tion of the modes +, — to I, Iy, I;:

Uy,pp= Ui,—0))2s

U—tq/Z = U—(‘L'q—‘c)/Za (73)

S = O SO =
—_o o O = O

J

2 2
1 =yal =y oelx, k) +2
4 4 2

where ¢.(x, ), defined in Eq. (30), is symmetric w.r.t. k
due to symmetric phase matching. It should be noted that
the results do not depend on 7 but only on ts — 8, even
though 7 is still limited due to Eq. (70). In the case of no
detuning t5 = t, Franson interference becomes the most vis-
ible. Constructive interference ¢ = 0 yields strictly correlated
counting statistics of Alice and Bob including attenuation
ta = tg = 1/2, given by Egs. (55) and (19). Destructive inter-
ference ¢ = m leads to uncorrelated counting statistics, where
the statistics of each party coincide to the case of constructive
interference.

The influence of detuning 7o # 7 will be quantified in
the case of Eq. (12). The PGF in Eq. (76) can be used to
investigate several probabilities of interest for phase-time cod-
ing. Here, the probability that each party detects exactly one
photon

p(na = 1;ng = 1) = 929880, 0) (77)

A e 1— +1—-
g(ya. yB) = exp [— ’ / dx/ dicIn ({H“—y%c
478 Ji,/a, —o0

2
[dk(xw) 1 (rﬁc(x,/c) 4 1) cos g cos 5_ rBK”

de(x, k) sin ¢ sin

where the residual time shifts Ui, )2 represent the delay
difference between the MZI of party g and the pump pulses.
To apply F, to the PGF for large interval widths, given by
Eq. (55), the corresponding transformation of S(x, k) can be
derived based on Eq. (40). Since the finite matrix structure
of F, remains unchanged, only the residual time shifts need
to be addressed. It can be shown that a time shift operator
Ur modifying o,y +> Uroyy or o4y > 04q Ur for each party
g, q' can be substituted by a phase shift

Sgq (x5 k) > T80 (1, k) (74)

if T < A, is fulfilled. Owing to this condition, x does not
need to be shifted. In the case of the residual time shifts
Ux(z,—1)/2, this condition is verified due to Eq. (70). The
conditions to apply this transformation, presented in Sec. V A,
are also satisfied owing to |7, — 7| < || for each party g
and since U (,—r)/2 and o approximately commute. Applying
Eq. (74) and setting Iy = Iy = I, gives

SO k) > Y Fa(io)Se(x, ©)F ()T,
+

[ Faz() 0
Fj:(/() — ( O FB:‘:(K))’
Fpa(k) 1= \f1ge™ O/ E0R Ly o (75)

where —¢q denotes the opposite party of ¢ and Sy (x, «) de-
pends on the pulse a. Setting #,+ = 1/4, which is determined
by tracing out an output port of each BS, facilitates the PGF
to give

1—yal—ys
4 4

(XvK)+ ¢C(X7K)

4

2
‘L'ASI‘L' K} )i|’ (76)
[

is addressed, being the central figure of merit for phase-time
coding, as well as the detection of multiple photon pairs

p(na = 2;ng 2 2) =1+ g(0,0) + 945(0, 0) 4 9pg(0, 0)
+ 04088(0,0) — g(0, 1) — ¢(1,0)
— 9a8(0, 1) — 9g(1,0) (78)

that must be discarded during key distillation [19]. The
probabilities to detect exactly one photon pair and multiple
photon pairs are depicted in Figs. 2 and 3, respectively, for
different values of ¢ and ta — 1. The remaining values are
chosen to be A, = 10ps, § = 0.4ps, based on [18], and
(N)y =1 for the sake of simplicity. What is evident from
this figure is that the interference becomes the most visi-
ble for 7o = g and vanishes for increasing detuning. The
probabilities converge to the constant probability pertaining
to ¢ = /2, culminating in the complete disappearance of
Franson interference at a detuning of §,. Figure 2 reveals
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S 0=

141 --= p=m/4
g — o=
~ 13 . —— ¢ =3n/4
) N p=n
é: 12 \\\\\':’:,.'.
— T,
11 ;*
§ /‘/‘/‘

9
0.0 0.5 1.0 1.5

|TA - TBl (units of 6{-)

FIG. 2. Probability of Alice and Bob detecting both exactly one
photon at the intervals /s = Iy = I, in dependence on the detuning
Ta — 73 and the phase difference ¢. Franson interference becomes
the most visible in the case of no detuning. For increasing detuning,
the probabilities converge to the constant curve of ¢ = 7 /2 and reach
the limit at §,. The dependence on the detuning is mainly linear and
yet asymmetric compared to the constant limit curve, caused by a
modest curvature.

some very interesting conclusions. It can be inferred that
linear dependence dominates the probabilities for increasing
detuning, which is attributed to the convolution of two rect-
angle functions resulting in a triangle function. Close to the
limit detuning &, the probabilities indeed branch out linearly
and are symmetrically distributed around the constant limit
curve at ¢ = /2. Counterintuitively, however, the curves
pertaining to different values of ¢ exhibit a modest curvature,
causing a substantial asymmetry compared to the constant
limit curve at ¢ = m /2, which represents a nontrivial ob-
servation. Figure 3 depicts lower probabilities and a similar
dependence on the detuning and ¢. The curvature of the
curves is slighter, which leads to a more symmetric distri-
bution of the probabilities w.r.t. to the constant limit curve
at ¢ = /2 than in Fig. 2. The detection of multiple photon
pairs is also most likely for constructive interference since
in that case the photon numbers are most strongly corre-
lated.

These results can be used to estimate an upper bound of
the detuning, such that the security of the key is not compro-
mised. The quality of interference can be characterized by the
visibility:

_ Plo=0 — Plo=r
p |g0=0 + p |(p=n

For practical QKD installations, the visibility typically
amounts to at least 93% [65]. It is well known that the vis-
ibility of Franson interference substantially depends on the
mean photon number, mainly attributed to multiple photon
pairs. Hence, Fig. 4 displays the visibility for different values
of the detuning and the mean photon number. As one might
have anticipated, the visibility decreases for higher detuning,
vanishing at |tpo — tg| = §;, and increases for lower mean
photon number. Once again, the dependence on the detuning is

(79)

O Q=

3.5 —-—— Q= /4
o\o \\\\\ . ..'.. — q) = r[/2
— 3.0 S —— ¢ =3n/4
(Xll \\\\:. q; =T
o 2.5 \\\.;‘.'.
= SNy,
~N - T
n 20 P
S —7
= 1.5 Pl

-
-
1.0
0.0 0.5 1.0 1.5

|TA - TBl (units of 6{-)

FIG. 3. Probability of Alice and Bob detecting both more than
one photon at the intervals /s = Iy = I, in dependence on the detun-
ing T4 — 75 and the phase difference ¢. Similar curve shapes arise as
in Fig. 2 at lower probabilities and with lower curvature.

mainly linear and exhibits a slight curvature, which decreases
for lower mean photon number. To ensure the security of the
key, it can be inferred that the detuning should not drop below
6.9% in the case of (N) = 0.01. This estimation represents a
powerful tool to assess the impact of the detuning on Franson
interference. Moreover, the mean photon number should not
exceed a certain limit, even in the case of no detuning. This

limit turns out to be 0.037.

VI. CONCLUSION

In summary, a theoretical approach was presented, which
provides full time-dependent counting statistics of photon
pairs generated by spontaneous parametric processes in terms
of efficiently computable formulas. The regime of validity is
given by an arbitrarily high degree of entanglement and a low
degree if the mean photon number is bounded. The counting
statistics were derived for three types of time intervals, which
are classified according to their widths. The joint amplitude
could be chosen arbitrarily and, as communication channels,
free space and fiber propagation were investigated.

Apart from direct detection of the entangled photon pairs,
general setups and external influences were discussed. It was
shown that the approach can be easily generalized and a gen-
eral procedure to modify the derived formulas was presented.
As an example of the utility of the approach, it was applied to
phase-time coding and full description of Franson interference
for increasing detuning of the MZIs was presented. Up to
now, this could not be achieved since previous approaches
did either not include all physically contributing information
or not provide an efficient computation for arbitrarily high
entanglement. The detection probabilities were derived to
investigate this impact, revealing interesting conclusions on
how Franson interference is affected by the detuning. On this
basis, an acceptable range of the detuning was estimated for
practical QKD installations.

The present paper is likely to motivate future studies as its
regime of validity and the description of intermediate interval
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FIG. 4. Visibility in dependence on the detuning |75 — 75| and
the mean photon number (V). The visibility increases for lower mean
photon number and decreases for higher detuning, vanishing at [ta —
tg| = &;. The curves are dominated by linear dependence and exhibit
a slight curvature, which decreases for lower mean photon number.

widths can be extended by investigating the approximations
of the presented approach. Several applications of the present
work can be envisaged. First, many kinds of experimental
setups and external influences could be modeled and the an-
alytic results could be compared to measurement outcomes.
Secondly, the influence of noncollinear geometries and fiber
coupling to counting statistics is also of appreciable interest.
Finally, the assessment of the communication security of a
practical QKD installation is clearly called for.

J

APPENDIX A: GENERAL COUNTING STATISTICS

The general counting statistics in Eq. (17) are derived for
one party and one spatial mode, which can be easily extended
to the general result. The proof is inspired by [28], where a
similar result has been derived for squeezed states with finite
modes and the detection of zero or nonzero photons, which
coincides here to the special case of y = 0. The characteristic
function of an operator A is given by

Xi(x, p) = Tr[A e @5HPP)], (A1)
For squeezed states p, this can be written as [64]
®.p) L) o (X (A2)
s(x,p)=exp|—= o ,
Xp\X, P p 2\p p

where o denotes the covariance matrix. To address le, the
interval [ is partitioned into m subintervals. Mehler’s formula
[66] gives

X (e, p)=(1—y)™" []‘[ 2n8(x,)8<pt>]
t¢l

T
1+y (x x

- P, , A3

xexp|: 4(1—y)<p) 1<p>:| (A3)

where P; denotes the projection onto /. Hence, all information
of the quantum state at r ¢ I will be eliminated. Applying the
trace rule [62]

d"xd"p x;(x, p) xp(—x, —p) (A4)

m

Tr[AB] = 2m)™ /

for m dimensions to (yNI) =Tr[p yﬁ’] gives

T
By = (L =y [ dmedr L 1y B (F
o =R2x — )] /Rmd xd pexp{ 2(1)) |:P10P1+2(1_y)P1i|<p)}
T
:(271)_'”/ d"xd"p exp{—%(x) |:(1—y)P10P1+ l;yPI] (x)}
R p p

= det |:(1 — y)PIO'PI +

The limit m — oo yields the result, where ¢ becomes an
operator and det denotes a Fredholm determinant.

APPENDIX B: PROOF OF THEOREM 1

Proof. Here, the result concerning [ f(r)](x, x") is derived.
The idea of the proof can be easily generalized to obtain the

ol—

! _
2]
1 _

= det |:H+(l—y)P1<o—§H>i| .

(AS5)

(

remaining results. First of all, it can be shown that

-1
r(x,x') = det (jx2_7r>

A_l
X ]-',C[ ¢><Tx(x +x), IC)

}(a;‘(x —x)) (BI)

satisfies 7> = /7, where the kernel of the integral operator
Y is given by the JA ¥ (x4, xp), defined in Eq. (9). Consider-
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ing powers 1 < n K 2/||A;18x||g of r as

[r1x,x') = / xy . dPxp r (X)) (X, X))
R}

(B2)
leads to the heart of the proof. The narrow an-
tidiagonal dependence of r(x;,x;y;) guarantees the
estimation

|8, (e — x| <1 (B3)

for any j = 0...n — 1, including x¢ := x and x,, := x'. Itera-
tive application of this inequality gives

6. ;=) < jo 8 =X <n—j. (B4)

Inserting Eq. (B1) in Eq. (B2) suggests the approximation

A1 A1
¢(Tx(xj+xj+n),lc>%¢( 5 (x+x’),lc) (B5)
|

-1 n
["1(x, x") = det («8/)‘2_71) /w d’x; ...

A_l
¢<L(x+x1), K)

since ¢(x, k) has normalized widths and

—1 A_I
() xj) — %(x +x)

2
1AL Sello o _

< xTxHSx l(xj _x)’ + |8x ](xj+l _x/)H
AL el

< T(n -kl (B6)

using n K 2/||A;18x||(,. This yields a convolution of n fac-
tors, such that applying the convolution theorem [67] gives

2

](8;](x—x1))...

} (8, Genmy — X))

n

A_l
FK[ ¢<L(xn1 +x'), Ic>
871

2
(7]

— det jﬁ)f[

&

2

This result can be extended to a general analytic function
f(x) by expanding it as a power series. Since the proven
relation, however, only holds for n < 2/||A; 18ellos higher-
order terms have to be negligible. The argument of f(x) can

A" ,
¢( > (x+x),lc)

Afl
¢(L(x+x'),lc>

Afl
i| *...*]-"K[ ¢< 5 (x +x/),lc)H (8, (x —x)

i|(8x1(x —x).

(B7)

(

be estimated by the maximal value |x| < ||¢]lo. To obtain
Xmax, the mean photon number (]\7 ) can be introduced us-
ing Eqgs. (23) and (24), which hold for any choice of A,
and §,. |
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