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Nonlinear SU(1,1) interferometers are
fruitful and promising tools for spec-
tral engineering and precise measurements
with phase sensitivity below the classical
bound. Such interferometers have been
successfully realized in bulk and fiber-
based configurations. However, rapidly
developing integrated technologies provide
higher efficiencies, smaller footprints, and
pave the way to quantum-enhanced on-
chip interferometry. In this work, we the-
oretically realised an integrated architec-
ture of the multimode SU(1,1) interferom-
eter which can be applied to various inte-
grated platforms. The presented interfer-
ometer includes a polarization converter
between two photon sources and utilizes
a continuous-wave (CW) pump. Based
on the potassium titanyl phosphate (KTP)
platform, we show that this configuration
results in almost perfect destructive inter-
ference at the output and supersensitiv-
ity regions below the classical limit. In
addition, we discuss the fundamental dif-
ference between single-mode and highly
multimode SU(1,1) interferometers in the
properties of phase sensitivity and its lim-
its. Finally, we explore how to improve
the phase sensitivity by filtering the out-
put radiation and using different seeding
states in different modes with various de-
tection strategies.

1 Introduction

One of the main tasks in Quantum Metrology re-
search is to improve both methods and techniques
to estimate the phase sensitivity of interferom-
eters [1]. It is well known that optical phase
sensing is generally limited by the noise due to
both photons statistics and the quantum nature
of light [2, 3|. The first bound, commonly called
shot noise limit (SNL), describes the noise perfor-
mance of an ideal classical field and is limited by

classical correlations. The SNL is proportional to
1/ VN , where N is the number of photons in the
interferometer [4, 5|. The second bound condi-
tion, known as Heisenberg limit (HL), stems from
the quantum uncertainty principle and is propor-
tional to 1/N [6].

The shot noise limit can be overcome by using
quantum states in a typical Mach-Zehnder inter-
ferometer. For example, one can insert a Fock
state or the more exotic NOON state |7] into in-
put channels of such an interferometer. However,
the preparation of such exotic states is a challeng-
ing task. The nonlinear SU(1,1) interferometers
can beat the SNL even without using quantum
states as inputs [8]. This type of interferome-
ter consists of two nonlinear processes |9] (some-
times one in a truncated version [10, 11]), such
as four-wave-mixing (FWM) or parametric down-
conversion (PDC).

The phase sensitivity of this class of inter-
ferometers has been investigated for spectrally
single-mode sources [12, 13, 14], including gain-
unbalanced [15, 16] and fully quantum three-
mode [17] configurations, as well as configura-
tions with different input states, such as coherent
light [18], squeezed states [19], a mixture of coher-
ent and squeezing states [20, 21, 22] and a mix-
ture of thermal and squeezed states [23]. These
studies have shown that it is generally possible
to overcome the shot noise limit and even reach
the Heisenberg limit. Moreover, SU(1,1) inter-
ferometers can provide different benefits with re-
spect to other interferometers, not only in terms
of high-precision measurements, but also because
of the possibility to perform a joint measure-
ment of multiple observables [24] and due to the
advantages of robustness against external losses,
namely losses due to an inefficient detection sys-
tem [25, 26, 27, 28].

Nevertheless, the single-mode picture, com-
monly used to analyse SU(1,1) interferometers, is
merely an approximation of what can realistically
be obtained in experiments. Indeed, PDC sources
generate photon pairs with finite spectral and
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spatial bandwidths and generally in more than
a single mode. Therefore, the complete descrip-
tion of SU(1,1) interferometers should account for
the presence of such spatial [29, 30, 31] and spec-
tral modes [32, 33, 34] in order to correctly en-
gineer the system [35] and accordingly maximize
the phase sensitivity [36].

The theoretical analysis of SU(1,1) interferom-
eters has been limited so far to free space bulk
[37] or fiber-based systems [38, 39]. However, it
is of particular interest to extend such analysis to
other integrated systems [40, 41, 42|, which can
provide higher efficiencies, smaller footprints and
pave the way to quantum-enhanced on-chip in-
terferometry. Such integrated systems have been
already utilized for instance in boson sampling
[43] and other elements of quantum computing,
such as quantum walk [44] and Hong-Ou-Mandel
interference [45].

In this work, we present a theoretical descrip-
tion of the multimode integrated SU(1,1) interfer-
ometer. The presented architecture can be real-
ized on various integrated platforms. As an exam-
ple, we investigate the spectral properties of the
monolithic SU(1,1) interferometer based on the
potassium titanyl phosphate (KTP) platform and
demonstrate conditions for obtaining the phase
sensitivity below the shot noise limit.

The paper is organized as follows: in the sec-
ond section, a brief introduction of the theoret-
ical model and the phase sensitivity calculation
strategy are derived and discussed. In the third
section, we outline two different sample designs:
the conventional bulk architecture implemented
on the integrated platform and a new developed
integrated design. We demonstrate that this new
design allows the phase sensitivity to overcome
the SNL and generate supersensitivity bands. In
the fourth section, we show how phase sensitivity
can be improved by using a frequency filter. In
the last section, we extend the analysis by consid-
ering non-vacuum input states along with differ-
ent detection strategies, i.e. direct detection and
homodyne detection.

2 Theoretical model

The Hamiltonian describing the whole interfer-
ence process inside the SU(1,1) interferometer
can be represented via the joint spectral ampli-

tude (JSA) F(ws,w;) [32]:
H= th/dwsdwiF(ws,wi)dlfLI + h.c., (1)

where I' is the coupling constant containing the
second order susceptibility x(?, the pump inten-
sity I and the length of PDC sections; ws and w;
are the frequencies of the signal and idler pho-
tons, respectively. Here we neglect the effects of
time ordering. However, such an approximation
is well satisfied for the SU (1,1) interferometer
due to the effective narrowing of the spectrum be-
cause of the nonlinear interference [33]. The joint
spectral amplitude depends on both the spectral
properties of the pump laser and the geometry of
the system, and it is generally expressed as:

F(wS,Wi> = Ca(wsywi)f(wsawi)v (2)

where C' is the normalization constant. The func-
tion a(ws,w;) depends on the spectral properties
of the pump and has a Gaussian profile:

(ws+w;—wp) 272
a(ws,w;) =€~ B , (3)

where 7 is the pulse duration of the pump laser,
wp is the pump frequency.

The function f(ws,w;) is the phase matching
function. In a general form, for both integrated
circuits with two PDC sections of equal length L
investigated in this work, the function f(ws,w;)
is given by [46, 47, 48, 49|:

2L+l .
f(wsvwi) = QEA ng(Z) 67"]‘0 dgAk(E)’ (4)

where g(z) is the spatial profile of the second-
order nonlinear susceptibility [50], [ is the dis-
tance between two PDC sections, Ak(§) is the
phase matching profile, corresponding to the
type-1I PDC process.

By solving the Heisenberg equations for the
Hamiltonian in Eq.(1), one can calculate the
mean number of signal photons (V) and its vari-
ance (A2N) for a given input state of the interfer-
ometer, see Appendix. Consequently, the phase
sensitivity can be calculated as:

AN
sl |
I(N) /0
where ¢ is the phase shift undergone by pho-
tons inside the interferometer. Interferometers

, ()
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are characterized by the supersensitivity regions
if the phase sensitivity overcomes the shot noise
limit:
1

(Nin)’
where Nj;, is the number of interfering photons
inside the interferometer. Starting from the next
section we will use the phase sensitivity normal-
ized in respect to the shot noise limit.

A¢snr = (6)

3 Interferometer optimization

In contrast to bulk optics, where temporal dy-
namics of the PDC photons can often be ne-
glected, the long interaction lengths in integrated
SU(1,1) require a careful design that takes into
account the temporal walk-off and stretching of
pulses in the material due to group velocity dis-
persion.

3.1 The conventional bulk architecture imple-
mented on the integrated platform

The conventional bulk optics design of the
SU(1,1) interferometer, transferred to a fully in-
tegrated platform, is shown in Fig.2.

In this scheme, a pump laser interacts with the
first crystal creating a pair of signal-idler pho-
tons. Along the propagation path, the phase of
one or more of the fields can be modulated via

an active element. Henceforth, we consider only
a phase modulation of the e-polarized idler field,
which can be achieved e.g. via electrooptic mod-
ulation, that changes the refractive index profile
n(w;). For this reason, in the modulator region we
will consider a new idler wavevector &}, such that
Ok = ke —K. is the variation of the idler wavevec-
tor induced by the phase modulator. Afterwards,
the three fields interact in the second PDC source
and finally the generated photons are detected.

PDCsection Propagation PDC section Detection
Pump
laser .

A Signal
_— PM Idler
—
L L L L ]
) L2 7 2T L )

Figure 2: A schematic model of the collinear integrated
SU(1,1) interferometer. An incoming pump laser in-
teracts with a periodic poled PDC section, generating
a signal-idler photon pairs. In the propagation path,
idler photon undergoes a phase modulation (PM). After-
wards, both the generated photons and the pump beam
interact in the second PDC section. Finally, the signal
photon is detected. Different colours for signal and idler
photons are used in order to distinguish vertical and hor-
izontal polarizations.

The spatial profile g(z) of the second-order
nonlinear susceptibility of the sample under con-
sideration can be written as:

O<z<LVL+I<z<2L+1

: (7)

1 L<z<l+ L

o(z) = {squareA(z)

where squarep(z) is the periodic square function
that oscillates between -1 and +1 with periodic-
ity A and describes periodic poling. Taking into

account the first term of the Fourier expansion of
Eq.(7) in the poling region, the JSA of the sam-
ple, as calculated by equations (2), (4), is given
by:

L L e L e A L. =
F(ws,w;) = Qa(w&(ﬂi) (/ dz ¢ 5K el Jo HARE) -l—/ dz ¢ Jo EAKE) -l—/ dz 3% et o dgAk(g))
0

2L

= Caws, w;) sinc {

where Af = ko(wp) — ko(ws) — ke(wi) + 2m/A is
the phase mismatch, compensated by the poling

AﬁL] X CO

L L+l

< <2AﬁL + ABlL+ A/@rl> GA(ABL+ABL/A+AB1/4)

4
(8)

period A, AB" = ko(wp) — ko(ws) — kL (w;) + 21 /A
is the phase mismatch in the modulator region,
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Figure 1: The joint spectral intensity | F'(ws,w;)|> depending on the phase implemented by the phase modulator: (a)
¢ =0, (b) ¢ =m/2 and (c) » = 7. The following parameters are chosen: the CW laser, the KTP (potassium titanyl
phosphate) platform, the pump wavelength A, = 766nm, the crystal length L = 8mm, the distance between the

two poling sections | = 10mm, the period of poling A = 126um.

while indices "o" and "e" denote the "ordinary"
and "extraordinary" polarization, respectively.
The first integral in Eq.(8) contains the phase
matching function describing the first PDC sec-
tion, whereas the third integral describes both the
propagation of all beams inside the interferometer
and the phase matching in the second PDC sec-
tion. Note, that terms corresponding to the linear
propagation in the waveguide are also character-
ized by the mismatch AS. This is a consequence
of the fact that, in our consideration, the poling
profile of the second PDC section is in phase with
the poling profile of the first PDC section. This
does not apply to two independent gratings. The
second integral corresponds to the generation of
PDC light between the two poling regions, the
contribution of this integral is neglected, since
the absence of the grid makes the integrand a
fast oscillating function resulting in a negligible
magnitude of the integral.

The variation of n(w;) can be experimentally
realized by applying an external voltage. In the-
ory, since the phase solely affects the idler photon,
we can write

ABL_ AL ke(w)l —

kL (wi)l  Apl N Oke(w;)l

2 2 2 2
(9)
The average phase imparted by the phase mod-
ulator to the idler field can be then defined as
¢ = Oke(wp/2)1/2, and Eq.(9) can be rewritten
T AL _ A8 Sh(w)e
5 2 Oke(wp/2)
Although the mathematical model presented so
far does not depend on the waveguide material
explicitly, here onwards we will focus on an inte-
grated SU(1,1) interferometer based on the KTP

(10)

platform. Fig.1 shows how the applied phase shift
drastically modifies the shape of the joint spec-
tral intensity (JSI) |F(ws,w;)|* and leads to the
modulation of both signal and idler spectra. It is
important to notice that, in such configuration,
for any values of phase ¢ a non-vanishing mean
number of photons exists: due to different polar-
izations and, as a consequence, different refractive
index profiles (and group velocities) of signal and
idler photons, there is no ¢ values that can lead to
perfect destructive interference in the JSA. Since
destructive interference is required for the obser-
vation of supersensitivity 1], the proposed design
based on the conventional bulk SU(1,1) architec-
ture is inadequate for photon sensing applications
in integrated optics.

Nevertheless, this problem can be overcome as
shown in the next section.

3.2  The new integrated architecture

To obtain almost ideal destructive interference
at the output of an integrated SU (1,1) inter-
ferometer, the compensation for the time delay
between signal and idler photons, arising due to
the difference in their group velocities, is strictly
required. The integrated SU(1,1) interferometer
which takes into account such a compensation is
depicted in Fig. 3. This interferometer has the
same layout as the one previously presented, with
the addition of a polarisation converter (PC) at
the centre of the device. The PC switches po-
larizations of the signal and the idler photons in
order to compensate for the arising time delay.
The JSA characterizing such interferometer
can be obtained by following the same procedure
as before, but taking into account the change in
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the phase matching after PC:

F(ws,w;) =
A/@L}

= %a(ws,wi) [sinc [Afl/} e APL/2 4 sine [

—

where AB = ko(wp) — ke(ws) — ko(w;) + 27/A is
the phase matching after the polarization switch.
Note that the polarization of the signal and idler
fields in A is different compared to AS.

ALy apr+ (M;M”)}]
(11)

PDC section  Propagation PDC section Detection
Pump
laser .
A PIC Signal
_— PM Idler
—
L L L L ]
) L 2 7 y2 7 L '

Figure 3: A schematic model of the integrated SU(1,1)
interferometer with the time delay compensation. An
incoming pump laser interacts with a periodic poled PDC
section, where signal-idler photons pairs are generated.
The idler photon undergoes a phase modulation (PM).
Afterwards, a polarization converter (PC) located in the
middle of the device switches polarizations of signal and
idler photons. Finally, all beams interact in the second
PDC section. In the end, the signal photon is detected.
Different colours are used in order to distinguish vertical
(red) and horizontal (blue) polarizations.

To avoid additional compensation for the time
delay between signal/idler and pump photons
|

F(ws,w;) ~ C§(wp — ws — wj) sinc [

where 0(wp, — ws — w;) is the Dirac delta func-
tion describing the CW pump. Numerically, the
CW regime is achieved by setting the pulse du-
ration 7 in Eq.(11) so long that the pump can
cover entirely the whole length of the interferom-
eter; this condition is mathematically expressed
as ¢t > 2L + .

Since the relation 625#% ~ 1 in the vicinity

of wy,/2, it can be clearly seen that Eq.(15) results
in the JSA of a single PDC process modulated by

AgL:| COS [

and, at the same time, to reduce the uncompen-
sated second-order effects, we use a CW laser.
Indeed, the stretching of the pump pulse is in-
versely proportional to the square of the pulse
duration. Therefore, in the CW pump case, this
stretching can be neglected. The high degree of
correlation between the signal and the idler pho-
tons determined by the employment of the CW
laser allows us to assume w; = wy, — w,. Substi-
tuting this expression into the Taylor expansion
of A in the proximity of w,/2 and considering
terms up to the first order inclusive, we have:

2
AB & koluwp) = kolwp/2) = kelwp/2) +
=0
Ok, Ok,
T ow ‘% (ws — wp/2) — o |°"2p (wp/2 — ws)

(12)
Since the first line in Eq.(12) vanishes due to the
definition of periodic poling, the phase matching
is simply:

Q n Q
Vo(wp/2)  ve(wp/2) ’

where the frequency detuning 2 = ws —w,/2 and
the group velocity v = (9k/0w) ! are introduced.
By applying the same strategy to A we finally
obtain:

AB ~ —

(13)

— Q Q
AP _Ue(wp/Q) * Uo(wp/2)7

which means that A ~ —AS.
By substituting this last equality in Eq.(11),
we get:

(14)

Oke(w;) i Oke(wi)o
s I 1 (O ) J O

cos(¢/2). Due to this modulation it is possible to
achieve almost perfect destructive interference in
a large bandwidth around w,/2 in the JSA using
specific values of ¢ (which is in stark contrast to
the non-compensated configuration, whose JSA
profiles are presented in Fig.1).

This regime, where the JSA is drastically at-
tenuated, can be achieved with relative simplic-
ity thanks to the spectral feature of our device
based on the KTP (potassium titanyl phosphate)
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Figure 4: The KTP platform. (a) The pump spectral bandwidth a(ws, w;), (b) the phase matching function | f (ws, w;)]

and (c) the joint spectral intensity |F(ws,w;)|?

in the pulsed regime when ¢ >~ 7. The pulse duration is 7 = 0.35ps,

L = 8mm, A\, = 766nm, | = 10mm, A = 126pm. By increasing the pulse duration, a(ws,w;) gets narrower
with respect to the wy = wy, — w; diagonal, this leads to zero overlap between a(ws,w;) and f(ws,w;) and purely

destructive interference.

platform. In this framework, the natural orien-
tation of the phase matching function f(ws,w;)
in KTP, whose slope is typically positive in the
‘ws — w;’ diagram, together with the presence of
a PC make sure that the phase matching func-
tion of the SU(1,1) interferometer lies along the
ws = w; diagonal (Fig. 4b); moreover, the ad-
ditional phase induces a modulation leading to a
destructive interference at ¢ = m, in which the
phase matching function vanishes along the an-
tidiagonal w, = ws + w;.

Although the presence of the phase modulator
and the PC changes the structure of the phase
matching function and inhibits the output light
intensity, the pulsed regime with a broad pump
spectrum «(ws, w; ), see Fig.4a, leads to the gener-
ation of a notable number of photons and a non-
vanishing JSA with two high peaks, as demon-
strated in Fig.4c. However, such residual light
can be further inhibited by decreasing the pump
spectral bandwidth (using a CW laser), in order
to dramatically reduce the overlapping region be-
tween a(ws,w;) and f(ws,w;) and minimize the
number of generated photons. In this context,
the use of the CW pump laser is an important
and necessary requirement in order to achieve a
notable reduction of the mean number of photons.

The interference profile, namely the integral
number of photons depending on the phase, is
presented in Fig.5 for two different types of pump
lasers: the pulsed and the CW laser. A compar-
ison of the two curves was performed by making
use of different pump powers in order to achieve
a similar number of output photons. One can

clearly observe that the use of the CW laser dras-
tically increases the visibility of the modulation
and allows the photon number to drop close to
Zero.

o e e

=) —_ —_

[e=] (e} [\S}
1 1 1

0.06

0.04 +

Photon number

0.02 4——CW laser
Pulsed laser

0.00 T T T T
0 1 2 3 4 5 6

Phase ¢ (rad)

Figure 5: The comparison between the number of pho-
tons in the case of pulsed laser (the pulse duration
7 = 0.35ps, red line) and CW regime. In order to have a
situation with the resulting number of photons are nearly
identical at ¢ = 0, different pump intensities are used
for the two pumping regimes. The following parame-
ters are chosen: L = 8mm, A\, = 766nm, | = 10mm,
A =126um.

The behaviour of the phase sensitivity, de-
fined in Eq.(5) and normalized to the shot noise
limit Eq.(6), is presented in Fig.6 for different
gains, where we introduce the gain parameter
v = G(0)4y/A1(0), see Appendix. In this frame-
work, the variation of v is determined by chang-
ing the coupling constant I'. This allows to span
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a range of mean photon number between (N (¢ =
0)) ~ 0.12 for v ~ 0.04, and (N (¢ = 0)) ~ 10°
for v ~ 10.0.

6 T T T7 [
— ——SNL
% 5 ——v=0.04 i
= ——y=25
> _
= y =38
2z 4 y=50 ]
N
g y=10.0
S ’
wn
2
s 27 T
=
= I\
: w &_,——_//
0 T T T T T T
0 1 2 3 4 5 6

Phase ¢ (rad)

Figure 6: The phase sensitivity normalized to SNL versus
phase at different gains. The SNL is shown by the black
line. The following parameters are chosen and fixed for
all further calculations: the CW laser, L = 8mm, A\, =
766nm, I = 10mm, A = 126um.

10 A .

Phase sensitivity/SNL

0 2 4 6 8 10 12 14
Gain

Figure 7: The minimum values of the normalized phase
sensitivity presented in Fig.6 versus gain . The higher
the gain, the faster the phase sensitivity grows. The SNL
is plotted in black.

The central peak at ¢ = 7 in Fig.6 is a fea-
ture of the multimode structure of the considered
interferometer and stems from the non-perfect in-
terference process: due to the fact that the rela-
tion AB ~ —AfS holds only for the first order
of the Taylor expansion around the central fre-

quency wp/2, and not strictly for large frequency
detuning |©2] > 0. As a result, the mean num-
ber of photons and its variance are not entirely
zero for this value of ¢, whereas the derivative
O(N)/0¢ is exactly zero. This leads to a degra-
dation in phase sensitivity with increasing gain
and reveals one of the deepest differences between
phase sensitivity analysis for single-mode plane-
wave interferometers, typically presented in the
literature [12, 18, 19, 20|, and the multimode sce-
nario considered here, where the broad spectral
distribution of the generated light is taken into
account. Although the proposed scheme improves
the visibility of interference pattern significantly,
a perfect interference can never occur because of
the complex material dispersion of the integrated
device.

Fig.7 shows the minimum values of the normal-
ized phase sensitivity for each gain. It is clearly
seen that the phase sensitivity gets worse with
enhancing gain or pump power. Explicit calcula-
tions of the mean photon number and its variance
can be found in the Appendix, where it is shown
that the main trend of the normalized phase sen-
sitivity with increasing gain is roughly defined as:

Ag¢ sinh[y/2]
N
This trend can be observed in Fig.7 and reflects a
progressive worsening of A¢ as the gain increases.
However, the phase sensitivity can be improved
by using a filtering of the output radiation or a
seed, both strategies will be investigated below.

. (16)

4 Filtering

In this section, we demonstrate how to improve
the phase sensitivity of the SU (1,1) interferom-
eter by filtering a specific frequency range in the
output radiation.

Since filters select specific spectral bandwidths,
working in the Schmidt basis is no longer mean-
ingful as the Schmidt operators include the in-
tegration over all frequencies. Hence, it is more
convenient to calculate the relevant quantities by
using the output annihilation and creation op-
erators expressed in the plane wave basis, intro-
duced in [29] and directly presented in Appendix,
see Eq.(28). Using the output plane wave oper-
ators Eq.(28), the number of signal photons in a
certain spectral range 20 around the central fre-
quency wpy/2 is given by:
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Figure 8: The normalized JSI at ¢ = 0: (a) without filter, (b) with the filter (bandwidth 5.71-10'2 rad/s).

wp/2+9
wen = [

where § determines the filter bandwidth and ~, =

(A%N,(¢)) = (Ns(9)) +

kk'

where the first term corresponds to Eq.(17).
Using both the variance in Eq.(18) and the
derivative of Eq.(17), the phase sensitivity in a fil-
tering case can be calculated according to Eq.(5).

It is important to specify that considered filters
should also be taken into account when calculat-
ing the SNL via Eq.(6). In this way, the number
of photons in the SNL corresponds to the num-
ber of signal photons generated by a single PDC
section and subject to the band-pass filter, these
photons then enter the phase modulator:

wp/2+6
Lo

where wug(ws) is the orthonormal set of signal
Schmidt modes corresponding to a single periodic
poled waveguide, both G and 7;, are defined in
the Appendix.

dwsmk(‘*’S)Fa

(Nin) = Zsinh2 [G1v/1k)
' (19)

The filter we used selects a range with band-
width 20 = 5.71 - 10'2rad/s around the central
frequency, see Fig.(8). This filter cuts the main

wp /246
>

dws<alout(ws)agut (ws)) = Z sinh?
k

dwsuy (ws, ) up (ws, @) sinh g sinh v/

dws [ug (ws, B)|?, (17)

/wp/2+5
wp/2—8

G(p)\/Ak(¢), see Appendix. Similarly, we can
calculate the variance of the number of photons:

2
; (18)

part of the JSA with the central peak, exclud-
ing the second order peaks of the sinc function in
Eq.(15), and allows us to investigate the influence
of the side-lobes of the JSA on the phase sensitiv-
ity. The normalized phase sensitivity in the fil-
tered case at different gains is presented in Fig.9.
It can be seen that in the region far from ¢ = =,
the filter provides similar results to the no-filter
case. However, around ¢ = 7, filtering gives a
significant improvement in the phase sensitivity
both in depth and in the expansion of the su-
persensitivity region, highlighted in Fig.9d. This
improvement indicates the negative influence of
the side lobes. Indeed, removing the side lobes
does not dramatically change the final number of
photons with respect to the case without a fil-
ter, nevertheless, it reduces the influence of the
residual photons stemming from the non-perfect
compensation in JSA for large frequency detun-
ing || >0 at ¢ ~ .
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Figure 10: The minimum values of the normalized phase
sensitivity versus gain v with and without the use of the
filter. The SNL is represented by a solid black line.

The best phase sensitivity achieved with and
without the filter at varying gains is shown in
Fig.10. This picture demonstrates that the ac-
tion of the filter guarantees better phase sensitiv-
ity with respect to the no-filter case, but at the

same time confirms the tendency of worsening the
phase sensitivity with gain as in the case without
a filter.

5 Seeded SU(1,1)

The description of the SU(1,1) interferometer in
terms of broadband spectral modes reveals the
possibility to prepare the seed either at the se-
lected frequency or at the selected spectral mode
of the interferometer (or their superposition). In
this section, we analyze the seeding of the inter-
ferometer by a single photon in the first Schmidt
mode. Other cases are analysed in the Appenix
B. The seed is performed only for the signal mode
of the interferometer (the vacuum input for the
idler mode), which can be done due to the dis-
tinguishability of photons because of their dif-
ferent polarizations. Since the Schmidt modes
of the SU(1,1) interferometer depend on the in-
ternal phase, we suppose to utilise the radiation
generated by the second interferometer to prepare
a seed in the selected phase-dependent Schmidt
mode.
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5.1 Direct detection

When seeding, the detection strategy is impor-
tant for the phase sensitivity. In this subsection
we consider direct detection, as was done in the
previous section without seeding. Therefore, the
protocol as well as the set of operators we need in
order to estimate the phase sensitivity in Eq.(5)
are the same as before, but the initial states are
different.

5.1.1 Single photon in the first Schmidt mode

Having a single photon in the first Schmidt mode,
the input state of the interferometer is given by:

[)in = |1)4,10)4,.,,10) B,.- (20)

This state shows that only the first Schmidt mode
of the signal photon is seeded, while the vacuum
stands for other input signal Schmidt modes and
all idler modes. Direct calculations show that the
output number of signal photons in this configu-
ration is:

(Ns) = Z sinh? v, 4+ 1 + sinh? 7;.
k

(21)

The first term in Eq.(21) is the vacuum term
obtained without a seed and already known in
Eq.(29). The second and the third terms appear
because of the seed: the unity term describes the
single photon, whereas the last term is the sur-
plus of photons in the signal mode generated by
the seed. The variance of the number of photons
is given by:

(A%N,) = Z sinh? ; cosh? v, +sinh? 4, cosh? 7;.
' (22)
The normalized phase sensitivity as a function
of phase for different gains is plotted in Fig.11.
Fig.12 presents the best phase sensitivity for each
gain. Overall, this figure shows a similar be-
haviour with respect to the case with a vacuum
seed, except for small gains when the number of
PDC photons is less than one: for this region, the
phase sensitivity becomes drastically worse.
This is due to the fact that the shot noise limit
in the case of the single-photon-seed

1

Apsny =
\/1 + sinhz[Cl\/ﬂ] +> sinh? [C1/M]
(23)

tends to unity for small gains, or in other words,
only the seeded photon contributes to SNL; while,
the non-normalized phase sensitivity is still pro-
portional to 1/T.
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Figure 11: The normalized phase sensitivity on the phase
for different gains. The first Schmidt mode of the sig-
nal photon is seeded with a single photon. The SNL is
represented by a solid black line.
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Figure 12: The phase sensitivity trend in Fig.11 at the
point of minimum with respect to the gain (red circles)
compared to the no-seeding case (black squares). The
SNL is plotted in black. The insert shows the zoom of
the phase sensitivity in the seeded case for small gain
values.

For gain values greater than unity, the second
and third terms dominate in the SNL, and the
phase sensitivity grows exponentially, similarly to
the case without a seed, see Fig.(12). In other
words, the single-photon seed leads to an imbal-
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ance in the signal-idler photon correlations for
low gains, which destroys the phase sensitivity
in this region. The analysis of other single-mode
seeding cases and detection stratagies shows that
such inefficiency of a single-mode seed is an intrin-
sic property of a multimode interferometer that
fundamentally distinguishes it from a single-mode
system.

6 Conclusion

In this work, we presented a detailed theoreti-
cal description of a fully integrated multimode
SU(1,1) interferometer. We demonstrated that
material dispersion complicates the interferome-
ter setup and special integrated designs are re-
quired. The presented interferometer includes a
polarization converter located between the two
photon sources, which allows us to compensate
for the time delay arising between signal and
idler photons. The use of the CW laser allows
us to avoid additional time compensation for the
pump photons and, at the same time, to reduce
the influence of uncompensated second-order ef-
fects, that results in the supersensitivity regions
below the shot noise limit. The spectral proper-
ties of such interferometer were investigated and
appropriate conditions for the best phase sensi-
tivity below the shot noise limit were found and
analysed. Interestingly, the presented configura-
tion leads to a situation where the multimode sys-
tem realized with using a CW laser outperforms
the single-Schmidt-mode system realized with a
pulsed laser.

In addition, we investigated the features of the
phase sensitivity with an increase in the gain of
the process and show the degradation of the phase
sensitivity with increasing gain due to the multi-
mode structure of generated light.

Finally, we discuss the impact of filtering and
seeding on the phase sensitivity. We show that
using filtering one can remove the uncompensated
radiation and improve the phase sensitivity both
in depth and in the expansion of the supersensi-
tivity regions. However, the investigated seeds in
the signal mode do not improve the phase sensi-
tivity and even completely destroy the supersen-
sitivity regions in the case of a bright single-mode
seed. The reason is the destruction of signal-
idler photon correlations, which are strongly re-
quired for the observation of supersensitivity in

the highly multimode regime.

This work stresses the fundamental difference
between the single-plane-wave-mode and strongly
multimode interferometers in the behaviour of
the phase sensitivity. Taking into account the
spectral features of photon sources is an impor-
tant point for more pragmatic descriptions of this
type of interferometer and future experimental
implementations and investigations. Moreover,
this work demonstrates that the introduction of
spectral modes in the phase sensitivity analysis
could open new frontiers in quantum metrology:
it was shown how an accurate spectral engineer-
ing in terms of mode scaling and frequency filter-
ing determines deep changes in final results; fur-
thermore, a large spectrum of seeding strategies
can be explored. Finally, the impact of internal
losses on the performance of the multimode inte-
grated nonlinear interferometer is an important
open question that will be a scope for future re-
search.
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A Schmidt modes calculation

The PDC process is a well-known source of broad-
band squeezed light. In order to make the squeez-
ing and broadband behaviour mathematically ex-
plicit, we firstly need to introduce the Schmidt
operators, namely a special set of annihilation
and creation operators equipped with a spectral
distribution. For doing this, we should use the
Schmidt decomposition of the JSA presented in

Eq.(2),

F(ws,w;, ) = Z e (@) ug (ws, d)vk(wi, B),

k

(24)
where we made explicit the parametric depen-
dence of the JSA on the phase ¢ experienced by
the idler photon. In this framework, A\x(¢) are the
Schmidt eigenvalues and uy(ws, ¢) and vg(w;, @)
are an orthonormal set of spectral Schmidt modes
for signal and idler photons, respectively. At
this point it is convenient to introduce the input
Schmidt operators as following;:

(AL)"L = /dwsuk(wsa¢)a-r(w5)7

, (25)
(BJDW = /dwz’vk(wz‘,@aT(wi),

which describe the signal and idler photons
characterized by the spectra |ug(ws,®)|?> and
|vk(ws, @)|?, respectively. These operators fulfill
the typical bosonic commutation rules:

[ Ak, Al = 645, [Ar, BI] = 0. (26)

Following the strategy detailed in [29], we can
define the Hamiltonian in terms of Schmidt oper-
ators and solve the Heisenberg equations in order
to find both the output Schmidt operators:

A = AT cosh [ G(0)y M (@)| +
(Bl sinh |G (6)\/A()]
o 2 e
Bgit = Bi cosh | G(6)y/M(0)| +
(Al)™ sinh | G(6)\/M(9)]
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and the output plane wave operators:

Ut () = a™™(ws) + Z ug(ws, @)

k

+[A;;" (cosh [G(qﬁ) /\k(qﬁ)} - 1)

a

+(B])" sinh [G(@ Ak<¢>] }
(25)
bom( i) = bm (w; —f—ka wi, P)

+[B,i" (cosh [G(d)) /\k(¢)} — 1)
D™ siub G0y Mw(9)] |.

where G(¢) = [C(¢)'dt, C(¢) is the normal-
ization constant depending on the phase, see Eq.
2, the coupling constant I' is proportional to the
pump power.

The output operators can be used to calculate
different quantities, for instance, the output inte-
gral mean number of signal photons is given by:

)= sinh? [G(¢)
k

Since we only consider the signal photon observ-
ables, the index "s" will be omitted below along
the text.

Similarly, the variance of the integral number
of signal photons is given by:

Ak(aﬁ)} - (29)

<A2N>:iZsinh2 {2G(¢) Ak(¢)]. (30)
k

The derivative of the mean number of photons
(N) respect to the phase gives

dil]q\ﬁf Zsmh [QG(@ )‘k(é)]
k
(31)
G(6) G(¢)  dAi(6)
x(mmUm io )

In all cases analysed in this work, the JSA
never vanishes totally due to the multimode
structure of the light. This means that both G(¢)
and the eigenvalues A\;(¢) cannot reach zero, as
a result, both the mean photon number and its
variance are not fully suppressed. Therefore, by
the definition of phase sensitivity in Eq.5, the non
vanishing variance causes the presence of a peak
in the phase sensitivity plot.

It is fundamental to assert that the plotted
phase sensitivity is normalized with respect to
the SNL, which depends on the number of sig-
nal photons inside the interferometer:

Nip) = sinh* [G1y/m] , (32)
k

where 7, are the Schmidt eigenvalues correspond-
ing to the single periodically poled waveguide.
G1 = [C1(T'/2)dt, where it is taken into ac-
count that the coupling constant of a single PDC
section is twice smaller compared to the double-
PDC-section configuration; C is the normaliza-
tion constant corresponding to the JSA of a single
PDC section.

In order to give an analytical justification of the
trend of the normalized phase sensitivity in Fig.
7, it is more practical to split our argumentation
in two parts, distinguishing a low gain regime, in

which G(0)/A1(0 << 1, from a high gain regime,
in which G 0)v/A1(0) > 1.

In the former case, an estimation of the photon
number in Eq.(29) and in Eq.(32) gives

(N()) ~ G*(¢) > Me(8) = G*(),  (33)
k

and

(Nin) =Gy _ny = G, (34)
k

respectively, whereas using the Taylor expansion
of the variance Eq.(30) we obtain

(AN) ZAk (¢).  (35)

Since the SU(1,1) interferometer, which we are
dealing with, has the JSA at ¢ = 0 almost iden-
tical to the JSA of a single waveguide, we can
assume that C1 =~ C(0) and A\;(0) ~ ng. There-
fore, by calculating the derivative of the photon
number in Eq.(33) with respect to the phase, it
turns out that the normalized phase sensitivity is

described by:

(Do) ‘Gm) <8G<¢>)‘
(ApsnL) 1 ¢

1

"~ 2sin(¢/2)’

(36)
where the last step stems from the assumption
that in the low intensity regime, according to the
form of JSA Eq.(15), the gain is a modulated
function of the form G(¢) = G(0)|cos(¢/2)| (this
expression holds at 0 < ¢ < 7). It is interesting
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to notice that the normalized phase sensitivity in
the low gain regime does not depend on the gain
anymore, which can be seen in Fig. 7.

In the high gain regime, due to the redistri-
bution of the eigenvalues [29], the contribution
of the first mode to the signal and variance will
be dominated, and we can temporarily underes-
timate the number of photons of both equations
(29) and (32) by taking into account the contri-
bution stemming from the first mode, obtaining:

(V@) ~sink? [Glo) )] @7

and
(Nin) = sinh? [G1y/m1) (38)
respectively. We underestimate the variance con-
sequently:
1
@WW4mW@W)MM' (39)
By assuming again C7 ~ C(0) and A\;(0) =~ n,
the gain of the process can also be expressed
as 7 = G(0)y/A1(0) ~ 2G1/n1. Moreover, the
shape of the JSA Eq.(15) modulated by cos(¢/2)
allows us to write G(¢)\/A1(¢) = y|cos(¢/2)|. Fi-

nally, by collecting all assumptlons written above,
we can estimate the normalized phase sensitivity:

Agp sinh[y/2]
Agsnr — vsin(¢/2)’

If the angle ¢ is close to 7 (the point of almost
perfect destructive interference), the eigenvalues
distribution is very close to the flat distribution.
In this case, the underestimation with only the
first Schmidt mode is not correct, but one can use
the overestimation, suggesting that all Schmidt
modes have the same weights. It means that the
integral number of photons is equivalent to

(40)

V(@) ~ Ksinh? [G@)y/M(@)] . (@)

where we assume that the all K Schmidt modes
have the same contribution, K = 1/(3; A?) is
the effective number of modes (the Schmidt num-

ber) and
_ sl [G(6)y(9)
S sinh? | G(6)v/Ak(9)]

is a set of Schmidt coeflicients taking into account
the redistribution of the weights in the high gain

regime [32]. The variance would change conse-
quently:
2 K 2
<AM:4mth)MM. (43)

By modifying the mean photon number in the
SNL similarly to Eq.(41), along with all assump-
tions made above, the overestimated normalized
phase sensitivity would be identical to Eq.(40),
which in turn, with ¢ = 7 equals to Eq.(16).

B Further seeding configurations

In this appendix, we analyse different types of
seeding as well as different detection strategies
to find the optimal conditions for the best phase
sensitivity. In all cases presented below, the seed
consists of a coherent state, moreover, seeding is
performed only for the signal mode of the inter-
ferometer (the vacuum input for the idler mode),
which can be done due to the distinguishability of
photons because of their polarizations. The seed
of coherent states in specific modes can be car-
ried out experimentally by injecting a laser whose
spectral features are shaped to one of the specific
modes of the interferometer. Furthermore, since
the Schmidt modes of the interferometer depend
on the internal phase, we can suppose to tune the
spectral profile of the laser accordingly.

B.1 Direct detection: coherent state in the
first Schmidt mode

In this configuration, we utilise an intense coher-
ent state |«) in the first Schmidt mode of the sig-
nal photon, the input state in this case is given
by:

W))Zn = |a>A1 |O>An¢1 ’0>Bn (44)
To simplify calculations, we consider a coherent
state with a real o and high number of photons
|a|? = 105. Such seeding changes the SNL ac-
cordingly:

AgsnL =
1 o (45)
\/a2 cosh?[C /1] + 32, sinh?[C1 /7]
Analogous to the previous case, direct calcula-

tions give the following expressions for the mean
photon number:

Ny = sinh? 5 + |af? + |af? sinh® y1, (46)
k
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and for the photon number variance:

(A%N,) = Z sinh? v cosh? vy,
k (47)
+|e|? cosh? 41 cosh 2.

However, as it is shown in Fig.13, for any values
of the gain this configuration does not present
supersensitivity regions. Analytically, this can be
demonstrated by checking the normalized phase
sensitivity in the asymptotic limit when o? >
S, sinh? 4y, namely

A2¢ —2
Alpsni

0
~ (14 coth? 1) cosh? [G1 /1] =

99

(48)
Due to the similarity between the JSA in Eq.(15)
at ¢ = 0 and the JSA of a single waveguide, we
can assume A1(0) ~ 71 and G(0) ~ 2G7; hence
the gain vy can be expressed as v ~ 2G'1,/71. Fur-
thermore, we can also assume v; ~ 7y|cos(¢/2)],
therefore in the range {0 — 7} we have

A2y 41+ coth[ycos(6/2)]) cosh?[y/2]
A2¢5NT, - 72 Sin2(¢/2)

(49)
By plotting this curve, or alternatively by calcu-
lating the minimum point with respect to ¢, it
is clear that this function cannot even reach the
shot noise limit.
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Figure 13: The normalized phase sensitivity on the phase
for different gains. The first Schmidt mode of the signal
photon is seeded with an intense coherent state having
|oa|?> = 10° photons. The SNL is represented by a solid
black line.

B.2 Homodyne detection

In this subsection we discuss seeded interferom-
eters with the homodyne detection strategy. In
the case of homodyne detection, we must prop-
erly modify the definition of the phase sensitivity
using the homodyne operator H, (not the pho-
ton number operator as before) [19] to calculate
observables. According to this modification, the
phase sensitivity is defined as:

Ap = (50)

‘ (AHqg) '
9(Ha) /0

The homodyne operator depends on the local os-
cillator properties, which is why it is necessary
to ensure that the output light of the SU(1,1)
interferometer and the local oscillator are spec-
trally matched. To ensure this, both the output
radiation and the local oscillator are spectrally
filtered. The spectral characteristic of the filters
will be modelled depending on the different type
of seeding used. In particular, in case 1 below,
we will consider a spectral filter selecting only
the first Schmidt mode, while in case 2 we will
consider a passband filter around the central fre-
quency of generated squeezed light. The SNL cal-
culation takes these modifications into account as
well: the mean number of photons in the SNL
corresponds to the number of signal photons gen-
erated by a single periodically poled waveguide,
averaged with respect to the input seeding state,
and then filtered to match the spectral properties
of the output squeezed light.

B.2.1 Coherent state in the first Schmidt mode

The first case we consider is an intense coher-
ent seed in the first Schmidt mode with the same
initial state as in Eq.(44). At the end of the in-
terferometer we filter the output radiation of the
signal photon, selecting the first Schmidt mode.
A local oscillator is fixed in the same frequency
range, corresponding to the first Schmidt mode.
In this case, the homodyne operator is defined as:

. o At
Fa = Bl (ewaA‘;“t+e—wa [Ag] ) (51)

where |fj,| and 6, are the amplitude and the
phase of the local oscillator (described by the co-
herent state ||8j,]e%)4,). Averaging the homo-
dyne operator with respect to the input state we
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obtain:
(Hy) = 2a|By,| cos 0, cosh . (52)

The variance of the homodyne operator is given
by:

(A% H ) = |B1o|? cosh 271, (53)
whereas the expression for the shot noise limit is:
1
ApsnL = :
\/az cosh?[C1 /1) + sinh?[Cy /1]
(54)
The optimum phase sensitivity is reached when
A, = 0. According to our analysis, this seed-

ing case does not present any supersensitivity be-
haviour, and the phase sensitivity curves, very
similar to Fig.13 and therefore not shown, lies
entirely above the SNL. This result, obtained
through the homodyne detection, together with
the previous outcomes achieved via direct detec-
tion, suggests that a strong coherent seed in the
spectral mode does not provide any improvement
in the supersensitivity and therefore other seed-
ing strategies are recommended.

B.2.2 Coherent state in the plane-wave mode

In this section we consider an intense coherent
seed in the plane-wave mode w,/2. The output
radiation is filtered in the same frequency. The
input state in this case is given by:

Vi = [ dinbln = wp/D)un O (55)

where we again assume a seeding state contain-
ing one million photons. In order to prevent any
time dependence in the output, the local oscilla-
tor is also defined in a plane-wave mode at the
frequency w,/2. The homodyne operator there-
fore takes the following expression:

A

H; =

A , T
Bl <0 sout <c;> g {&out <¢;>} ) |

(56)

t

where the output plane wave operators a®** and

[&(’“t]T are defined in the Appendix.
The average value of the homodyne operator

gives:
(Hy) = 20|Byo| cos by

o (5.9 o).

X<1+zk:

while the variance of the homodyne operator
takes the form:

(A?Hy) =

58
sinh27k>, (58)

()

where the integrals in the frequency domain have
already been performed.
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k
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Figure 14: The normalized phase sensitivity in relation
to the phase. The plane wave mode with the frequency
wp/2 is seeded by the intense coherent light having
|a|? = 105 photons. The SNL is represented by a solid
black line.
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Figure 15: The minimum values of the normalized phase
sensitivity presented in Fig. 14 versus gain (red circles)
compared to the no-seeding case (black squares). The
SNL is plotted in black.
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The calculation of the shot noise limit is car-
ried out via Eq.(6), taking into account the num-
ber of photons inside the interferometer after the
frequency integration:

2 wp\ |? 2
Nip =o?+ > |ug (2 )| sinh®[G1y/mk]
- k(2) [1 Nk
9 2
+a? ay (L2 cosh[G —11 (59)
; k(2> (cosh[Gry/mi] — 1)

2
(cosh[G1v/ k] — 1).

+20£2 Z Ug (u;p)
k

According to these expressions, the phase sensi-
tivity was calculated, normalized with respect to
the SNL, optimized for 8, = 0, and finally plotted
in Fig.14. The minimum values of the phase sen-
sitivity for different gains are presented in Fig.15.
This figure demonstrates that the phase sensitiv-
ity with this seeding choice also does not have
any supersensitivity regions. The reason is that
a strong seeding in the signal mode alone creates
an imbalance between the number of signal and
idler photons and destroys the signal-idler photon
correlations required for the observation of the su-
persensitivity in the highly multimode regime.
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