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Abstract

We show that photonic quantum circuits for implementing arbitrary SU(N) transformations can
be made using only synchronous directional couplers. These simple elements provide both beam
splitting and phase shifting so that, under a proper concatenation of such elements, unitary trans-
formations of arbitrary dimension can be implemented. The circuits made in this way are robust
and controllable, because only one type of element is used and the technology involved in their
fabrication is very mature. We present several examples of original passive photonic circuits inten-
ded for quantum projective measurements and quantum state generation due to their interest in
photonic quantum technology for quantum key distribution systems. Likewise, we have designed,
fabricated, and characterized, on an ion-exchanged glass platform, different couplers, which form
the basic elements or building blocks of these passive circuits highly compatible with optical fibres.

1. Introduction

Integrated optics is a versatile technology used to implement devices for classical and quantum informa-
tion processing. In the quantum realm, integrated optics/photonics contributes to various advancements,
such as linear quantum computing based on the Knill-Laflamme—Milburn protocol [1], the generation
of quantum random walks [2], and the creation and measurement of states for quantum key distri-
bution (QKD) [3,4]. The key component in these developments is the implementation of basic units
which, when properly concatenated or factorized, can perform any linear transformation.

Reck et al [5] demonstrated in bulk optics that using beam splitters and phase shifters successive
two-mode unitary operations are sufficient to implement any unitary operation in SU(N). This approach
is a clever implementation of the Murnaghan factorization [6]. These results can be translated to integ-
rated photonics by drawing an analogy between bulk beam splitters and integrated directional couplers,
as well as bulk phase shifters and integrated phase shifters. Consequently, it is indeed possible to imple-
ment any unitary operation on an integrated photonic platform and, in fact, large-scale linear network
demonstrations have already been reported [7]. Moreover, the ongoing interest in these unitary trans-
formations for classical and quantum applications has led to new designs aimed at reducing the number
of basic units [8], minimizing optical losses, reducing fabrication resources, and achieving simpler factor-
izations of unitary transformations [9]. Various applications can be implemented, including devices for
linear quantum optical computation based on CNOT gates by postselection for specific purposes, such as
the well-known Deutsch—Josza algorithm [10]; devices for generating and/or measuring quantum states
through projective measurements [11], such as the quantum states used in QKD protocols for quantum
communications; and devices for quantum optical sensing and/or quantum metrology.

© 2025 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/2515-7647/ae142b
https://crossmark.crossref.org/dialog/?doi=10.1088/2515-7647/ae142b&domain=pdf&date_stamp=2025-11-6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8296-7332
https://orcid.org/0000-0003-0180-9015
https://orcid.org/0000-0001-7836-0143
https://orcid.org/0000-0002-1709-8601
https://orcid.org/0000-0002-0298-4598
mailto:xesus.prieto.blanco@usc.es

10P Publishing

J. Phys. Photonics 8 (2026) 015003 ] Linares et al

According to the aforementioned results, it can be demonstrated that the basic elements of integ-
rated photonic devices can be simple 3 dB directional couplers and phase shifters, which enable the
implementation of any SU(N) transformation. Phase shifters, in particular, are essential linear quantum
optical gates. They can be reconfigured using various techniques such as electro-optic or thermo-optic
control. However, for specific applications as passive devices, reconfiguration is not necessary to achieve
a definite phase shift. In these cases, phase shifting can be achieved by altering certain characteristics
of a channel waveguide: by lengthening or shortening its optical path length (dynamic phase shifting),
modifying its cover refractive index, or changing its width adiabatically. The first two strategies are dir-
ectly dependent on the frequency of the light, requiring high precision in the fabrication process or sub-
sequent readjustment. The latter strategy is more robust but typically requires long path lengths, which
can limit the number of elements that can be made in the device. These are standard phase shifting
strategies used in different platforms [5, 7, 11].

In this paper, we propose devices whose phase shifters are based solely on synchronous directional
couplers. This approach allows any optical integrated circuit to be implemented using only these build-
ing blocks, thereby avoiding the mixture of different design strategies for integrated optical elements.
Moreover, the technologies involved in the fabrication of directional couplers are very mature, and
many laboratories can manufacture these elements today. It is important to emphasize that the phases
obtained are either topological (geometrical) or use the slow part of the dynamic phase of the eigenstates
of a directional coupler [12]. We will demonstrate that this approach is more advantageous than previ-
ous ones because it enables robust phase shifting. This constitutes one of the main results of this work.
Additionally, this paper presents passive quantum devices that use only synchronous directional couplers,
to achieve both power derivations and phase shifts, and thus to generate and measure quantum states for
QKD protocols, such as the generalized BB84 for arbitrary dimensions [4]. These proposals will illustrate
the usefulness of phase shifters, although they can be applied to many other areas.

We also present experimental results on an ion-exchanged glass platform. Ion exchange is a well-
established fabrication technology [13—15] that offers several advantages over other technologies. It uses
inexpensive substrates, has high compatibility with optical fibres and possesses great development poten-
tial because non-linearity can be generated in ion-exchanged glasses through poling [16] or rare-earth
doping [17]. Furthermore, the ion exchange process smooths out lithographic defects smaller than the
diffusion depth, thereby reducing scattering losses. While high refractive-index contrast technologies
enable significant miniaturization of integrated photonic circuits, these platforms require extremely pre-
cise and costly lithography to maintain propagation losses, caused by edge scattering, at a moderate level.
Such losses are particularly detrimental in quantum systems. However, unlike quantum computation and
quantum processing applications, QKD protocols, such as those explored in this work, typically involve
a moderate number of optical components, allowing one to take advantage of the low losses inherent
to the ion-exchange platform without circuit size being a significant limitation. Therefore, a high integ-
ration is not required and even not desired for the sake of optical fibre compatibility. Our experiments
were conducted in the 800-900 nm optical communication band, although they could be extended to
longer wavelengths. That band allows the use of quantum optical sources and single-photon detectors
that are significantly more affordable and efficient compared to those used in the 1260-1625 nm band.
Moreover, both bands could be used simultaneously in existing communication networks: the former for
the QKD protocols and the latter for classical communications. Although optical fibres exhibit higher
losses in the wavelength range 800-900 nm, transmission of QKD protocols could be carried out over
short distances.

The plan of the paper is as follows: in section 2 we show how to make phase shifters by means of
2x2 and 3x3 directional couplers. The former provide topological phases 7 and /2 which are very
common in many integrated optical devices. The latter provide slow dynamic phases and allow us to
achieve any value. In section 3 we use these results to propose some quantum optical projectors, that
is, devices to determine the QKD quantum states by projective measurements. This is done for dimen-
sions two and four, as those required for implementing random passive measurements in QKD proto-
cols. Likewise, random optical quantum state generators are also proposed. Section 4 is reserved for the
experimental results. We have fabricated by ion exchange in glass, and a systematic control of the litho-
graphic parameters, the main synchronous directional couplers of the circuits proposed in this work. In
section 5, conclusions are presented.

2. Phase shifters based on 2 X 2 and 3 X 3 directional couplers

We present the theoretical aspects to implement arbitrary phase shifters with directional couplers. We
start with the description of 2x2 couplers which are the building blocks of our circuits. Let us consider
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a synchronous directional coupler between two channel guides with optical modes e; (x,y) and e (x,y),
propagation constant 3 and coupling constant x. The general solution is given by

e(x,,2) = {a(2) e1 (x,3) + a2 (2) e2 (x, ) } . (1)

The amplitudes a;(z) and a,(z) can be calculated by using the well-known matrix relationship, with the
input amplitudes a,(0) and a,(0),

a; (2) cosf isinf\ (a;(0)
={.. : 2)
a, (2) isinf cosf / \a,(0)
where 6 = kz. We must stress that this classical relationship is also valid for the quantum absorption
operators d;(z), d(z), a;(0), and a,(0) acting on quantum states |L), therefore we can write

al (0) _ ([ coskz isinkz al () 3)
YOV <isin/<az cosnz) al(z))
Accordingly, if we have a quantum light state of #, , photons at mode e; 5 (x,y) at z = 0, that is, |L)
= |mn,), then we can use the relationships (af(0))™|0) = v/n!m) and (a(0))™|0) = /n!|ny), to
obtain the quantum state at a distance z. This result can be applied to any other quantum state. From
now on we use these quantum operators, although from a classical point of view they can be also used
as complex amplitudes of modes e (x,y) and e,(x,y) for classical circuits. Moreover, the linear trans-

formation given by the matrix in equation (3) will be denoted as Xy because it is generated by the Pauli
matrix X with a weight given by the parameter 6.

2.1. Phase shifters based on one 2 X 2 directional coupler

A first main result for fundamental phase shifters can be obtained directly from equation (3). Let us
consider an input state characterized for the vector (1,0)T, where superindex T stands for transposed,
which can represent a coherent state o excited in mode e;(x,y), or a single photon |1;) excited in mode
e1(x,y). For abrupt couplers with kz = 7 and Kz = 7/2 we obtain the following final states in a vector

representation:
1 - [0
Vo= = ¢ (O) y V=g =¢ /2 <1> ) (4)

Therefore, global phases ® = 7 and ® = 7/2 are obtained for input state (1,0)". Note that we get
the same phases for the input state (0,1)T. Then, directional couplers X /2 and X, can also be used as
phase shifters P/, and P, with respect to a third waveguide. Thus, in figure 1 these abrupt directional
couplers act as phase shifters implementing the quantum gates S and Z, respectively, between operators
by and b,. Obviously, a coupler X3/, = X;Xy/, can be used as a phase shifter P3,/, and, therefore,
implements a gate S*. Now, we present a most explicit derivation of the above phases to show how they
are acquired through the coupler. Let us consider an abrupt coupler in the lower arm with, in turn, one
upper and one lower path or channel guide as shown figure 1, that is, with an ancillary channel guide.
First of all, we must indicate that the eigenvalues of a synchronous coupler are: 8; = 8+« and 5, =3 —
#, and the corresponding eigenvectors (optical supermodes) are: (1/4/2)(1,1)T and (1/+/2)(1,—1)". If
we write an arbitrary vector (v;,v;)T at the input z=0 of an abrupt coupler as a linear combination of
their eigenvectors and use the eigenvalues to propagate the state then we obtain, at a arbitrary distance z
of the coupler, the following vector v(z) of amplitudes

+ 1\ ; — 1 .
V(Z) = % (1) el(B+I€)Z+ V1 - 1% <_1) el(B*H)Z_ (5)

Note that there is a common and fast phase 8z (8 is proportional to the frequency of light w) which
is not relevant because the channel guide in the upper arm has the same propagation constant 3, and
more importantly there are slower phases 4z because of the modal coupling. For a distance z =7 /k
we obtain the same input state but it has acquired a global phase 7 in the lower arm. If the input state
is (1,0), as required in our case, we obtain a relative phase 7 with respect to the guide in the upper
arm. A similar description applies to the global phase 7/2; however, in this case, the channel guide
path undergoes a shift in the lower arm. To address this, we introduce a curved segment in each chan-
nel guide, as discussed below. In short, we see that the phase shifting comes from the modal coupling
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- 2 i

b,(0) by(2)
/4 P Py

Figure 1. A quantum circuit with a non abrupt directional coupler implementing a X , logic gate and two phase shifters P /,
and P based on abrupt couplers X /, and X, and therefore implementing S and Z gates, respectively.

which is characterized by a coupling coefficient x < 8 which facilitates the physical implementation of
the phase shifter, that is, robust phases can be obtained.

On the other hand, in figure 1 we can also see a non-abrupt X, /4 coupler at the beginning which
must include some kind of curves to separate both input (and output) waveguides from each other,
although this lengthens the coupler. In this case, we use four identical Minford curves [18]. This coupler
(kz = m/4) implements a Hadamard gate for circular states (H, = v/iX) which is of a great interest in
quantum processing:

S S B
tmn= b (00) 0

Finally we must note that the above global phases are also topological (or geometrical) [12]. They
have the peculiarity of being very robust, since they change much more slowly than the dynamic phases.
That is, we could choose a dynamic phase 3z = 7/2; however, due to the large value of 3, it would
be very difficult to get, in the fabrication process of the circuit, just the value of z necessary to obtain a
phase 7/2. Instead, the above phases 7/2 and m depend only on the coupling constant x which, as we
will see later, is much smaller than (. Furthermore, an error in the length of these couplers does not
affect the phase. For instance, if the length for obtaining a P, /2 shifter has an error 0z, then the output

state is (e,i(1—€?/ 2))T, where ¢ = kdz. The same behaviour is true for the P, phase shifter. Therefore,
we have robust phase shifters /2 and 7.

2.2. Phase shifters based on several 2 X 2 directional couplers

As we have just seen, robust 7, /2, and 37/2 phase shifters are easy to achieve with one synchronous
directional coupler. However, obtaining arbitrary phases requires more complex circuits. Next, we will
see how to do it. Let us consider an arbitrary directional coupler, that is, § = rkz. Then, by using an
input state (1,1)T (eigenstate of the directional coupler), we obtain the final state

_[cos@ isin@\ (1) (1
Ve=gt = (isin@ c039> (1) —¢ (1) )

For expository convenience, we show in figure 2 how to get this phase shifter with 2x2 directional
couplers starting from an initial state (1,0)T. The X, /4 directional coupler on the left gives rise to the
state %(l,i)T. Next, we use a P/, abrupt coupler (kz = m/2) in the lower path to obtain the state

%(1, —1)T which reaches a Xy coupler (# = rz) and therefore at the output we have e_lp%(l, -1)L.
Finally, we use another P/, abrupt coupler in the upper path and a X, to obtain the final state
e(™=9)(0,1)". We must stress that the location of the P, /2 couplers in the lower and upper arms makes
sure the equality of the dynamic phase Sz of the modes. We will return on this important question in
section 3. On the other hand, note that if § = 37/4, that is, if we have a central coupler X;, /4> then a
T gate is implemented, which is also of a great interest in quantum processing. Anyway, the main draw-
back of this circuit is that it requires five steps, which may make it too long, therefore in the next sub-
section we will present an alternative solution by using 3x3 directional couplers that will only require
three steps.

Finally, we give a short discussion on the possibility to apply the above approach to other quantum
platforms such as superconducting quantum circuits or optical-atomic quantum circuits [19] which can
be discussed jointly since microwave circuits with Josephson junctions can be considered as artificial
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Pn,’2

Figure 2. Integrated optical circuit to generate a phase ® = 6. It is formed by two X /, couplers, a Xy coupler, and two abrupt
couplers P /. See the detailed explanation in the text.

atoms. Although these platforms have their own approachs to get phase gates we show how the above
photonic approach can be implemented. For that we consider three levels in the transmon [20] and in
the atom. The third level is an ancillary level to implement a phase in the second level, and therefore a
relative phase with respect to the first (fundamental state). We start from the fact that the matrix solu-
tion for a transmon or an atom in resonance under the action of an external field (a ©-pulse), which
couples the second and third level, is given by the following temporal matrix

< cosf (1) ie!(™ %) sin (t)) ®)

ie'(™=%) sin 6 () cosf (t)

where ¢ is the initial phase of the pulse used (which has not counterpart in the integrated photonic
platforms) and 6(t) = Qt/2 = ©/2, with € the Rabi frequency. Up to constants, this frequency depends
on the characteristics of either the transmon (its capacitance and inductance) or the atom (specifically
the transition amplitude between energy levels), as well as on the amplitude of the ©-pulse. This matrix
is a slightly more general that the one given by equation (2), allowing us to implement a phase shifter
in fewer steps. For instance, consider the qubit (1,0)T, corresponding to the second level. If we begin
with a 7/2-pulse with phase ¢ = 7/2, we obtain the state (1/1/2)(1,—1)T. Applying an arbitrary ©-
pulse with ¢ = 0 yields the state ¢/©/2(1/+/2)(1,—1)". Finally, a 7/2-pulse with phase ¢ = 37 /2 brings
the system back to ¢’©/2(1,0)7, effectively introducing a phase § = ©/2 in the second level. This res-
ults in a phase gate acting on the subspace spanned by the first and second levels. Hence, the photonic
approach is applicable to these platforms, although they offer additional capabilities due to the use of
external pulses; features not available in purely photonic devices.

2.3. Phase shifters based on 2 X2 and 3 X 3 directional couplers

A more compact arbitrary phase shifter than the previous one can be obtained by combining 3x3 and
2x2 directional couplers. In particular, two 3x3 1:1 divisors (D) and one 2x2 Xy single coupler (see
figure 3). The matrix solution for the latter is given by equation (7). With respect to the former, it is
easily proven that a synchronous 3x3 directional coupler with three identical waveguides and no modal
coupling between the non-neighbouring guides has the following matrix solution:

cosx/iszrl isinv/2kz cosﬂnzfl

a (z) 2 V2 2 d (0)
dz (Z) = 71811“/22”2 cosv/2kz 7’51{1\/5'{&2 CAlz (0) . (9)
23 (z) cosv2kz—1 isin\/il{z c05\/§l<;2+1 ﬁ3 (O)

2 2 2

To derive the above matrix solution we have to start by calculating the eigenvalues and eigenvectors
of the coupling matrix of a 3x3 synchronous coupler with propagation constant 5 and coupling coeffi-
cient k (coupling is only considered between neighbouring channel waveguides). The coupling matrix M
of the synchronous coupler is given by

8 Kk 0
M=|rx B k]|, (10)
0 « S

whose eigenvalues are 3, = 3, 3, = 3+ /2 and 3, = B — /2 and therefore with eigenvectors

1/v2 1/2 1/2
0 | v=|1/vz ] BV — [ Z1/y3 | é(BVER)z, (11)
—1/V2 1/2 1/2

V) =
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D X, D

Figure 3. Integrated optical circuit generating a phase & = 6, formed by two divisors 1:1 implemented with 3 X3 couplers and a
Xg coupler.

The asynchronous case is studied by a similar procedure, for example, in [21]. Next, we can calculate
the spatial propagation of the canonical vectors and thus the columns of the matrix of equation (9) are
obtained. For example, let us consider the canonical vector (1,0,0), then at z=0 this vector is obtained
by the following linear combination

(1,0,0) = ?vl (0)+%vz (0)—}—%1/3 (0), (12)

therefore, the following vector is obtained at a distance z in the directional coupler

<cosx/§mz—|—l sinv/2kz cosﬁmz—l) (13)

: T2 2

that is, we obtain the elements of the first column of the matrix of equation (9). By using the other
canonical vectors the full matrix is obtained. As commented, the asynchronous case is studied, for
example, in [21, 22], which contains, as a particular case, the synchronous case.

Note that if v/2kz = 7/2, then this coupler implements a divisor 1:1. Indeed, it transforms an

input state (0,1,0)T in the output state %(1,0, 1)T. Next, the 2x2 X4 coupler leads to the state

ei(%"’g)%( 1,0,1)". Finally, the second coupler D transforms it into the final state ¢/™*?)(0,1,0)". That
is, a phase shifter ® = 7+ is obtained with three steps. Note that if the input state is (0,—1,0)T,
which can be obtained with a P, coupler, then a phase ® = 6 is achieved.

3. Optical circuits for QKD systems

Here we show some original examples of integrated optical circuits performing QKD operations where
the above solutions for phase shifting can be useful. In particular, we propose circuits for the generation
and determination of the QKD quantum states, both for two and four dimensions. Detection is realized
by projective measurements which is the most common procedure. We must highlight that detection and
generation of quantum light states are two essential tasks in QKD.

3.1. Passive quantum projector N = 2 for QKD

In figure 4 we draw an integrated optical circuit for making projective measurements of states in the
basis X or Y in a random way. Its operation is described in [11]. However, in that paper, no specific
solution for the 7/2 phase shifting is given. Our purpose here is to achieve this phase shifting by a direc-
tional coupler Py /, in the fourth waveguide, like the one shown in the previous section. The detours in
the middle part of first and fourth waveguides were included so that they have the same optical paths as
the second and third one, regardless of their effective indices. On the other hand, the distance between
the third and fourth waveguides just after the P/, shifter is slightly smaller than that between the first
and second ones. In order the final X/, couplers to be identical, we separated the third and fourth
waveguides with two Minford curves M, [18]; in addition, we also included two M, curves that offset
the two first waveguides but maintain their relative distance. As a result, the four outputs are equispaced
and the four optical paths are equal, i.e. they have the same dynamic phase. The offset could be omit-
ted in this particular case, but in general it allows to concatenate as many port layers as necessary by
combining only a reduced set of elements. This strategy systematizes the chip design and makes easier
its manufacturing because the behaviour of all couplers can be fine tuned simultaneously during the ion
exchange step.

3.2. Passive quantum projector N = 4 for QKD

Projective measurements for higher dimensions can be made in a similar manner to that shown in the
previous paragraph. For example, for dimension four, the integrated optical circuit drawn in figure 5
makes projective measurements of states in two bases in a random way [4]. A detailed description of its
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Figure 4. Drawing of an integrated quantum projector for dimension two. The 7/2 phase shifting in the lower arm is achieved by
an abrupt directional coupler P;; /. Four Minford curves (M;) make the four optical paths equal.

—Kva — T X %
Xz Xns2
Xua X2 = Xua 2 Xs
Xn2 Xns2
Xua Xnj2 Xnja L@/‘
Xn2 i Xnp2
X4 il Xnya PL_—\M/-

%/‘\ f—%n

Figure 5. Drawing of an integrated quantum projector for dimension four. The phase shifting is achieved by abrupt directional
couplers P -/, and Pr. Again, Minford curves make the optical paths equal.

operation can be found in the previous reference. Note that, in this case, phase shifters Py /5, P32, and
Py, implemented with abrupt synchronous directional couplers, are required together with gates X /4
and X/, implemented with non abrupt directional couplers. The following eight states corresponding to
two bases 3; and B, can be measured, that is,

-1 1 1 —i

1 1 111 1 1 1 1
B=val =i =) 2| | (14a)

1 1 -1 —i

—1 —1 1

1 i 1 1 1 111
=< - — . — —| . . 14b
B, 211 2] i |2 2| (145)

-1 —i 1

Each input vector corresponds to an output in figure 5 in descending order. The measurement
is only valid when the bases of the sender and receiver match, which is checked as part of the QKD
protocol.

3.3. Optical QKD quantum state generators

We will show three types of quantum state generators. One of them is an active generator where it

is assumed that a quantum random number generator (QRNG) is used together with detectors and
laser sources emitting weak coherent states. The other two are passive ones, one of them is based on a
biphoton source and the other is based on weak coherent states by using also laser sources.

3.3.1. Active-passive quantum optical state generator

This generator can be thought as the inverse case of a quantum projector. Indeed, by inverting the cir-
cuit shown in figure 4 we obtain a generator of quantum optical states (note that P, ,, commutes with
Xr /2 located between waveguides 2 and 3). The optical circuit to generate four QKD quantum states
for the BB84 protocol is shown in figure 6. It is formed by a QRNG, which is implemented in a hybrid
form using an integrated circuit, four detectors, and five attenuated lasers (Lo—L4). The laser Ly launches
pulses at single photon level in order to one of the detectors (D;—D,) clicks and the corresponding
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s — DI Xus s !

2
Yo D3 X Xy 3

Figure 6. Integrated quantum circuit to generate the four QKD quantum states for the BB84 protocol. The circuit is assisted by a
QRNG which triggers the lasers in a random way.

Figure 7. Passive integrated quantum circuit to generate the four QKD quantum states for the BB84 protocol by using a SPDC
source of type L.

laser is triggered. This is made in a random way, because the photon coming from L, is in the input
superposition state |L;) = 1(i|1;) + 1) +i|13) —[13)), that is, with probability 1/4 at each input chan-
nel waveguide. Lasers L;-L, are assumed to emit pulses corresponding to weak coherent states. As an
example, let us consider that the QRNG triggers laser L3, then the weak coherent state can be represen-
ted as |a3) &~ |0) + a3|13), that is, the laser emits a single photon with probability |a;|? < 1. For simpli-
city, we will assume that a single photon state |15) is emitted (the same result is obtained if the coher-
ent representation |a3) is used). Therefore, at the end of the circuit, we get the following state (plus
vacuum):

|Ls) = —= 72 72

V2

(15)

l{i(|11>—14>) (|12>+|13>)}.

(I12)+15))
V2 >

which is one of the states used in the BB84 protocol. Similarly, the state [1_) = w is obtained

if the QRNG triggers the laser Ly. Finally, if the QRNG triggers L; and L,, then the states |1;) =
(2)+ila)) g I1p) = (12)=il15))
V2 b V2

Since, the outputs 2 and 3 are coupled to a two-core optical fibre, the sent state is |1;) =

are, respectively, generated. Note that the probability to generate these
states is 1/2, so, the 50% of the states are lost, but the rate is enough for QKD purposes.

3.3.2. Passive quantum optical state generator with spontaneous parametric down-conversion (SPDC)

A passive quantum optical state generator with SPDC is schematized in figure 7. From a light cone
provided by a SPDC source of type I [23], we select four opposite points two by two. Therefore, we have
a Bell state entangled in linear momentum. Next, the light from two points (1 and 4) is coupled to a
two-core optical fibre (MCF) and the light from the other two (2 and 3) is coupled to the integrated
device. At the outputs of this device, four single-photon detectors (D) are placed. The Bell state can be
written as follows:

1

‘LB> = \/E

(11112) 4+ [1514)) . (16)

For the sake of expository convenience, the four channel waveguides (paths) of the integrated cir-
cuit shown in figure 7 are denoted as A, B, C,andD), therefore the absorption operators are da, dg = d,

8
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B W N

Figure 8. Passive integrated quantum circuit to generate two QKD quantum states for the B92 protocol by using two lasers at
inputs 1 and 3. The part of the circuit inside a rectangle with dashed line determines the state generated.

dc=as and ap. Now, by taking into account the transformations made by couplers X/, the following
output state is obtained:

It is easy to check that four states for the BB84 protocol are obtained according to the detector triggered.
For example, if detector A or D clicks then the state |11) or |14) is, respectively, obtained. These states
belong to the so-called rectilinear basis. Likewise, if detector B or C clicks, we get, respectively, the state
eiw(‘11>*|14>) i (|11)+14))
V2 V2

or e , which belong to the so-called diagonal basis. In this example, a phase

shifter is not strictly needed except that, for some reason, the global phase ¢™ must be cancelled. In that
case, a synchronous coupler X, could be used in the output paths B and C to obtain a phase shift 7 in
all the paths. Finally, note that we do not know when the state will be heralded but we do that the four
states are random and with the same probability.

3.3.3. Passive quantum optical state generator with lasers

Finally, we present a passive quantum optical state generator with lasers emitting coherent states (see
figure 8). The idea was originally proposed by Curty et al with polarization modes and bulk optics

[24]. In our configuration, two laser pulses are emitted simultaneously at inputs 1 and 3 with the same
photon mean value but random relative phase, that is, |ae®' )|ae’®:). If the difference of these phases is
given by 6 = Jg1 —dp3 = 0,7/2 then, by attenuating the outputs 1 and 2 at single-photon level (weak
coherent state), we obtain two states for the B92 protocol [25]. Accordingly, the main task of this integ-
rated circuit (Alice system) will be to determine such a phase and thus to know the quantum state sent
to Bob. More in detail, the integrated circuit has six outputs. Two of them are coupled to a two-core
optical fibre where the attenuation to single-photon level is made. The other four are coupled to detect-
ors whose aim is to determine the phase . So, many states will lost but, as commented above, a reas-
onable rate of states is obtained for QKD purposes. The input state is |[L) = |ae’®)|ae’®:). It can be
checked that, with the configuration proposed in figure 8, the state L) = |4¢%1)[2¢») is obtained at
outputs 1 and 2. This state can be approximated, under attenuation at single photon level, a = a’ < 1,
by

/

1)~ 10) + 5 [(¢50 = i) [11) + (i€ — &™) [12)] . (18)

Therefore, for dg3 = o1 and dg; — 03 = 7/2, two B92 states are generated, that is, states
|L1) o< (]11) — [12)) and [Lz) o< [15).

On the other hand, the part of the circuit coupled to the four detectors (indicated inside a rectangle
with dashed line in figure 8) is composed of non-abrupt directional couplers X, /4 and X; ,, and phase
shifters P/, implemented with abrupt couplers. It allows us to determine the value of dp3 — do;. Indeed,

a

the input state is excited in channels 3 and 5 of this subcircuit and is given by | — %ei5°1>3\$ei5°3)5.
After a long but straightforward calculation the following coherent state is obtained at the output
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Figure 9. Basic integrated element for optical characterization purposes. M, are the Minford curves.

channels:

—a s . s, —a .5 i5
L — 01 03 01 03
o ‘2\/5@ I )>3 Zﬂ(w e >>4
a i5 is —a s i5
. 01 __ 03 01 03 . 19
‘2\5(6 ¢ )>5 Zﬂ(e e >>6 (19)

Next, classical detectors measure the mean photon number or, in other words, the intensity at the out-
puts 3, 4, 5, and 6 which, from the last equation, is given by

I(a)o<(1:|:sin5)7 I(S)cx(l:Fcosé). (20)
4 6

Therefore, for § = 0, we get I; = Iy a*, Is = 0, and I x 2a%, and the state |L1), calculated from
equation (18), is excited in the two-core optical fibre. Likewise, for 6 = 7/2, we get I3 2a% and

I, = 0,15 = Igoxa?, and state |L,) is obtained.

4. Design, fabrication, and characterization of the basic elements of the circuits

The feasibility of the previous designs was demonstrated in an ion-exchanged glass platform [11]. This
platform has been used in the past to fabricate channel waveguides and directional couplers [26, 27].
Like Albert and Yip [26], we have used a two-step thermal K*/Na* ion-exchange in soda-lime glasses
but, in the second step, we have buried the waveguides in order to reduce their losses and anisotropy.
The parameters and details of the entire fabrication process can be found in [11]. Anyway, this pro-
cess led to the manufacture of a basic integrated chip which contains 16 single directional couplers with
different parameters: in particular, different coupling lengths and distances between waveguides. In the
present work, we have characterized this chip for a working wavelength of A = 843 nm which is in
the first window for optical communications and is used for free-space optical links [28]. In addition,
affordable semiconductor violet lasers can be used to pump a nonlinear crystal to generate quantum
light states at this spectral range by spontaneous parametric down-conversion. Likewise, detection of
these single photons is possible with silicon avalanche photodiodes, which are more economical than
superconducting detectors used at longer wavelengths. The characterization provided us with the coup-
ling constants and phase shifting for each coupler which allowed us to choose the appropriate couplers
for the circuits shown in the previous sections.

4.1. Characterization of the chip

In figure 9 we show a drawing of the basic integrated optical element (BIOE) used for characteriz-
ation. It consists of a Y-junction (top) which provides a reference signal and a directional coupler
(bottom) [27].

The characterization was made using an optical system analogue to the one shown in [11]. This
includes a 843 nm diode laser, a set of lenses for coupling the light to the input waveguides (T or B) of
the BIOE, an eyepiece pointing at a beam splitter, so that we can see the laser pointing at the entrance,
and a microscope with a camera focused on the exit face (figure 10). Through this camera, we took pic-
tures of this exit face which allowed us to measure the output power [26]. So, measurements at outputs
2 and 3 gave us information about the characteristics of the coupler, while measurements at output 1
were useful for checking the quality of the BIOE. From the former, we estimated the relative percentage
of the output power between guides 2 and 3. Knowing this power ratio, it is easy to obtain the coupling
phase through the well-known synchronous directional coupler matrix [equation (2)]:

6 = Kkl + KAl = arccos |/ Py 33/ (P2 +Ps), (21)

10
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Qutput 1

Output 2 L

\ ‘Top input

Bottam input

Qutput 3

I
50 pm

TIrradiance {a.u.)

Figure 10. (a) Entrance face of the chip with red LED backlight illumination. This illumination causes fringe interferences near
the transition from glass to air (like a Lloyd interferometer), as well as a bright spot on the entrance of the waveguide itself.
Slightly separated to the left is the laser, which is included in the image for size reference. (b) Output face of the chip showing the
waveguide outputs when the laser incides on the ‘top’ entrance. Image is at the same scale as (a). (¢) Plot of the maximum pixel
value of each row of the central image. The values of these peaks were utilized to know the power fractions of the irradiances. The
images correspond to the pair (d, 1) = (0.5mm, 3 um).

Table 1. Average power ratios (in percentages) at A = 843nm: P, /(P, + P3) for input T and P /(P, + P5) for input B.

d (pm)
I. (mm) 3.0 45 6.0 7.5
0.5 17.36 0.00 17.30 32.04
1.0 87.74 16.40 2.60 17.93
1.5 90.30 59.50 1.76 4.40
2.0 22.51 97.54 25.60 0.03

where Py, 3, are the measured powers at the locations indicated in figure 9. Although in a straight
coupler we would have only the contribution of the coupling constant ~ along the length of the coupler
I, in our directional couplers we must include another term corresponding to the contribution of the
Minford curves before and after the straight part of the coupler, that is, the coupling phase gained along
an effective length Al.

The coupling constant is dependent on various parameters, such as wavelength or the distance
between waveguides £ = k(\,d). That is why, in our chip, we have 4 blocks with 4 BIOE each. So,
we have 16 total elements for every combination of the coupling length [, = 0.5,1,1.5,2 mm and dis-
tance d = 3,4.5,6,7.5 um. In table 1, we show the coupling results expressed as power ratios at outputs
2 and 3 for A = 843 nm and polarization parallel to the glass surface (vertical in figure 10). Also, in
figure 10 we show a picture of the input incidence and its output measurement, along with its profile.

From these values we have calculated, through equation (21), the coupling phases. Note that this cal-
culation has a quadrant indetermination due both the sign chosen for the square root and the arccos
function. Therefore the data were unwrapped by assuming that the 6 value of the shortest and widest
coupler (top right value of the table 1) is in the first quadrant. Then, we have demanded that consecut-
ive data on the table must have higher coupling, so we have increased the quadrant when that was not
the case. In figure 11 we show the coupling phases obtained, as a function of the coupling length, for
different separations between the waveguides of each coupler. Fits of equation (21) to these data are also
shown. Thus we obtain a coupling constant k for each separation d and the basic equations which allow
the selection of the right couplers for the circuits proposed in the previous section.
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Figure 11. Coupling phase 6 as a function of the coupler length I for four waveguide separations of the couplers d and fit of

equation (21) to these data.

Table 2. Geometrical parameters for obtaining non-abrupt couplers X /4 and X /,, and abrupt couplers operating as phase shifters

Pr /2 Pryand Par .

Values in table: [; (mm)

Coupling phase d (um)
©) 75 6.0 45 30
Non-abrupt /4 0.06 — — —
/2 2.05 1.22 0.53 0.20
T 6.03 3.70 2.20 1.27
3m/2 10.01 6.17 3.87 2.34
Abrupt /4 1.99 1.24 0.83 0.54
/2 3.98 2.47 1.67 1.07
ki 7.95 4.95 3.34 2.14
37/2 11.93 7.42 5.01 3.22

4.2. Finding the right couplers and designing the fabrication of circuits
It is important to note that some combinations (d, /) of the couplers fabricated following the procedure
discussed in the previous section give rise to couplers very close to the desired ones, with (7.5, 0.5), (4.5,
0.5) and (4.5, 2.0) being the closest to the phases of /4, 7/2 and 7 respectively. Likewise, in table 2, we
show some expected combinations of (d, I.) that lead to the desired phase shifters. Accordingly, by taking
into account these empirical results on synchronous directional couplers we can design and fabricate any
of the integrated devices described in section 3. As an example, consider the passive quantum projector
N = 4 shown in figure 5. We select the following general lithographic parameters (mask feature dimen-
sions): channel guide width w =3 pm and separations of d =7.5 ym and d = 4.5 ym between channel
guides for gradual and abrupt directional couplers (phase shifters), respectively. The lithographic mask
includes, on one hand, 12 gradual couplers X/, (H, gates) with /. = 0.06 mm, 8 gradual couplers X/,
(inverters or X gates) with I, = 2.05 mm, and 16 pairs of Minford curves of length s = 1.52 mm, each
producing a lateral displacement of Ay =15.4 ym. On the other hand, we lithograph 2 abrupt couplers
P (Z gates) with I, = 3.34 mm, 5 abrupt couplers P/, (S gates) with /. = 1.67 mm and 1 abrupt
coupler P_/, (S* gate) with [, = 5.1 mm, along with 16 Minford curves of length I; = 0.95 mm, pro-
ducing a displacement Ay =3.75 um to connect the abrupt and gradual couplers. Subsequently, a first
K*/Na™ ion-exchange in KNOjs is performed for 30 min at a temperature of T = 400 °C, followed by a
thermal ion-exchange in NaNOj lasting 10 min to obtain buried waveguides, which reduce optical losses
at the glass substrate surface. Based on the experimental results from optical characterization, the N = 4

projector shown in figure 5 would thus be successfully fabricated.
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Figure 12. Quantum bit error rate of circuit of figure 4 as a function of a fabrication error € in X /; gates and 2¢ in X /, and

Py /5 gates, for each of input states of equation (22). Notably, the (1, — 1)" //2 state remains robust to this particular error
combination.

4.3. Performance fidelity due to fabrication tolerances

In order to assess the robustness of the proposed devices against manufacturing tolerances, we will now
estimate the performance degradation for the projector with N = 2, shown in figure 4. In this case, we
select d = 7.5 pm for both the couplers and the abrupt phase shifter P/, (I =3.98 um). We consider
two sources of error: inaccuracies in the lithographic mask and variations introduced during the ion
exchange process.

On one hand, the most critical parameter in the lithographic mask is the gap between waveguides in
the couplers, which depends on the quality of the master and, primarily, on the precise control of the
development of the photoresist. The latter directly impacts the waveguide width. Altogether, we encom-
pass both errors within a tolerance of 0.25um in d. Note that increasing the waveguide width reduces
the separation d, thereby increasing the coupling constant. However, it also raises the effective index
of each waveguide, which partially offsets this increase. Accordingly, by assuming a constant waveguide
width of 3 um, we can bound the variation of the coupling constant using the fits shown in figure 11.
By interpolating the fits for d =7.5um and d = 6 um in figure 11, we estimate that a reduction from
d=7.5pum to 7.25um results in kz=m(1/24-0.05) instead of 7/2 in the abrupt phase shifter P, ,.
We reiterate that this uncertainty does not affect the phase shift itself (7/2); however, it modifies the
amplitudes of the individual modes, causing part of the energy to remain in the terminating waveguide,
thereby introducing losses. For simplicity, the uncertainty in xz for the gradual couplers X/, and X 4
is assumed to be equal to and half of that of the P, /2 shifter, respectively. However, these values are
actually an upper bound, since the fits for d = 7.5 um and d = 6 um converge significantly for shorter
couplers, taking advantage of the reduced length . of the gradual couplers.

On the other hand, if temperature gradients in the salt during the ion exchange process are prop-
erly controlled, a uniformity of about 1% can be achieved over several centimetres of glass surface in
the difference between the effective index of the fundamental mode ns of a slab waveguide and the sub-
strate index ns, that is, A(ne — n5) = (nef — 1) /100. The same tolerance applies to sample repeatability.
Therefore, for a given mask width, we assume that n.f — ns of a channel waveguide mode can be main-
tained within 2% tolerance because of the two step ion-exchange process involved (waveguide formation
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and burial). Considering that the coupling constant « is proportional to exp(—zfdw [n —n2), we estim-

ate an uncertainty in the coupling constant of Ax ~ 0.03k, assuming r1ef — 1y ~ 1072, a value inferred
from experimental effective indices of slab waveguide regions on the same sample. Note that fine-tuning
of the ion exchange process could be used to compensate for tolerances in waveguide width; however,
this is not considered here.

To translate the uncertainty in the coupling constant into performance loss for the circuit in figure 4
we replace the gates Xy 4, Xz /2, and P/, with Xz /4y, Xz /2406, and Py /55, respectively. We then con-
sider the four input states

B, — (171)T (lv_l)T B, — <1’i)T (1’_i)T (22)
lve Ve T T Ve 2
and evaluate the quantum bit error rate (QBER), defined as the probability that the circuit measures an
incorrect state within the same basis as the input, ignoring the results in the opposite basis. The results
are shown in figure 12. As it can be seen, the QBER remains below 10% in all cases if € < 0.057.

By adding the halved uncertainties from lithography (0.0257) and ion exchange (0.0087), we obtain
€ = 0.0337, with 2¢ being the total uncertainty for the P, /2 gates, as stated above. Therefore, the worst
QBER is expected to be under a 4%. The observed limitations are not inherent to the design, but rather
a direct consequence of our in-house lithographic procedure. A significant improvement is achievable by
transitioning to a commercial fabrication system. Nevertheless, the aim of this work focuses on demon-
strating the core concept.

5. Conclusions

Photonic quantum circuits for implementing arbitrary SU(N) transformations can be made using only
synchronous directional couplers which provide both beam splitting and phase shifting. Phase shifting
induced by a directional coupler is very controllable because it depends on the coupling constant of the
coupler which is much smaller than the propagation constant. Integrated circuits based only on direc-
tional couplers are very robust since the technology involved in their fabrication is very mature and the
use of only such building blocks avoids the mixture of different design and fabrication strategies. We
have shown how to make phase shifters by means of 2x2 and 3x3 directional couplers. The former
provides robust (topological) phases 7 and 7/2 which are very common in many integrated optical
devices. The latter provides very slow dynamic phases and allow us to achieve any value with a great
accuracy. Due to its interest in photonic quantum technology, we have presented several examples, based
only on synchronous directional couplers, of integrated passive optical circuits intended for quantum
projective measurements and quantum state generation for QKD systems. This makes clear the versatil-
ity of directional couplers as building blocks for a photonic integrated circuit. Likewise, we have shown
experimental results obtained on an ion-exchanged glass platform. In particular, the results about the
design, fabrication, and characterization, on this platform, of the main synchronous couplers which form
the basic elements of the circuits proposed in this work. Finally, we must stress that the proposals made
in this work can be used in other platforms and for many other applications.
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