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Reconfigurable distribution of entangled states is essential for operation of quantum networks connecting
multiple devices such as quantum memories and quantum computers. We introduce a quantum distribution
network architecture enabling control of the entangled-state propagation direction using linear-optical devices
and phase shifters and offering reconfigurable connections between multiple quantum nodes. The basic two-
photon entanglement distribution scheme is first introduced to illustrate the principle of operation. The scheme
is then extended to a network structure with an increased number of spatial modes connecting potential end-
users. We present several examples of controllable network configuration modifications using time-dependent
phase shifters.
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I. INTRODUCTION

A significant amount of effort has been devoted to
developing principles of quantum communication and quan-
tum networking. Controllable transport and distribution of
quantum-entangled states between multiple quantum devices
connected in the network, such as quantum memories and
quantum computers, is as important as the quantum state
preparation or detection. Such networks could provide a criti-
cal infrastructure for building a future quantum internet [1,2].
Much work has been devoted lately to demonstrating physical
principles that enable entanglement of two distant quantum
state preparation devices such as cold atoms [3–7] or nitrogen-
vacancy centers in diamond [8–10].

Long-distance photon entanglement naturally provides a
link between distant quantum nodes. One of the major cur-
rent challenges is how to scale the point-to-point elementary
quantum-entangled links into a network allowing one to per-
form quantum operations between multiple users at will and
without losing entanglement quality. Transportation of quan-
tum states has been studied in the context of perfect state
transfer [11–14] and quantum state routing [15–17].

The Hong-Ou-Mandel (HOM) effect [18] is a two-photon
quantum interference effect and often appears in quantum
metrology applications [19,20]. The general design of the
elementary dual-rail photon link enabling manipulation of
correlated two-photon states, including a higher-dimensional
HOM effect, has been recently demonstrated [21]. The main
goal of this paper is to establish operation and design
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principles for a reconfigurable entangled-state distribution
network of Bell states between numerous users. The scheme
is scalable and able to support many spatial modes and
end-users. The design presented here noninvasively selects
propagation directions for amplitudes in the network by ap-
plying only phase shifts in the system. The controllable
time-dependent phase shift technology in waveguided struc-
tures is readily available.. Electrical or thermal phase control
is employed in multiple phase-encoding quantum key distri-
bution [22,23]. Phase control using embedded microheaters
is actively used in large-scale photonic quantum information
processing devices [24–30]. Boson sampling, which relies
on phase control, has been experimentally implemented on
multiple occasions and has provided technological availability
of on-chip waveguided photonic devices [31–33].

Mach-Zehnder (MZ) interferometers are the main resource
for such network-based implementation schemes. When MZ
interferometers are used to control and route photons, they can
be utilized only in a feed-forward manner. The photon must be
switched to go through at least a single additional closed loop
every time it needs to reverse the direction of propagation.
This means one must install a loop and a switch, engaging
the return, at every node of a fully reconfigurable network.
The approach in the manuscript saves considerably in terms of
physical resources and results in faster average transmission
times due to the availability of shorter, loop-free routes for the
photons to travel to any destination on the complex network.

In addition, the system has increased stability to phase
shifts. Random phase shifts that affect adjacent input and
output edges equally (for example due to slight bending of
the system or an ambient temperature drift) affect the two
entangled photons equally and therefore have no effect on the
outcome. In the dual-rail system, only phase shifts that differ
significantly from one line to the next have significant effect.
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FIG. 1. Optical components used as linear transformers. (a) A
beam splitter labeled as BS. The mathematical description of the
device is given in Eq. (2). (b) A four-port device labeled as M. The
mathematical operation follows Eq. (4).

Two major linear-optical elements have been used as build-
ing blocks in the design to effectively manipulate quantum
probability amplitudes between different spatial modes. One
is a traditional beam splitter (BS) enabling equal splitting of
amplitudes for quantum fields propagating in one direction
and establishing (2 × 2) correspondence between two spatial
modes [see Fig. 1(a)]:(

â
b̂

)
= 1√

2

(
1 1

−1 1

)(
ê
f̂

)
, (1)

where ê and f̂ describe input photons, and â and b̂ describe
output photons leaving after the BS transformation. We drop
the hat and dagger notation after introducing a symbolic no-
tation describing BS transformation of photon amplitudes in
modes e and f :

e
BS−→ 1√

2
(a − b) and f

BS−→ 1√
2

(a + b). (2)

The second element is the recently introduced [21,34] to-
tally reversible linear-optical scattering element realizing the
Grover matrix correspondence (4 × 4) between four spatial
modes [see Fig. 1(b)]. Experimental demonstration of bulk
optics-based reversible three-ports as well as optical tritter-
based reversible three-ports has been carried out. [35,36]. The
four-port version needs to be implemented on a chip for better
stability. The increase in matrix representation dimensionality
of this four-port device is a reflection of the directionally
unbiased character of such linear-optical operations—any port
could serve as an input and an output at the same time, in
contrast to a common beam splitter:

Grover = 1

2

⎛
⎜⎝

−1 1 1 1
1 −1 1 1
1 1 −1 1
1 1 1 −1

⎞
⎟⎠, (3)

where the rows and columns represent the four input and
output modes.

In the same way as for the BS transformation, photon
amplitudes in modes a and b are transformed by the Grover
matrix in the following manner:

a
M−→ 1

2 (−a + b + c + d ) and

b
M−→ 1

2 (a − b + c + d ), (4)

where M is a short notation for the action of the multiport
device realizing the Grover matrix operation. Photons entering
ports c and d are transformed in a similar manner.
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FIG. 2. The basic unit used to control the flow of photons through
the network is the multiport-based control unit consisting of a Grover
four-port, two beam splitters, and possibly phase shifters (the red
rectangles). It is assumed that the values of the phase shifts can be
switched between 0 and π . When the phase is zero, the correspond-
ing phase shifters are omitted from the diagrams.

Manipulation of correlated two-photon states

We first briefly review the principles of correlated two-
photon input state manipulation using Grover four-ports and
beam splitters combined in the configuration illustrated in
Fig. 2, which we refer to as a multiport-based control unit
(MCU). For the moment, no additional phase shifts are
assumed for simplicity. More details of correlated photon
amplitude manipulation can be found in Ref. [21]. In Fig. 3,
two photons entering this configuration from the left with no
phase shifts are transformed according to

e0 f0
BS−→ 1

2 (a0 − b0)(a0 + b0)

M−→ 1
2 (a0 − b0)(c0 + d0)

BS−→ e0 f1. (5)

The initial state e0 f0 depicts a configuration in which two
correlated photons are introduced from the left side, one
into each mode of the first beam splitter. The multiport
(M) operation splits incoming photon amplitudes into right-
moving and left-moving amplitudes distributed over two rails
(waveguides). After that, the state distributed between two
rails and transformed by the multiport amplitudes again en-
ters beam splitters on both sides and photons reappear as a
correlated two-photon state but now at different spatial lo-
cations (modes)—one on the right and one on the left as
illustrated in Fig. 3. The workings of all components are
assumed here to be identical for both horizontal and vertical
polarizations. This feature makes it possible to generalize such
linear-optical state transformation manipulation on the large
family of polarization-entangled states and opens an exciting

FIG. 3. Manipulation of indistinguishable correlated photons.
Two correlated photons enter the first BS from the left. The photons
are transformed by the BS followed by the multiport M, resulting
in a superposition state of right-moving and left-moving amplitudes
distributed between two rails (shaded orange-striped circles). The
total photon number remains two. Finally, the right-moving and
left-moving amplitudes get transformed by beam splitters again,
producing the original state but distributed between the right side
and the left side of the multiport unit.
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FIG. 4. Entanglement distribution in a multiport unit. Two
polarization-entangled photons occupying spatial modes e0 and f0

are inserted with the propagation direction to the right. The pho-
tons leave through different ports e0 and f1 after the linear-optical
transformation at the multiport unit and sustain their polarization
entanglement. The figure-eight shape is used here and throughout
the rest of the paper to show entanglement between pairs of photons.

opportunity for constructing large-scale reconfigurable entan-
glement distribution networks.

This article is organized as follows. In Sec. II, we introduce
the major principles governing the polarization-entangled
quantum state manipulation in a multiport unit—the central
element of the network. We show that entangled two-photon
states can be redistributed between multiple spatial modes.
It is shown in Sec. III how the use of passive phase shifters
and sequential application of several multiport units enable
covering a much greater number of output modes and sharing
entanglement between desired end-users. The final goal of
developing a fully reconfigurable optical quantum network
could only be reached when the controllable change in di-
rection of amplitude propagation was attainable. Section IV
describes how the use of controllable time-dependent ac-
tive phase shifters enables this important feature and opens
the way to building a scalable multiple-user reconfigurable
quantum entanglement distribution network structure. The
summary is presented in Sec. V.

II. CONTROLLABLE ENTANGLED-PHOTON STATE
DISTRIBUTION

The experimental setup illustrating the operation of the
central unit in the proposed network, the MCU, on a
polarization-entangled state is illustrated in Fig. 4. Through-
out this paper, the figure-eight shape shown in this diagram
is used to denote entanglement between the enclosed pair of
photons. The MCU is used as a building block to enable dis-
tribution of two-photon entanglement as well as multiphoton
entangled states among any desired spatial modes. In the case
of an entangled-photon pair, photons enter at e0 and f0 and
propagate towards the right (see Fig. 4, left).

A. Manipulation of entangled two-photon states

We analyze the distribution of two-photon entangled Bell
states exploiting polarization degrees of freedom. Initially,
the input polarization-entangled state is transformed by a
beam splitter; then the transformed input state is processed by
the multiport. The multiport splits the input state into right-
moving and left-moving amplitudes confined to a two-rail
waveguided path (striped orange circles in Fig. 5).

We introduce polarization-entangled Bell states in both
bra-ket and creation operator notation. We use the simplified

FIG. 5. Entangled-photon exit amplitude control. The input pho-
tons enter from ports e0 and f0. Depending on the placement of
the phase shifters, the photon pair could emerge at four different
spatial modes.

notation for creation operators by removing hat and dagger
symbols. The creation operators are always acting on vacuum
state |0〉; therefore, we often omit writing the vacuum states
out explicitly:

|ψ±〉 = 1√
2

(|H〉0 |V 〉0 ± |V 〉0 |H〉0)

= 1√
2

(eH0 fV 0 ± eV 0 fH0) |0〉 , (6)

|φ±〉 = 1√
2

(|H〉0 |H〉0 ± |V 〉0 |V 〉0)

= 1√
2

(eH0 fH0 ± eV 0 fV 0) |0〉 . (7)

Initially, the Bell states are transformed by a beam split-
ter so that their amplitudes are spread between two spatial
waveguides:

|φ±〉 BS−→ 1

2
√

2
(aH0

2 ± aV 0
2 − bH0

2 ∓ bV 0
2) |0〉 , (8)

|ψ+〉 BS−→ 1√
2

(aH0aV 0 − bH0bV 0) |0〉 , (9)

|ψ−〉 BS−→ 1√
2

(aH0bV 0 − aV 0bH0) |0〉 . (10)

Then two input state amplitudes occupying spatial modes
a0 and b0 enter the Grover multiport from the left and get
distributed between the right side and the left side of the
multiport without any losses in the system. The final ampli-
tude transformation is performed by two beam splitters on
either side of the Grover multiport. A detailed description
of the amplitude transformation at the beam splitter and at
the Grover multiport can be found in Ref. [21]. We provide
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detailed calculation on the transformation of |φ+〉:

|φ+〉 BS−→ 1

2
√

2

(
a2

H0 + a2
V 0 − b2

H0 − b2
V 0

) |0〉

M−→ − 1

2
√

2
[(aH0 − bH0)(cH0 + dH0)

+ (aV 0 − bV 0)(cV 0 + dV 0)] |0〉
BS−→ − 1√

2
(eH0 fH1 + eV 0 fV 1) |0〉 . (11)

The original input entanglement between e0 and f0 modes
is now redistributed between two modes: e0 and f1. These
new modes become entangled as a result of the MCU action.
Such a distribution feature is valid for all four polarization
Bell states and can be demonstrated by engaging the same
amplitude transformation procedure:

|φ−〉 MCU−−→ 1√
2

(eH0 fH1 − eV 0 fV 1) |0〉 ,

|ψ±〉 MCU−−→ 1√
2

(eH0 fV 1 ± eV 0 fH1) |0〉 . (12)

B. Control of exit modes

The final spatial location of exit photons belonging to the
same entangled pair after their manipulation by the linear-
optical multiport unit could be controlled by imposing a
π phase shift denoted as P on a particular communication
waveguide [21]. This enables one to control the propagation of
entangled-state amplitudes and guides its energy to the desired
network nodes.

Consider the |φ+〉 Bell state again, with the state intro-
duced in the multiport unit from the left at e0 f0 ports. The
input-output relationship is given in Fig. 5(a). We show the
propagation amplitude can be changed by introducing the π

phase shift (P) on the right side of the multiport unit indicated
in Fig. 5(d):

|φ+〉 = 1√
2

(eH0 fH0 + eV 0 fV 0) |0〉

BS+M−−−→ − 1

2
√

2
[(aH0 − bH0)(cH0 + dH0)

+ (aV 0 − bV 0)(cV 0 + dV 0)] |0〉 . (13)

This state is now a superposition illustrating coupled right-
moving and left-moving amplitudes. Each term is transformed
once more by the final beam splitter interaction:

(a0 − b0)
BS−→ e0, (14)

(a0 + b0)
BS−→ f0, (15)

(c0 − d0)
BS−→ e1, (16)

(c0 + d0)
BS−→ f1. (17)

We dropped scaling coefficients since they are irrelevant
for this discussion of relative phase effects.

If the relative phase between the two rails on both sides
of the multiport is positive, as in Eqs. (15) and (17), then

both photons leave the unit at ports f0 and f1. Similarly, if
the relative phase between the two rails on both sides of the
multiport is negative, as in Eqs. (14) and (16), then both pho-
tons leave at ports e0 and e1. We can establish the following
correspondence between the phase shifts between upper and
lower rails on a particular part of the multiport (left phase,
right phase) and exit ports for a particular portion of the
entangled state:

(+,+) = ( f0, f1), (+,−) = ( f0, e1), (18)

(−,+) = (e0, f1), (−,−) = (e0, e1). (19)

The choice of phase shifts therefore provides complete
control over the output distribution of the entangled-state
spatial modes.

We take the final line of Eq. (13) and obtain a state |ξ 〉 am-
plitude distribution prior to encountering final beam splitters,

|ξ 〉 ≡ − 1

2
√

2
[(aH0 − bH0)(cH0 + dH0)

+(aV 0 − bV 0)(cV 0 + dV 0)] |0〉 . (20)

Equation (20) has a form of (−,+) for the first term, and (−,+)
for the second term. The final BS transformation on both sides
provides

|ξ 〉 BS−→ 1√
2

(eH0 fH1 + eV 0 fV 1) |0〉 . (21)

A phase shift on the right side [see Fig. 5(d)] can alter Eq. (20)
from (−,+) to (−,−) for the first term and from (−,+) to
(−,−) for the second term, thus resulting in entangled ampli-
tudes exiting from different ports of the apparatus. The result
after the phase alteration is

|ξ 〉 P+BS−−−→ 1√
2

(eH0eH1 + eV 0eV 1) |0〉 . (22)

In other words, the exiting photon in spatial mode fH1 is
switched now to the mode eH1 and fV 1 is switched to eV 1.
The result indicates we can actively redirect the amplitude
propagation direction without disturbing the entanglement.

III. SCALABILITY OF ENTANGLED-STATE
DISTRIBUTION NETWORK

To further increase the number of spatial modes, we
can link several multiport-based control units together. A
network could be composed of several units of the type pre-
viously discussed, each encompassing two beam splitters and
a multiport device, possibly with phase shifters. Such units
can be arranged in a network structure by connecting their
ports using on-chip waveguides or by fiber links when it
is desirable to cover longer distances. The schematic setup
in Fig. 6 illustrates the two-photon quantum-entangled-state
transportation between 8 user nodes (16 modes) using multi-
port units. For illustration purposes, this network is separated
into five sections. C, UL, BL, UR, and BR are central, upper-
left, bottom-left, upper-right, and bottom-right multiport unit
locations, respectively. A two-photon entangled state is intro-
duced from the left side into the central network portion using
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FIG. 6. Two-photon entanglement distribution in a network.
(a) Network schematic and initial conditions. The network consists
of five multiport-based units. Entangled photons are inserted at the
central unit C. After the transformation in the first multiport unit,
the photons are propagated farther to the second layer of the net-
work. (b) Amplitude propagation after the first round of multiport
transformation. Second layer of the network. The photons leaving
C enter UL and BR units in this case and get transformed by beam
splitters. The two-photon amplitudes (yellow striped circles) travel
through the second layer of multiport devices. (c) Final outcome
for the two-photon entanglement propagation through the network
structure. Amplitudes are transformed again by final beam splitters
resulting in the distribution of the original entangled-state energy
between the right and left sides of the system.

optical isolators. The following equation,

e0C f0C
BS−→ − 1

2 (a2
0C − b2

0C)
M−→ − 1

2 (a0C − b0C )(c0C + d0C)
BS−→ e0C f1C, (23)

illustrates a two-photon state distribution between spatial
modes at the end of the central part of the system action. Such
transformed photons are now entering the bottom-left and the
upper-right second layer units because e0C is propagating to
the left and f1C is propagating to the right:

BS−→ 1
2 (c0UL + d0UL)(a0BR − b0BR)

P+M−−→ 1
2 (a0UL + b0UL)(c0BR + d0BR)

BS−→ e0ULe1BR, (24)

RightLeft

Input

1st Layer2nd Layer3rd Layer

FIG. 7. Amplitude control using passive phase shifters. Two pho-
tons are sent from the left side of the central multiport device (green
circles). The red square in the circle indicates phase shifters embed-
ded in the multiport unit. The phase shifters change the propagation
direction in transverse direction as described in Sec. II B. The final
outgoing photon locations are illustrated by solid red circles. The
amplitude distribution during internal transport though the network
is shown by faded red circles.

where e0C indicates a photon in the central multiport region
occupying spatial mode e0. Subscripts UL, BL, UR, and BR
are given for appropriate creation operators.

The photon propagation direction can be controlled by in-
serting phase shifters, as described in Sec. II B. This capability
holds for both photon polarizations. The quantum state trans-
formation pattern (photon → distributed two-rails amplitudes
→ photon) repeats every time a photon leaves the multiport
unit and enters another one. Figure 6 illustrates the transition
of the two-photon state energy from the central multiport to
the bottom-left and top-right multiports [Fig. 6(c)]. The form
of the quantum state is preserved along its propagation, and
the entanglement distribution between any of the two exit lo-
cations of the entire system can be performed. We can choose
any of the four outputs on the right side for the right-moving
amplitude and any of the four outputs on the left side for the
left-moving amplitude by utilizing fixed phase shifters.

Entanglement distribution control using passive
phase shifters

The network scalability is illustrated in Fig. 7 by a three-
layered configuration of multiport units. We can impose
additional control to direct entangled photons towards specific
outgoing spatial modes in the network by inserting fixed phase
shifters at each multiport location.

One specific example of this network operation is provided
in Fig. 7. After leaving the first multiport unit, the photon en-
ters the next multiport unit either from the top side mode or the
bottom side mode. When the photon enters from the bottom,
the relative phase difference between the two output modes
is −1 (a − b). This means that the amplitude is going to be
reflected at the second multiport back to the original location
if no phase shifter is introduced in the path. The introduction
of the π phase shift allows the amplitude to keep propagating
forward. If the photon enters from the top mode of the beam
splitter, then the relative phase remains +1 (a + b); there-
fore, the photon propagates forward without any additional
phase shifts.
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FIG. 8. Passive and active phase shifts altering the propagation direction of the reflected amplitude. (a) Passive phase shift. In this case, we
do not need to apply any phases; therefore, there are no phase shifters in the unit. A single photon is entering from the mode e0. The photon is
transformed by the BS into a superposition of forward-propagating amplitudes towards the multiport device. Depending on the relative phase
shift between the two rails, the amplitude gets either transmitted or reflected at the multiport. The original amplitude transformation done by the
input BS for the input mode e has negative relative phase; therefore, it will reflect back from the multiport device if one applies zero phase shift
(denoted as φ = +1). The second passage through the passive φ = +1 phase shifter dictates the photon will exit at the same entrance mode
e0. (b) The active switch of the phase shifter to φ = −1 only for the backward-propagating amplitudes changes the relative phase between two
rails and switches the outgoing photon energy to the f0 mode. The active phase shifter allows switching spatial propagation modes e0 → f0

while the passive phase shift only allows a full return e0 → e0. An additional π phase is added to all phase shifters if the photon is entering
from the port f0 and is getting switched to e0.

Let us consider the amplitude evolution on the right side.
The detailed discussion of the amplitude propagation control
using phase shifts is provided earlier in Sec. II B. The photon
departs the first unit from the bottom side and enters the next
unit from the top side of the BS. The transformed amplitude
has a negative relative phase; hence, the phase must be altered
to make sure the photon propagates forward. Then, the prop-
agated amplitude can leave the second layer from either the
upper or the lower side of the unit depending on the relative
phase settings.

Assume that the amplitude leaves the second layer at the
upper mode since the photon has a positive relative phase. The
same procedure is repeated at the third layer of multiport units
except for the final phase shift. The final phase shift in the
third stage is set to guide the photon energy to emerge from the
lower outgoing port of the unit. The same procedure applies
to the left-side amplitude as well.

IV. RECONFIGURABLE NETWORKS AND
CONTROLLABLE ENTANGLEMENT DISTRIBUTION

A. Redirection of amplitude propagation using
active phase shifters

We have described state manipulation methods by using
only passive phase shifters up to this point. The passive phase
shifter scheme is limited in performance and does not allow
for an arbitrary redirection of photons in the multiuser net-
work. Each photon from an entangled pair may independently
experience multiport unit transformations while traveling in
a complex network. Consider the passive-phase-shifter-based
network again (see Fig. 7) and focus on the left side of the
network. In the passive network (constant phase shifts), the
second layer branches out into four outputs, two in a forward
direction and two in a backward direction.

When a passive network is used, it is impossible for the
input photon to exit from the mode f0 in order to modify
the general propagation path in the network. This makes 20
out of 36 nodes in such a passive network unattainable. One
must engage active phase shifters (phase shifts that can be
controllably changed during the operation of the network) in
order to reverse the photon propagation direction from mode
e0 to mode f0 as well as from mode f0 to mode e0. A single-
photon transformation using active phase shifters is presented
that enables a fully reconfigurable network infrastructure.

We focus on the propagation of one part of the two-photon
entangled state traveling over the network and its active am-
plitude manipulation (see Fig. 8). A single photon entering
port e0 can leave either at e0 or f0 depending on the phase
manipulation. We compare the amplitude manipulation using
both passive shifts and active shifts.

The system introduces zero forward passive phase shift
and zero backward phase shift as indicated in Fig. 8(a). The
photon is sent from mode e; therefore, there is no need for a
phase shift to experience reflection at the multiport device in
this case.

This can be seen explicitly by looking at the transformation
of the state operators. The beam splitter transformation on a
single photon from mode e0 is

e0
BS−→ 1√

2
(a0 − b0). (25)

The transformed amplitude experiences zero phase shift to
keep the relative phase equal to −1:

P−→ 1√
2

(a0 − b0). (26)
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RightLeft

Input

FIG. 9. Full amplitude distribution control using active phase
shifters. Two photons (green circles) are inserted from the left side
of the multiport device. The blue square in the circle indicates ac-
tive phase shifters embedded in the unit. The time-dependent phase
shifters change the propagation direction when it is required. The fi-
nal photon location is illustrated as solid red circles. The path towards
the final destination is traced by faded red circles. The reflection to
any desired port is now available in an active network. The reflection
occurs in sections indicated by gray boxes.

The amplitude gets reflected at the multiport device:

M−→ 1√
2

(a0 − b0). (27)

A passive phase shifter cannot change the amount of phase in
a time-dependent manner; therefore, the backward propaga-
tion experiences the same amount of phase (zero in this case).
Finally, the reflected amplitude is transformed again by the BS
resulting in the same location as the initial input location:

P−→ 1√
2

(a0 − b0)
BS−→ e0. (28)

Consider the action of an active phase shifter as provided
in Fig. 8(b). Now the system introduces zero phase shift for
a forward amplitude and π phase shift after the multiport
reflection, thus allowing one to switch the photon propagation
from e0 to f0. The first three operations are the same as the
passive phase shifter case:

e0
BS+P+M−−−−−→ 1√

2
(a0 − b0). (29)

After the multiport transformation, the exit mode will be dif-
ferent from the input mode if a π phase shift is introduced.
The time-dependent active phase manipulation is required to
execute different phase shifts:

P−→ 1√
2

(a0 + b0)
BS−→ f0. (30)

The amplitude is redirected to mode f0 using active phase
shifters.

B. Centralized network

When passive phase shifters are used, the reflected ampli-
tudes simply propagate back to the original input locations.
Active phase shifters enable full propagation control of re-
flected amplitudes as well as transmitted ones.

Consider the example of entangled-state distribution illus-
trated in Fig. 9. The network configuration is similar to the one
in Fig. 7, but all passive phase shifters are replaced by active

1

2

1

2

FIG. 10. Decentralized fully reconfigurable entanglement distri-
bution network. Two entangled photons (red and green circles) are
inserted from two ports of the multiport unit. The propagation path
of the first photon (labeled as 1) is indicated in green color and the
second photon (labeled as 2) is indicated in red. They are following
colored arrows in the diagram and finally entangle quantum devices
at two remote nodes.

phase shifters now. The initial state is split into right-moving
and left-moving amplitudes by the central multiport unit. The
left-moving amplitude leaves port f0, while the right-moving
amplitude leaves port e1 of the central unit. The amplitude
leaving f0 enters one of the second layer units from port e.
The active phase shifter is now required in the second layer
to switch the photon direction from port e to port f on the
same side after its reflection at the multiport unit. The photon
proceeds to the third layer after an appropriate phase shift at
the second layer. Unlike the passive network, all inner third-
layer ports become accessible now. The photon entering the
third layer from port e leaves the system after reflection again.
The right-moving amplitude can be controlled in a similar way
as the left-moving amplitude. The right-moving amplitude
leaves from port e of the central unit. The amplitude enters
a unit in the second layer from port f . Unlike the left-moving
amplitude, the relative phase between two rails is positive
since the amplitude is entered from f . The photon amplitude
passes though the second-layer multiport unit and leaves it
from the e port. One more reflection is introduced in the third
layer by applying an active phase shift as described above.

With the use of active phase shifters embedded in the
system, the number of output ports increases to 36 from 16 in a
three-layer setup. The scalability can be generalized to 4 × 3n,
where n is the number of layers. In this subsection, we only
consider the centralized configuration of the network where
independent amplitudes travel over the right side and the left
side of the network. In general, the right-side amplitude can
be redirected back to the left side of the device so that the two
amplitudes can reach end nodes positioned on the same side
of the system.

C. Decentralized fully reconfigurable entanglement
distribution network

A completely flexible and reconfigurable network design
can be implemented using the technical approach introduced
above. One can insert two entangled photons at any part of the
network indicated in Fig. 10. In this setup, we assume again
that active phase shifters are available. There is no need for
circulators at the insertion point now due to the active phase
shifter availability.
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The first photon of an entangled pair (labeled as 1 and
displayed as a green circle) follows the green path, and the
second photon (labeled as 2, with a red circle) follows the red
path. The first photon gets reflected at the first multiport unit,
and the photon is sent to a unit in the opposite direction of the
second photon. We set the active phase shifter so that the first
photon is then reflected at the second multiport unit, making
the green photon come back to the first unit. The rest of the
propagation follows the same rule as the centralized network.
Likewise, the second red photon gets reflected at the first
multiport device and travels to the destination following the
red arrows. The second photon experiences reflection with a
change in propagation direction by active phase shifters three
times. The input state is traveling to two distinct locations and
the output state remains entangled. We assumed the system is
lossless, and the entanglement transportation is only done by
phase shifts. The scheme does not require any postselection;
hence, there is no reduction of amplitudes. We chose this
specific travel path as an example. However the setup allows
the users to engage any desired propagation pattern by intro-
ducing corresponding active phase mapping and redirecting
entangled photons to different remote locations.

Note that the u-turn between the second and third time
steps was added for the green photon in Fig. 10 in order to
ensure that the two photons were not on the same edge at the
same time. This allowed them to be controlled independently:
by making sure they traverse any common links in their tra-
jectories at different times, the two photons can be made to
encounter different phase shifts at those locations and thereby
be directed in different directions.

V. CONCLUSION

We have introduced routing schemes for entangled photons
using only linear-optical devices through phase shifts for exit
spatial mode control. The multiport-based control unit con-
sisting of BSs, a multiport, and phase shifters is shown to
allow the sharing of entangled photons between two desired
locations in a controllable manner, with only phase shifts

required to achieve full control. The system capacity is scaled
by connecting the simple units to form a network. Within the
network, we considered the actions of passive and active phase
shifters for the routing of states. Active phase shifters allow
engaging both forward and backward propagation with full
amplitude controllability in a reconfigurable network.

Using network structures, it is possible to introduce
high-photon-number entangled states since the simultaneous
appearance of multiphotons at a multiport device does not
disable the state distribution. This multiphoton entangled-
state distribution could be applied to quantum secret sharing
[37–40] and quantum state stabilization schemes based on
decoherence-free subspaces [41,42].

Any stray photons that are not identical to the original
entangled pair entering the system at any input have an arbi-
trary amplitude distribution over two rails after encountering
the Grover coin. The amplitudes eventually end up at some
random place in the network. This random amplitude can
be considered as some ambient background noise. Coinci-
dence measurements eliminate such noise; therefore, the final
detection of routed entanglement is still prominent. In order
for identical stray photons to introduce errors, those photons
need to enter the same input port as the entangled photons at
the same time and having the same frequency and polariza-
tion.

A quantum repeater approach using the network with as-
sistance from a third party can be introduced if a significant
increment of distance and purification of an entangled state
are required. Finally, if the phase shifts are allowed to be
frequency dependent, multiplexing of multiple polarization-
entangled photon pairs directed along different paths through
the network simultaneously becomes a possibility.
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