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Entangled measurement for W states
Geobae Park1, Holger F. Hofmann2, Ryo Okamoto1,3, Shigeki Takeuchi1,3*, 

Entangled measurements are an indispensable tool for quantum information processing, such as Bell-state mea-
surements in quantum teleportation and entanglement swapping. However, to date, the realization of entangled 
measurements has mainly focused on bipartite systems or Greenberger-Horne-Zeilinger (GHZ) states. Here, we 
demonstrate a practical scheme to realize entangled measurements for W  states. Thanks to the cyclic shift sym-
metry in the discrete Fourier transformation (DFT) of bosonic modes, the DFT measurement outcomes can be 
used to deterministically project multiqubit states onto W  states. Experimentally, we show that three-qubit W  
state discrimination can be achieved by detecting the cyclic shift symmetry with a three-mode DFT optical circuit, 
yielding a measurement discrimination fidelity of 0.871 ± 0.039. Our experimental demonstration opens the door 
for the development of new quantum network protocols between multipartite systems.

INTRODUCTION
The efficient generation, evaluation, and estimation of multipartite 
entanglements is of great importance in the rapidly developing field 
of quantum information technology (1–3). In particular, quantum 
computing technologies rely on complex multipartite entanglement 
generated and controlled by a network of quantum gates, the effects 
of which can only be observed using local qubit readouts (4). Multi-
partite entanglement also plays a central role in error correction (5) 
and measurement-based quantum computation (6, 7). On the other 
hand, the evaluation of multipartite entangled states by local qubit 
measurements is highly inefficient. The number of measurements 
required to reconstruct the complete density matrix of a system con-
sisting of N qubits increases exponentially with N (8). In the case of 
photonic quantum computation, the situation is particularly diffi-
cult since most quantum gate operations can only be performed sto-
chastically (9, 10).

A more efficient evaluation of multipartite entanglement can be 
achieved by using entangled measurements (11). Entangled mea-
surements are the measurements that cannot be represented by 
local measurement operators because they project the quantum sys-
tem onto a specific set of entangled states (12). The best known 
example is the two-qubit case, where Bell measurements describe a 
projection on four orthogonal maximally entangled states (13–15) 
and have been used for quantum teleportation (16–19). Thus, mul-
tipartite entangled measurements for more than two qubits can 
enable more complex quantum teleportation protocols (20, 21) and 
can facilitate complex operations in quantum networks (22, 23). 
As pointed out by Gisin in a recent review (24), entangled mea-
surement has so far received insufficient attention given its poten-
tial utility for quantum information technologies. Previous scalable 
implementations of multipartite entangled measurements focused 
exclusively on the class of entangled states known as Greenberger-
Horne-Zeilinger (GHZ) states (23, 25, 26). While entangled mea-
surement for four-qubit W states has been theoretically proposed 
(27), the proposed optical circuit lacks scalability for higher qubit 
numbers and has not been realized experimentally.

Here, we report the scalable implementation of an entangled 
measurement for W states (28, 29). This class of states is identical to 
Dicke states associated with collective excitations of two-level sys-
tems and might represent a more natural form of multipartite en-
tangled states than the GHZ states. W states are characterized by a 
nontrivial cyclic shift symmetry (CSS), where a cyclic exchange of 
the qubits corresponds to a cyclic shift of the N components of the 
W state in the local qubit basis. We propose an optical implementa-
tion of an entangled measurement for W states based on a pair of 
multiphoton measurements sensitive to the CSS of an N-mode sys-
tem. As shown in previous work (30, 31), such a measurement can 
be realized using a linear optics mode transformation correspond-
ing to a discrete Fourier transform (DFT) of the N modes. In prin-
ciple, this setup can detect a W state with 100% efficiency, a result 
that cannot be obtained when post-selected quantum gates are used 
for the same purpose.

Furthermore, an entangled measurement for three photonic qu-
bits was demonstrated harnessing a specially designed stable inter-
ferometer (31–34) consisting of a hybrid beam splitter (HBS). We 
have successfully verified the realization of entangled measurements 
for W states with a measurement discrimination fidelity (MDF) of 
0.871 ± 0.039. We believe that these results represent an important 
milestone toward a wider application of multi-qubit entangled mea-
surements in photonic quantum computation, quantum communi-
cation, and sensing.

RESULTS
N-qubit W state
The W state is first introduced as an entangled quantum state of 
three qubits (28). For a photonic qubit encoded by polarization, the 
W state can be written as

where ∣H⟩ and ∣V⟩ denote horizontal and vertical polarizations, re-
spectively. There are also two other W states orthogonal to ∣W

3
⟩ , 

as follows
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These three states form a set of orthogonal basis states, where one 
photonic qubit is ∣V⟩ and the other two states are ∣H⟩ , and can be 
written in a unified way using a parameter K = 0,1,2

where Ŝq is a cyclic qubit-shift operator that acts on the ordered set 
of qubits by shifting each state of the m th qubit to the (m+1) th qu-
bit. The cycle is closed by mapping the state of the last qubit back to 
the first qubit. For example, applying the cyclic qubit-shift operator 

twice to ∣HHV⟩ results in 
�
Ŝq

�2

∣HHV⟩ = Ŝq ∣VHH⟩ =∣HVH⟩ .
The W state has been generalized for N qubits (28) and refers to 

the quantum superposition with equal probability amplitudes of all 
possible pure states in which exactly one of the qubits is ∣V⟩ and the 
others are in ∣H⟩

Similar to the case of N = 3 , the following states form a set of 
orthogonal basis states for the states where one photonic qubit is ∣V⟩ 
and the other N − 1 qubits are ∣H⟩

where K = 0,1,2, … ,N − 1 . The state of Eq. 6 is the eigenstate of Ŝq 
with the eigenvalue of ei

2π

N
K , as follows

Note that ∣W
N
(K)⟩ has CSS.

The choice of H polarization as the majority polarization is arbi-
trary. To apply the same logic for the states with V polarization as 

the majority polarization, we introduce ∣W(K)⟩ as the state in which 
H and V are exchanged,

W state measurements using CSS
Here, we propose using the CSS of the W state to realize an entan-
gled measurement that projects arbitrary N-photon inputs onto an 
orthogonal basis of the W states. As shown in Fig. 1, we accomplish 
this by first separating the vertically polarized photons from the 
horizontally polarized photons. This separation ensures that the to-
tal number of horizontally polarized and vertically polarized pho-
tons is reliably detected in the output ports, independent of the 
linear optics transformations applied to the paths. It is then possible 
to perform a measurement sensitive to the CSS in each of the N-
mode systems (30, 31).

This measurement is realized by a linear optics transformation of 
the input mode given by the DFT shown in Fig. 1B

where the photon creation operators ̂a†
m

 represent the input modes and the 
creation operators b̂

†

k
 represent the output modes ( k= 0, 1,… ,N−1 ) 

in which the photons will be detected. Each multiphoton detection 
event obtained with the DFT in place can be represented by 
the k values of the output modes in which the individual photons 
were detected, {kj} (30, 35–37). For example, the DFT measure-
ment outcome can be expressed in terms of the photon numbers as 
∣n

0
= 2, n

1
= 1, n

2
= 0⟩ when two photons, one photon, and no pho-

ton are detected in modes n
0
 , n

1
 , and n

2
 , respectively. Here, we de-

scribe this same state by using a sequence of k values of each of the 
three photons, with the rule that lower k value of photo will always 
be listed first. Since the first photon and the second photon are in 
the lowest output mode k = 0 , and the third photon is in the output 
mode k = 1 , we find ∣{kj}⟩=∣{0,0,1}⟩ . Using the same logic, the state 
∣n

0
= 0, n

1
= 1, n

2
= 2⟩ can be written as ∣{kj}⟩ =∣{1,2,2}⟩ . The ad-

vantage of this expression is that the effects of a collective mode shift 
can now be expressed directly in terms of a sum of the individu-
al k values,
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A B

Fig. 1. W state measurement using CSS. (A) Schematic diagram of entangled measurement for W  state in the photonic qubits encoded by polarization. PBS, polarizing 
beam splitter; DFT, discrete Fourier transformation; PNRD, photon number resolving detector. (B) Schematic diagram of N-mode DFT linear optical circuit: BS, beam split-
ter; PS, phase shifter.
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where Ŝ is the cyclic-mode shift operator defined in (30). Each mea-
surement outcome is therefore characterized by the total K value 
of its CSS.

In our measurement apparatus, we obtain two different values 
for horizontal and vertical polarization

where n
H

 and n
V

 are the numbers of horizontal and vertical photons, 
respectively. Therefore, each measurement outcome characterizes 
the CSS of the N qubit input state according to

where the total K value is given by

Since ∣WN (K)⟩ and ∣WN (K)⟩ are characterized by a specific 
K  value, they are orthogonal to measurement results with dif-
ferent K  values. If only one photon is vertically polarized, the 
measurement projects the qubit state onto ∣WN (K)⟩ . If only one 
photon is horizontally polarized, it projects the qubit state onto 
∣WN (K)⟩ . The setup shown in Fig. 1 thus realizes an entangled 
measurement for the type of multi-qubit entanglement described 
by W  states.

Because of the sensitivity to the K value, the measurement produc-
es no false negatives. In other words, if the input state is ∣W

N
(K)⟩ , 

the total probability of detecting the outcome ∣WN
(K)⟩ is given by

where the sum runs over all combinations of kHj and k
Vj with a total 

value of K . The set of outcomes {kHj, kVj} with K
H
+ K

V
= K is equiv-

alent to a single projection onto the quantum state component 
∣WN (K)⟩ with an efficiency of 1.

Consequently, the linear optical circuit for the entangled mea-
surement combines the photon separation and DFT measurement 
processes depicted in Fig. 1. Initially, N polarization qubits are pre-
pared along distinct paths. Each photon then passes through a polar-
izing BS (PBS), splitting into N paths for horizontal modes and N 
paths for vertical modes. The separated photons are injected into two 
DFT optical circuits. After the DFT optical circuit, all the photons are 
measured by photon number resolving detectors (PNRDs). Note that 
the photon separation by the PBSs and DFT measurement operators 
are compatible, meaning that their order can be interchanged with-
out affecting the outcome. From the DFT measurement outcomes, 
the numbers of horizontal and vertical photons 

(
n
H
, n

V

)
 can be deter-

mined. Specifically, the measurement outcomes 
(
n
H
=N−1, n

V
=1

)
 

and 
(
n
H
=1, n

V
=N−1

)
 correspond to projection onto the W state 

bases ∣WN (K)⟩ and ∣WN (K)⟩ , respectively. The photon number dis-
tributions of DFT outcomes directly provide K

H
 and K

V
 as calculated 

from Eq. 11. Therefore, this linear optical circuit can distinguish be-
tween 2N orthogonal W state outcomes with an efficiency of 100%. 
For N = 2 , this entangled measurement approach corresponds to the 
standard Bell-state measurement implemented by a balanced BS (13). 
In that case, a projection onto Bell states is obtained for  

(
n
H
=1, n

V
=1

)
 , 

discriminating between two orthogonal Bell states with K = 0 or 
K = 1 , respectively. The present technique thus represents a general-
ization of Bell measurements to N-qubit states.

Testing W state entangled measurements using separable 
state inputs
In principle, an entangled measurement could be demonstrated by 
confirming that a specific W state input will be detected in the corre-
sponding output channels. However, W states are difficult to generate 
and may have limited quantum state fidelities. Fortunately, it is pos-
sible to test measurements using completely separable states, which 
can be prepared with much higher fidelity. Similar to the verification 
of entanglement by local measurements, it is possible to verify that a 
measurement is entangled without using any entangled input states.

The key observation is that the components with one horizon-
tally polarized qubit in a product state of local superpositions of ∣H⟩ 
and ∣V⟩ are in a coherent superposition that corresponds to a W state 
in that N dimensional subspace of the 2N-dimensional N-qubit Hil-
bert space. The phases between the components can be controlled 
by local phase shifts. For three qubits, the state obtained from phase 
shifts of ϕ

0
 , ϕ

1
 , and ϕ

2
 can be written as

This state can be expressed as a superposition of ∣HHH⟩ , ∣VVV⟩ , 
and two W states. For instance, when all local phases are set to zero, 
the state is given by the superposition

Each component of this superposition can be distinguished by 
the number of vertically polarized qubits n

V
 . Since the measurement 

apparatus shown in Fig. 1A correctly identifies the number of verti-
cally polarized qubits, the entangled measurement should be able to 
identify the ∣W

3
(0)⟩ component for n

V
= 1 and the ∣W

3
(0)⟩ compo-

nent for n
V
= 2 . Thus, demonstrating the projection onto ∣W

3
(0)⟩ 

and ∣W
3
(0)⟩ is possible using the separable state input ∣ψ

0
⟩ . By 

changing the phases with 
(
ϕ
0
,ϕ

1
,ϕ

2

)
=

(
0,

4π

3
,
2π

3

)
 , it is possible to 

demonstrate the projection onto ∣W
3
(1)⟩ and ∣W

3
(2)⟩ with ∣ψ1

⟩

Furthermore, ∣W
3
(2)⟩ and ∣W
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⟩ by implementing a phase shift of 
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The separable input states shown in Eqs. 16 to 18 contain all W 
state components.

In summary, the reason we are able to test the performance of W 
state measurement using these three separable input states is be-
cause the measurement apparatus we proposed can identify the 
number of horizontally or vertically polarized qubits, nH and n

V
 and 

the K values, K
H

 and K
V

 , in the input state, simultaneously. Using 
this simultaneous measurement of polarization and K values, the 
entanglement of our measurement can be demonstrated using the 
three separable input states given in  Eq.  18, where a polarization 
measurement of two horizontally polarized photons and one verti-
cally polarized photon uniquely identifies the components ∣W

3
(K)⟩ 

and the measurement of one horizontally polarized photon and two 
vertically polarized photons identifies ∣W

3
(K)⟩.

Experimental demonstration
Figure  2A shows the schematic setup of a three-qubit entangled 
measurement for W states. As explained in the previous section, 
three single-photon inputs are prepared in one of the qubit states 
in Eqs. 16 to 18. The three single-photon inputs pass through a 
three-mode DFT optical circuit, which can be decomposed as two 
balanced BSs (BS1 and BS3), a one-third reflectance of a BS (BS2), 
and a π

2
 phase shifter (31, 38). Note that if these DFT components are 

nonpolarizing, the two DFT circuits for horizontal and vertical modes 
in Fig. 1 can be implemented by a single (nonpolarizing) DFT cir-
cuit, ensuring stable operation of the entangled measurement (31, 34). 
After the output of the DFT circuit is separated into two polariza-
tion modes by PBSs, the number of photons in six output modes is 
measured by PNRDs.

A

B

Fig. 2. Experimental setup. (A) Schematic setup for three-qubit entangled measurement for a W  state. (B) Experimental setup for the evaluation of a W  state entangled 
measurement. BBO, beta-barium borate; BPF, band-pass filter (780 ± 1 nm); SPCM, single photon counting module; HBS, hybrid BS; LCVR, liquid crystal variable retarder; 
FPBS, fiber PBS; PMF, polarization-maintaining fiber; SHG, second harmonic generation.
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Figure  2B shows the actual experimental setup. Four single 
photons are generated via two forward and backward spontane-
ous parametric down-conversion (SPDC) processes pumped by a 
femtosecond-pulsed laser (see Materials and Methods). One of the 
four single photons is used for heralding the preparation of three 
single-photon inputs (34). To prepare the desired input state in Eqs. 16 
to 18, each photon’s polarization is purified and prepared for diago-
nal polarization using a set of half wave plates and PBSs, and then 
the phase between horizontal and vertical polarization is controlled 
by a liquid crystal variable retarder.

One of the challenges for the experimental implementation is 
that the optical path-length differences of the three-mode DFT 
in Fig. 2A have to be stabilized on the order of a few nanometers for 
stable operation. To solve this problem, we adopted a displaced-
Sagnac architecture consisting of an HBS, in which a perfect mirror 
and a BS with a reflectance of one-third are integrated, and a bal-
anced BS (see Materials and Methods). The constructed DFT pho-
tonic circuit is stable for hours without any active control of the 
optical paths.

The photon in each output mode of the DFT circuit is then cou-
pled to fiber PBSs. One polarization mode is monitored by a PNRD 
consisting of two single-photon counting modules (SPCMs) cou-
pled by an FBS, and the other polarization mode is detected by a 
single SPCM. To verify the entangled measurement for ∣W

3
(K)⟩ , 

where one photonic qubit is ∣V⟩ and the other two are ∣H⟩ , the hori-
zontal polarization mode is monitored by the PNRD, while for 
∣W

3
(K)⟩ the vertical mode is monitored. Note that this is due to the 

limited experimental resources, and ∣W
3
(K)⟩ and ∣W

3
(K)⟩ could be 

simultaneously detected using PNRDs for both of the polarization 
modes. All fourfold coincidence detection signals, including the her-
alding signal, are collected by a time-to-digital converter (DPC230, 
Becker & Hickl GmbH). The total coincidence counts of each mea-
surement are set to around 500 counts. The brightness of the four-
photon coincidence measurement is about 0.06 ~ 0.07 counts/s. We 
determine the probabilities from the collected coincidence counts 
by dividing the counts for each measurement basis by the total coin-
cidence counts.

The ideal and experimentally obtained detection-probability dis-
tributions over the output modes of the DFT circuit are illustrated 
in Fig. 3. Specifically, Fig. 3A shows the ideal detection-probability 
distributions for ∣W3

(0)⟩ where the three single-photon inputs are 
set to ∣ψ

0
⟩ in Eq. 16. For instance, the leftmost red bar represents the 

probability ( ≈ 0.22 ) of finding two photons in horizontal polariza-
tion mode 0 ( ∣200⟩H ) and one photon in the vertical polarization 
mode 0 ( ∣100⟩V ). From  Eq.  11, K

H
= 0 for the states ∣200⟩

H
 and 

∣011⟩
H

 , and K
V
= 0 for ∣100⟩V . The total K = K

H
+ K

V
= 0(mod3) is 

the signature for the input state ∣ψ
0
⟩ , which only contains the W 

state component ∣W
3
(0)⟩ from Eq. 16. Similarly, we can easily con-

firm that the detection probabilities for the total K = 0 (colored red) 
are nonzero in  Fig.  3A, while the total K = 1 (blue) and K = 2 
(green) are completely suppressed.  Figure  3 (B and C) shows the 
ideal detection-probability distributions for W state components 
∣W

3
(1)⟩ and ∣W

3
(2)⟩ when the input states are ∣ψ

1
⟩ and ∣ψ2

⟩ , re-
spectively. In each case, the detection probabilities are nonzero only 
for K = 1 and K = 2 , respectively.

Figure 3D displays the experimental result obtained with the in-
put state prepared in ∣ψ

0
⟩ . The most important point of this result is 

that, similar to the ideal distributions shown in Fig. 3A, only output 

patterns with total K = 0 (colored red) are observed with substantial 
probabilities, whereas outputs with total K = 1 or K = 2 are rarely 
detected. This result shows that our experimental setup can identify 
the W state component of ∣W

3
(0)⟩ with very high probability. The 

experimental results for the input states ∣ψ
1
⟩ and ∣ψ

2
⟩ are shown 

in Fig. 3 (E and F), where output detection patterns with total K = 1 
(blue) and K = 2 (green), respectively, are observed with substantial 
probabilities. These results also indicate that the W state compo-
nents of ∣W

3
(1)⟩ and ∣W

3
(2)⟩ can be distinguished by our experi-

mental setup.
The ideal and experimentally obtained detection-probability dis-

tributions for ∣W
3
(K)⟩ where one photonic qubit is ∣H⟩ and the 

other two are ∣V⟩ are depicted in Fig. 3 (G to I) and (J to L), respec-
tively. Note that for this measurement, PNRDs are used to detect 
vertical polarization modes. The leftmost red bar in Fig. 3G shows 
the probability of finding two photons in the vertical polarization 
mode 0 ( ∣200⟩V ) and one photon in the horizontal polarization 
mode 0 ( ∣100⟩H ). Similar to the results for ∣W

3
(K)⟩ , the probability 

bars are colored red, blue, and green for total K values of 0, 1, and 2, 
respectively. Note that, as indicated in Eqs. 17 and 18, the input 
states ∣ψ

2
⟩ and ∣ψ

1
⟩ have ∣W

3
(1)⟩ and ∣W

3
(2)⟩ , respectively, con-

trasting with the verification of ∣W
3
(1)⟩ and ∣W

3
(2)⟩ . As shown 

in  Fig.  3 (J to L), only those output patterns with a total K value 
matching the expected W state component of ∣W

3
(K)⟩ have sub-

stantial probabilities, while other patterns are rarely observed. These 
results show that our entangled measurement setup can identify the 
W state component of ∣W

3
(K)⟩ with very high probability. Details 

on the cause of the discrepancy between the ideal and experimental 
distributions will be given later.

Next, we evaluate the MDF (14, 15, 39), which is the probability 
of correctly detecting W state components for a given input state, 
from the experimentally obtained detection-probability distributions 
shown in Fig. 3. Figure 4A shows the sum of probabilities for a 
certain total K  value calculated from the distributions shown 
in Fig. 3 (D to F). For the input state ∣ψ

0
⟩ , the MDF for ∣W

3
(0)⟩ is 

0.882 ± 0.038, indicating that the realized entangled measurement 
can discriminate the W state component ∣W

3
(0)⟩ with a probability 

of 88.2%. The MDF for W state components ∣W
3
(K)⟩ is obtained as 

0.871  ±  0.039, given by the average of the MDF for the corre-
sponding total K values. Similarly, the MDF for W state components 
∣W

3
(K)⟩ is obtained as 0.870  ±  0.038. Accordingly, the averaged 

MDF is 0.871 ± 0.039. Since the averaged MDF exceeds the maxi-
mal MDF of two-thirds achievable by a bi-separable measurement, 
we conclude that the entangled measurement for three-qubit W 
states has been successfully demonstrated.

Since an MDF of one can only be achieved by a measurement 
projection onto a W state corresponding to the detected polariza-
tions, the MDF provides a very good estimate of the fidelity of our 
entangled measurement. To illustrate this point, it may be useful to 
consider the possible application of our entangled measurement to 
remote state preparation, where one qubit each from three maxi-
mally entangled qubit pairs is input into our measurement device. 
Ideally, the projection on a W state then prepares a corresponding W 
state in the remote qubits, where the entanglement between qubits 
from different pairs can only be generated because the measurement 
performed on the other three qubits is entangled. We can now use 
the MDF determined with the separable input state in Eq. 16 to pre-
dict the fidelity of remote state preparation. In the absence of other 
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J K L

A B C

D E F

G H I

Fig. 3. Experimental results for K value correlation tables. (A) to (C) show the ideal detection-probability distributions for ∣W3(0) ⟩ , ∣W3(1) ⟩ , and ∣W3(2) ⟩ , respectively. 
(D) to (F) show the experimentally obtained detection-probability distributions for ∣W3(0) ⟩ , ∣W3(1) ⟩ , and ∣W3(2) ⟩ , respectively. (G) to (I) show the ideal detection-
probability distributions for ∣W3(0) ⟩ , ∣W3(1) ⟩ , and ∣W3(2) ⟩ , respectively. (J) to (L) show the experimentally obtained detection-probability distributions for ∣W3(0) ⟩ , 
∣W3(1) ⟩ , and ∣W3(2) ⟩ , respectively. The total K  value is obtained as K = KH + KV(mod3) . The red, blue, and green bars indicate the total K  values of zero, one, and two, 
respectively.
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errors, this fidelity is expected to be given by the MDF, illustrating 
the conceptual relation between entangled measurements and en-
tangled states.

DISCUSSION
We have presented a scalable implementation of an entangled mea-
surement for W states. In our scheme, W states are characterized by 

a nontrivial CSS. We proposed an optical implementation of the 
entangled measurement for W  states using DFT circuit. Experi-
mentally, we verified an entangled measurement system for three 
photonic qubits using an ultrastable displaced-Sagnac interferom-
eter consisting of HBSs. We achieved an averaged MDF of 0.871  ±   
0.039, showing the successful realization of entangled measure-
ment for W  states.

The cause of the observed error between the ideal and experi-
mental results can be attributed to the state preparation and imper-
fections in the constructed entangled measurement for W states. For 
example, simultaneous generation of more than three-photon pairs, 
timing jitters of the pulse excitation of different crystals (40), and 
the nonperfect indistinguishability of the single photons due to spa-
tiotemporal mismatch (41) are possible causes of the errors in the 
state preparation. Imperfections in the realized entangled measure-
ment may include polarization-dependent phase shifts in the optical 
components.

The entangled measurement for W states developed here opens 
several promising avenues for quantum information applications. For 
instance, it enables multiparty measurement-device–independent 
quantum key distribution (27). Furthermore, this technique provides 
a powerful tool for entanglement swapping protocols, as demonstrat-
ed in GHZ states (25, 26), representing a fundamental advantage for 
scalable quantum networks (42).

MATERIALS AND METHODS
Sagnac architecture of a three-mode DFT optical circuit
Figure 5 shows a schematic diagram of a three-mode DFT optical 
circuit. As discussed in Results, the three-mode DFT can be decom-
posed into two balanced BSs, a one-third reflection ratio BS, and 
a +π/2 phase shifter (38), as depicted in Fig. 5A. One of the chal-
lenges for the experimental implementation is that the optical path-
length differences of the two optical modes colored red and blue 
in Fig. 5A have to be stabilized on the order of a few nanometers for 
stable operation. To solve this problem, we adopted a displaced-
Sagnac architecture consisting of an HBS, in which a perfect mir-
ror and a BS with a reflectance of one-third are integrated, and a 
balanced BS. In this architecture, the two optical modes colored 

A

B

Fig. 4. Sum of probabilities for identical K values. (A) and (B) correspond to W  
state components ∣W3(K ) ⟩ and ∣W3(K ) ⟩ , respectively. For the input state ∣ψ0 ⟩ , the 
MDFs of ∣W3(0) ⟩ and ∣W3(0) ⟩ are obtained as 0.882 ± 0.038 and 0.884 ± 0.038. For 
the ∣ψ1 ⟩ , the MDFs of ∣W3(1) ⟩ and ∣W3(2) ⟩ are 0.870 ± 0.040 and 0.865 ± 0.038. For 
∣ψ1 ⟩ , the MDFs of ∣W3(2) ⟩ and ∣W3(1) ⟩ are 0.862 ± 0.040 and 0.861 ± 0.039.

BS
R = 1/3
Mirror PSHBS

+ /2
Mirror

In 1

In 2

In 0

Out 0

Out1
Out 2

B

In 2

In 1

Out 2
In 0

+ /2

A

Out 0

Out 1

Fig. 5. Schematic diagram of three-mode discrete DFT optical circuit. (A) Original method to construct DFT. (B) Sagnac architecture DFT.

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 17, 2025



Park et al., Sci. Adv. 11, eadx4180 (2025)     12 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 8

red and blue in Fig. 5B pass through all optical elements, providing 
long-term stability.

SPDC photon sources
Figure 6 shows a schematic setup for photon sources. A pump pulse 
(82 MHz @390 nm) passes through a 1.6-mm-thick type I beta-
barium borate crystal twice to generate two pairs of photons. Subse-
quently, these photons are directed to narrow band-pass filters 
(centered at 780 nm with a full width at half maximum of 2 nm) and 
collected into polarization-maintaining fibers. In 0, In 1, and In 2 
refer to the input ports of the DFT optical circuit.
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Fig. 6. Schematic setup for photon sources. 
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