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Quantum network engineering

Quantum network and quantum Internet

Promised functionalities:

Quantum key distribution, higher-precision clock
synchronization, more secure communication,
distributed quantum computing

Requirement: Distribution of high-quality entanglement between the distant nodes

Challenges: Long-distance remote entanglement distribution remains a challenge—
* entanglement attenuates exponentially with distance
* cannot be amplified because of the no-cloning theorem:;

Solution: Entanglement distillation can be used.

Wehner, Elkouss, Hanson, Science 362, 6412 (2018)



Network engineering & states estimation

Entanglement distillation and swapping
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Entanglement distillation and swapping
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 To know if the desired state has been
generated by the internet devices, we
must characterize the links.

* Approaches include tomography,
randomized benchmarking, self-testing,
quantum gate set tomography.

(Eisert et.al, Nature Reviews Physics 2, 382 (2020))

 However, most of these estimation
methods fully measure the quantum
resources, making them useless for
further information processing tasks.
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Can the prepared states be efficiently characterized from the
measurement statistics obtained during a distillation protocol?



Entanglement distillation protocol
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Bennett Brassard, Popescu, Schumacher, Smolin, Wootters, Phys. Rev. Lett. 76, 722—725 (1996)




Entanglement distillation protocol and state estimation
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* For Werner states, p,, = (1 — w)|®TW D] + %1, the
success probability (getting both “up” outcomes) is
Doo = %(2 — 2w + w?).



Entanglement distillation protocol and state estimation
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success probability (getting both “up” outcomes) is
Doo = %(2 — 2w + w?).

e If |’I\900 — p()()l < € then what is |17|\/ — Wl < Ew ?



Entanglement distillation protocol and state estimation
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 For Werner states, p,, = (1 —w)| TN D] + %I , the Noise parameter
success probability (getting both “up” outcomes) is
Doo = %(2 — 2w + w?).

e If [IBOO — pool < € then what is |17|\/ — Wl < Ew ?

» Using Hoeffding’s inequality, the estimator’s failure
probability is bounded by Pr(|]w — w| = ¢,,) < 6 with § =
dim=LR exp(—2Nez,).



Entanglement distillation protocol and state estimation
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* For Werner states, p,, = (1 — w)|®TW D] + %1, the
success probability (getting both “up” outcomes) is
Poo = %(2 — 2w + w?). sy
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Noise estimation in an entanglement distillation protocol
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Bell-diagonal states estimation

« Bell diagonal state: p = q| PN P+ | P NP | + g3| PN P |+q. P~ NP

5=102 =102  Vconsumed
T

D Q 0.5 - > 106
2 O _ o _l-a-qg
O @) I T & X g é > 04 43 =4 2
(b) S X Y 03
0= 0 - Distilled copies & N ~3.84 x 10°
____________________ 0.2
0= ) —
[
- - : 0. 10°
Noisy copies Measurement statistics {ﬁ(z)} State ﬁi:lation 85 o0s 0-7q 08 09 10 -
1
* The success probability of three distillation protocols are ications chysi .
(l) L (l) communications physics Article
p (xi) @ — p (qi + qi+1) A Nature Portfolio journal a
e The estimator’s failure probability is bounded by
Pr(D (ﬁ(q), p—(q)) 2 ET) S 5 Wlth ET — 212{1,2’3} El and El are https://doi.org/10.1038/s42005-025-02352-2

bound to x:- Disti-Mator, an entanglement distillation-
CHTOT DOURE IO i based state estimator

5 == 1 - n [1 - z exp(—ZN(l)ETS?Z)] ™ Check for updates

. Joshua Carlo A. Casapao @ '°[7, Ananda G. Maity ® '**%, Naphan Benchasattabuse ®*,
1={1,2,3 m=L,R Michal Hajdusek @*, Rodney Van Meter ®* & David Elkouss ® '[-]
14 )

4
o 1. 1.
D(p(a),p(a)) = 5 > ldx — ail = sla—all,
k=1



Validating Disti-Mator’s performance via numerical experiment

L For Werner state
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Fig. 4 | Parameter estimation for Werner states in a simulated noisy distillation ~ between w and p'. ¢ shows the failure probability bound & for each simulation. The
experiment. In a, b, we perform estimation with N’ = 10° and N = 10° pairs of solid curves indicate the expected bound given a noiseless distillation, while the
Werner states, respectively. We set the error bound as €,, = 10 (shown in figure dashed curves indicate the expected bound for a noisy distillation with the given
insets). The corresponding error bounds for f)(l) following the concentration bounds  noise parameters. The simulations use the following noise parameters (described in
in the main text are shown. The red dashed curves show expected relationship the main text): At/ le?g‘dph = toeom(Pyg) /100, with py=0.2; y4 5= 0.01; ”i,ﬁ = 0.99.

Casapao, Maity, Benchasattabuse, Hajdusek, Van Meter, and Elkouss, Comm. Phys. 8, 461 (2025).



Validating Disti-Mator’s performance via numerical experiment
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Fig. 5 | Parameter estimation for Bell-diagonal states in a simulated noisy dis- expected state in Bell-diagonal form p(q). We observe that the estimation is close to
tillation experiment. We perform estimation with N = 2 x 10° pairs of Bell- the expected q whenever g, is close to one (as shown in blue). b shows the failure

diagonal states for each distillation protocol. We consider the set of states that satisfy ~ probability bound & of the trace distance exceeding e = 3 x 10, The simulations
gs=4qs=(1 — q, — q,)/2, and we set the error bound ¢; = 10 * for all i (described in  use the following noise parameters (described in the main text):

the main text). The dashed lines describe the collection of Werner states. ashowsthe At/ Ti]i’g'dph = tgeom (p g) /100, with p, = 0.2; my 5= 0.01; y4 5= 0.01; qﬁfé = 0.99.
trace distance D(p(q), p(q)) = % | @ — qll,; between the estimation p(q) and the

Casapao, Maity, Benchasattabuse, Hajdusek, Van Meter, and Elkouss, Comm. Phys. 8, 461 (2025).



A double selection entanglement distillation protocol
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FIG. 1. Bipartite entanglement purification with single FIG. 2. Bipartite entanglement purification with double
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Fujii and Yamamoto, Phys. Rev. A, 80, 042308, (2009).
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(b) Original Disti-Mator [15] vs. Double selection Disti-Mator

(a) Tomography vs. Double selection Disti-Mator

Casapao, Maity, Benchasattabuse, Hajdusek, Soeda, Van Meter, and Elkouss, In proceeding of IEEE QCE (2025).



Integrating distimation
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A Quantum Internet Architecture by VanMeter et. al.,

IEEE International Conference on Quantum Computing
and Engineering (QCE) (2022).

in a network protocol stack

* Higher layers send entanglement requests to the bottom layers with
explicit quality requirements such as entanglement fidelity.

* The distillation control mechanism at the link layer determines the
amount of distillation necessary to assure the entanglement quality.

* In the distillation phase, instructions to perform distillation are sent
by the link layer to the quantum hardware platform (physical
layer).

* In the estimation phase, the distillation model together with the
syndrome statistics from distillation are given as input to the
learning algorithm.

Promise and Challenges of Distimation
Distimation IEEE magazine (yet to appear)
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General recipe for Distimation

(a) Distillation protocol (b) Iwo-step learning protocol
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Summary

We show that one can robustly and efficiently characterize entangled states using the measurement
statistics obtained from probabilistic two-way entanglement distillation protocols.

Whenever distillation 1s a necessary step, our method offers an efficient way to certify the Bell-
diagonal parameters of an arbitrary state from the distillation statistics without consuming further
quantum resources beyond what 1s needed for the distillation itself.

Moreover, if the initial entangled states are of high fidelity, our method can have a sample complexity
that 1s favorable than a tomographic protocol.

We provide several state estimation toolboxes based on entanglement distillation protocols that 1s
robust even in the presence of SPAM errors and noisy distillation gates (see the github repository)
and exhibit its robustness through numerical simulations.

Incorporating these technique in a quantum network will simply the network management task since
an additional protocol of benchmarking the network state can be bypassed.
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