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Abst r act

Ent angl i ng quant um networks build on new physi cal mnechanisns to

di stribute quantum entangl enent anong a set of nodes over a set of
links. To design a conplete network protocol stack wth proper
division of responsibilities into |layers, hardware and protoco
engi neers nust share an understandi ng of those physical nechani sns
and use a common vocabul ary. This docunent bridges the abstract
concepts described in [ RFC9340] and the underlying physics to

engi neering concerns such as timng constraints on arrival of photons
and exchange of supporting cl assical nessages. The equations
presented here will serve as reference points for architectura
decisions in future docunents, allow ng future docunents to dea
directly in code without conplex mathematics. Application-I|ayer
devel opers will not need the | owlevel physics presented here.

About Thi s Docunent
This note is to be renoved before publishing as an RFC

The | atest revision of this draft can be found at https://nmoonshot -
nagayama- pj . gi t hub. i o/ draft - haj dusek-qi rg-ti nm ng- physi cs/draft-

haj dusek-qi rg-ti m ng-physics.html. Status information for this
docunent may be found at https://datatracker.ietf.org/doc/draft-
haj dusek- qgi rg-ti m ng- physi cs/.

Di scussion of this docunent takes place on the Quantum I nternet
Research Group Research Group mailing list (nmailto:qgirg@rtf.org),
which is archived at https://mailarchive.ietf.org/arch/browse/qgirg
Subscribe at https://ww. ietf.org/milmn/listinfo/qirg/.

Source for this draft and an issue tracker can be found at
https://github. com noonshot - nagayana- pj / dr aft - haj dusek-qi rg-ti m ng-
physi cs.

Status of This Meno

This Internet-Draft is submtted in full confornmance with the
provi sions of BCP 78 and BCP 79.
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1. Prol ogue

In 1982, Digital Equiprment Corporation, Intel, and Xerox published
*The Ethernet: A Local Area Network Data Link Layer and Physica
Layer Specifications*. This 120-page docunent specifies pretty mnuch
everything: dianmeter of the coaxial cable, its inpedance, dispersion,
maxi mum cabl e |l ength, voltages and currents, signal rise tines, etc.
The types of physical connectors allowed. How a bit is encoded in

the signal. How a frame is demarcated. How collisions are detected.
The format of nessages. Addressing. Milticasting. Polynomials for
error correction. It's ALL there.

Equal ly inportantly, it specifies *timng requirenents*. For
exanple, the rise time for a signal on the coaxial cable shall be 25
& 5 nanoseconds. The total worst-case round-trip delay is calcul ated
in atable to be 46.38 mcroseconds. How the entries in that table
are conbined to produce that nunber is fairly obvious; however, the
nunerical entries thenselves are nostly unjustified in the
specification itself, only stated. One exception is the statenent,
"Rise and fall tinmes neet 10,000 series ECL requirements,” referring
to a specific series of well-known digital emtter-coupled |ogic
parts, and hence incorporating a great deal of prior know edge and
wor k by reference.

In the quantumworld, we are starting fromfirst principles. Hence,
we nust begin at the beginning. W want to have specifications |ike
Et hernet’s, but first we nmust describe how the entries in e.g. the
physi cal propagati on delay budget are determined. The role of this
docunent is to provide the underpinnings that give a shared
under st andi ng of how the basic nunbers are determ ned and how t hey
can be conbined in a particular system design

Thanks, DI X Ethernet creators, for showi ng the way!
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2

I nt roducti on

Quantum networ ks that distribute end-to-end entangl ement involve a
nunber of tasks with varying demands on timng precision and jitter
The design of a quantum network will involve a |ayered protocol
architecture where different |ayers take responsibility for meeting
these differing constraints. This docunment describes the various
timng regines, fromnost to | east stringent, in order to assist the
process of maki ng key design deci sions.

The range of time scales of interest extends fromensuring the sub-
wavel ength stability of optical paths up to batch nonitoring of the
operation of the network itself. Light with a wavelength of 1.5

m cronmeters (conmon in conmmuni cations, including quantum
communi cati ons) has a frequency of approximately 200 THz (2E+14 Hz),
for a cycle time of 5E-15 seconds. Rangi ng from sub-wavel ength
stabilization through background operations such as routing,
therefore, covers sone 16 or nore decimal orders of nagnitude. Add
in a 24-hour thermal drift that nust be conpensated for in nmany
cases, and we reach twenty decimal orders of nagnitude fromthe
bottomto the top. Naturally, neeting this range of demands requires
the use of a variety of nechanisns. This docunent avoi ds specifying
solutions to the problens, and instead presents the functi ons and how
their requirenents are cal culated (or nmeasured). Thus, each

i ndi vi dual network design should apply the methods introduced here
and present a nunerical summary of the resulting values, after which
correspondi ng sol uti ons can be proposed and i npl ement ed.

Sunmary of timng regines:

* *Interferonetric stabilization:* photon wavepacket overl ap,
technol ogy dependent, roughly nanoseconds.

* *Detector timng windows:* opening and closing of detector timng
wi ndows, detector recovery tine: nanoseconds to nicroseconds.

* *Measurenent basis selection (if required in BSA):* performance
will constrain entangl ement attenpt rate.

* *QOptical switch control:* switching of trains of wave packets.

* *Pre-configured event-driven tasks:* timng-triggered or
measur enent -tri ggered execution of quantumcircuits, mcroseconds

* *Urgent but not synchronization-critical tasks:* execution of
cl assical code that processes Rul eSet nessages and sel ects or
creates new quantumcircuits for execution, mlliseconds
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* *Host-side application-level tasks:* post-neasurenment operations,
mlliseconds

* *Background tasks:* |ink tonbgraphy cal cul ations, routing table
updat es, seconds to m nutes

Some of these can only be achi eved using high-quality hardware, while
others are software tasks. Detailed analysis of these reginmes wll
af fect core software design in each network node type

2.1. GCoals

* ldentify and provide introduction to the physical principles
related to timng regi nes i n quantum net wor ks

* Provide justification behind specific design choices discussed in
our other docunents.

* Serve as a reference for other quantum network specifications.
2.2. Non-Coal s
* Detail ed physical derivations.

* Exhaustive coverage of all existing quantum platforms and
t echnol ogi es.

*  New research results.
3. Interferometric Stabilization

Ent angl enent distribution in quantum networks is perforned by

ent angl emrent swapping (ES) on photonic qubits. Central to photonic
ES is the Hong- Qu- Mandel (HOM interference [ Hong87], regardl ess of
the photonic qubit encoding or of the particular protoco

i npl ementing photonic ES. W begin by introducing the notation used,
giving a brief overview of the effect, as well as discussing how to
quantify the effect. W then continue with a discussion of the
requirenents that nust be satisfied in order to observe the effect.
This section follows quite closely this excellent tutorial [Drago24].

3.1. Hong-Qu-Mandel interference

Consi der two photons incident on a beansplitter (BS) with
reflectivity r. W |abel the input nodes by a and b, and the output
nodes by ¢ and d. W are interested in the observed behavior at the
out put nodes of the BS. There are four possible cases that may
occur:
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* Case A photon in node a is reflected, while photon in nmode b is
transmtted.
* Case B: both photons are transmtted.
* Case C both photons are refl ected.

* Case D. photon in node a is transmitted, while photon in node b is
refl ected.

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

The input state can be expressed as

i i

| ¢ = a b | O

ab j k ab
where the daggered operators represent bosonic creation operators,
whi ch create a single photon in the corresponding i nput port of the
BS. The indices j and k represent other properties of the photons
that determ ne how di stinguishable the photons are. For exanple, |
and k coul d represent
* polarizations (for polarization-encoded qubits),
* spectral nodes,
* tenporal nodes (for tine-bin encoded qubits),
* arrival tinme,
* transverse spatial nobde
Action of the BS on the input nodes is the foll ow ng:

T r——— T - T T - T r———
a -> |1-r ¢ + |r d b ->|r ¢ - |1-r d

The output state of the two photons is

| ¢ =( |r(1-r) ¢ c +r ¢ d - (1-r) ¢ d - lr(1-r) d

k cd

For a 50:50 BS when r=1/2:
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Fromthis expression, we can see that when j=k, in other words when
the input photons are indistinguishable, the output state has the
followi ng form

The probability anplitudes for the cases where both input photons are
transmtted or both reflected (Cases B and Cin the figure above)
interfere destructively. Perfectly indistinguishable input photons
al ways exit the BS in the same ouput node. It is this interference
effect that is at the heart of quantum networKki ng.

In order to quantify the effect that distinguishability has on HOM
interference, we consider the *probability of a coincidence
detection*, p_c, where one photon is detected in the BS output node
¢, and the other photon in output node d. This probability is
defined as

p = ¢ P P | ¢
c cd c d cd

where P_i, for i=c,d, are the projection operators representing a
detection of a single photon in output node i of the BS. For

conmpl etely indistinguishable input photons that undergo the full HOM
interference, we have p_c=0. On the other hand, for fully

di stingui shabl e photons, the probability of a coincidence detection
attains its maxi numval ue p_c=1/2.

An often-used neasure that quantifies the degree of HOM i nterference

is the *visibility* V [Bi enfang25], defined via the probability of a
coi nci dence detection,
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where we used the fact that the maxi mum probability of a coincidence
detection is 1/2. W observe that the visibility varies from V=0 for
fully distinguishable input photons to V=1 for perfectly

i ndi stingui shabl e ones.

Visibility V plays a useful role when nodelling the effects of
inperfect HOMinterference in the context of entangl ement swapping.
Consi der the case when the input photons a, b are entangled with
auxiliary systems s_1 and s_2, respectively. The BSA perfornms ES by
measuring the input photons, entangling systens s_1 and s_2 in the
process. Fidelity of the new entangled pair is directly proportiona
to the visibility V of the HOMinterference. Non-ideal HOM
interference can be nodelled as a two-qubit dephasing

[ Krut yanski y23],

no- deph deph
o =V xp +(1-V) xp
S S S S S S
1 2 1 2 1 2

wher e superscript no-deph denotes a density matrix resulting from an
ideal ES at the BSAwith unit visibility of the HOMinterference, and
superscri pt deph denotes a fully dephased state obtained by setting
all of f-diagonal elenments of the density matrix to zero

In the foll owi ng subsections, we address and quantify how
di stingui shabl e photons affect the visibility of the HOM
interference.

3. 2. Pol ari zati on

We now consi der the case when the input photons differ in their

pol ari zati on degree of photons. The maxi num probability of a

coi nci dence detection is obtained for orthogonally pol arized photons,
for exanple when j=H and k=V. Here, H denotes horizontal

pol ari zation and V denotes vertical polarization. The output state
of the two photons is

1
¢ =— |LH LV + LV |[LH - |[LH LV - |[LH |1V
cd 2 c c c d c d d
W can observe that maxi mum probbility of coincidence is 1/2.

In general, the two input photons will have pol arizations given by
two unit vectors, j=e¢ and k=e’'. The output state can be witten as

Haj duek & Van Meter Expires 19 Septenber 2026 [ Page 8]



I nternet-Draft Quantum Ti m ng Regi nes March 2026

1
| ¢ =— |1, |3 +13" |13 - 13 | - 01 |1
cd 2

The projection operators corresponding to a detection even at
detector i ($i=a,b$) are given by

P =13 L +|5" 1]
i i i i i

Either an e -polarized or an € '-polarized photon is detected in the
output node i. The probability of coincidence is then

=

2 1 2
p = ¢ P P | ¢ =— 1- 7] = — sin 6
co cd c d cd 2 2

where the overlap between the polarization unit vectors is
parametrized by 0, and can be witten as

"| = cos 6

We can define the corresponding visibility as a function of the angle
bet ween the two pol ari zation vectors,

2
V(B) =1- 2p =cos 0
c

When t he photons have identical polarization, the visibility reaches
its maximumof 1. On the other hand, when the photons are fully

di stingui shable and their polarization vectors are orthogonal,
visibility vanishes.

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

Ensuring that the two i nput photons are indistinguishable in their
pol ari zati on degree of freedomis critical for proper operation of
the BSA. Care nust be therefore taken to characterize the photons
just before they are incident onto the BS, as it is possible for the
pol ari zation of a photon to *drift* during its transm ssion and
change its state fromthe one that the photon possessed i mediately
after em ssion. This is often the case in fiber-based quantum

net wor ks, where pol arization of photons is particularly sensitive to
mechani cal stresses and tenperature gradients affecting the fiber
This issue may be sidestepped by using pol arizati on-nai ntaini ng
fibers that are designed to suppress coupling between linearly-
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pol ari zed orthogonal states of light. However, these incur

prohi bitive costs for |ong-distance quantum conmuni cation, and may
actual ly introduce unwanted coupling between linearly and circularly
pol ari zed |ight.

3.2.1. Interference of photons fromtwo i ndependent EPPS

The precedi ng di scussion was concerned with two i ndependent pure
photons of different polarization. 1In the context of quantum
net wor ki ng, a much nore common scenario is that of two entangled
pairs of photons originating fromtwo independent EPPS nodes, where
two qubits, one fromeach pair, are incident onto a BS and undergo
HOM interference. The two pairs are in the following initial state,

i 0 i 0
1 1 1 2
| ¢ = ———— |HV + e | VH , | & = ———— |H te | VH
ab r— aa aa b b r— b b
b
12 | 2 12 12 12 | 2 12 12

where 0 1 and 0 2 represent the polarization drift induced in the
single-node fiber. Photons a 2 and b_1 are incident onto a BS, where
they undergo HOM interference. Follow ng the same cal cul ation as
above, it can be shown that the probability of a coincidence event is
p_{c} = 1/4, regardless of the polarization drift. This suggests
that the visibility is insensitive to the polarization drift.

However, the polarization drift must be tracked regardl ess because it
affects the fidelity of the post-ES state of photons a_1 and b_2. It
is therefore inportant to characterize the polarization drift at the
BSA at regular intervals and conpensate for it. This can be done at
the nodes generating the photon pairs at the cost of the BSA having
to comuni cate polarization drift results to the ends nodes. O it
can be conpensated for directly at the BSA using wavepl ates at the
cost of increased conplexity of the BSA. |In [Krutyanskiy23],

pol arization drift characterizati on and conpensation at the BSA takes
a fewmnutes and is perforned every 20 m nutes.

3.3. Spectral distinguishability
Anot her inportant source of distinguishability in HOMinterference is
the spectral property of the input photons. The photon wave packet
of a photon can be represented by its *spectral anplitude function*
(w) that satifies the normalization condition

2
do|(w)| =1
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Two i nput photons becone distinguishable if their respective spectra
anplitude functions are not equal. W restrict our discussion to
Gaussi an spectral anplitude functions but the same nethods generalize
to arbitrary photons. The two photons may have different centra

frequencies or different standard devi ati ons.

(Artwork only avail able as SVG see https://ww.ietf.org/ar
draft-haj dusek-qirg-tim ng-physics-01. htm)

In this subsection, we analyze the requirenents in terns of
photoni c spectral anplitude function that |ead to high visi
the HOM interference

3.3. 1. Pure states

| ¢
w

Haj

We begin the discussion by focusing on pure states of the i

chive/id/

t he
bility of

nput

photons first. Single-photon state with a spectral anplitude

function (w) is a superposition witten as

T
|1; = dw(w) a (w) |0
a a

where creation operator creates a photon in the BS input node a with
frequency w. Two input photons with arbitrary spectral functions

and ¢ are described by
i i

¢ =11; |1, = dow (w ) a (w ) dow (0 )b (w
2 2 2

ab a b 1 1 1

We assune that the BS acts on the different frequency nodes

) 10
ab

i ndependently, and that the reflectivity is frequency-independent.
Applying the sanme transformation rules for the creation operators,

the output state of the two photons is

1 i i i

i i

=— dow (0w ) dow (0w ) ¢ (w)c (w ) +c (w
) -d (0 )d (0) |0
cd 2 1 1 2 1 2 2
1 2 cd
The projection operators corresponding to a detection event
mode ¢ and out put node d are given by

¥ ¥
P = dwc (w) |00 c (w), P = dwd (w) |0 0]
c c c d d d

The probability of a coincidence detection is then

duek & Van Meter Expires 19 Septenber 2026
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1 1
p =—-—do (0 )(w) do (o) (o)
c 2 2 1 1 1 2 2 2

The formof this expression is the sane as the one in subsection on

pol ari zati on above, where the probability of a coincidence detection
depended on the overlap between the polarization vectors € and ¢’

Now, p_c depends on the overlap between the spectral anplitude
functions. |If the input photons are fully distinguishable, their
respective spectral anplitude functions (w) and ¢ (w) are orthogona
and the integrals vanish, neaning p_c=1/2. On the other hand, for

conpl etely indistinguishable input photons we have (w)=¢ (w), and due
to the normalization condition we obtain p_c=0.

3.3.2. M xed states

Previ ous di scussion of pure states can be extended to include m xed
states of the input photons. Such states will inevitably arise due
to inmperfections in the preparation procedure and due to the input
phot ons bei ng entangl ed with ot her degrees of freedom These can

i ncl ude ot her photons or quantum nenori es.

The ni xed state of an input photon is described by the follow ng
density matri x:

o = u |1; 1; | , u =1
a k k k a k a k k

where the state of the photon is a mxture of pure single-photon
states with spectral anplitude function _k(w), weighted by
probability u_k. The two-photon input state can be witten as

ab  kk' k k' k a k" b k a k" b

It is not necessary to repeat the entire calculation we did for pure
states. Due to linearity of quantum nmechanics, we can inmmediately
wite the expression for the probability of coincidence as a sum of
pure-state coincidence probabilities weighted by u k and v’ _k:

=
=

p = — - — u v dow (0w ) (w ) dw (w ) (w)
c 2 2 Kkk k Kk 1k 1 k' 1 2 kK 2 k 2
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3.3.3. Example 1: Gaussian wave packets

In this example, we consider input photons with Gaussi an spectral
anpl itude functions. The spectral anplitude functions are given by

2
(w-w )
i
2
20
1 i
(w) =——mW——————————— e , for i=a,b
i 1/4 ———4
T | o

2
(0 -w )
a b
2 2
o O g +0
1 ab a b
p =--——"""""" €
c 2 2 2
o + 0
a b

*Case A (different central frequencies)*

We assune that the two spectral anplitude functions have the sane
standard devi ati on, which sinplifies the expression for the
probability of a coincidence detection to

Haj duek & Van Meter Expires 19 Septenber 2026 [ Page 13]



I nternet-Draft Quantum Ti m ng Regi nes March 2026

W observe that for identical photons, the probability of a

coi nci dence detection vanishes. For fully distinguishable wave
packets, when the difference between central frequencies diverges,
the probability approaches 1/2. The visibility as a function of the
di fference between the central frequencies is

2
(0 -w )
a b
2
20
V(w -w ) = e
a b

*Case B (different standard deviations)*

The spectral anplitude functions have the sanme central frequencies,
whi ch gives the follow ng expression for the probability of
coi nci dence and visibility,

o |l o 20 | o
1 b a b a
p =—- -—-—-— , vio /0 )= —F7"T"7T"7T"7——————
c 2 2 b a 2
1+(o /o) 1+(o /o)
b a b a

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

3.4. Wave Packet Overl ap

So far we have assuned that the two input photons arrive at the BS at
exactly the sane tine. |In this subsection, we address this
unrealistic assunption and quantify how tenporal distinguishability
affects the visibility of HOMinterference. Even for photons with

i dentical spectral anplitude functions, different arrival tines
result in decreased overlap between the photons’ wave packets,
dimnishing the visibility of the HOM i nterference.

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physi cs-01. htm)

Wthout |oss of generality we assune that photon b is delayed by a
time 7, which transforns its creation operator,
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+ + -iw T
b (w) b (w) e

Two i nput photons with arbitrary spectral functions and ¢, wth
photon b arriving | ate, are described by

-iw T

t t 2

| ¢ =11, |1, = dow (w )a (w ) do (0w )b (w ) e | O
ab a b 1 1 1 2 2 2 ab

We assune that the BS acts on the different frequency nodes
i ndependently, and that the reflectivity is also frequency-
i ndependent. Applying the same transformation rules for the input
creation operators, the output state of the two photons is

-iw T
1 2 t i T T
f f f
| ¢ =— do (0w ) do (w ) e c (w)c (w)+c (w)d
) d (w0 ) -d (0 )d (o) [0
cd 2 1 1 2 2 1 2 2 1
2 1 2 cd

For pure input states, the probability of a coincidence detection is

-iw T iw T
1 1 1 2
p =— - —do (o )(w )e dw (w ) (w ) e
C 2 2 1 1 1 2 2 2

while for mxed states is can be generalized to the following form

-iw T i
1 1 1 2
u v dw (0w ) (w )e dw (w) (w ) e
c 2 2kk' k Kk 1k 1 k' 1 2 K

3.4.1. Exanple: Gaussian wave packets
Consi der two identical pure Gaussian wavepackets that arrive at the
BSwith a tine difference given by 7= . The probability of coincidence
and the corresponding visibility are given by

122
-— 0 T

=

2 2
-—0o T
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(Artwork only avail able as SVG see https://ww. ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

4. Detector Timng Wndows

In this section, we discuss how properties of single-photon detectors
(SPDs) affect the timng reginmes in quantum networks. An ideal SPD
generates an el ectrical signal after absorbing a photon, and
generates no signal in the absence of a photon. This is not always
true for [Hadfiel d09].

4.1. Detector basics

Per f ormance of SPDs can be quantified by the follow ng
characteristics,

* *Spectral range:* SPDs are sensitive over a limted range of
wavel engths. This range depends on the naterials used in the
fabrication of the detector. Typical spectral ranges are in the
near-infrared, around 1550nm where conmmrercial optical fibers
performbest in ternms of photon |oss rates.

* *Detection efficiency:* The overall probability that an i ncom ng
photon registers a count, denoted by n . This efficiency can be
further broken down. Probability of |osing the photon before it
reaches the detector is described by the _coupling efficiency_,

n _coupling. The type of material and geonetry of the detector
determ ne the photon _absorption efficiency , n _absorption
Finally, the probability that an electric signal is generated upon
successful absorption of a photon is described by the _registering
efficiency_, 7n _registering. The overall _system detection
efficiency_ is given by the product of these three,

n =7 X7 xn
sde coupling absorption registering

The _device detection efficiency_ is given by

n =7 X7
dde absor ption registering

Detection efficiency affects the rate at which entangl ement can be
di stri but ed.

* *Recovery time:* Denoted by 7 recovery and al so known as ’'dead

time. It is the tine duration follow ng an absorption of a photon
during which the detector is unable to reliably detect another
photon. Recovery time affects the maxi num detection rate. |If the
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source of photons has |ow efficiency, the clock rate does not need
to be limted by the recovery tine, as majority of the trials wll
not produce a photon. This could also be the case if the
probability of losing the photon is high (either due to loss in
fiber or due to | ow system detection efficiency n _sde). On the
other hand, if the photon source is highly efficient, it is
important to ensure that the separation between the wavepackets is
|l onger than 7 _recovery to ensure effcient use of the generated
phot ons.

* *Dark count rate:* SPDs have a finite chance to produce an out put
electric signal even in the absence of a photon. This nmay be
caused by materials properties of the detector, biasing
conditions, or external noise. It is usually given in Hz (counts
per second). Dark counts decrease the fidelity of the distributed
ent angl ed st at es.

* *Timng jitter:* Denoted by J tinming. Describes the variation in
ti me between the photon being absorbed and the output electric
si gnal being generated.

The tabl e bel ow shows the above characteristics for a SNSPD
(https://singl equant um com wp- cont ent / upl oads/ 2022/ 12/ SQ Gener al -
Brochure. pdf).

[ sl el ool )
| Wavel ength | 800 nm | 1550 nm |
[5 plemsfems e emsfems e eseefesesee e se s ese e espe s fespe s fs ety e ey e pojp—p—j—(—(—— ]
| Systemdetection efficiency | > 90% | > 90% |
oo o oo - - +
| Recovery tine | 10 ns | 20 ns |
o B S B S +
| Dark count rate | <1 Hz | <1 Hz |
o e e e e e e e oo - - R S —— R S —— +
| Timng jitter | <15 ps | < 15 ps

oo o oo - - +

Table 1

4.2. Acceptance w ndow

In the previous Section, we used 7 to denote the difference between
the arrival time of the photons at the BSA. However, due to em ssion
jitter it is inmpossible to know the precise time of arrival of a
photon. The only information that is available comes fromthe
electric output signal of a detector. Tinme of detection is in
general different fromthe tinme of photon arrival due to finite tine
needed to generate the output signal described by the timing jitter
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J timng. Therefore, we will use 7 to denote the difference in
detection time of the two photons.

Measurenent at the BSA is successful when the correct pattern of
detector clicks is observed, and the difference in detection times ¢
is smaller than a given detection *acceptance wi ndow*, T wi ndow. The
size of this window affects both the fidelity and the generation rate
of the entangled pairs that the |ink produces. Large acceptance

wi ndows produce high rates but low fidelity, while small acceptance
wi ndows result in lowrates and high fidelity. The appropriate size
of the acceptance w ndow nust be chosen in order to satisfy the
demands of the application requesting the entangl ed states. Reaching
the requested fidelity should take priority over high generation
rate.

4.3. Separation in a train of wavepackets

Current experinents on quantumrepeaters use single quantum nenory
per ONIC. As quantum technol ogies inprove, it is likely that QNI Cs
will be equipped with multiple quantum nmenories. This will allow for
generation of link-level entanglenent in a nultiplexed manner, where
trains of photons, each originating froma different nenory inside
the sane QNIC, are sent to the BSA. The photons nmaking up a train
must be well separated such that upon a successful BSM the BSA can
uni quely identify which two photons were neasured. W refer to the
m ni mum separati on between the photons as the *separation tine*
T_separati on.

The size of the separation tinme depends on the follow ng:

*  *Wave packet shape:* Individual photons cannot have overl appi ng
spatial wavepackets, which nmay lead to incorrect assignenent of
entangl ed qubits foll owi ng a successful neadurenent at the BSA.
We will use T photon to denote the I ength of a wavepacket in
seconds.

* *Detector recovery tine:* Spacing the wavepackets too close to
each other may result in sone of the photons being |ost due to the
detector recovering following a detection event, leading to
inefficient use of initially generated entangled pairs (either
menor y- phot on or phot on- phot on).

* *Menory emission jitter:* The separati on between the wavepackets

must take into account the probabilistic nature of photon enission
froma quantum nmenory in order to prevent wavepacket overlap
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* *Detector timng jitter:* Generation of the electric signa
foll owi ng absorption of a photon varies in duration, leading to a
variance in timng of the detection event. This may lead to the
BSA mi sl abel li ng whi ch photons were part of a successful
measurenent if their wavepackets are spaced too closely.

General (conservative) separation tine should therefore be set to

T T +J +J
separation phot on em ssion timng

The above di scussion assunes that the photons can be generated nearly
on-demand. This is a fair assunption in the case of quantum nenories
based on [Nadlinger22]. Here, the nenory nust be first initialized
by cooling it to its ground state, a process which takes <ins. The
menory is then excited by a | aser pul se of approximately 50

m croseconds that generates a photon

In the case of nenory-less link architectures, the picture is
slightly different. Here, EPPS nodes utilizing the principle of
spont aneous paranetric down-conversion (SPDC) generate entangl ed
photon pairs. Each photon is sent to a different BSA, where they are
measured with a photon originating froma different EPPS node. SPDC
is an inefficient process with success probability of around 107{ -6}
per punp photon. 1In systemdesign, the intensity of the punp | aser
is adjusted so that the average number of photons is appropriate;
generally this must be set bel ow one photon per tinme w ndow in order
to avoid polluting the signal with two-photon states. This neans
that nost of the tine windows given by the separation tinme will not
contain a photon. However, the separation tine should be naintained
in order to correcly identify the photons that were part of a
successful neasurement at the BSA. The separation tine governs the
maxi mum rate at which EPPS attenpts to generate the entangl ed photon
pairs, which is given by 1/ T separation

5. Measurenent basis sel ection

We have encountered Bell-state measurements perforned by the BSA on
photonic qubits that are needed for entangl enent swapping. These
measurenents were static in the sense that we did not need to change
the neasurenent basis. Observed detection pattern determ ned whet her
the post-neasurenent state of the renote quantum systens (either
guantum nenori es or other photons) was | ¥~+) or |¥~A-) . Projection
onto two of the four Bell-basis states was achi eved probabilistically
wi t hout actively applying any transformations on the photonic qubits.
W will see in this Section that the photonic BSA is a very special
case in this regard, and that changing the basis of the neasurenent

i s an indi spensable part of quantum networking. Entangl enent
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swappi hg on stationary qubits stored in quantum nenories i s not
possi bl e wi thout applying appropriate unitaries first that change the
basis of the measurenent. There are al so cases, where change of
basis is required even when dealing with only photonic qubits. An
exanple of this are the so-called all-photonic quantum repeaters,
where neasurenent basis is conditioned on the outcomes of previous
measurenents, leading to the requirenent of very fast basis

swi t chi ng

5.1. Measurenent basics

We will first discuss quantum nmeasurenents in general before
di scussing concrete inplenentations and their timing requirenments
based on their physical inplenmentations.

5.1.1. Single-qubit neasurenents

For sinplicity, we begin with nmeasurenments on a single qubit before
generalizing to two qubit neasurenents. Consider a general state of

the qubit, |¢> = a |0> + B |1) . Measurenent in an arbitrary basis M
projects | ¢ > onto one of the eigenvectors of M Probabilities of the
two possi bl e neasurenent outcones are given by the squared nodul a of

the overl aps between the initial state | ¢ > and the eigenvectors of

t he observable M

2 2
PrClsl o=l ol . PrCl 1 @)=l | ¢l

It is often difficult to directly neasure the qubit in an arbitrary
basis when it conmes to real-world inplenentation. In such a case,
the qubit needs to be pre-rotated by an appropriate unitary
operation, and then nmeasured in the Z basis, which can usually be
inmplemented in a straightforward way. This approach greatly
sinmplifies the inplementation of arbitrary neasurenents.

Consi der that the observable Mis related to the Pauli Z by unitary
U

T
M=UZU

This nmeans the unitary U relates the eigenvectors of the two

observabl es,

|=U]o0, and | =U |1
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We can perform nmeasurenent in the Mbasis by applying adjoint of Uto
the initial state | ¢ » , and then nmeasuring it in the Pauli Z basis.
This can be easily verified by rewiting the above probabilities
corresponding to the two neasurenent outcones,

2 + 2 i
Pr(l;]¢) =11¢] =10 U |¢| =Pr(]0; U |¢)
and

2 T 2 T
Pr(l s1¢) =1 1ol =11 U [¢] =P (|1, U |9)

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

5.1.2. Two-qubit neasurenents

The sane principle of changing the nmeasurenent basis can be
generalized to two qubits. This tine state | ¢ ) represents a genera
two-qubit state, unitary UA{ T} acts on both qubits, which are both
finally neasured in Pauli Z basis. |In the magjority of cases, we are
interested in perform ng neasurenents in the Bell basis. Required
unitary is the Hermtian conjugate of the unitary that creates a Bel
pair when the qubits are both initialized in |0)

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

5.2. Measurenents on quantum nenories

In this Section, we discuss various nethods of inplenenting

measur enents of quantum nmenories. These nethods vary based on the
quant um t echnol ogy used as the quantum nenory, and even within the
same technol ogy there are usually variations. W are nainly
concerned with giving an overview of the different neasurenent

met hods, and their respective timng regines.

5.2.1. Trapped ions

Trapped ions possess two degrees of freedom|[Leibfried03]. The first
one is the notional degree of freedom resulting fromthe ion
oscillating around its equilibriumposition in the trap. The second
one is the internal degree of freedom represented by the ground

state |g> and the excited state |ey) . It is the latter degree of
freedomwhich is used to encode a qubit and hence acts as a quantum
nenory.
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Measurement in the *Pauli Z* basis is perforned by *el ectron

shel ving* via the use of a third atomic level |r)> , with nmuch shorter
life time than the excited state |e> , ¢ _e >» ¢ _r. Theionis
illuminated by light tuned to resonate with the transition |g>
<—>|r) , represented by the red straight arrow in the Figure above

If fluorescence is i mediately observed, this corresponds to
measuring the ion in the ground state |gy> . If no fluorescence is
observed, the ion is measured in the excited state |e)

Hypothetically a single fluorescent photon woul d be sufficient,
however, the fluorescent photons are only rarely captured into the
measur enent apparatus (typically involving | enses and a canera) and
observed, and stray photons are also often captured, so a relatively
long *integration tine* is used to confirmthe fluorescence with high
probability. (Solid-state systems such as quantum dots and
superconducting qubits also need relatively long integration tinmes in
their neasurenent processes.) Conbined with |aser pul ses that apply
a single-qubit rotation, nmeasurenent of a *single ion in an arbitrary
basi s* can be performed in 1-2 ns [ Krutyanskiy23].

The *CNOT gate* can be applied in tw different ways. The origina
proposal is due to Cirac and Zoller [Cirac95], where the ions needed
to be cooled to their collective notional ground state first. This
approach was denonstrated experinentally using calciumions

[ Schm dt-Kal | er03]. Execution of the gate took around 600

nm croseconds, with the achieved fidelity being less than 0.8. The
second approach is due to Ml nmer and Sorensen [Ml ner99], and is nore
robust agai nst notional excitation. This led to high-fidelity
denonstrations of >0.99, and gate tinmes of around 50 m croseconds.

5.3. Measurenents on photonic qubits

Measur ement of pol arization-encoded photonic qubits can be perforned
with the aid of a *polarizing beamsplitter* (PBS), a *half

wavepl ate* (HWP), a *quarter waveplate* (QAP), and two detectors
[Altepeter04] (one detector is enough in fact but |ess efficient).
The idea is the sanme as in the case of neasurenents perforned on
stationary qubits discussed above. Setting the HAWP and QAP at
particul ar angles applies the unitary U~{ T} that picks the basis of
the measurenent, while the PBS filters out vertical and horizonta
pol ari zations that then get detected by the detectors placed in the
out put paths of the PBS. Horizontal polarization gets transnitted
through the PBS, while vertical polarization gets reflected.

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

General pure state of a polarization-encoded qubit can be witten as
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0 i 0
| = cos—|H+ e sin—|V
2 2

This is directly equivalent to expressing the qubit state in the
conput ati onal basis, and can be visualized with the help of the

*Poi ncar sphere*. Polarization of light is manipul ated by

wavepl ates. \Waveplate rotated by an angle a (zero is aligned with
the horizontal axis) rotates the polarization state around an axis,

| ocated at an angle of 2a with the horizontal state |H> in the

hori zontal plane. Half waveplate rotates the polarization state by

an angle ©, while a quarter waveplate rotates by an angle ©/2 in the
Poi ncar sphere. The action of the half waveplate is captured by the
corresponding unitary operations in linear polarization basis:

cos2a sin2a
U (a) = sin2a -cos2a
HWP

Unitary matrix representing the action of a quarter waveplate in
Ii near pol arization basis:

2 2
cos a+isin a (l-i)cosasina
U (a) = 2 2
QWP (1-i)cosasina sin a+icos «

The idea behind neasurenents in arbitrary basis

{lo, 1o}

is to choose the angles for the wavepl ates such that the foll ow ng
transformation is achieved:

U U |¢—=]H Uu U [|¢ —|V
HWP QWP HWP QWP

Settings for the three Pauli bases are sunmarized in the table bel ow
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[ oo el e pe et e pe g
| Measurenment basis | HWP | QAP |
[ e ety ety et
| linear (2) | O | O |
I i I I R +------ +------ +
| diagonal (X) | Pi/8 | Pil4d |
I I I R +------ +------ +
| circular (Y) | O | Pi/4 |
I I I R +------ +------ +
Table 2

Changi ng the basis of measurenment requires nechanical rotation of the
wavepl at es and coordination with the detectors. The wavepl ates can
be rotated by a notorized rotator device, which can be adjusted at a
rate of around 1 degree per 100nms. Therefore, for a rotation of 45
degrees, the notor requires around 4.5s. During the rotation
interval, any results obtained fromthe detectors nust be discarded
as they correspond to neasurenments in an undesired basis.

6. Optical Switch Control

Optical switches play an essential role in distributed conputing and
communi cation systems. Their job is to guide Iight froma given
input to the desired output. Optical sw tches have a nunber of

i mportant characteristics such as _insertion loss_, _crosstalk_, and
_Size_. In the context of timng reginmes, we will focus on the
followi ng characteristics in this section,

* *Switching tinme:* time required to reconfigure the switch.

* *Propagation tinme delay:* tinme required for the photon to travel
across the sw tch.

Two approaches to switching are of relevance to our discussion. The
first approach is the _crossbar switch_with all-to-all connectivity.
Such an Nx N switch can be reconfigured to acconodate all possible N
permut ati ons of input-output pairs. One usual inplementation of a
crosshar switch is using *mcroel ectronechani cal systens (MEMS)*
relying on small novable parts such as popup mcromrrors, rotating
prisns or spinning hol ographic disks. MEMS have usually | ow
insertion | oss and crosstal k, however due to their nechani cal nature
they suffer fromslow switching times, which range from 10

m croseconds to 10 miliseconds.

Crossbar switches are inportant in classical swtching networks and

are use in classical control systens in sonme quantumtechnol ogi es.
In the context of quantum networks, it is often not necessary for the
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switch to be able satisfy all possible N input-output pernutations.
For exanple, the switch can be placed behind a pool of entangled
photon pair sources (EPPS) in order to route entangl ed photons
towar ds end nodes requesting a connection [Drostl16]. O the switch
can be placed before a pool of Bell State Analyzers (BSA) and route
i nput pairs of photons to the desired BSA, where they undergo
measurenent in the Bell basis [Koyana24].

<artwork type="svg" {::include-xm-data Fi gures-BWoptical -sw tch-
bw. svg ></artwor k>

Both of these designs consider a 2x 2 switch as the basic building

bl ock, which is inplemented with *integrated photonics* and
controlled electro-optically. Applied electric fields are used to
alter the refractive index of the material (such as |ithium niobate)
to change the state of the switch froma BAR state to a CROSS state.
Switching tines for electro-optical switches are nuch faster, varying
from 10 nanoseconds to 10 mi croseconds.

The optical switch introduces a *propagation tinme delay*. For sone
MEMS switches, this delay can be as | ow as 25 nanoseconds
(https://ww. viavi sol utions.com en-us/literature/polatis-series-6000-
osm net wor k- swi t ch- nodul e- dat a- sheets-en.pdf). In general, this
delay time varies with the choice of input-output ports. This
variation is probably insignificant in nost classical contexts, but
any del ay between the arrival tines of photon pairs at the sane BSA
may result in decreased visibility further lowering the fidelity of
the post-neasurenent state. The issue of arrival tine delay arises
in the case of integrated switches used in paired-egress BSA pool s.
The propagation delay introduced by the switching fabric depends on
the design of the switch

(Artwork only available as SVG see https://ww.ietf.org/archive/id/
draft-haj dusek-qirg-tim ng-physics-01. htm)

An exampl e where tinme delays arise is the triangular sw tch design,

i ntroduced by Koyama et.al. [Koyama24]. Photons entering the switch
fromdifferent ports need to traverse vastly different number of

swi tching points. The significance of this tinme delay ultimtely
depends on the type of photons used. Photons with | onger envel opes,
such as those emtted fromtrapped ions, may be nore robust to the
propagation tinme delays introduced by the optical switch. Photons
with very short envel opes, such as the ones originating froman SPDC
source, are expected to be very susceptible to any propagation time
del ays.

Haj duek & Van Meter Expires 19 Septenber 2026 [ Page 25]



I nternet-Draft Quantum Ti m ng Regi nes March 2026

In order to conpensate for the propagation tinme delay, and ensure
acceptable visibility at the BSAs, it is neccesary to adjust the path
I ength of the photons with *optical delay lines* (ODLs). For snal
enough optical switches, it nmay be possible to characterize the
propagation time delays for given photon pairs assigned to a
particular BSA prior to the opration of the switch. This would allow
the ODLs to be set to preconputed configurations based on the
connection request patterns. This approach will mnost |ikely not
scale, at least inits general form to |larger optical swtches

Further conplication that arises during the operation of the switch
is also related to maintaining indistinguishability of the photons.
As the photons traverse the switching points, their *polarization*
changes leading to a decrease in the visibility of HOMinterference
at the BSA. This polarization drift nust be characterized and
conpensated if acceptable levels of visibility are to be nmintai ned.
Pol ari zation drift characterizati on and conpensation is a regul ar
step in nodern experinments in quantum comruni cations. For exanple,
in the Innsbruck denonstration of renote-entangl enent generation over
230m [ Krut yanski y23], data acquisition was stopped every 20 m nutes
in order to correct for the polarizaiton drift. This process took
*several mnutes*. In the worst case scenario, this process needs to
take place after every reconfiguration of the optical switch | eading
to severely limted multiplexing capabilities.

Finally, given a set of connection requests, the optical sw tch nust
compute the state of all switch points to *route* the photons
correctly. The reconfigurably non-bl ocki ng desi gns proposed in [15]
come with efficient routing algorithns that achieve this. Gven the
need for path-length adjustnment with ODLs and pol arization drift
correction, it is expected that conputing the configuration of al
switching points will not be the bottleneck during operation of the
optical swtch.

7. Pre-configured Event-driven Tasks

In this section, we discuss synchronization-critical tasks that rnust
be conducted when an event occurs. Modst stationary qubits are under
the control of a classical analog circuit that includes a |oca
oscillator (LO coupled to the correspondi ng frequency of the qubit
itself. Avoiding drift between the _understood_ phase of the qubit
and the _actual _phase of the LOis a key part of hardware design for
a qubit, but is beyond the scope of this docunent.

Events can be _local _ to a quantum conputer or repeater node, or

_renmpote , generally inplying reception and processing of a classica
nessage
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In sone cases, when a nmenory is used to emit a photon, the ultimate
di sposition of the qubit in menory nmight be nmeasurenment imediately
after the em ssion of the photon (as in QKD). Alternatively, in
systens involving QEC, i mediately after em ssion of the photon, the
menory qubit may be encoded into a logical qubit. In general, such
events can trigger execution of a local quantumcircuit.

For |inks using HOM based entangl enent generation, inevitably there
is a delay between the BSA operation completing successfully and the
generation, transnission and reception of the confirmati on nmessage.
Over distances of a few kiloneters, this can require a few

nm croseconds.

8. Urgent but Not Synchronization-critical Tasks

Sone events trigger a conputation, or series of conputations, that
are too conplex to be conpiled directly into a formfor execution by
an ASIC or FPGA. For exanple, hybrid or adaptive algorithns such as
VQE, if executed in a distributed fashion, mght require a
substantial statistical conmputation to adjust the parameters used in
the creation of the ansatz.

9. Host-side Application-level Tasks

The service provided by a quantum network is entangled states, which
may be either delivered to applications on quantum conmputers, held in
limted-capability quantum nmenories for |ater rel ease and use, or
directly neasured as creation is conpleted, corresponding to the
capabilities of COW, STOR and MEAS end node types, respectively.

An application that uses the services of a quantum network passes
t hrough several phases:

* *Planning*: selecting application-level tasks and comunication
partners, including defining application quantumcircuits (for
di stributed conputation) or measurenent bases and characteristics
(for QKD or sensing applications), required distributed quantum
states (at the monent, presumed to be Bell pairs), distributed
ent angl ement fidelity, and nunber or rate of entangled states
needed.

* *Conputational resource preparation*: for distributed quantum
comput ation, allocation of quantum conputing resources attached to
the quantum network, conpilation of application circuits for
processi ng and consunption of the entangled states delivered by
the network service
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* *Connection setup*: the classical process of establishing
communi cati on between nodes. Depending on the network
architecture, this may include allocation of resources at repeater
nodes.

* *Real-tine receipt and disposition of entangled states*: as the
network delivers entangled states to the end nodes, they will be
consunmed by applications, ultimately resulting in classica
i nformati on which may determ ne further quantum actions at the
| evel of imrediate, result-dependent actions.

* *Near-real tinme conmputation*: many quantum al gorithnms are hybrid
cl assi cal / quantum conput ati on and rmay require | arger-scale
adaptati on or reconpilation of application quantumcircuits.

*  *Post-quantum processing*: the classical data generated by the
quantumcircuits or measurenents can be delivered to | arger
cl assical conputation and comruni cati on systens, e.g. for use as
cryptographi c keys or as part of a nuch |arger computation. At
this point, processing is conpletely decoupled fromthe quantum
net wor k.

* *Connection teardown*: After conpletion of the quantum network
service requested by the application or larger IT service (e.g.,
encrypted cl assi cal connection), resources along the comunication
path can be recovered; partially conplete entangl ed states are
di scarded or repurposed, and physical resources reallocated to
ot her connecti ons.

*  *Conputational resource rel ease*: reserved quantum conputati ona
resources are rel eased.

* *Conpletion*: the end-to-end hybrid quantumtcl assical service is
term nat ed

Al of the above except those marked real-tinme and near-real tine are
al most entirely insensitive to tining issues, except as necessary for
the end-to-end service to neet the users’ needs. |If allocated
resources sit unused for extensive periods of time, the service
delivery of the network as a whole nay be negatively inpacted;

i ntroduction of proper pricing or adnission control may be needed to
resol ve such issues

Haj duek & Van Meter Expires 19 Septenber 2026 [ Page 28]



I nternet-Draft Quantum Ti m ng Regi nes March 2026

10.

Background Tasks

Net wor k operations include a nunber of tasks that nonitor and

mai ntain the integrity and perfornance of the network. In the case
of a quantum network, uses of the quantum portion of the network can
often be deferred until the network is idle or pre-scheduled tine
slots arrive, in order to mnimze the inpact on application
requests. Once the quantum operations are begun, of course, they are
subject to all of the constraints |listed above, but the acconpanying
classical calculation and inter-node reconciliation can proceed in

t he backgr ound.

Such tasks include:

* *Link monitoring*: Each |ink nust be nonitored continuously in
order to informrouting (below and Rul eSet creation during
connection setup. Reconstruction of the link density matrix and
ent angl ement success rates involve classical information sharing
bet ween the two nodes at opposite ends of the link. This
i nformati on nust be shared reliably but does not have hard real -
time constraints, so is well suited to transm ssion over a
reliable protocol such as TCP without concern for delays. The
required classical information is the outcones of neasurenents of
the quantum portion of the Iink. That data can be collected from
entangl ed states specifically assigned to the Iink nonitoring
task. It can also be collected fromapplication-targeted uses of
the link, provided that appropriate coordination can be achieved
and connection privacy naintai ned.

* *Routing*: Creation and update of routing tables at each node is
an ordinary, distributed classical task that shares the
informati on coll ected about |inks as above. The expected
completion time of this tasks should be quick enough that the
networ k converges to provide seam ess service upon topol ogy
changes. Unless nodes are nobile, propagation and recal cul ation
of such changes at the | evel of seconds should be acceptabl e.

* *Malicious use nmonitoring*: It is known that a hijacked or
mal functi oni ng repeater can be used to inpede the overall service
of the network or even to partition the network. It is also known
that QKD-derived nonitoring of the network using randomly sel ected
measur enent bases on a portion of the network capacity can serve
as a detection mechanismfor this malicious behavior.
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