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An atom and a two-core fiber [C. Giles et al., J. Lightwave Technol. 9, 271–283 (1991)]
[M. Koshiba et al., Opt. Express 19, B102 (2011)]

|1⟩, ω1

|2⟩, ω2

Ωω
κ

β1 β2

atom in a plane wave two-core fiber

unperturbed frequency level frequency ωn = En/ℏ propagation constant βn = 2πneff/λ

coupling dipole coupling |Ω| = |d21|E0/ℏ mode-overlap coupling κ

frequency fluctuations atomic collisions, laser phase noise bends, twist, core-radius fluctuations

1 coupled-amplitude equation −→ 2 phase noise: averaged equation −→ 3 rate equations
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Two cores: the coupled-mode equation [H. Haus et al., Proc. IEEE 79, 1505–1518 (1991)]
[A. W. Snyder, J. Opt. Soc. Am. 62, 1267 (1972)]

1 isolated cores
En = en(x, y) e

j(ωt−βnz)

2 coupled cores
E =

∑
n bn(z) en(x, y) e

jωt

substitute into Maxwell’s equations; for the mode of core 1,
core 2 is a permittivity perturbation ∆ε; project onto each
mode em

j ∂z

(
b1
b2

)
=

(
β1 κ
κ∗ β2

)(
b1
b2

)
, κ =

ω

4

∫∫
e∗1 ·∆ε e2 dx dy

3 input in core 1: b(0) = (1, 0)

|b2(z)|2 =
|κ|2

κ̄2
sin2 κ̄z, κ̄2 = |κ|2 + ∆β2

4
, ∆β = β1 − β2

complete power transfer requires ∆β = 0 and occurs at
z = Lc = π/(2|κ|)

Physical origin of the entries

βn = 2πneff/λ core index and radius

|κ| ∝ e−Λ/δ core pitch Λ, tail length δ

∆β ≃ β Λ/R bend radius R
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An atom in a plane wave: the same equation [R. P. Feynman et al., J. Appl. Phys. 28, 49–52 (1957)]
[G. Allinson et al., arXiv:2601.20631 (2026)]

1 unperturbed atom
|ψ⟩ =

∑
n Cn(t)|n⟩, Cn ∝ e−iωnt

2 plane wave E = E0ê cosωt

add the dipole interaction −d̂ ·E to the Hamiltonian;
project Schrödinger’s equation onto each level ⟨m|

i ∂tCm = ωmCm −
∑
n

⟨m|d̂|n⟩ ·E(t)

ℏ
Cn

rotating-wave approximation: retain only the term of cosωt
resonant with 1 → 2; C̃1 = C1e−iωt: level 1 plus one
absorbed photon, frequency ω1 + ω

i ∂t

(
C̃1

C2

)
=

(
ω1 + ω Ω∗/2
Ω/2 ω2

)(
C̃1

C2

)
with Ω = −d21E0/ℏ, d21 = ⟨2|d̂|1⟩ · ê

3 initial state |1⟩: C(0) = (1, 0)

|C2(t)|2 =
|Ω|2

Ω′2 sin2
Ω′t
2
, Ω′2 = |Ω|2 +∆2

Physical origin of the entries

ω21 ∝ n−3 principal quantum number n

|Ω| ∝ n2E0 dipole |d21| ∝ n2ea0

∆ = ω − ω21 detuning of the wave
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One equation, two systems

two-core fiber atom in a plane wave

evolution variable z t

diagonal entries β1, β2 ω1 + ω, ω2

off-diagonal entries κ Ω∗/2

detuning ∆β = β1 − β2 ∆ = ω − ω21

coherent exchange coupler beat Rabi oscillation

complete transfer Lc = π/(2|κ|) π pulse, t = π/|Ω|
equal split 3 dB coupler π/2 pulse

eigenstates supermodes dressed states
0 1 2 3 4

z/Lc or |Ω|t/π

0.0

0.5

1.0

|b 2
|2

or
|C

2
|2

∆β = 0 (∆ = 0)

∆β = 2|κ| (∆ = |Ω|)
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Phase noise: the averaged equation [R. Kubo, J. Math. Phys. 4, 174–183 (1963)] [H. Haken
et al., Z. Phys. 262, 135–148 (1973)]

β2 → β2 + ξ(z) (random), ⟨·⟩: average over fibers, Pn = ⟨|bn|2⟩, c = ⟨b1b∗2⟩

1 one fiber
d|b2|2

dz
= 2 Im

(
κ∗b1b

∗
2

)
= −d|b1|2

dz
,

d(b1b
∗
2)

dz
= −j (∆β − ξ) b1b∗2 + jκ

(
|b1|2 − |b2|2

)
2 over a short length ∆z, ξ rotates the phase of b1b∗2 by δϕ =

∫ z+∆z

z
ξ dz′

⟨δϕ2⟩ = 2γ∆z ⇒ ⟨ejδϕ⟩ = e−γ∆z ≃ 1− γ∆z

3 the averaged equation (atoms: optical Bloch equations)
dP2

dz
= 2 Im

(
κ∗c

)
= −dP1

dz
,

dc

dz
= −(γ + j∆β) c+ jκ (P1 − P2)
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Strong phase noise: coupled-power theory [D. Marcuse, Bell Syst. Tech. J. 51, 229–237 (1972)]
[M. Koshiba et al., Opt. Express 19, B102 (2011)]

γ ≫ |κ|: c relaxes within a length 1/γ, before the powers change appreciably

set dc/dz ≃ 0 in the averaged equation

c ≃ jκ (P1 − P2)

γ + j∆β

substitute into dP2/dz = 2 Im(κ∗c)

dP2

dz
= h (P1 − P2), h =

2|κ|2γ
γ2 +∆β2

input in core 1: P2(z) =
1
2

(
1− e−2hz

)
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Rydberg sensor: working principle
[S. H. Autler et al., Phys. Rev. 100, 703–722 (1955)]
[M. Fleischhauer et al., Rev. Mod. Phys. 77, 633–673
(2005)] [J. A. Sedlacek et al., Nat. Phys. 8, 819–824
(2012)] [C. L. Holloway et al., IEEE Trans. Antennas

Propag. 62, 6169–6182 (2014)]

|1⟩ ground

|2⟩ excited
probe

−10 0 10

probe detuning (MHz)

0

1

probe only: absorption line

|1⟩
|2⟩
|3⟩ Rydberg

probe

coupling

−10 0 10

probe detuning (MHz)

0

1

+ coupling laser: transparency
window (EIT)

|1⟩
|2⟩
|3⟩
|4⟩ Rydberg

probe

coupling
RF

−10 0 10

probe detuning (MHz)

0

1
∆f

+ RF field: the window splits by
∆f ∝ ERF (Autler–Townes)

ERF = h∆f/d, d: dipole of the Rydberg transition
computed: weak probe, atoms at rest
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Rydberg RF receivers: where they stand [G. Allinson et al., arXiv:2601.20631 (2026)]

reported noise-equivalent field versus year

at 1.1 THz [72]. Non-resonant methods rely on a less-sensitive mechanism but are
capable of sensing bandwidths from DC to THz.

A generic Rydberg detector can then be said to only be sensitive to a large number
of discrete windows of MW frequencies, defined by the Rydberg state being addressed
by the laser. This stands in contrast to traditional radio receivers, which typically
exhibit broad, continuous sensing bandwidths set mainly by the properties of the
LNA or receiving antenna. To bridge that gap, some efforts have been made to cover
frequencies up to 20 GHz [21]. However, higher frequencies still present a challenge
due to wider gaps between possible Rydberg transitions.

Additionally, the sensing bandwidth in Rydberg detectors may also be limited by
the front-end hardware used, such as the antenna, if used in combination, or any
band-pass filters that precede the atomic medium.

4.4 Experimental Demonstrations and Performance
The general trend in Figure 5 shows continuous improvement of sensitivity over the
last decade; most state-of-the-art results near 10GHz report NEFs of ∼1 µVm−1

√
Hz.

Recent wave-mixing (up-conversion) experiments presently hold the record, while
other techniques, such as fluorescence detection, require more benchmarking.
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109 GHz [110]

18.3 GHz [157]

19.6 GHz [101]

13.9 GHz [35]

10.2 GHz [37]

10.68 GHz [153]

17.04 GHz [152]

19.6 GHz [90]

6.95 GHz [73]

96 GHz [36]

7 GHz [34]
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16.03 GHz [156]

2.3 GHz [22]

1.3 GHz [154]

1 kHz [70]

10 GHz [79]

30 MHz [116]

A-T Splitting
Fluorescence
Wave-mixing + photon-counting
Heterodyning
Off-resonsant AC-Stark
Miscellaneous

Fig. 5 NEF sensitivities reported for assorted Rydberg receivers. Points are labelled by the carrier
frequency and the reference. The references for each data point are [22, 34–37, 70, 73, 79, 82, 90, 101,
109, 110, 116, 132, 152–157] are provided in the plot.

Because NEF is convertible to a NET (noise-equivalent temperature), these points
can be benchmarked against the performance of low-noise electronic LNAs. For exam-
ple, the 7.9 µVm−1/

√
Hz result of Legaie et al. [36] (with free-space coupling) implies

a noise temperature of Tn≈7,000K when a simple dipole gain G=3/2 is assumed. By
contrast, Sandidge et al. [37] couple the MW field to an antenna and cavity, yielding
1.58 µVm−1/

√
Hz; as the antenna had a gain G≈5 this maps to Tn≈80,000K.
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requirements of spaceborne receivers
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SAR
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Space VLBI
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Radiometry, 183 GHz
Limb sounding, sub-mm
CMB radiometer / polarimeter

Reference lines / points
Rydberg MW-optical converter [35]
Free-space thermal field,
no mode selection (290 K)

Fig. 2 Instantaneous RF bandwidth versus noise equivalent free-space electric-field for exemplary
spaceborne receiver classes. Shaded rectangles indicate synthesised ranges of instantaneous band-
width and input-referred free-space electric-field amplitude spectral density per

√
Hz, derived from

the instrument dataset; the construction of these ranges is described in the Annex. Marker shapes
distinguish receiver classes and colour encodes coherence (coherent vs. incoherent), as indicated in
the legend. Sensitivities are expressed as an equivalent free-space field, Ẽfree =

√
kBTsysη0/(ρ2Ae),

corresponding to the electric-field spectral density that would deliver the system noise power through
the effective aperture Ae for a single receiving polarisation. Coherent, polarisation-matched systems
use ρ2 = 1, while single-channel incoherent receivers use ρ2 = 1/2. The horizontal dotted line marks
the global free-space thermal electric-field amplitude at 290 K, obtained without spatial or polari-
sation mode selection. The starred point highlights a Rydberg MW–optical converter, with dashed
guide lines indicating its bandwidth and sensitivity coordinates.

thermal background. Radar and active sounding instruments exhibit higher noise-
equivalent free-space fields; in practice, their sensitivity is recovered through the
coherent processing gains.

Atmospheric radiometers populate intermediate to higher noise ranges, typically
between ∼ 10−3 and 10−1 µVm−1 Hz−1/2, while spanning several orders of magnitude
in bandwidth. In these instruments, effective aperture is constrained by footprint
requirements, and system noise temperature generally increases with frequency. For
incoherent radiometric systems in particular, aperture primarily sets spatial resolution
and scene selection, whereas sensitivity is governed by system noise temperature and
calibration stability.

The free-space thermal field reference indicates the electric-field amplitude of ther-
mal radiation integrated over all spatial modes and polarisations in free space, in
the absence of mode selection, and does not represent a fundamental detection limit.

11

⋆ best Rydberg receiver

boxes: space
instruments

Plots from [G. Allinson et al., arXiv:2601.20631 (2026)]; noise-equivalent field in µVm−1Hz−1/2
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Conclusions

coherent regime =⇒ one 2× 2 equation: frequencies on the diagonal, couplings off-diagonal

two cores ↔ atom =⇒ β1, β2, κ ↔ ω1 + ω, ω2, Ω∗/2

phase noise, strength γ =⇒ the relative phase decorrelates over a length 1/γ

γ ≫ |κ| =⇒ coupled-power theory, h = 2|κ|2γ/(γ2 +∆β2)

multicore-fiber crosstalk and atomic rate equations: the same strong-dephasing limit

Thank you!
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