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Motivación: radioastronomía y predicción climática

Ultra-low noise instrumentation

Radio astronomy, Earth observation, 

planetary missions, …

Source: WMAP website
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Motivación de las bandas milimétricas en radioastronomía

WMAP goal: map the relative CMB 

temperature over the full sky with a 

sensitivity of 20 µK per 0.3° square 

pixel.

ΔTCMB/ ΔTforeground
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Motivación: ruido cuántico

“Ideal” radiometer: No noise added, and 

100% of photons detected Mandel’s formula

Shot noise Thermal noise

Radiometer equation

Planck’s formula
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Motivación: ruido cuántico

“Actual” radiometer: Thermal noise added 

and η < 100%, some photons are lost.
Some integration techniques

Dicke switching
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• Bolometric detectors (HEB, TES, … )

• Superconductor-Insulator-Superconductor (SIS)

• Kinetic Inductance Detectors (KIDs)

• High-electron-mobility transistors (HEMTs)

Cryogenic operation

InP HEMT LNA @ 17.5 K

Motivación: teconologías de detección en bandas mm y sub-mm

“I hope, after reading the paper, you will be convinced that there is a

limit on the minimum noise temperature of FETs in general (based on

their principle of operation) and for InP cryogenic HEMTs that limit is

about 4-4.5 time quantum noise. We have practically reached it.”
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Electro-optic up-converter: concepto

Good candidate for low-noise detection with less strict cooling requirements
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Challenges:

1. High conversion efficiency:

2. Avoid thermal noise being 
upconverted

3. Phase matching

4. High upconversion bandwidth

Electro-optic up-converter: challenges
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Electro-optic up-converter

The signal is up-converted into the optical domain

where it is easier to detect with available high-

sensitivity optical receivers.
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Electro-optic up-converter: theory and WGM resonators
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Q factors are only limited 
by host material

wave picture

Gorodetsky et al, 
Opt. Comm. 113, 133-143 (1994)

actual picture

strong confinement
of the light

evanescent field

→ interaction with the 
environment

→ great for nonlinear 
frequency mixing

total internal reflection:

resonance condition:

Electro-optic up-converter: WGM resonators
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tunable coupling rate:

Spectrum in reflection

→ tunable bandwidth
→ optimize nonlinear experiments

coupling condition

Frustrating the TIR by another dielectric

typical values:

Electro-optic up-converter: how to couple light in a WGM resonator
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Electro-optic up-converter: how to couple mm-waves in a WGM resonator
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Electro-optic up-converter: experimento

1550 nm laser power = 2…5 mW

Optical output efficiency = 10 dB

Qlaser=5x106

nprism=2,42

Finesse=300

nlaser=2,14

nmw=5

Qmw=100

R=2,4 mm r=150 μm

BW=150 MHz

FSR=9,155GHz

Pmwminimum = 1nW

Lineal
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Electro-optic up-converter: experimento
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Electro-optic up-converter: aumentar la eficiencia
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Limited to: 

The application (frequency)

The maximum optical power 

that the resonator can 
handle
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Depends on the selection of the
material of the WGM resonator
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Material 𝜒 2 (pm/V) np nm Qp Qm 𝜒 2 2
𝑄𝑝
2𝑄𝑚

𝑛𝑝
4𝑛𝑚

2

Lithium tantalate
(LiTaO3)

155 2.116 6.29 5.7×108 150 1.5×10−3

Lithium Niobate
(LiNbO3)

151 2.138 4.95 1×108 200 8.9×10−5

Quartz
(SiO2)

0.4 1.536 2.11 5×107 5000 8.1×10−8

Aluminium nitride 
(AlN) 

5 2.16 2.88 6×105 2000 1.0×10−10

Gallium Arsenide
(GaAs)

41.9 3.37 3.59 1×105 1000 1.1×10−11

Indium Phosphide 
(InP)

40 3.165 3.514 1×105 1000 1.3×10−11

Zinc selenide
(ZnSe) 

18 2.45 3.0158 5×104 525 1.3×10−12

Zinc telluride
(ZnTe) 

56.3 2.733 3.1707 1.6×103 555 8.0×10−15

Electro-optic up-converter: aumentar la eficiencia
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Depends on the geometry of the resonator, the overlap 

between both input signals needs to be maximized by:

Pushing the microwave mode’s maximum intensity towards the 

rim of the resonator

Decreasing the mode volume of the microwave signal

3

Electro-optic up-converter: aumentar la eficiencia
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Electro-optic up-converter: ocupación térmica

Hot matched load

Thermal noise from thermic bath

Thermal noise from horn+waveguide

Thermal noise from the resonator
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Electro-optic up-converter: ruido inherente al resonador

Thermal equilibrium
a2
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Electro-optic up-converter: ruido inherente al resonador
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Momentum conservation constrains mode

azimuthal numbers to fullfill the relation:

𝒎𝒔 = 𝒎𝒑 ±𝒎𝒎

Since the prism couples both optical modes with

the same rate, the sideband must also be

resonant. Narrowband up-conversion! ≈ 𝟐 MHz

for 1550 nm light and 𝑸 ≈ 𝟏𝟎𝟖 cavityEnergy conservation constrains the frequency to

fullfill the relation

𝒇𝒔 = 𝒇𝒑 ± 𝒇𝒎

Electro-optic up-converter: realizing phase matching
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Electro-optic up-converter: increasing bandwidth

Grating etched in optical silicon

coupling waveguide.

Preliminary theoretical study with

coupled-mode theory shows 800 MHz

upconversion bandwidth of 130 GHz

signals.

Finding a strong mode selective coupler
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Electro-optic up-converter: increasing bandwidth

TE modes

TM modes

Er=0

Eϴ

Eϕ

Er

Eϴ

Eϕ

TE modes

TM modes

Optics
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Electro-optic up-converter: increasing bandwidth

Coupling

No coupling

no_prism> ne_res

ne_prism< no_res
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Electro-optic up-converter: experiment for increasing bandwidth

TE modes
ne_res

no_prism

TM modes
no_res

ne_prism

Coupling to the LN prism

No coupling to the LN prism

R=2,1mm

r=0,3mm

Q=8,8x107

ΔvTE=2,2 MHz

Q=1,9x108

ΔvTE=1 MHz
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Electro-optic up-converter: experiment for increasing bandwidth

Piezo 0,1V=6,3nm
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Electro-optic up-converter: experiment for increasing bandwidth

Up to 100 MHz coupling

bandwidth difference

between TE and TM

modes
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Electro-optic up-converter: increasing bandwidth, SHG experiment
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Electro-optic up-converter: Experimental proof of concept
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This schematic shows the setup used to

couple to a PE resonator (R = 10 mm):

The microwave from a photomixer

emitting to free space is collimated and

refocused with two parabolic mirrors

into a tapered PE waveguide. The

waveguide is bent to improve coupling

to the resonator.

Electro-optic up-converter: Experimental proof of concept
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Electro-optic up-converter: Experimental proof of concept
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Record conversion

efficiency 𝜼 = 𝟐. 𝟓 × 𝟏𝟎−𝟓

per mW pump power

Geometry optimizations

from full-wave simulations

show about 2 orders of

magnitude efficiency

increase

Electro-optic up-converter: Experimental proof of concept
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Plaser=0,33mW

Electro-optic up-converter: Experimental proof of concept
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Sensitivity as a radiometer

Noise equivalent temperature uncertainty 𝚫𝐓 (normalized)
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Noise equivalent temperature uncertainty 𝚫𝐓 (normalized)

Sensitivity as a radiometer
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Noise equivalent temperature uncertainty 𝚫𝐓 (normalized)

Sensitivity as a radiometer



11/12/2023 Luis Enrique García Muñoz 112

Sensitivity as a radiometer
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Sensitivity as a radiometer
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Sensitivity as a radiometer
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Sensitivity as a radiometer
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Sensitivity as a radiometer
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Millimeter wave Array at Room Temperature for

INstruments in LEO Altitude Radio Astronomy

(MARTINLARA) desarrolla una misión espacial de

demostración en órbita integrando en un nanosatélite

tecnologías de uso espacial en radioastronomía,

observación de la Tierra, fotónica espacial, y propulsión

espacial eléctrica.

MARTINLARA CUBESAT
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Millimeter wave Array at Room Temperature for

INstruments in LEO Altitude Radio Astronomy

(MARTINLARA)

MARTINLARA CUBESAT
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Anisotropías de CMB “Numerical Weather Prediction“

Vapor de agua a 180 

GHz

CMB a 180, 200 y 250 GHz

MARTINLARA CUBESAT
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Antenas

11/12/2023

Anisotropías de CMB “Numerical Weather Prediction“

CMB a 150, 200 y 250 GHz NWP a 150, 200 y 250 GHz

Eficiencia de apertura = 40%

Órbita = 800 km

Directividad = 38 dB

Apertura = 20*lambda

Cielo ➔10º (3x3º)

Tierra➔10º (40x40 km de spot)

Diámetro150 GHz = 8 cm

Diámetro200 GHz = 6 cm

Diámetro250 GHz = 4,8 cm
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Antenas

11/12/2023
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Antenas

11/12/2023
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Radiómetros

11/12/2023
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Radiómetros

11/12/2023

Cada radiómetro (sin guía de onda ni antena):

Caja de aluminio de 3 mm de espesor

Peso: 500 g

Volumen: 150 x 80 x 30 mm

Consumo: 10 W
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Currently the experiment is limited by shot noise.

Optimized geometries and structures have to be designed to reduce thermal noise and increase

efficiency.

For intrinsic (unloaded) microwave 𝑸 ≈ 𝟏𝟓𝟎𝟎 and 𝜼 ≈ 𝟏𝟎%, the sensitivity would be 10 times above

the quantum limit at room temperature.

The same concept can be extended to the sub-millimeter range by just scaling the resonator’s

geometry.

The conversion bandwidth is not fundamentally limited. We are seeking for other ideas and

approaches to achieve broadband up-conversion.

Conclusiones
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Conclusiones: el equipo de trabajo



11/12/2023 Luis Enrique García Muñoz - Código concurso DF000758 128

Electro-optic up-converter: increasing bandwidth

Coupling

No coupling

no_prism> ne_res

ne_prism< no_res
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Electro-optic up-converter: increasing bandwidth

Second harmonic generation 

(SHG)


