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Abstract. This paper reports on the instrumental design of a new cryogenically cooled middle-atmosphere water vapor ra-

diometer developed by the University of Bern at the Institute of Applied Physics (IAP). Here, we present the instrument design 

for the breadboard stage. The key innovation of this new instrument is its cryogenically cooled front-end, which is designed

to keep its size compact, reducing the required cooling power compared to existing cryogenically cooled radiometers. The ad-

5 vantage compared to uncooled instruments is the reduced receiver noise temperature and the possibility to extend the altitude 

coverage of the retrieval of water vapor profiles to even higher altitudes with better temporal resolution. The new radiometer

is part of the Swiss H2O Hub and is supposed to replace the existing 22 GHz radiometer, MIAWARA, which has been in 

operation at the University of Bern for over 20 years at the Zimmerwald observatory. The calibration of the new instrument 

includes tipping curve calibration to determine tropospheric opacity, using the sky as a cold target. An ambient load serves as

10 the hot target for the Hot-Cold calibration, and we also explore the possibility of using frequency-switch calibration to reduce 

the impact of non-linearities in the receiver chain, allowing for a higher integration time of the line observation compared to 

other calibration techniques. The combination of a cryogenic front-end and frequency switch microwave radiometers at 22 GHz 

has not been previously implemented in a single instrument. In addition to detailing the instrumental design and calibration 

techniques, we present preliminary results of atmospheric spectra obtained with the breadboard setup.

1 Introduction

Water vapor is an essential climate variable in the Earth’s atmosphere and plays an important role in the radiative balance,

serving as the most significant greenhouse gas in the upper troposphere (Andrews et al., 1987; Brasseur and Solomon, 2005).

It plays, together with ozone and carbon dioxide, a pivotal role in the radiative cooling of the stratosphere and mesosphere

through infrared emissions (Andrews et al., 1987). It participates in various chemical reactions, including the catalytic ozone20

depletion due to heterogeneous chemistry on the surface of polar stratospheric clouds (PSC), accompanied by freeze drying,
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where it acts as the primary source of the reactive OH radical (Steiner et al., 2021). In the stratosphere and mesosphere, water

vapor has a longer chemical lifetime compared to the timescales of dynamic processes, making it a useful tracer for studying

phenomena the vertical transport due to the residual circulation at mesospheric altitudes (Straub et al., 2012; Shi et al., 2023),

meridional transport, and the containment of the polar vortex as well as more rapid vertical coupling processes such as Sudden25

Stratospheric Warmings (SSWs) (Schranz et al., 2020; Shi et al., 2024, 2025).

Water vapor in the upper stratosphere and mesosphere is primarily monitored through passive remote sensing, either from

space-based or ground-based instruments. Satellites like MLS on EOS/Aura (Waters et al., 2006), MIPAS on ENVISAT (Milz

et al., 2005), and ODIN (Murtagh et al., 2002) provide both vertical and global data coverage, while ground-based instruments

offer vertical profiles at specific locations. Ground-based instruments are characterized by long operational lifetimes, while the30

lifetime for satellites is typically limited to less than 10 years, although SABER on board TIMED and MLS on AURA achieved

mission lifetimes of 2 decades and beyond. Ground-based measurements are essential for the long-term monitoring of water

vapor and to ensure a reliable and resilient reference baseline that is a precious source to combine consecutive satellite mis-

sions, allowing the creation of continuous global datasets that are vital for climate research. For profiling middle atmospheric

water vapor from the ground, the rotational transition at 22 GHz is typically utilized due to the low tropospheric opacity at this35

frequency, making it observable even from sea level.

Only a few ground-based spectro-radiometers operate regularly at 22 GHz, such as the instruments in Kiruna (Norway) (Seele

and Hartogh, 1999) and Seoul (South Korea) (De Wachter et al., 2011), as well as those in the NDACC (Network for the Detec-

tion of Atmospheric Composition Change) network at sites like Onsala (Sweden) (Forkman et al., 2003), Bern (Switzerland)

(Deuber et al., 2004a; Bell et al., 2025), Table Mountain (California, USA), Mauna Loa (Hawaii, USA), and Lauder (New40

Zealand) (Thacker et al., 1995; Nedoluha et al., 1997, 2007). Additionally, several new instruments have been developed in

recent years, including those at Zugspitze (Germany) (Hallgren et al., 2013), Karlsruhe (Germany), and the Mobile Microwave

Radiometer operated by the University of Toulouse (France) (Motte et al., 2008).

The demand for water vapor measurements has increased rapidly in recent years due to the Hunga Tonga–Hunga Ha‘apai‘s vol-

canic eruption on 15th January 2022 (Wright et al., 2022; Carr et al., 2022; Matoza et al., 2022), which injected a big anomaly45

of water vapor, that was first detected from MLS by Khaykin et al. (2022), and detected the H2O zonal mean anomalies in

the tropics by Millan et al. (2022). In addition, with the planned stop of the Aura MLS 190-GHz observations (specifically

of H2O, N2O, HCN, and upper stratospheric HNO3), there is a need for newly developed radiometers. As part of the Swiss

H2O Hub(Federal Office of Meteorology and Climatology MeteoSwiss), the design of a new cryogenically cooled 22 GHz

radiometer for stratospheric and mesospheric water vapor profile measurements was launched.50

Here we present the design and first breadboard of our third-generation 22 GHz microwave radiometer for middle atmospheric

water vapor retrievals. The first instrument, the Middle Atmospheric WAter vapor RAdiometer (MIAWARA) (Deuber et al.,

2004a), began routine operation near Bern in 2002 and has been part of NDACC since 2005. The second, the Stratospheric

WAter Vapor RAdiometer (SWARA) (De Wachter et al., 2011), is a collaborative project between the University of Bern and

Sookmyung Women’s University in Seoul, South Korea, and began operation in Seoul in 2006 as a replica of MIAWARA. The55

third, the Middle Atmospheric WAter vapor RAdiometer for Campaign (MIAWARA-C) Straub et al. (2010), began operation
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in 2008 in Bern, Switzerland, and is currently stationed in Ny-Ålesund since 2015.

The new instrument will have a cryogenically cooled front-end and leverage the receiver design from other instruments. The

advantage of cooling the first stage of the front-end is to reduce the receiver noise temperature and, thus, to improve the signal-

to-noise ratio. This is a prerequisite to enhance the sensitivity of the instrument, which results in an improved altitude coverage60

up to altitudes of 85 km as well as a better temporal resolution compared to the uncooled MIAWARA and MIAWARA-C.

A key goal of our design is that the calibration scheme of CRYOWARA is independent of any other instruments and requires

no liquid nitrogen. Instead, the cold sky is used as a cold target for tipping curve calibration. In parallel, a permanently installed

ambient target is used to routinely perform the hot-cold calibration. Furthermore, we are experimenting with a novel approach

for the 22 GHz line by applying a frequency switching to reduce and mitigate the impact of any non-linearities in the system.65

The manuscript is structured as follows. In section 2 of this paper, we present the instrumental setup, focusing on the optical

design and the front-end embedded into a vacuum chamber. The 3rd section focuses on a comparison with MIAWARA, inves-

tigating the benefits of the new radiometer. The 4th section presents the calibration scheme. In section 5, we present some early

results from the breadboard design and, lastly, the future steps of the radiometer.
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(a) 1) Linear stage, 2) Rotating stage, 3) Ambient target, 4) Transparent

microwave window
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(b) 1) Parabolic reflector, 2) LN2 target, 3) Vacuum chamber, 4) front-end

chain

Figure 1. Breadboard assembly of CRYOWARA during first calibration observing the sky at 45◦ elevation angle.
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(a) 1) Cryocooler cold head, 2) Copper bread, 3) Low noise amplifier (LNA)

and coaxial cable, 4) Ortho mode transducer (OMT)

1

2

(b) 1) Gold-plated corrugated profiled antenna designed for 22 GHz, 2)

Corrugated antenna mounting structure, material G10

Figure 2. Breadboard assembly of CRYOWARA, assembly of vacuum chamber.

2 CRYOWARA instrumental design70

Similar to previous instruments, such as MIAWARA and MIAWARA-C, CRYOWARA is designed to observe the 22 GHz

pressure-broadened water vapor line with a sufficient bandwidth to perform retrievals covering the altitude range from 30-

85 km. The main challenge in the design of CRYOWARA was to reduce the feedhorn and front-end physical dimensions to

achieve the desired size of the vacuum chamber. The more compact these parts of the instrument are designed, the easier it is

to control the temperature of the feedhorn and the front-end. Therefore, the quasi-optic design was guided by minimizing the75

physical dimensions of each component without sacrificing the performance goals.

2.1 Optical setup

A broad overview of the instrumental design is given in Figure 1 and Figure 2. The instrument was designed to achieve the

performance specifications summarized in Table ??. The instrument is divided into 3 parts: 1) the mirror, 2) the cryogenic

front-end, and 3) and digital back-end. A parabolic mirror is chosen to direct the atmospheric microwave signal in the vacuum80

chamber through a microwave window to the cooled corrugated feedhorn antenna. The feedhorn antenna is designed for

dual-polarization observation, which results in an increased signal-to-noise ratio. However, our receiver is not correlating

both polarizations, considering that the water vapor line is an unpolarized emission, whereas, for example, the TEMPERA-C

radiometer is fully polarimetric (Krochin et al., 2022, 2025). Nevertheless, the signal is divided into horizontal and vertical

polarization by an ortho-mode transducer before being amplified by the two cryogenically cooled amplifiers. They are cooled85

by 2 copper braids attached to the cryocooler. The signal of each polarization passes through a high-pass filter with a cutoff
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frequency at 21 GHz, which ensures single sideband operation of the following heterodyne mixer. The mixer is pumped with

an LO signal around 18 GHz to down-convert to the intermediate frequency of 4 GHz. The intermediate frequency signal is

further amplified before entering the spectrometer.

The spectrometer is part of the back end. The breadboard setup operates with a USRP X310 with two UBX daughter boards,90

which provide two input channels with 200 MHz bandwidth. The digitized data of each polarization is processed by a real-

time Fast Fourier Transformation (FFT) with 16384 channels, resulting in a frequency resolution of 12.2 kHz. The bandwidth

and frequency resolution of CRYOWARA are sufficient to retrieve water vapor profiles from 30 to 85 km altitude based on

simulations with the Atmospheric Radiative Transfer Software (ARTS).
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Figure 3. Schematic diagram of the CRYOWARA radiometer with the reflector, window, feed horn, ortho-mode transducer (OMT),

cryogenically cooled low noise amplifiers (LNA), high-pass filters (HPF), mixers, local oscillator (LO), intermediate frequency amplifiers

(IFA), and the spectrometer.

2.1.1 Quasi Optical design95

For the quasi-optical design, the corrugated feedhorn antenna, with and without the microwave window, and the parabolic re-

flector have been designed with the antenna simulation software packages GRASP and CHAMP from the company TICRA(TICRA,

2024). The software has the option to take the exterior of the corrugated feed into account, to include the vacuum window in

the simulations, and to simulate the spillover and the far-field of the parabolic reflector. For middle atmospheric water vapor

soundings, a narrow antenna beam is beneficial; narrow refers here to a beamwidth of FWHM 3◦. Deuber et al. (2004b) simu-100

lated the difference in brightness temperatures for different elevation angles for different beamwidths and showed a nonlinear

increase with beamwidth and found that a FWHM of 3◦ is often an acceptable compromise. Considering that the difference

between the detected signal intensity on the ground, assuming a Gaussian beam, compared to an ideal pencil beam, increases

with increasing beamwidths for lower elevation angles. Hence, the instrument’s performance crucially depends on the optical

design to meet the requirements for all possible beam directions.105

In a design trade-off, we opted for the choice of cryogenically cooling the feedhorn antenna and front-end, and as such, our

system requires a transparent window in our working frequency. An alternative would have been to cool only the LNA, and

couple the RF from an ambient temperature feed to the LNA with thermally insulated coaxial or waveguide feed-throughs.

However, this would increase the losses, and the result would likely not be much better than an uncooled LNA directly at-
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tached to the feed. As such, the window needs to have a minimal reflectivity at the desired frequency and needs to withstand110

the pressure difference between the interior (p = 10−6 Pa) and outside atmospheric conditions. Based on an extensive test

campaign of different window materials, (Speirs et al., 2020) and (Schröder et al., 2015), in a free space microwave cavity, we

selected ultra-high-molecular-weight polyethylene (UHMWPE) as window material, which has a measured dielectric constant

of epsilon=2.1 and combines the best of a low loss tangent and relatively low refractive index with better mechanical properties

than e.g. standard High-density polyethylene (HDPE) or Teflon. We further reduced the reflectivity of the vacuum window by115

tuning its thickness to one or multiples of lambda/2, and by applying an additional anti-reflection coating (ARC) on both sides

of the window. The condition for these ARC layers is that they ideally have a thickness of lambda/4 and have an effective

refractive index of sqrt(sqrt(2.1)). Figure 4 presents simulations of the window return loss with and without an anti-reflective

coating (ARC) for different thicknesses. The results presented were obtained with an ARC thickness of lambda/4, without any

geometrical features, and are applied at both top and bottom sides of the window. This is an analytical plane wave expansion120

centered at 22 GHz (f0 in the plot). Taking into consideration our effective bandwidth of 200 MHz, the final microwave win-

dow will have ARC machined onto it, in accordance with the procedure outlined by Farias et al. (2022). However, most of the

presented results in the current work leverage a microwave window without ARC, which turned out to be easier to manufacture

for the first breadboard tests. These tests served mainly for the optimization and characterization of the material properties

under vacuum conditions to estimate the behavior of the window due to the pressure difference between the inside and outside125

of the chamber, and a potential resulting deformation of the material.
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Figure 4. Calculated window return loss in dB for different thicknesses and anti-reflection coating.

Our design of the corrugated horn antenna is based on the work of McKay et al. (2016). The CRYOWARA corrugated

antenna, after scaling and modifications, has the shape shown in Figure 5. It has a length of approximately 294.5 mm, an

aperture diameter of 67.9 mm, and a square output with a side length of 9.94 mm. The antenna beam propagates along the

z-axis with waist w0 and a diverging beam radius (Goldsmith, 1992). The horn antenna has a w0 of 15.41 mm and a gain of130

20.13 dB with the first sidelobe below -40 dB. A cross-section of the antenna beam pattern is shown in Figure 6, and shows

the simulated antenna pattern in the three principal planes relative to the plane of the E-field at the input waveguide. The gain
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differences are minimal, but there is clearly an increase in the side lobes levels and the cross-polarization. The microwave

window results in a slight increase in the first sidelobe level. However, the first sidelobe remains below -35 dB and, thus, stays

within the instrument requirements. The window used for the simulations has a 1 lambda, (of the window material) thickness135

and no ARC.

Figure 5. The final design of the corrugated horn showcasing the ultra gaussian profile through a half section of the CAD design.
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(a) The radiation pattern of the horn antenna without a window.
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(b) The radiation pattern of the horn antenna with a 1 lambda window.

Figure 6. The two plots showcase the difference in the radiation pattern of the horn antenna with and without the window inserted in the

optical path, simulated using CHAMP from TICRA. We compare the radiation at 3 different polarizations: 1) 0 deg, 2) 90 deg, and 3) 45 deg.

Outside the cryogenic cooled chamber, we use a 90◦ off-axis parabolic reflector to focus the atmospheric signal into the

feedhorn. The parabolic mirror is designed to keep the spillover below -30 dBi. The material is Aluminium 7075 with the focal

length located 2.4 mm in front of the horn aperture, where the distance between the antenna and mirror configuration is 342.2140

mm. The reflector has an elliptical rim with a major radius of 265.2 mm and a minor radius is 179.4 mm, which was optimised
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to keep the spillover with the actual feedhorn below -30 dBi. The geometry was designed to be lightweight, and the center of the

rim was moved -30.35 mm to reduce the spillover further due to the beam’s divergence. The mirror is mounted on a precision

rotation stage from Jenny Science, the ROTAX Rxhq 110-50, which allows a 360 deg rotation and can point the receiver to

different elevation angles. The rotation drive is mounted on a linear translation stage again from Jenny Science, the Linax145

Lxc 80F40, which can be used to change the distance between the mirror and the feed by ±λ/4 during or between different

measurement cycles in order to reduce the effect of standing waves. As such, the relative power hitting the mirror varies from

99.8% to 99.84%, which is very close to the desired -30 dBi spillover corresponding to 99.9% at the scanning mirror. The final

antenna-window-scanning mirror configuration has a gain in the far field of 35.6 dBi shown in Figure 7. A 2D projection of the

radiation pattern for co-polar and cross-polar can be found in Figure 8, with the mirror looking at zenith.150
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Figure 7. Far field radiation pattern, of horn-window-mirror configuration (looking at zenith), simulated using GRASP Physical Optics.

A key goal in the design of the new instrument was the possibility of a remote outdoor deployment for campaigns in the

Arctic, Antarctic, or high-alpine environment. CRYOWARA is supposed to be compact and lightweight to be easily deployed

onto measurement platforms or high-altitude research stations. Therefore, the design of a weather-proof housing and climate

control of the main instrument parts are important. In particular, the cooling power of the cryocooler has to be well-dimensioned

to provide sufficient cooling under extreme weather conditions. The entire instrument is going to be weatherproofed from rain,155

snow, or other precipitation through an automated rain hood cover that closes and protects the reflector and calibration targets.

In the meantime, the receiver will always be in a fixed and temperature-controlled housing. We have also added counterweights

to ensure a better balance of the entire mirror mounting concerning the center of gravity relative to the rotation stage.
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Figure 8. 2D representation of the far field radiation pattern of horn-window-mirror configuration (looking at zenith).

2.2 The vacuum chamber

Cryogenic cooled front-ends were more common for astronomical radio telescopes, e.g., the Atacama Large Millimeter Array160

(ALMA) (Yagoubov et al., 2020). The advantage of cryogenically cooled instruments is their reduced noise level and, thus,

increased sensitivity, decreasing the required integration time to reach the necessary noise level for a profile inversion. This

is achieved by housing the feedhorn and all front-end electronics such as the low-noise amplifiers (LNA), the orthomode

transducer (OMT), the cryocooler cold finger, the turbo pump flanges, and all mountings in the vacuum chamber. The vacuum

chamber of CRYOWARA is designed to be as compact as possible to reduce the volume and make it more compact than165

existing cryogenic water vapor instruments (Hallgren et al., 2013). Figure 9 presents a CAD scheme of the vacuum chamber

and its interior.

The cryocooler is the most critical part of the system as it controls the temperature of the LNAs. The lower the temperature,

the lower the losses in the receiver chain (front end), and as a result, the lower the receiver noise temperature. We choose to

use an AMETEK Stirling cooler due to its compact size, low power consumption, and long service intervals. The cooler is170

connected through a flange from underneath the vacuum chamber. The balancer is located at the lower edge of the scheme.

Minimizing the size of the vacuum chamber and reducing the thermal conductance are essential for reaching the coldest

possible temperatures at the cold finger of the cryocooler. The LNAs are directly connected through copper braids with the

cold finger to ensure efficient cooling.

Figure 10 shows the copper braids, which are designed so that both LNAs receive the same cooling power from the cold175

finger. The copper braids that connect the cold head of the cryocooler to the LNAs have an estimated conductance per strap of

approximately 0.785 W/K @ 40 K(as stated by the manufacturer). Attached to the LNAs is the orthomode transducer that can

be seen in Figure 11. The ortho-mode transducer is designed with a square waveguide input matching the corrugated antenna

and has a WR42 output waveguide for dual-polarization measurements. The simulated reflectivity of the OMT is for all ports at
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Figure 9. 3D model of the vacuum chamber showing the main components: 1) Corrugated horn, 2) Window, 3) Vacuum chamber, 4) Horn

mounting structure, 5) OMT-LNAs, 6) Cold head (cryocooler), 7) Vacuum pump, 8) Pressure gauge.

Figure 10. 3D model of the copper braids. Each

attaches to the LNAs to transfer the heat on the cold

head and cool them down.

Figure 11. 3D model of OMT, waveguide extension and LNAs. The

OMT is used to split the square input into 2 orthogonal polarizations,

horizontal and vertical.
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22.235 GHz below -27 dB. The LNAs at 22.235 GHz have a measured gain of approximately 34 dB at 296 K and approximately180

32 dB at 4 K. The S11 in both cases, it remains below -20 dB.

The feed horn, OMT, and LNAs are mounted in the vacuum chamber with a thermally insulating structure, which is machined

from the fiberglass and resin composite material G10. The specific material used is HGW 2372, and the geometry was designed

to ensure a high stiffness of the support structure and to minimise misalignment by thermal contraction of the material when

cooled. The design of the vacuum chamber, supporting structure, and cryocooler choice is based on thermal analysis using the185

ANSYS software, assuming a minimum load, the cooler has to remove. A simplified model of the vacuum chamber was used to

characterize the heat conductance into the vacuum chamber. Table 1 shows a summary of the material and boundary conditions.

To ensure that we can reach a temperature of at least 55 K in the area of the LNAs, we apply a 50 K constant temperature on

the simplified model of the mounting surface of the cold head of the cryocooler. In addition, the environment (represented

by a sphere that surrounds the whole cryostat) radiates heat at 295 K (radiation is considered perfect between components,190

and nothing is lost to the surroundings). All contacts are considered bonded without friction taken into account. This results

in a temperature at the center of the optical window of 297 K. The estimated heat load that the cryocooler should remove is

approximately 10 W. The AMETEK cryocooler is specified to reach 77 K at the cold finger with a heat load of 17.5 W. Figure

12 visualizes our simulation results and the thermal gradients inside the chamber. The ANSYS simulation indicates that the

feedhorn, LNAs, and OMT can be cooled down to about 50 to 60 K while the cooler is removing a heat load of 10 W. The195

thermal load from the walls of the vacuum chamber can be further reduced by wrapping all hardware inside the chamber with

a highly reflective material, such as MLI, to reflect the thermal radiation emitted by the walls.

Table 1. Material parameters used for the thermal simulations in ANSYS.

Component Material Emissivity Thermal Resistance, at 300 K Boundary Condition

Environment Air 1 3.6e-3 K/W 295.15 K, radiation

Vacuum chamber Stainless Steel 0.35 7.7e-4 K/W Conduction, Radiation

Corrugated antenna Gold plated Cu 0.3 2.1e-4 K/W Conduction, Radiation

Supporting structure Fiber Glass 0.9 6.7e-2 K/W Conduction, Radiation

LNAs Aluminium single block 0.1 4.2e-2 K/W Conduction, Radiation

Copper Braids Copper 0.2 2.3e-3 K/W Conduction, Radiation

Cooler flange Copper 0.2 2.6e-4 K/W 60 K, Conduction, Radiation

OMT Aluminium 0.1 1.6e-2 K/W Conduction, Radiation

Optical Window Polyethylene 0.9 0.684 K/W Conduction, Radiation

Optical Flange Stainless Steel 0.35 1.9e-3 K/W Conduction, Radiation
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Figure 12. Simulated temperature distribution in the vacuum chamber with a 60 K constant temperature on the OMT. This simplified model

is used to determine the temperature of the cryocooler due to the load.

3 Comparison with MIAWARA

MIAWARA was designed with a simplistic approach, reliability, and performance in 2002, as the main goals. The design was

focused on a reliable instrument that can operate autonomously without human intervention. As such, it has been successful for200

measuring water vapor time series (Bell and Murk, 2023; Bell et al., 2025). It has also successfully participated in campaigns

for inter-comparison with similar radiometers Deuber et al. (2005). The design is based on a flat reflector with an optimized

Gaussian beam shape, and an edge taper of 45.9 dB. Accompanied by a conical corrugated antenna with a FWHM of 6o.

CRYOWARA, on the other hand, as described in the previous section, has a parabolic reflector with an edge taper of 30 dB

and a profiled corrugated antenna with FWHM of 3o. Due to the parabolic reflector, the beam is collimated, and we can205

reduce the size of the reflector, as such keeping the size of the instrument as small as possible. This allows us to achieve a

far-field gain of 35.6 dB. On the other hand, MIAWARA’s gain is at 30.1 dB, but to achieve so, it requires a 90 cm long horn

antenna with an aperture of 20 cm. The two instruments are quite similar in terms of gain performance, but CRYOWARA,

as we described in 2, has a slightly higher gain and a much more compact design. Though the main advantage of the new

radiometer is the CRYOGENIC front-end. As it will be described in the later results section, 5, the system noise temperature210

lies somewhere between 40-50 K, whereas for MIAWARA the noise temperature is in the range of 130-140 K. Furthermore, the

reduced noise impacts the temporal resolution of the retrieved water vapor profiles. During nominal operation of MIAWARA,

we retrieve water profiles every 6-12 hours, but to achieve higher altitude coverage, the operational data is integrated over 24

hours. Already, the breadboard setup of CRYOWARA permitted to retrieve water vapor profiles with integration times of a few

hours. The final main difference is the dual polarization of CRYOWARA, compared to the single polarization measurements of215

MIAWARA, further improving the signal-to-noise ratio for the new instrument. In Table 2, we present the whole comparison

between the two instruments to outline the performance difference between both instruments.
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Table 2. Comparison of key Parameters for MIAWARA and CRYOWARA

Parameter MIAWARA CRYOWARA

Calibration technique Balanced calibration Balanced calibration or frequency switch

Operational mode Single sideband mode, single polarization Single sideband mode, dual polarization

RF amplification 2 uncooled HEMT amplifiers (gain 35 dB

each; noise figure 1.49/1.85 dB; Miteq AM-

FWW series)

2 cooled LNAs (gain 28 dB each at 5 K; noise

figure 0.12 dB; Low Noise Factory)

Mirror Plane mirror (Gaussian-beam optimised);

edge taper = 45.9 dB, far field gain 30.1 dB

Parabolic mirror (Spillover optimised); edge

taper = 30 dB, far field gain 35.6 dB

Antenna Conical corrugated horn, single polarization

(θFWHM≈6◦)

Profiled corrugated horn, dual polariza-

tion, square waveguide output 9.94 mm2,

(θFWHM≈3◦)

Receiver noise temperature 135 K (SSB) 45 K (SSB)

Radio-frequency range 21.735–22.735 GHz 22.135–22.335 GHz

Spectral analysis Until 2024: AC-240 FFT spectrometer (1 GHz

bandwidth); 4000 channels; 2,5 MHz resolu-

tion per channel, after 2024 USRP X310 and

AC-240 FFT side by side

USRP X310 Software Defined Radio re-

ceiver (200 MHz bandwidth); 16384x2 chan-

nels; 12.2 KHz resolution per channel

4 Calibration

To minimize gain non-linearities in the CRYOWARA system, the calibration strategy is based on measuring and calibrating a

signal difference rather than absolute brightness temperatures. This difference is then scaled to an equivalent zenith brightness220

temperature. Two well-established methods are used to achieve this:

1. Balancing Calibration: This approach calibrates the signal difference between the sky viewed at a low elevation angle

and near-zenith angle. The near-zenith view includes a partial view of a microwave absorber, chosen so that the contin-

uum brightness temperature closely matches the low-elevation sky signal. This calibration scheme helps to isolate and

stabilize gain-related effects, Deuber et al. (2004b), Parrish et al. (1988).225

2. Frequency Switching: In this method, the local oscillator (LO) is switched between two nearby frequencies. The choice

of frequency offset is a trade-off between a small offset, which reduces information content in the lower stratosphere,

and a large offset, which increases instrumental artifacts arising from the frequency dependence of the front-end. The

resulting signal difference between these two frequency channels is then calibrated. This method mitigates system gain
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instabilities, Forkman et al. (2016). The resulting signal will have both a negative and a positive peak with a separation230

equal to 2 times the frequency switch.

Both calibration methods require reference views of known brightness temperatures:

– The hot reference is provided by a microwave absorber at a known environmental temperature.

– The cold reference is the sky at a high elevation angle. Its brightness temperature is estimated using a tipping curve

calibration, performed every 15 minutes. This involves measuring the sky brightness temperature at various elevation235

angles to estimate the tropospheric opacity τ , which affects how the sky signal is attenuated, 2. The cosmic background

radiation T0 is also accounted for in this model.

Independent of whether we use frequency switching or the reference absorber, we record the difference in signal according

to Equation 1.

∆Tsky =
∆P

Pload−Psky
(Tload−Tsky) (1)240

where ∆Tsky is the difference in brightness temperature and ∆P is the difference in the measured power, either at the two

frequencies for the frequency switch calibration or the difference in measured power for the 2 different signals, e.g, reference

absorber or atmospheric signal. Tsky and Psky are the cold sky brightness temperature and corresponding counts, respectively.

Both options have advantages and disadvantages. One key drawback of the balancing approach is that, by using the reference

absorber along the optical path, we are losing integration time when we are observing 50% of the time at the reference position.245

With frequency switching, the line of interest is observed all the time, and we should have sqrt(2) better SNR than with the

balancing calibration. Another issue that arises in the balancing calibration is the generation of standing waves: moderately

reflecting bodies near the antenna can introduce systematic baseline errors on the calibrated spectra if not properly mitigated.

On the other hand, the frequency switch has been documented as being used only for the retrieval of relatively narrow atmo-

spheric emission lines, such as the 110 GHz O3 and 115 GHz CO line Forkman et al. (2016) and (Wang et al., 2025). Since the250

22.235 GHz water-vapor line is intrinsically broader, a substantially larger frequency offset is needed to reach the line wings

far enough from the peak, yet still maintain comparable signal intensity to the center, making this approach less common for

broader lines. In order to verify the frequency switching approach, we have performed preliminary tests as discussed in section

5.

4.1 Tipping curve calibration255

The tipping curve calibration provides a reliable estimate under clear sky conditions of the effective cold sky temperature,

which is essential for ensuring that the signal difference can be accurately scaled to a physical brightness temperature. The

cold sky temperature is calculated according to equation 2.
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Tcold,sky = T0e
−τ/sinθ + Ttrop(1− e−τ/sinθ). (2)

For ground-based radiometers dedicated to measuring the narrow spectral line in the stratosphere and mesosphere, the260

tropospheric signal is often not directly retrievable due to the limited bandwidth of the high-resolution spectrometer. The

tropospheric opacity is estimated from a tipping curve and included in the baseline subtraction. By assuming a single-layer

troposphere with a mean temperature Ttrop, the signal TB from the middle atmosphere is attenuated by the troposphere according

to Equation 3

Tb,ground(f) = TB(f)e−Aτ(f) + Ttrop(1− e−τ/sinθ). (3)265

where A is the airmass factor, the elevation angle θ. The airmass factor is given by Equation 5 according to Deuber et al.

(2004b),

A =
1 + z/R√

sin2 θ + 2z
R + z2

R2

(4)

where R is the radius of the Earth and z is the thickness of a thin atmospheric layer (e.g., the troposphere). Except for very

low elevation angles, the following approximation for A is valid (less than 1% difference for θ > 20o ):270

A =
1

sinθ
(5)

Ttrop is estimated from the ambient temperature of the ground Tground according to Deuber et al. (2004b),

Ttrop(f) = c1(f)Tground + c0(f) (6)

In Equation 6, c1 and c0 are linear regression coefficients for different elevation angles and frequencies. For 22.235 GHz,

c0 is in the range of 266.3–266.9 K, and c1 is 0.690–0.752, depending on the elevation angle. With this technique, Ttrop can be275

estimated with a standard error of 3.7–3.9 K. For the tropospheric opacity τ , we need at least two measurements at different

elevation angles.

To avoid the need for a permanent installation of liquid nitrogen reservoir for the cold load calibration, we will be using

the sky at an elevation angle of approximately 60◦ (the same angle is used for MIAWARA Deuber et al. (2004b)). The value

is occasionally validated against an external liquid nitrogen calibration, and in combination with the hot target, which can be280

used when the rotating mirror looks at nadir, we obtain the appropriate hot-cold calibration.
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5 Preliminary results using a breadboard test setup

In this section, we present the first results of the initial tests during the development and integration phase of the radiometer.

The cryocooler has undergone some tests to confirm the temperature range that can be achieved during operation. The test

setup can be seen in Figure 13. The cooler can work at 250 W input power, and we benchmarked the performance under full285

power in a vacuum of 10−6 mbar. We were able to reach a temperature of 30 K without any external heat load attached to the

cold head. We are currently finalizing the integration of the cryocooler in the vacuum chamber of CRYOWARA, as shown in

Figure 14. When tested in the chamber and presented in Figure 14 with all components installed inside, the cold head reached

a temperature of 46 K without any additional heat load, except the thermal radiation emitted from the walls of the vacuum

chamber.290

Figure 13. First test to determine the cryocooler performance

under different scenarios a) no heat load attached on the cold head,

b) dummy mass attached to evaluate the temperature distribution.

Figure 14. Final integration of the cryocooler on the vacuum

chamber, next to the pumping station.

Furthermore, we had to evaluate how the cryocooler interacts with the other components inside the vacuum chamber. There-

fore, we validated the performance of the corrugated horn antenna with the OMT regarding the return loss (dB). We measured

different S11 and S22 parameters at the different ports with the use of a Vector Network Analyser (VNA). Two tests were

performed: 1) an aluminium plate was used at the aperture of the antenna, and 2) a black body absorber covered the whole

aperture. The return loss in both cases was measured and is visualized in Figure 15. These measurements characterize the295

performance of the OMT and corrugated antenna.

We quantified the return loss of the window material without the ARC, when placed at the aperture of the horn OMT

configuration Figure 16, for 0.5 and 1 lambda (of the material) thickness. We see that the null is not perfectly at 22.235 GHz.

The reasons for the offset appear to be related to the window not being machined to the exact theoretical thickness of 4.45 mm

for 0.5 lambda and 8.89 mm for 1 lambda.300
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Figure 15. Measured return loss of the horn and OMT configuration over a) an aluminium plate right on the aperture, b) a pyramidal

absorber.
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(a) Return loss for the window at 0.5 lambda thickness
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(b) Return loss for the window at 1 lambda thickness.

Figure 16. Measured return loss of 2 microwave windows using a vector network analyzer (VNA): a) 0.5 lambda thickness, b) 1 lambda

thickness.

The next step was to simulate the performance of the radiometer using a model atmosphere to predict the expected line

shape. This was achieved with the use of ARTS (Buehler et al.). We used a clear sky atmosphere and placed our sensor at

mid-latitudes in the wintertime, pointing at a zenith angle of 45 degrees. The expected shape of the line can be seen in Figure

18, where it is compared with the first calibrated data. The peak of brightness temperature for a 1D atmosphere, clear sky

radiance is around 21 K. We simulated as well the performance of the frequency switch calibration mentioned in 4. Figure 18305

shows a shift from the center of ± 10 MHz while the difference in brightness temperature is approximately 0.4 K. The results

are compared to the first measurements with the breadboard from the laboratory.
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(a) Calibrated spectra testing the frequency calibration, with a 10 MHz

switch in frequency from the center line.
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(b) Line-by-line radiative transfer simulation using frequency switch, for

clear-sky conditions at mid-latitude in winter, using ARTS.

Figure 17. The two plots show calibrated and simulated spectra using a frequency switch calibration, a) calibrated spectra using a simple

radiometer, b) simulated spectra using ARTS.

For the test, we utilized the spectrometer USRP x310. We performed a hot-cold calibration using liquid nitrogen as the

cold target and a hot load located inside the radiometer to calibrate the instrument and calculate Tsky . Using the counts’

output (equivalent to raw voltage or power output) from the USRP, we averaged over the 16384 channels, using equation 1 and310

extracted the measured ∆TB. The resulting calibrated spectra clearly show the line with an approximate temperature difference

of 1 K.

The first results obtained with the breadboard set-up already indicate the performance gain of a cryogenically cooled instrument

for retrievals of water vapor profiles. Furthermore, we performed experiments with the uncooled instrument, leveraging a hot-

cold calibration using liquid nitrogen at nadir and an ambient target at room temperature, and no microwave window in front315

of the horn aperture to compare the performance differences. Measurements were made at a zenith angle of 45◦as shown in

Figure 1. The integration of the measurements is approximately 5 hours, and was recorded on the 17th of February 2025.

Both polarizations show a very good agreement with the simulated data, Figure 18. We assumed clear sky conditions, with

the same elevation angle, altitude, and mid-latitude in winter-time conditions. To match the peak of the spectral line, the

simulated line was increased by 0.4 K. The amplitude of the line is 0.45 K with a noise level of 0.04 K, confirming that we are320

actually measuring the atmospheric signal. To calculate the receiver noise temperature (TREC), the most common approach is

to calculate the y-factor, from the physical temperatures THOT and TCOLD of two calibration targets, from Equation 7 (Deuber

et al., 2004b). The receiver noise temperature was measured close to 125 and 140 K, respectively, for the two polarizations and

is shown in Figure 19a.
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(a) Calibrated spectra after a 5-hour integration compared with a simulated

spectral line from ARTS.
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Figure 18. First results with the breadboard set up: a) Calibrated brightness temperature using LN2 as the cold target over a 5-hour

integration time vs simulated profile, b) Calibrated brightness temperature using the cryocooler.

We performed the same measurements with the cooled instrument as well, but this time for a lower elevation angle of325

30◦. The measurements were performed on the 15th of May. The cold head temperature was at 51.5 K. The resulting Trec

for both polarizations can be seen in Figure 19. The value of approximately 45 K shows a clear improvement in the receiver

noise temperature for the cooled instrument compared to the uncooled. The difference in the brightness temperature absolute

values relates to the atmospheric conditions and elevation angle. The measurements were performed in February and May,

respectively, were the atmospheric conditions were different, as well as the elevation angles of 45 and 30 degrees. A lower330

elevation angle results in a longer sounding path through the atmosphere, which results in an increased brightness temperature.

In addition, we notice a slight difference between the two polarizations of the cooled data, which is related to the geometric

setup inside the vacuum chamber, as polarization one is about 4 K cooler than polarization 2. The spectrometer has a DC

channel right in the middle of the 16384*2 channels. This results in the spectral lines being shifted by 0.02 GHz in the 200 MHz

bandwidth. To match the simulated spectra in ARTS, the uncooled data were shifted in frequency by 20 MHz to align the peaks.335

TREC =
THOT− yTCOLD

y− 1
(7)
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(a) Receiver noise temperature of the uncooled system measured during a

hot-cold calibration using LN2.
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(b) Receiver noise temperature of the cooled system measured during a

hot-cold calibration using LN2.

Figure 19. Receiver noise temperature measurements using LN2 calibration: (a) typical measurement during calibration, (b) First results

with cooled instrument.

6 Discussion

The first results obtained with the breadboard radiometer confirm the design specification of the quasi-optical components and

show a reduction of the receiver noise temperature while using the cryocooler. The receiver noise temperature of 45K, com-

pared to the MIAWARA receiver noise temperature of 120–140K, reduces the system-noise contribution by roughly 63–68%,340

which in turn lowers the measurement error by almost the same factor
(
∆T ∝ Tsys/

√
Bτ

)
. Practically, this means that the same

measurement noise can be achieved with shorter integration time, permitting the study of faster processes in the atmosphere,

altering the water vapor volume mixing ratio, for instance, the diurnal variation of the stratospheric /lower mesospheric water

vapor, as with a reduced sampling time per spectrum, rapid-event case studies become feasible without sacrificing accuracy.

Our laboratory tests already demonstrate that the radiometer can detect the weak atmospheric signal of the water vapor line345

at 22 GHz, and the instrument performance will improve further when the instrument is integrated into the outdoor weather-

proofed housing. Currently, the atmospheric soundings are affected by the laboratory environment, offering only a limited view

of the sky, reducing the elevation angles for the beam pointing. The next steps are to finalize the assembly of the radiometer

and to deploy the instrument outside to perform an environmental test evaluating the instrument stability and climatization, and

to retrieve a first continuous water vapor time series.350

Furthermore, we conducted a long-term stability test for the cooled and vacuum-pumped instrument. The LNA’s temperature,

as well as the entire receiver chain, started to reach a plateau and remain stable after a week of continuous operation. A first

guess for this behavior is that outgassing from water vapor that remains in the chamber due to the assembly of the receiver
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chain under normal laboratory conditions resulted in some drift of the LNAs and receiver noise temperature during the first

days after initializing the vacuum chamber and starting the cooler. The leakage of the vacuum chamber is negligible and was355

tested with Helium, essentially reducing the power uptake to the turbopump, which only runs at a moderate power to sustain a

pressure of 1.6× 10−6 mbar in the chamber.

7 Conclusions

This study presents initial results of a breadboard radiometer, CRYOWARA, to observe the water vapor line at 22.235 GHz.

The instrument is designed as a next-generation ground-based water vapor sensor covering the entire middle atmosphere and360

will replace the existing and aged MIAWARA in a few years. The new instrument consists of a cryogenically cooled dual po-

larization receiver chain and corrugated feedhorn with sidelobes below -30 dB packed within a vacuum chamber. Furthermore,

CRYOWARA contains a linear stage moving the parabolic primary mirror, reducing standing waves. The parabolic mirror is

designed to achieve a FWHM beamwidth of 3◦ with a spillover close to -30 dB.

Preliminary results comparing the cooled and uncooled receiver chain indicate a reduction of the receiver noise temperature365

from 140 K to about 50-60 K. Furthermore, we performed LN2 calibrations and tested tipping curve calibrations for both

the cooled and uncooled measurements, indicating good agreement with the simulations conducted with the ARTS radiative

transfer model. The differences in brightness temperature between the measured spectra and ARTS were in the range of 0.4

K. Furthermore, we demonstrate simulations and first measurements leveraging the frequency switching calibration with the

cooled receiver chain, opening a pathway to avoid the balancing calibration during nominal operation when CRYOWARA will370

be deployed at the Zimmerwald observatory.
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