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Abstract

This study presents an analytical framework for evaluat-

ing the cumulative effects of attenuation, phase dispersion,

and group delay in millimeter and sub-millimeter wave

propagation from Earth to space, particularly in the Ex-

tremely High Frequencies (EHF) (30 GHz–300 GHz) band.

These frequencies enable ultra-wideband communication

and high-resolution remote sensing but are strongly influ-

enced by meteorological phenomena. Analyses described

in the study are based on cumulative levels calculated by

the Millimeter-Wave Propagation Model (MPM) with a

non-uniform atmospheric refractivity profile to account for

altitude-dependent signal degradation. Atmospheric ab-

sorption, water vapor scattering, fog, clouds, precipitation,

and air pressure variations strongly affect the cumulative

attenuation, phase distortion, and timing delays, impacting

link budget performance. The influence of meteorological

factors is most pronounced in the lower atmospheric layers,

where humidity and precipitation induce significant vari-

ations. However, these effects may persist at higher alti-

tudes under anomalous conditions. This refined method-

ology advances our understanding of high-frequency com-

munication constraints and provides a robust foundation for

optimizing wireless links, enhancing their resilience across

diverse environmental conditions.

1 Introduction

The increasing demand for high-data-rate communication

has accelerated the adoption of satellite systems’ millime-

ter and sub-millimeter wave frequencies. The EHF band

offers access to underutilized wideband channels, making

it highly suitable for satellite communication, remote sens-

ing, and next-generation radar applications [1]. However,

electromagnetic wave propagation at these frequencies is

strongly influenced by atmospheric interactions, including

selective absorption, scattering, and phase distortion. Un-

like lower frequency bands, where free-space propagation

dominates, EHF signals experience significant frequency-

dependent attenuation due to molecular absorption, partic-

ularly by oxygen and water vapor. Additional degradation

occurs in the presence of clouds, fog, and precipitation,

leading to further signal losses and scattering effects [5].

Research highlights significant absorption peaks at 22 GHz

and 183 GHz (water vapor) and 60 GHz and 119 GHz (oxy-

gen resonance), posing severe challenges to transmission

efficiency (Figure 1)[5].

Figure 1. Attenuation analysis at altitudes of 0, 10 km and

50 km in a clear sky

Beyond attenuation, refraction created in the atmosphere

also affects the propagation of the electromagnetic signal.

The refractive index of air varies with altitude, humidity,

and temperature [4]. In this work, we employ the millime-

ter wave propagation model (MPM) [2] for the evaluation

of the atmospheric vulnerability χ( f ) (atmospheric sensi-

tivity) and the complex index of refraction of the air:
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This enables the calculation of the local attenuation fac-

tor α( f ), wavenumber β ( f ), and the resulting group delay

τg( f ) [per km] [2]:
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The local parameters are used for the calculation of the

cumulative attenuation and delay along the propagation

path for different communication scenarios, including those

where the wave is propagating in an inhomogeneous

medium, for which the refractive index is not constant [3].

We demonstrate the impact of a non-uniform atmospheric

refractivity on the propagation path and the link budget of

Earth-to-space satellite links operating in the millimeter and

terahertz wave regimes[6].

2 Cumulative Attenuation Analysis

As the electromagnetic signal progresses through the atmo-

sphere, it encounters varying densities and compositions of

gases. At lower altitudes, where air density is highest, inter-

actions with oxygen and water vapor dominate, leading to

substantial molecular absorption [7]. The incremental loss

at the i’th segment is thus:

cos(θi) =
RE

RE +h
· nr(0)

nr(h)
· cos(θ0), (5)

where RE is the Earth’s radius, h is the altitude, θ0 is the ini-

tial elevation angle, and θi is the refracted angle at altitude

h [2] . This bending causes lower elevation angles to have

longer path lengths and increased atmospheric interactions,

which leads to more significant cumulative attenuation[1] .

Figure 2. Optical path through the atmosphere layers

As the electromagnetic signal progresses through the atmo-

sphere, it encounters varying densities and compositions of

gases. At lower altitudes, where air density is highest, in-

teractions with oxygen and water vapor dominate, leading

to substantial molecular absorption [7] . The incremental

loss at the i’th segment is thus:
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The cumulative attenuation is a result of the summation:

L(h)∼= ∑
i

ΔLi(h) (7)

where ΔLi(h) represents the contribution of an atmospheric

layer at altitude h, and α( f ,R(h)) is the local specific at-

tenuation due to rain. This attenuation depends on both

frequency f and rain rate R(h), and is modeled using the

Millimeter-wave Propagation Model (MPM) [2]:

γMPM( f ,R) =
R · (3.7+0.012R) ·

(
f
fR

)2.5

fR ·
[

1+
(

f
fR

)2.5
] (8)

with the rain resonance frequency defined as:

fR = 53−R · (0.37−0.0015R) (9)

This model captures the nonlinear dependence of attenua-

tion on both frequency and rainfall intensity. Attenuation

increases rapidly in the millimeter and sub-millimeter wave

bands, particularly above 30 GHz, as illustrated in Figure 3.

Figure 3. Rain attenuation vs. frequency for different rain-

fall rates. Higher frequencies exhibit exponential growth in

attenuation as rainfall rate increases.



Both fog and cloud cover, like rain, influence the level of

signal attenuation. Below are two graphs illustrating the

total attenuation over a distance of 100 km above the ground

under various meteorological conditions. Figure 4 displays

the transmission mode that is perpendicular to the Earth’s

surface, while Figure 5 shows the transmission mode at a

60° angle to the Earth, which effectively increases the total

distance the signal travels.

Figure 4. Cumulative attenuation in transmission at an an-

gle of 90 degrees to an altitude of 100 km above the Earth’s

surface.

Figure 5. Cumulative attenuation in transmission at an an-

gle of 60 degrees to an altitude of 100 km above the Earth’s

surface.

The propagation of signals at EHF) is significantly influ-

enced by the geometry of the transmission and the meteo-

rological conditions affecting the signal as it crosses from

the transmission point to the reception point, particularly

when directing signals toward a satellite. Understanding

the attenuation values caused by atmospheric conditions is

crucial, as it impacts the calculation of the link budget for

the ground station in relation to the satellite. [1].

3 Cumulative Phase Dispersion Analysis

Atmospheric pressure, temperature variations, and water

vapor content affect the refractive index, causing differen-

tial phase dispersions that degrade signal coherence, partic-

ularly in the 30–300 GHz range. Phase dispersion, mea-

sured in degrees per kilometer, depends on frequency and

atmospheric conditions. The MPM approximates phase dis-

persion as:

β = 1.2008 f N′( f ) (10)

where N′( f ) is the real part of the complex refractivity,

and f is the frequency in GHz. This equation highlights

the frequency-dependent nature of phase dispersion, with

stronger effects at higher frequencies. Gaseous absorption

by atmospheric oxygen and water vapor affects phase dis-

persion. The absorption coefficients vary with frequency,

significantly impacting millimeter-wave propagation. The

total phase dispersion incorporates these contributions and

can be computed using:

N′ = N′
dry +N′

vapor +N′
c (11)

where N′
dry represents the dry air refractivity, N′

vapor ac-

counts for water vapor effects, and N′
c is an empirical cor-

rection for continuum absorption.

The following table 1 summarizes phase dispersion values

for different environments:

Table 1. Phase Dispersion (PD) Table

Location Freq (GHz) P.D. (deg/km) P.D. (deg/MHz)

Desert 30 169.49 1.69490

Desert 60 7.52 0.03760

Desert 100 195.98 0.58794

Tropical 30 319.88 3.19880

Coastal 50 58.34 0.35004

The following figure illustrates the cumulative phase dis-

persion across different transmission angles, measured at

an altitude of 100 km above Earth’s surface. The graph em-

phasizes the significant variability in phase dispersion as a

function of frequency and transmission angle.

Figure 6. Cumulative phase dispersion at different trans-

mission angles to an altitude of 100 km above Earth’s sur-

face in clear sky.

Based on the results in Graph 6, as the frequency increases,

the total phase dispersion decreases up to a distance of 100

km towards space. The transmission angle has limited influ-

ence under the tested conditions. From the results in Table

1, it is clear that meteorological conditions, particularly the

levels of water vapor in the air (W.V.), influence the angu-

lar deviation. The calculations were performed assuming a

water vapor level of approximately 5g/m3 in the desert and

around 25g/m3 in a tropical region.



4 Cumulative Group Delay

Cumulative group delay (τcum) refers to the total accumu-

lated delay experienced by a signal as it propagates from

Earth to space. This delay is influenced by various atmo-

spheric factors such as temperature, humidity, and pressure,

which affect the refractive index of the atmosphere. The to-

tal group delay is obtained by integrating the local group

delay τg(h) over the entire transmission path:

τcum =
∫ L

0
τg(h)dh (12)

where h represents the altitude-dependent atmospheric

properties, L is the total propagation path length and τg(h)
is the local group delay at altitude h. The group delay at a

given altitude is determined by:

τg = 3.336N( f ) [ps/km] (13)

where N( f ) is the frequency-dependent refractivity, incor-

porating contributions from dry air, water vapor, and pres-

sure effects [5] and coefficient 3.336 arises from the relation

between refractivity and speed of light. In satellite commu-

nications, the cumulative group delay varies based on the

elevation angle of transmission. Below is an example of a

cumulative group delay analysis for a signal propagating to

an altitude of 100 km at different transmission angles. A

smaller transmission angle results in a longer signal path

through the atmosphere as shown in Figure 7.

Figure 7. Cumulative group delay for different elevation

angles in a clear sky condition

Understanding cumulative group delay is crucial for main-

taining synchronization in satellite-based systems such as

GPS, deep-space communication, and Inter-Satellite Links

(ISL).

5 Conclusion

This paper aims to provide a general overview of the com-

bined impact of atmosphere on propagation of higher fre-

quency signals, namely, through the presentation of synergy

effects covering attenuation, phase dispersion and group

delay of EHF signals. As shown, atmospheric gases, hu-

midity, and precipitation have a strong effect at low alti-

tudes drastically reducing signal intensity and coherence.

By means of analytical modeling based on the Millimeter-

wave Propagation Model (MPM), we also assessed how the

frequency, the elevation angle and the meteorological pro-

file affect the propagation path. We demonstrated that atten-

uation rises very quickly with frequency, that phase delay

dispersion is highly water vapor dependent, and that group

delay is markedly elevation angle dependent. These results

are essential for engineers planning and designing satellite

communication systems operating above 30 GHz, includ-

ing applications in next-generation high-throughput satel-

lites (HTS), ISL, Earth observation sensors, and beyond-

5G/6G backhaul. The developed framework enables engi-

neers to perform more accurate link budget analysis and

predict dynamic atmospheric effects such as rain fade and

cloud-induced signal dispersion. Future work will focus on

testing prototypes under severe storm conditions and add

measurements of polarization shifts .
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