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Abstract—This work describes the dynamic link-budget anal-
ysis of high-throughput feeder links at E- and W-band (71 GHz
to 76 GHz and 81 GHz to 86 GHz) for small satellites in very low
Earth orbit, accounting for the dynamic impairments caused by
rapidly varying link geometries. The link budgets are estimated
for satellite zenith passes at 200 km and 450 km satellite altitude,
and for a 90°-inclined orbit, with a ground station located
in the urban area of Stuttgart, Germany. All available ITU
recommendations for atmospheric attenuation are considered,
and the transmitter system is modeled at a high level using
state-of-the-art E-band components. The estimated link budgets
are evaluated based on the achieved channel capacity and total
transmitted data volume for three different annual availabilities
90 %, 95 %, and 99 %, achieving up to 39 Gbit/s.

Index Terms—link budget, millimeter wave communication,
satellite, VLEO, Wideband.

I. INTRODUCTION

Satellites in Earth’s closest orbit, the very low earth orbit
(VLEO) (200 km to 450 km), are attracting increasing atten-
tion because their proximity to the surface improves spatial
resolution, strengthens link margins, lowers required transmit
power, and reduces latency. These advantages that are espe-
cially valuable for Earth observation (EO), communications,
and advanced-sensor payloads. The high orbital velocities in
VLEO result in a high number of orbits per day, enabling
optical EO payloads to cover more ground in a shorter period
and capture more detailed images. At the same time, trans-
mitting this large data accumulation from VLEO to Earth in a
timely manner is challenging, as the high orbital velocity and
rapidly changing geometry produce very short ground-contact
windows and a large dynamic range. Maximizing communi-
cation throughput during these very short contact windows is
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therefore essential to ensure timely offload of gathered data
or to offload data from satellites connected via inter-satellite
links (ISL), which at the time do not have access to a ground
station [1].

Commercial optical communication systems in the 1 U to
2 U class offer comparatively moderate to high data rates, low
per-bit power consumption, and superior theoretical bandwidth
efficiency compared to radio frequency (RF) systems, while
alleviating potential licensing issues. Optical systems in this
size class currently operate in the 0.01 Gbit/s to 1 Gbit/s range
for downlink operation [2], [3], with uplink data rates typically
significantly lower and constrained by pointing accuracy and
aperture size. Additionally, in the absence of site diversity,
optical communication systems are highly susceptible to at-
mospheric effects, particularly cloud cover and fog, which
can lead to complete link outages. In contrast, millimeter-
wave (mmW, 30 GHz to 300 GHz) systems, while also affected
by weather phenomena such as rain attenuation, generally
maintain connectivity under more adverse conditions, albeit
with reduced link margins and data rates compared to clear-
sky operation. This trade-off between peak throughput and
link availability is especially critical in VLEO scenarios,
where short contact durations make maximizing communica-
tion availability essential.

While commercial LEO constellations presently use
K/Ka-band (17.7 GHz to 21.2 GHz, 27.5 GHz to 31 GHz)
for feeder links, the industry is shifting toward millimeter-
wave bands. The next higher frequency bands, the Q- and
V-bands (37.5 GHz to 42.5 GHz, 47.2 GHz to 51.4 GHz) and,
more recently, the E-band (downlink 71 GHz to 76 GHz,
uplink 81 GHz to 86 GHz) have been allocated for satel-
lite services by the International Telecommunications union
(ITU) [4]. These bands offer a larger continuous bandwidth
than the K/Ka-band, and the approval of E-band usage for
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Fig. 1. Map of the ground track and visibility of the satellites at 200 km and
450 km altitude and 90 % inclination over the ground station in Stuttgart.

SpaceX’s second-generation Starlink and the feasibility studies
for LEO [5], [6] underline the growing interest in these
higher-frequency, wide-bandwidth channels from both indus-
try and academia. Consequently, a rigorous link-budget anal-
ysis that accounts for the dynamic impairments of VLEO is
essential to assess the achievable data rates of high-throughput
E/W-band feeder links for future small-satellite missions.

This work compares dynamic link budget analyses for ultra-
high data rate satellite communication in the mmW E- and W-
bands. It analyzes the dynamic effects and link impairments
encountered at VLEO orbit heights.

II. ORBIT SCENARIO

The reference scenario for this work is a sustained VLEO
EO mission at two different orbital altitudes: the lower edge
at 200 km and the upper edge at 450 km, to compare the E-
band link at the two extremes of the VLEO. An arbitrary fully
circular 90 % inclined orbit is chosen for a full coverage of
the earths surface for this hypothetical EO scenario. Satellite
orbit simulation is performed in MATLAB using the Satellite
Communication Toolbox and the SGP4 propagator. In mmW
satellite communication, one of the major performance factors
is the local climate at the ground station location. The ground
station in this work is modeled after the E-band ground
station developed in the demonstrator mission EIVE [4] and
is located on the Stuttgart University campus in a mid-latitude
temperate climate in southern Germany, as shown in Fig. 1.
Three consecutive orbits of both satellites at different altitudes
are shown in Fig. 1, with the portions of the ground track
where the satellite is over the horizon of the ground station
highlighted by a solid line. Figure 1 also shows the significant
reduction in this section length where access can be established
for the lower orbit.

This reduction translates to reduced access time, as shown
in the range and elevation angle plot in Fig. 2. For the chosen
inclination, a zenith pass of a satellite in 450 km orbit results
in an access time, i.e., elevation angle over 0° is 651.3 s while
the time spent at higher elevation is a fraction of this time.
For the lower 200 km orbit, the total access time reduces to
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Fig. 2. Simulated range and elevation over time for a zenith pass of the
satellites at 200 km and 450 km altitude.

just 417.3 s, with the time spent at higher elevations further
reduced.

III. DYNAMIC EFFECTS

The rapid change in both range and elevation largely dictates
the communication-related dynamic effects. For different or-
bital altitudes, one of the more apparent effects is the increase
in minimum free space path loss (FSPL) shown in Fig. 3 a).
In E-band the FSPL increases from around 8 dB at 150 km to
around 19 dB at 2000 km shown in Fig. 3 a) in comparison
to the more established K-band. Interestingly, however, the
delta FSPL, which is the difference between the maximum
FSPL at the horizon and the minimum FSPL experienced at
zenith for one satellite pass, is independent of frequency and
solely depends on the satellite’s altitude. This dynamic range
is important to consider when designing a receiver, as, from
geometry alone, the input signal will vary by up to 19.5 dB at
150 km orbit altitude during one zenith pass.

The reduction in access time and resulting narrowing of the
peak in elevation angle over time seen in Fig. 2 has significant
implications for the positioning and tracking of the ground
station and satellite antenna. Shown in Fig. 3 b) is the peak
angular velocity of the satellite relative to the ground station,
which increases significantly with decreasing orbital height,
with the angular velocity at 150 km being approximately three
times that at 450 km. Achieving these high tracking speeds
could proof difficult for large antennas with several meters in
diameter.

A higher relative velocity between the satellite and the
ground station at lower satellite altitudes also means a larger
Doppler shift is encountered, especially at the very high
frequencies in the E-band. Both the maximum Doppler shift
and peak Doppler rate are shown in Fig. 3 c) in comparison
to K-band, and as expected, both are significantly higher in
the higher frequency E-band and at lower orbit heights. At
its maximum, Doppler shifts around 2 MHz and Doppler rates
up to 100 kHz/s are encountered for the lowest VLEO orbit
heights. At the same time, these comparatively high values can
be compensated for by modern systems. However, they should
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Fig. 4. Specific attenuation of different atmospheric effects over frequency,
showing the frequency range of different frequency bands as well as the
spectrum allocated for satellite communication in dark gray.

be considered early in the system design process to ensure fast
signal acquisition times within the very short timeframe of a
VLEO satellite access window.

IV. ATMOSPHERIC EFFECTS

One major consideration in mmW communication is the
increased attenuation caused by atmospheric effects, such as
rain, clouds, gases, and density variations along the com-
munication link. This frequency related increase in specific
attenuation can be seen in Fig. 1, which shows the frequency
dependence of cloud, rain, and gaseous attenuation per kilo-
meter for an atmospheric pressure of 101.3 kPa, a water vapor
density of 7.5 g/m3, a cloud liquid water content of 0.5 g/m3,
a temperature of 15 °C, and a rain rate of 20 mm/h. The
dark gray areas indicate the locations of the mmW satellite
communication bands, which lie symmetrically to the left and
right of the oxygen resonance peak around 60 GHz, where the
gaseous attenuation spikes to above 10 dB/km. In the rapidly
varying link geometry of VLEO, the increase in atmospheric
attenuation is exacerbated, as almost every atmospheric effect
is elevation-angle dependent and more time is spent at shallow
elevation angles, where the path through the atmosphere is

TABLE I
ITU RECOMMENDATIONS USED FOR PROPAGATION AND LINK BUDGET

MODELING.

Recom. Ref. Valid Freq.
(GHz)

Radio refractive index ITU-R P.453-14 [8] All
Noise & Scintillation ITU-R P.618-14 [7] All / 4–55
Gas attenuation ITU-R P.676-13 [9] 1–1000
Reference atmosphere ITU-R P.835-7 [10] All
Water vapour density ITU-R P.836-6 [11] All
Precipitation Characteristics ITU-R P.837-7 [12] All
Specific rain attenuation ITU-R P.838-3 [13] 1–1000
Rain height model ITU-R P.839-4 [14] All
Cloud Attenuation ITU-R P.840-9 [15] 1–200
Mean surface temperature ITU-R P.1510-1 [16] All
Topography of earth ITU-R P.1511-3 [17] All

longer than at zenith, resulting in higher total attenuation. The
total atmospheric attenuation can be estimated as described in
ITU-R P.618-14 [7] as:

Latm,dB = Lgas,dB +
√

(Lrain,dB + Lcloud,dB)
2
+ L2

scint,dB, (1)

where the total elevation dependent atmospheric attenuation
Latm,dB is composed of the gaseous attenuation Lgas,dB, pre-
cipitation attenuation Lrain,dB, and scintillation fading Lscint,dB
due to turbulent layers in the atmosphere. The simulation
automatically adjusts all location-specific atmospheric param-
eters to ITU-recommended climate data for the ground station
location. The sub-attenuations are evaluated for a given annual
exceedance probability p, where an exceedance of 1 % corre-
sponds to an annual availability of 99 %. This implies that the
atmospheric conditions assumed in the attenuation calculation
are exceeded for only 1 % of the time over the course of a year.
The overview of the implemented ITU recommendations with
their valid frequency ranges is shown in Table I. Only one
model, the scintillation model described in ITU-R P.618-14,
is not valid at E-band frequencies but is applied in this work
due to a lack of widely accepted alternatives.

V. HARDWARE

Despite the demand for higher data rates, E-band hardware
for satellite communication remains a niche technology. There-
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Fig. 5. Pictures and dimensions of a) the ground segments and b) the space
segment of the feasibility study EIVE [4] used as the reference hardware in
this work.

fore, as a reference communication hardware, the LEO satellite
mission EIVE [4] was chosen to test the effects and capabil-
ities in VLEO. Focussing on the most relevant components
and hardware metrics for the link budget, the ground segment
of the EIVE mission consisted of a mechanically steered
1.2 m Cassegrain antenna system with multimode monopulse
tracking [4] and a low noise amplifier (LNA) with a 2 dB noise
figure [18] shown in Fig. 5 a). Typically, electronically steered
phased array antennas, both on satellite and on the ground,
easily meet the fast angular velocity requirements for antenna
tracking at lower orbits, as seen in Fig. 3 b). However, phased
arrays for mmWave satellite communication are constrained by
the need for very high antenna gains (driving large element
counts), increased losses in the RF distribution network at
higher frequencies, limited available aperture in small satellite
form factors, and the added challenges of power consumption,
thermal management, and complex beamforming hardware.
With this in mind, we are unaware of a viable phased-
array antenna for satellite communication in the E-band. The
tracking requirements are also met by a light, compact reflector
antenna with a fast mechanical positioner, as seen in [4].

The 1.5 U satellite transmitter payload of the EIVE mission
shown in Fig. 5 b), consists of a corrugated horn antenna, a
dielectric lens with a 9 cm aperture, and a solid-state power
amplifier (SSPA) with 2 W (33 dBm) transmit power [19],
which is well aligned with the state of the art of compact
SSPAs [4], [19] and commercially available options [20]. This
limited output power at high mmW frequencies is, hardware-
wise, one of the most significant limiting factors complicating
communication, as above the Ka-band, the achievable RF
power saturates at a few watts for compact, small-satellite
power amplifiers. Since the EIVE mission was focused ex-
clusively on the downlink 71 GHz to 76 GHz, it is assumed in
this work that the hardware is modified for duplex operation
by adding the LNA from the ground section to the payload
and the payload SSPA to the ground station, ignoring the
additional mixers required for down- and up-conversion in
the payload and on ground, respectively. For reference the
EIVE payload consisted of the transmitter frontend with a
power consumption of around 36 W and a signal generator
board consuming between 10 W and 25 W [4] putting the
proposed duplex frontend in this work to around 60 W, which

TABLE II
SUMMARY OF THE COMMUNICATION SYSTEM HARDWARE PARAMETERS

USED IN THE LINK BUDGET FOR BOTH UP- AND DOWNLINK.

Unit E-band E-band
Downlink Uplink

Center freq. GHz 73.5 83.5
Bandwidth GHz 5

GS aperture diam. m 1.2
GS antenna gain dBi 57.5 58.6

Sat. aperture diam. m 0.09
Sat. antenna gain dBi 35 36
Transmit power dBm 33

LNA noise figure dB 2
Feed loss dB 1

Polarization loss dB 0.5
Pointing loss dB 1

is significantly higher than the < 35W of peak power that
comparably sized optical terminals claim [2]. The same SSPA
which is used in the payload is assumed for the ground station
in this work for simplicity, and as the uplink transmit power is
typically constrained by regulations, even though higher-power
amplifiers, such as traveling-wave tube amplifiers (TWTA) or
large SSPAs, are available in the chosen frequency bands, their
size, weight, and power consumption are a significant trade-off
when designing a compact small satellite and highly dynamic
and compact mechanically steered ground station.

The antenna gain G in dBi of the lens antenna system and
the Cassegrain antenna system depends both on the aperture
diameter D and the wavelength λ according to the standard
aperture efficiency model [21]:

G = 10 log10

(
η ·
(
π ·D
λ

)2
)

(2)

where the aperture efficiency η is assumed to be 65 %
in this work accounts for dielectric and illumination losses.
Since the up- and down-link frequencies are 10 GHz apart
in the E-band, in the absence of measurement data for both
bands, it is important to calculate the antenna gain in both
bands to account for the frequency-dependent increase of
the antenna gain in the link budget. An overview of all
hardware-related link budget assumptions used in this work is
shown in Table II. Realistic implementation losses for mmW
feeder links include feed losses on the order of 0.5 dB to
1.5 dB, polarization mismatch losses of approximately 0.2 dB
to 0.5 dB, and pointing losses ranging from 0.5 dB to 1.5 dB
depending on platform stability and beamwidth, with pointing
errors typically representing the dominant impairment in high-
frequency, narrow-beam systems. The assumed losses are also
shown in Table II.

VI. LINK BUDGET

In its simplest form, the link budget is the addition and
subtraction of all losses and gains in a transmission system to
calculate the input power at the receiver, PRX,dBm. It typically
can be expressed as [6]:



PRX,dBm = PTX,dBm +GTX,dBi +GRX,dBi

− FSPLdB − Latm,dB − LTX/RX,dB

(3)

where PTX,dBm is the transmitter output power, which
is added to GRX,dBi and GTX,dBi the antenna gains on
the receive ant transmit side. The losses, i.e., FSPLdB, the
atmospheric loss Latm,dB, and other losses on the transmit
and receive side LTX/RX,dB like the feed, polarization, and
pointing losses shown in Table II are subsequently subtracted.
Subtracting the total noise in dB from the received power
results in the carrier to noise ratio:(

C

N

)
dB

= PRX,dBm − 10 log10 (k · Tsys ·B) (4)

where k is the Boltzmann constant, Tsys is the total system
noise temperature and B is the bandwidth of the communica-
tion link. The total system noise temperature, specifically the
antenna noise temperature, is elevation-angle-dependent and
not reciprocal with the link direction; i.e., earth-to-space links
will have a different antenna noise temperature than space-to-
earth links. This noise temperature is dependent on the sky
noise temperature in the field of view of the receive antenna
and can be estimated using [7], [9], [22].

The theoretical maximum data rate of a communication
channel, the channel capacity C, according to the Shannon-
Hartley theorem, can be estimated for an additive white
Gaussian noise channel using the bandwidth and the carrier-
to-noise ratio as follows:

C = B log2

(
1 +

(
C

N

)
lin

)
(5)

resulting in the channel capacity in bits per second. This
represents the theoretical upper bound on the achievable data
rate for a given bandwidth and signal-to-noise ratio. It assumes
ideal coding and modulation schemes and arbitrarily low
error probability, and is therefore not directly achievable in
practical systems. In practice, achievable rates fall below this
bound due to finite block lengths, implementation losses, and
channel estimation errors. Nevertheless, it provides a useful
benchmark for evaluating link performance independently of
specific communication protocols and implementation details.

Figure 6 shows the channel capacity over a zenith pass
estimated for the satellite at 200 km altitude for both down-
link at a center frequency fc = 73.5GHz and uplink at
fc = 83.5GHz. As expected, for more adverse weather
conditions encountered for lower exceedance probabilities p,
the overall channel capacity drops to a peak capacity in zenith
of 21.8 Gbit/s for 73.5 GHz and 25.5 Gbit/s for 83.5 GHz.
The increase in channel capacity with increasing center fre-
quency at a constant bandwidth of 5 GHz stems from the
fixed antenna size, which results in an increase in antenna
gain as wavelengths shrink (i.e., frequency increases). With
increasing exceedance probability, both the maximum channel
capacity and the duration of the access period during which E-
band communication exceeds Gbit/s increase (see Table III),
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different annual exceedance probabilities p for an orbit altitude of 200 km
with the access period highlighted in white.
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resulting in a higher total data volume transmitted during a
single ideal zenith pass. The highest peak channel capacity is
achieved for p = 10%, fc = 83.5GHz with 39.0 Gbit/s and
a total of 577 GB transmitted.

Increasing the orbit height to 450 km increases the FSPL
and therefore reduces the peak capacity compared to the lower
orbit as shown in Fig. 7. However, even though the peak
capacity is reduced compared to the 200 km satellite, the
peak in channel capacity is broader over time and therefore
achieves similiar or higher total transmitted data volumes with
the highest value achieved for p = 10%, fc = 83.5GHz
with 27.4 Gbit/s and a total of 709.4 GB. This difference
between the scenarios shown in Fig. 6 and Fig. 7 shows
how important it is to maximize the communication time
even if very high channel capacities are achieved to maximize
the total transmitted data volume, especially considering, that
most orbits will not result in a zenith pass of a singular
ground station and therefore reduces the expectable data rate
significantly.



TABLE III
OVERVIEW OF THE ACHIEVED PEAK DATA RATES AND TOTAL

TRANSMITTED DATA VOLUME FOR THE INVESTIGATED ORBIT HEIGHTS
AND ANNUAL EXCEEDANCE PROBABILITIES.

Altitude fc Exc. prob. Max. capacity Total data
(km) (GHz) (%) (Gbit/s) (GB)

200

73.5
1 21.8 165.0
5 30.2 309.4
10 34.3 417.1

83.5
1 25.2 208.0
5 34.5 409.2
10 39.0 577.0

450

73.5
1 11.4 157.2
5 18.9 346.9
10 22.8 491.5

83.5
1 14.3 214.0
5 23.0 486.0
10 27.4 709.4

VII. CONCLUSION

In this paper, we present a thorough dynamic link-budget
analysis of E-band high-throughput feeder links for VLEO
small satellites, accounting for dynamic impairments at low
altitudes and at high mmW frequencies. For two exemplary
orbit heights of 200 km and 450 km at a 90° inclination, multi
Gbit/s data links peaking at 11.4 Gbit/s to 34.5 Gbit/s are
theoretically achievable using compact state-of-the-art ground
station hardware and a small 1.5 U satellite transceiver payload
even in adverse weather conditions at a 90 %, 95 %, and 99 %
annual availability. The achieved data rate at a compact size for
annual availability indicates that compact E-band transceivers
may significantly outperform similarly sized optical transmit-
ters, though at the cost of increased power consumption.
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