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SNR simula!ons for Genesis VT observa!ons

H. Sert, M. Schartner, A. Özyıldırım, R. Haas, Ö. Karatekin

Abstract The signal-to-noise ra!o (SNR) of Genesis sig-
nals on a baseline between two VLBI Global Observ-
ing System (VGOS) telescopes is a cri!cal factor in”u-
encing data quality and delay es!ma!on. The SNR on
a given baseline depends on various factors, including
the received power ”ux density (PFD) at each sta!on.
In tradi!onal VLBI observa!ons of quasars at cosmo-
logical distances, the incoming radio signals arrive at
the ground sta!ons with approximately equal power,
resul!ng in a uniform PFD across iden!cal telescopes.
However, in the case of a VLBI transmi#er (VT) onboard
an Earth-orbi!ng satellite, the received signal power
varies across di$erent ground sta!ons due to the dy-
namic geometrical con%gura!ons between the satel-
lite and each sta!on. In this study, we conduct simu-
la!ons over a one-day period to compute the SNR for
di$erent baselines, considering various antenna gains
for Genesis Band A (&’((–&&((MHz) signals.
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” Introduc!on

The uncertainty of Very Long Baseline Interferometry
(VLBI) group delay measurements is intrinsically linked
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()) Université catholique de Louvain, Earth and Life Ins!tute
(&) ETH Zurich, Ins!tute of Geodesy and Photogrammetry
(*) Chalmers University of Technology, Onsala Space Observa-
tory, Space, Earth and Environment

to the signal-to-noise ra!o (SNR) of the observa!on, as
demonstrated by Whitney (’+,*):

!∀ =
1

2# SNR∃%RMS
(’)

Here, !∀ represents the uncertainty in the group
delay, and ∃%RMS denotes the e$ec!ve bandwidth
(i.e., the root-mean-square of the spanned bandwidth)
of the receiving system. The e$ec!ve bandwidth ac-
counts for the distribu!on of observing frequencies
across the system and is computed as

∃%RMS =

√
1
n

n

!
i=1

(vi → v̄)2, ())

where vi is the frequency of the i-th channel, v̄ is
themean frequency, and n is the total number of chan-
nels. The e$ec!ve bandwidth ∃%RMS is crucial, as a
wider bandwidth reduces the group delay uncertainty
by improving the frequency resolu!on.

The SNRmeasures the strength of the observed sig-
nal rela!ve to the noise level. For quasar observa!ons,
the theore!cal SNR is calculated as

SNR= & S↑
SEFD1 · SEFD2

·
↑

Nt, (&)

where SEFDi is the system equivalent !ux density for
sta!on i, & is the correla!on e-ciency factor — typi-
cally between (.. and (., (Jaradat et al., )()’) —, t is
the scan length (or integra!on !me) of the observa-
!on, and S is the correlated power ”ux density (PFD)
of the observed radio source, and N is the total data
rate, taken as )(*/Mbit/s (Niell et al., )(’/). For VLBI
quasar observa!ons, the typical source ”ux density is
assumed to be S ↓ 1 Jy= 1 ·10→26 WHz→1 m→2 (Noth-
nagel, )()’).
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The SNR equa!on underscores the interplay be-
tween the characteris!cs of the radio source, the per-
formance of the receiving antennas, and the observa-
!on parameters. Higher SNR values can be achieved
through increased PFD, improved antenna e-ciency,
lower system noise temperatures, larger bandwidth,
or longer integra!on !mes. These factors collec!vely
contribute to reducing the uncertainty in group de-
lay measurements, thereby enhancing the precision
of VLBI observa!ons. While the actual SNR is calcu-
lated during fringe %0ng, the SNR equa!on can pro-
vide valuable insight into iden!fying areas where the
system and observa!on layout can be op!mized dur-
ing the scheduling process to achieve be#er results
(Schartner et al., )(’+).

Assuming a single S, for both sta!ons does not hold
for satellite VLBI transmi#er (VT) observa!ons, as the
Free Space Path Loss (FSPL) (and other possible losses)
are unequal due to the varying distances between the
satellite and the observing sta!ons, which signi%cantly
a$ect the received signal strength. In the case of VLBI
VT observa!ons, the SNR for a baseline can be derived
by combining the individual SNR values from both sta-
!ons. This requires modifying the ”ux density term S
in Eq. &, using the rela!on of

S =
√

S1 ·S2. (*)

This approach accounts for the unequal PFD values
received at the two sta!ons due to the di$erent dis-
tances between the (near-%eld) satellite and the ob-
serving sta!ons. Thus, SNR equa!on for VT observa-
!ons can be given as

SNR= &
↑

S1 ·S2↑
SEFD1 · SEFD2

·
↑

Nt, (.)

To compute the SNR of VT observa!ons, it is there-
fore important to take into account the PFD for indi-
vidual VLBI ground sta!ons. This requires considera-
!ons of gains/losses for given satellite-sta!on con%g-
ura!ons as well as receiver/transmi#er speci%ca!ons.

# Received power $ux density at the
ground sta!ons

The PFD at a ground sta!on i from a radio source is
determined by the received power (Pr) and the band-

width of the signal (∃%), i.e.

Si =
Pr

Ae∃%
, (1)

where Ae is the e$ec!ve area of the telescope de-
%ned as the physical aperture area mul!plied by an ef-
%ciency factor, k, typically ranging from(.* to(.1 (Jara-
dat et al., )()’) and set to 0.5 in this study. Given a de-
sired power ”ux density Si at the VLBI telescope, the
received power is hence determined as

Pr[W ] = 10→26 ·Si [Jy] ·∃% [Hz] ·Ae [m2], (,)

where Si represents the power ”ux density in units
of Jansky. Note that the terms with squared brackets
represent the units for each parameter.

The received power on a ground sta!on can be ob-
tained by considering all gains and losses for the given
transmi#er power, Pt . The Friis transmission equa”on
(Stutzman & Thiele, )(’)) provides a rela!onship con-
sidering VT and telescope gains and Free Space Path
Loss (FSPL= (4#R/∋ )2) for given VT power Pt in linear
form

Pr

Pt
= GtGr

( ∋
4#R

)2
, (/)

where Gt and Gr are the transmi#er and receiving
telescope gains, ∋ is the signal wavelength, and R is
the distance between the VT and the ground sta!on.
Telescope gain is given as (Jaradat et al., )()’)

Gr = k(#d/∋ )2 (+)

where d is the diameter of telescope which is as-
sumed to be ’&.)m in this study, and k is the aperture
e-ciency. Subs!tu!ng the expression for Pr in Eq. ,
into Eq. /, the required transmi#er power in wa# per
hertz for a given bandwidth can be wri#en as

Pt [W ]

∃% [Hz]
=

FSPL
GtGr

Si ·10→26 ·Ae. (’()

Once Pt is determined, the received ”ux density at
the telescope for di$erent con%gura!ons can be found
by rearranging Eq. /. For a %xed Pt , the PFD at the tele-
scope i is given by

Si[Jy] =
1

10→26
Pt

Ae∃%
GtGr

( ∋
4#R

)2
. (’’)
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!.” VT Antenna Gain

Antenna gain measures how e$ec!vely an antenna di-
rects power in a speci%c direc!on, compared to an
isotropic antenna. The antenna radia!on pa#ern de-
scribes how power varies with direc!on. The solid an-
gle, ( , of the main lobe is given by the product of the
Half Power Beam Width (HPBW) angles in two princi-
pal planes (( = )HPBW ·∗HPBW ) and the direc!vity D
of an antenna is de%ned as the ra!o of the solid angle
of an isotropic antenna to that of the direc!onal an-
tenna:

D = 4#/( (’))

Considering that the Earth’s %eld-of-view from the
Genesis al!tude of 1((( km is approximately 62↔ in
both planes, the required HPBW to fully cover this re-
gion is also ) ↗ ∗ ↗ 62↔. According to Eq. ’), this corre-
sponds to a direc!vity value of approximately D = 10,
indica!ng that the signal strength at boresight is about
’( !mes higher than that of an isotropic antenna and
decreases with increasing boresight angle. Any o$-axis
devia!on can be accounted for by the radia!on pa#ern
factor, farp, which represents how the signal power
varies as a func!on of the boresight angle. Then the
direc!vity for a given angular posi!on can be obtained
by

Di = D · farp() ,∗), (’&)

which takes into account how the signal power is
directed for a given boresight angle. Finally, the an-
tenna gain Gt , considering direc!vity and e-ciency, is
given by

Gt = µDi, (’*)

where µ is the e-ciency factor of the VT antenna,
set to 0.7 in this work.

We consider direc!onal radia!on pa#erns mod-
eled as cosn()), where the exponent n controls the
rate of signal a#enua!on with boresight angle. Specif-
ically, we use pa#erns that produce signal drops of
0dBi (isotropic), 3dBi, 6dBi, and 9dBi at the edge of
Earth’s %eld of view, denoted as P0, P3, P6, and P9,
respec!vely.

% Simula!ons and results

We simulate a one-day orbit of the planned Genesis
satellite (Delva et al., )()&), which will operate in
a quasi-polar circular orbit at 6000 km al!tude. An
onboard VT with quasar-like signal characteris!cs
(Karatekin et al., )()&) will be directly observable by
VGOS sta!ons. The VT signal parameters are sum-
marized in Table ’. SEFD values for ’) VGOS sta!ons,
derived from the analysis of log-%les of one year of
VGOS observa!ons (Schartner, )().), are listed in
Table ) for Band A.

Table ” Genesis VT signal characteris!cs. Only Band–A is consid-
ered in this work.

Name Range [MHz] Bandwidth [MHz]
A &’((–&&(( )((
B .).(–..,( &)(
C /)((–/*(( )((
D +&((–+/(( .((

Table # VGOS sta!ons and SEFD (Jy) values for Genesis Band A.
Sta!on SEFD Sta!on SEFD Sta!on SEFD
GGAO’)M )/(( ISHIOKA ).(( KATH’)M *.((
HOBART’) *.(( KOKEE’)M &*(( MACGO’)M )1((
NYALE’&S ’/(( ONSA’&NE &*(( WESTFORD &(((
WETTZ’&S &((( YARRA’)M *.(( RAGEYEB ’+((

Using ’) VGOS sta!ons (Table )), we compute
the power ”ux density (PFD) at ’-minute intervals
throughout the full day of VT transmission for Band A.
This analysis is performed for mul!ple VT power
spectral density (VT-PSD) levels and four di$erent
radia!on pa#erns. Figure ’ illustrates the PFD as
a func!on of eleva!on angle, with VT-PSD levels
indicated by the colorbar. Both higher VT PSD and
increased antenna direc!vity allow achieving the
same PFD at lower eleva!on angles, demonstra!ng
the advantages of focused beamforming. As VT-PSD
increases, the PFD received at each sta!on also rises
propor!onally. Moreover, with greater direc!vity, the
eleva!on dependency becomes more pronounced; in
other words, the di$erence between the maximum
and minimum PFD received across sta!ons increases
during the simula!on when direc!vity is considered.

However, excessively high PFD values are also
not desired since the emi#ed signal might interfere
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Fig. ” PFD as a func!on of eleva!on and VT power spectral den-
sity for four di$erent radia!on pa#erns.

with observa!ons from neighboring disciplines like
astronomy. The VT-PSD and associated radia!on
pa#ern must be carefully selected to maintain PFD
within an acceptable range among all sta!ons. Figure )
shows the minimum and maximum PFD received at
the sta!ons for each VT-PSD level, with each sca#er
points corresponding to the minimum and maximum
values of a single curve in Figure ’. The threshold
range of (..–’( Jy re”ects discussions within the VLBI
working group of ESA’s Genesis Science Exploita!on
Team (GSET) (Haas, )().).

The PFD levels that sa!sfy the threshold are
con%ned in the gray box in Fig. ). For the most direc-
!ve antenna pa#ern, P9, none of the VT-PSD levels
sa!s%es the desired PFD range: lower VT-PSD levels
result in PFDs below (.. Jy at maximum distance,
while higher VT-PSD levels exceed ’( Jy at minimum
distance (i.e., 90↔ eleva!on). In contrast, with isotropic
radia!on (P0), the di$erence between minimum and
maximum PFD becomes less pronounced, allowing
for higher VT-PSD levels. Table & summarizes the
maximum and minimum VT-PSD allowances for each
radia!on pa#ern (highest and lowest markers in the
gray box for each radia!on pa#ern).

Table % Maximum and minimum VT power spectral density val-
ues delivering PFD within (..–’( Jy across all VGOS sta!ons dur-
ing the simula!on for each radia!on pa#ern.

Pa#ern Ptmax [dBW/Hz] Ptmin [dBW/Hz]
P0 →104 →111
P3 →112 →117
P6 →115 →118
P9 – –

Fig. # Maximum and minimum PFD for all sta!ons during the
simula!ons for di$erent VT power spectral density levels for
each radia!on pa#ern. The gray box con%nes the VT levels that
deliver PFD within (..–’( Jy.

Using the maximum and minimum allowable VT-
PSD levels for each radia!on pa#ern, we compute the
SNR of VT observa!ons in the Band A via Eq. ., assum-
ing a ’(-second integra!on !me and including all base-
line combina!ons with eleva!on angles above 3↔. The
SEFD values of Band A for each VGOS sta!on are listed
in Table ). Although SEFD typically varies with eleva-
!on, we assume it remains constant throughout the
simula!on for simplicity.

Figure & shows themean SNR values for each base-
line during the simula!on, based on both maximum
and minimum allowable power spectral density for all
radia!on pa#erns, excluding P9, which does not sat-
isfy the (..–’( Jy PFD requirement. The corresponding↑

SEFD1 ·SEFD2 values are shown in the bo#om
%gure for each baseline. The results highlight that
SEFD is as cri!cal as PFD in determining the SNR. For
maximum allowable VT-PSD, more isotropic antenna
pa#erns yield higher mean SNRs due to the greater
permi#ed transmission power spectral density. At
minimum VT-PSD, direc!ve antennas provide slightly
higher mean SNRs, bene%!ng from their focused
energy distribu!on.

Figure * provides a clear overview of themean SNR
distribu!on across baselines. While an SNR of )(–&(
is typically su-cient for VLBI quasar observa!ons, a
higher SNR improves observa!onal sensi!vity. For the
lowest VT-PSD se0ng, approximately .(%of the base-
lines achieve a mean SNR of around ). for all radia!on
pa#erns. Under maximum VT-PSD se0ngs, nearly all
baselines exceed this threshold on average. However,
realis!c factors such as eleva!on-dependent SEFD and
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Fig. % Mean SNR of each baselines for Band A associated with↑
SEFD1SEFD2 factors with ’( seconds of integra!on !me.

atmospheric a#enua!on are expected to reduce the
e$ec!ve SNR in prac!ce.

& Conclusions and Outlook

In this study, we considered various VT power spectral
density levels and four antenna radia!on pa#erns on-
board the Genesis satellite and computed the mean
SNR across all baselines in a VGOS network during a
one-day simula!on for the Genesis A band. The PFD at
each sta!on was constrained to be within a (..–’( Jy
range, and power spectral density limits were deter-

Fig. & Percentage of mean SNR values across all baselines ex-
ceeding a given threshold.

mined accordingly for each radia!on pa#ern. This limit
excluded the most direc!ve case (P9) due to excessive
PFD.

Using the resul!ng minimum and maximum allow-
able VT power spectral density values, we computed
mean SNR values with a ’(-second integra!on !me for
all baselines. Even at the lowest values, approximately
.( % of baselines achieved a mean SNR around ). for
all available radioa!on pa#erns. At maximum values,
almost all baselines exceeded this threshold for all ra-
dia!on pa#erns.

However, more realis!c scenarios—including
eleva!on-dependent SEFD and atmospheric a#enu-
a!on—are expected to lower the actual SNR values.
Addi!onally, this study assumed that the full emi#ed
bandwidth can be observed, which might not be
realis!c due to technical limita!ons. Addi!onally,
the study only focuses on Band A, while sta!on
sensi!vity in Band D is typically reduced. Future work
will incorporate these e$ects to re%ne performance
es!mates.
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