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Abstract—Direct-to-Earth transmissions with Optical On/Off-Keying are
becoming the method of choice to realize telemetry downlinks from low
Earth orbit satellites at highest data-rates. Here, we review the calculation
procedure for a practical assessment of the mean link budget in this space-
ground data communication technology. We present a comprehensive
survey of the dynamic orbital and beam-pointing effects as well as the
impacts from atmospheric attenuation on the link performance. The paper
provides an exhaustive review of the formulas commonly used, and
propounds a recipe to reliably estimate the received power on ground. An
overview of typical data transmitter terminals, transmission channel
parameters, and the according optical ground stations is provided.
Comparison with measured received powers over transmitter elevation
angle, and the respective design estimates serves for verification.

Index Terms—Optical Satellite Downlinks, antenna gain, signal
divergence, Optical Ground Station OGS, Avalanche Photo-Detector
Receiver Frontend APD-RFE, satellite distance

1. INTRODUCTION

With the permanently increasing data volumes generated onboard
Earth-observation satellites, as well as with the high demand of data
communication in LEO (Low-Earth Orbit) Mega Constellations [1],
optical transmission technologies for point-to-point communications
working at multi-Gigabit-per-second data rates are getting more
employed [2]. Besides optical inter-satellite links, the direct-to-Earth
transmission scenario of optical LEO downlinks (OLEODL) is of
major interest [3]-[10]. Standardization and optimization efforts are
ongoing to enable international use between different satellite
missions and Optical Ground Station (OGS) [11]-[13]. The carrier
wavelengths employed today for optical Direct-to-Earth (DTE) links
are in the 1550 nm region (or around 193.4 THz), using intensity-
modulation direct-detection (IM/DD) signal formats. The latter allows
relatively simple but still sensitive receiver technology based on
Indium-Gallium-Arsenide (InGaAs) Avalanche Photodetectors
(APD) [14]. Employing such bulk detectors avoids the cumbersome
task of preceding atmospheric correction by Adaptive Optics (AO)
techniques, as would be required for single-mode fiber coupling, to
make use of pre-amplification in fiber amplifiers. Several missions
have been flown or are planned to demonstrate operational
OLEODLs, namely by JAXA, NICT, NASA/JPL, ESA, and DLR
[15]-[21]. Optical Ground Station installations at the same time are
operated by DLR, NICT, JAXA, NASA/JPL, ESA, CNES, NRL
(Naval Research Lab), DSTG (Defense Science Technology Group),
and more [22]-[28].

The principle of optical data downlinks implies steering the data-
modulated laser-beam during downlink-phase to dynamically point
towards the OGS. Such downlink contacts from LEO typically last

few to 10 minutes, depending on orbit-altitude and maximum satellite
elevation, and take place only a few times per day to one OGS-
location. The OGS provides a suitable receiver-antenna (namely an
optical telescope), following the satellite’s track in the sky. The
satellite terminal’s as well as the OGS’ angular slew-rate can become
more than ~1°/s on both ends of the link, when in zenith, requiring
according angular speed and precision of the antenna control.

Optical space-downlink terminals can be classified into four

categories:

a. Passive installation of a laser-transmitter on the satellite’s
body, where all beam-pointing tasks must be performed by the
satellite’s attitude control. This task is supported by according
position- and orientation-sensors, foremost the location
(through a satellite-based global positioning system), and
attitude-sensing by star-cameras. This poses requirements on
the precision and time-delay of such sensors, however shows
least impact on the satellite’s structure [18].

b. Terminals can operate an additional directional sensor for
tracking an optical beacon from the OGS (like a camera or a 4-
quadrant-sensor). This way, the terminals become less
dependent of the satellite’s attitude sensors and increase the
angular precision.

c.  Active fine-control of the beam through a fast steering mirror,
which is controlled directly by the attitude-sensing of a beacon
from ground. The hemispherical coarse-pointing is still
performed by the attitude of the satellite body. This method is
most preferred when a small satellite can be rotated arbitrarily
during the downlink-phase, but does not provide enough
precision for a narrow laser beam to be pointed precisely
[19][21].

d. Fine- and Coarse-Pointing performed by according beacon-
sensors and actuators of the laser-terminal. This is mostly
required when the attitude of the whole satellite cannot be
changed during a laser-downlink since the satellite is too large
or must not be rotated due to other requirements [6]-[8].

The phases of one downlink contact (for terminal types b. through
d.) can be separated in steps, as in Fig 1: 1, the acquisition-phase close
to where the satellite rises above the horizon, where the OGS
illuminates the satellite with its optical beacon, based on the direction
predicted by orbital parameters. 2, when the satellite terminal detects
this signal from ground with its acquisition and tracking sensor, it will
orient its transmit beam to shine onto the OGS, and switch on the data
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modulation. The OGS then can receive this data, and simultaneously
track the satellite’s (i.e. the data terminal’s) position moving over the
sky. 3, finally, the link is terminated when the satellite disappears
close to the opposing horizon, or the signal is reduced too much by
atmospheric attenuation.

Fig. 1.

Principle run of one OLEODL pass. 1. left: OGS starts by illuminating
the Satellite-terminal with a broad beacon, 2. middle: then the satellite can
point its narrow downlink signal onto the OGS which can follow the signal over
the sky. 3. right: near the opposite horizon the link is terminated by switching
off the beacon.

In the following we explain parameters and formulas for calculating
the gain- and loss-effects of an optical transmitter, the communication
channel, and receiver in general, we state exemplary values, and
compare the analytical estimation with a measured example. We
concentrate, here, on intensity-modulation with direct-detection as in
“Optical On/Off-Keying” (O3K) transmission systems, which are
currently being standardized in the Consultative Committee for Space
Data Systems (CCSDS) [29]. The receivers use bulk (large) photo-
detectors, so no adaptive optics for fiber coupling is required.
Formulas presented here can partly be related to general radio-
frequency satellite communication technology [5]. The optical uplink
is not considered since it shows a very different behavior due to the
asymmetric atmospheric channel, and the uplink is currently
employed in OLEODL mainly for slow tracking purposes only.

1I. BAsIC CONSIDERATIONS

Fig. 2 shows the elements influencing the OLEODL performance:
The satellite transmitter (a rather small optical aperture based on a
lens- or mirror-telescope) sends the laser-based optical data signal
towards the OGS, with a residual pointing error as small as technically
possible. The distance reduces the signal intensity through beam
widening, and the atmosphere perturbates, attenuates or blocks
(clouds) the laser beam and causes intensity-scintillations through its
different effects [30][31]. The OGS receiver telescope finally tracks
and collects the optical signal and converts it into an electrical signal
through the receiver front end (RFE), where the sky’s background
power can reduce the performance of such a detector due to additional
shot-noise current and other effects [32][33]. While optical links
from/to geostationary Earth orbit (GEO) are static by nature [34], the
OLEODL-scenario is highly dynamic in elevation and range, and thus
imposes different and more severe challenges to maintain stable
communication.
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Fig. 2. Link-parameters affecting the optical downlink quality. Effects in
darker boxes change faster during downlink, values in blank boxes are static.

A tracking loss at the receiver side is not mentioned in Fig. 2 since
ample tracking bandwidth and a large enough photo diode area is
assumed, to avoid effects from atmospheric angle-of-arrival variations
and from tracking inaccuracies. However, should the detector be small
compared to the receiver tracking quality, or should even single-mode
coupling of the focal spot be required, then such additional loss must
be regarded.

The total mean received power regarding all gains and losses can be
calculated as the sum of all link budget components in dB:

Prx = Prx + Arx + grx + Apw + Apsp + Qgem + Asei
+9Rx + ARx (1)

prc  average transmit optical source power in dBm

ar. optical power loss inside the transmitter terminal

gre  transmitter antenna (telescope) gain

apy average loss by dynamic beam miss-pointing and beam wander
free-space loss by link distance

aum sum of atmospheric attenuation effects

as.; losses through atmospheric scintillation

gre  Treceiver antenna gain

ag, optical losses inside receiver terminal (attenuation and splitting)
Pre  received power on detector, in dBm

Logarithmic gain (g) is a positive, and attenuation (a) a negative value.
The link budget calculation in dB or dBm is based on basic relations
between values in decibels-milliwatt (dBm), decibels (dB), and their
linear representations 4 (with values between 0 and 1) and G (larger
than 1):

gap = 10-logyo G 2
and

Pagm = 10 logsg Py 3)

Pnw is the absolute optical power in milliwatt. The general principles
for link budget calculation are elaborated in [35]-[37].

The estimated received power Prr can then be employed in a next
step with the model of the RFE’s sensitivity-run (compare Table Il in
[38] and section V.B.). This allows calculating the instantaneous bit



error ratio (BER) of the data receiver, possibly also regarding
subsequent error control processing. The latter can be forward error
correction (FEC) including interleaving (for compensation of long
outages by fades), or automated repeat request (ARQ) requiring
bidirectional links. Such techniques, however, will not be treated in
detail in this paper, as we concentrate on the run of the optical intensity
and -power in cloud-free-line-of-sight (CFLOS) downlinks.

III. TRANSMITTER-INDUCED PARAMETERS

II.A. Transmitter-Antenna Gain

The linear gain G1«(6, ) of a transmitting antenna in direction
given through the two perpendicular angles (8, ¢) is defined as the
ratio of the far field intensity in this direction 1(6,¢) to the mean
isotropic intensity I. Where the latter is antenna-emitted optical signal
power (after terminal-internal power losses arx) Po over the full solid
angle 4.

16.9) {CXD)
GTx = T =4n P—o (4)

Transmitter optics can be treated - in a first approach - similar to
RF-antennas, where their far field intensity divergence angle is given
through wavelength 4 and transmit telescope diameter Drx. With an
equally illuminated circular Tx-antenna area 4, this would result in a
far-field Airy pattern of intensity providing the maximum possible
axial gain. In dB this would be calculated as

A
grx = 10l0gy0 (*2) ®)

In practical scenarios, however, equal distribution of Py over A4 is
physically impossible. The transmitter (typically fed from a single-
mode fiber tip) would rather emit Py as a near-gaussian radial intensity
distribution. At the far-field distance z (i.e. much further than the
Rayleigh-distance), with e”-radius at wo and lateral position r, this
results in [39]-[41]

r 2 r 2
1,2) = 100,2) - @) = p,—2_ @@ ()

mw3(z)

with wy(z) = z - iee_z and full intensity divergence angle 6,-2.

Such a gaussian beam, however, cannot be transmitted uncut
through the transmit telescope, since an infinitely large transmitter
aperture would be required. Also, the gain (5) is the on-axis value,
while further aside signal intensity and thus gain will quickly decrease
according to (6). This also causes a loss related to the transmitter’s
pointing precision, as will later be regarded as loss from beam-wander
(or jitter) asw. The influence of lateral truncation (and central
obscuration, when a Cassegrain-type telescope is employed) on a
gaussian beam is described in [42][43][33], resulting in an
optimization of the ratio of gauss-beam versus antenna-diameter.

For simplification, often a certain ratio of the hard circular lens
transmitter antenna diameter Dz to the gaussian source beam profile
diameter at e-intensity D, - is employed ([44], ch 4.9.2), resulting in
Dry =V2D,-> =~ 2.40 - Dgyyyu, wWhere we refer to a Full-Width-at-
Half-Maximum (FWHM) nomenclature (meaning the beam diameter
where the intensity has dropped to half of its axial maximum value).

The power of a gaussian beam inside the radial limits r is derived as

P(r)=P,- [1 —exp (—2 ;—;)] (7

and we find the fraction inside this truncation-diameter
2.40 - Dpyyy as 98.2% of the total beam power. The intensity
relative to on-axis then becomes e = 1.8%. This results in a negligible
truncation-loss and a far-field that can be again approximated as
gaussian distribution (since the far-field transform of a gaussian beam
is again gaussian).

In the scenario investigated here (a medium-divergence / small
transmitter LEO-downlink) the absolute Tx-aperture size is typically
not the main limiting factor, e.g. since this aperture is chosen to ensure
enough power for an uplink tracking sensor. As such, the transmitter
lens will always be chosen much larger than the gaussian transmit
beam diameter (few centimeters or even millimeters will usually be
sufficient). Then only the full divergence angle of this uncut gaussian
beam must be considered. When the e -intensity beam radius defines
the collimated transmitter beam w,(0) = %De—z, the according full

divergence angle 6 ,-2 is

f,-2=2—2> (8)

W (0)

(where a tangent function has been replaced by its argument in rad, as
approximation for small angles). To relate this value to the FWHM-
convention used throughout this paper, we find

,l
0 rwim = nTZ -2 ©)

Then the axial gain is derived as [33]

N 2 Jinz- 2
gre=1010giy (£2) = 101ogye (£72)" (10)

Table I lists transmitter-antenna properties of a selection of existing
laser-terminal developments [6]-[10],[18],[21],[45].

TABLE |: PROPERTIES OF LASER TRANSMITTERS FOR DATA DOWNLINKS

Optical Data Orbit Tx data P1x p) OFwHMm Ta>:n
Terminal /km rate /Mbps W /nm /urad g/dB
OSIRISVL 595 3910 622 1 1545 ~1.0E3 70.4
OSIRISV2 510 1000 1 1545 200 84.4
OSIRISV3 410 10,000 1 1560 66 94.1

OSIRIS4ACUBE 520 100 0.1 1550 113 89.4

SOTA 627 lor10 0.03 1550 223 83.5
OPALS 410 50 2.5 1550 ~1.0E3 70.4
ocsD 450 50 to 200 2 1064 ~2.0E3 64.4
CLICK-A 400 51t0 50 0.2 1550 1.3E3 68.2

II1.B. Pointing Loss from Satellite Transmitter Beam

Since the dynamic attitude control of the laser beam during a
downlink pass will always bear pointing imperfections, losses caused
by the axis-offset of the spot from the OGS are introduced. This loss
will be dependent on the angular speed and the pointing quality of the
laser terminal, as well as on the satellite’s dynamic attitude
information and knowledge of mechanical and electronic offsets.
Pointing errors can be identified from the following causes [46]:

1) Residual attitude noise and onboard vibrations, stemming from
star cameras, or pointing mechanics and inadequate sensor resolution.
The effect will be a dynamic fading of the power at the OGS.
Additionally, the atmospheric IRT also causes random deflections of



the beam direction, but in our case of optical downlinks with a broad
beam divergence, these tend to be negligible.

2) A constant angular boresight error, where the beam-axis is at an
offset angle from the target (i.e. the OGS). This will result in a
constant loss from axial maximum.

3) A coordinate offset in pointing to the OGS position, when the
satellite’s beam points to a location at a fixed ground distance aside
the OGS. The loss-effect will be higher the shorter the link distance
becomes [47].

4) A dynamic angular boresight error is caused by inadequate (or
missing) correction of the point-ahead-angle (PAA). The latter is the
angle between incoming (data-downlink) and outgoing (beacon-
uplink) beam, caused by the orthogonal relative movement of the
communication partners. In LEO this PAA is typically between
~20urad at the horizon and up to ~50urad in zenith. When the satellite
is tracking onto a beacon signal from the OGS without correcting for
this PAA, it will be pointing aside the OGS accordingly. And when
the satellite’s beam has a small divergence angle (in the range of the
PAA itself), this error will again cause non-negligible and elevation-
dependent loss [48].

Except for 1) these effects are deterministic and can be regarded and
mechanically compensated. The pointing jitter however (and also the
miss-pointing by wrong attitude-knowledge, as we will see in our
measured example later) will exhibit a residual dynamic fading effect.
Furthermore, the pointing-ability of the satellite-terminal will be
related to the strength and stability of the beacon signal received at the
satellite. This signal will be hampered by atmospheric attenuation and
IRT-scintillations, and, thus, will again be elevation-dependent.

Effect 1) depends on the ratio of beam-divergence versus the
pointing error. When assuming this jitter radially homogeneously
distributed, it can be well approximated in the far-field domain
(receiver aperture is much smaller than beam-diameter) with its
intensity distribution function f;(I) ~ B+ 18~1. This is a special case
of the beta-distribution with one parameter £, according to (11), where
(0,-2/2) is the radial 1/e? beam-divergence angle and gsw is sigma of
residual radial beam-wander-angle. This radial beam wander is
Rayleigh-distributed [49][50]. Referring this ratio to the FWHM
gaussian-beam divergence angle Orwry results in
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leading to beta-distributed received power which implies a mean-
power loss in dB of

apw = 10l0g10 7 (12)

The actual values for f are varying strongly, from near-negligible
(i.e. a very high f) to values increasing the mean BER of the
transmission significantly (where however also the sensitivity-run of
the RFE’s BER(Pry) needs to be regarded [38]).

This mean pointing loss (12) however does not reflect the additional
dynamic intensity-fading effects leading to transmission-quality
impairments, i.e. increase of average BER (compare section /V.C.).

IV. CHANNEL PROPERTIES AND ATMOSPHERIC EFFECTS

1V.A. Elevation and Distance
The transmission channel is governed by free-space loss (FSL) due

to link distance L, plus atmospheric effects. We define FSL in dB
classically with the wavelength 1 and distance L as

ars, = 10logo (L)Z (13)

4mL
where the loss arsz is a negative value in dB.
The angles and distances in the general triangle Satellite — Ground
Station - Earth-center for a circular orbit at Ho above Earth (with its
radius Rg), with ground station at height Hss above sea-level, and at
link elevation angle &, can directly be derived with the general triangle
relations (Fig. 3) employing [51] extended with the height of the OGS
above sea level, Hgs:

L = /(Rg + Hgs)?[sin(e)]2 + 2(Hy — Hgs) (R + Hgs) + (Hy — Hgs)? —
—(Rg + Hgg)sin(e) (14)

Fig. 3. Angles and distances in the general triangle Sat-GS-Earthcenter.

Applying (14) to the typical LEO orbit at 500 km we find the
distance varying from this height to 2572 km at horizon. The relative
geometric FSL then ranges from 0 dB to 14.2 dB (Fig. 4).
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Fig. 4. Distance and relative FSL for 500km orbit height.

To communicate the occurrence of the crucial link parameter ¢, Fig.
5 shows the typical probability density distribution of elevation for
downlinks from polar orbiting LEO satellites to ground stations (here
to DLR-Oberpfaffenhofen near Munich, 48.1° northern latitude),
based on numerical simulations with the software from Systems Tool
Kit (STK). The shape of the distribution for this polar orbit height is
qualitatively similar (but not identical) for other OGS-latitudes, while
the absolute satellite visibility time increases when the OGS is moved
from equator to pole [52],[53]. When defining 5° as the minimum
elevation angle for closing a link (as is also typical in RF satellite
downlinks), then 15° is the expectation value in this example, while
of course 90° is the maximum.
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Fig. 5. Normalized distribution of link elevation occurrence in a polar
LEO downlink from 500km orbit (exemplary numerical analysis).

It is often advantageous to compare directly the mean axial intensity
Iy a space-terminal generates after link distance L with a certain beam
divergence, without regarding the unnecessary wavelength-parameter.
This axial intensity can be calculated with (6) and (9) (not regarding
atmospheric and pointing losses) as

Io(L) =222 2

n (L Orwnm)?

(15)

where again a gaussian far-field beam pattern is assumed.

1V.B Atmospheric Signal Attenuation

Additional loss is introduced by atmospheric aerosol-scattering and
molecular absorption. By avoiding delicate spectral regions of
molecular absorption lines (see Fig 9 of [30]), only aerosol absorption
and scattering have to be regarded [54]. Its effect is amplified by low
link elevations, since the atmospheric path becomes longer and the
according attenuation is emphasized. The absorption is further
influenced by the OGS-location and air-quality. In table II we state
exemplary attenuation values to zenith for a favorable (first value) and
a more adverse (second value) OGS-location and air quality (compare
Fig. 4 of [30] for the nomenclature of atmospheric models). Derived
with (10) of [30], assuming a flat-Earth model, the zenith transmission
value 7: allows the calculation of the total attenuation under elevation
angle ¢

Qaem = 101ogy, T,/ (16)
The flat-Earth approximation is applicable for larger elevation angles
and will pessimistically overestimate atmospheric attenuation at very
low elevations. Exact estimates of this attenuation including the
spherical-Earth geometry would require the complete absorption- and
scattering-coefficients profile at all altitudes above the OGS. Such can
only be estimated with the help of detailed simulations [55][30],
which but actually might be missing precise initial parameters. The
deviation of the flat-Earth model is due to the extension of
atmospheric layers with increasing height: When this height is only
close above the OGS then the extension is small, however at greater
height the extension becomes relevant. As an example, the
atmospheric layer 19 km to 20 km at 5° elevation is overestimated by
34% with the flat-Earth approximation, while for zero to 1 km height

itis just 1%. Since the higher atmospheric layers agglomerate volcanic
aerosols, their absorption will be overestimated through (16), while
any aerosols (dust / pollen) in the atmospheric boundary layer (~
below 1 km from ground) can fairly be estimated with flat-Earth
modelling down to ~5° elevation. For lower elevations, the more
elaborate simulation with spherical-Earth geometry should be
considered, since distances tend towards infinity with a flat-Earth
modelling.

Using the databases described in [30] we derive the amount of
absorption above a certain height (and at wavelengths outside of
molecular absorption lines), as shown in Fig. 6. Here we use for the
atmospheric models exemplarily: midlatitude-summer molecular
model, midlatitude-summer Rayleigh scattering, urban aerosol model,
and volcanic activity level 2. Obviously, attenuation increases with
shorter wavelengths, and constituents in the planetary boundary layer
account for most of the total attenuation (at least as long as the
volcanic absorption is not dominating).

095
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Total transmission to Zenith
-
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Wavelength = 1550 nm| |
_____ Wavelength = 1064 nm

Wavelength = 800 nm_|
0 1 2 3 4 5 6 7 8 9 10
Height of the OGS /km
Fig. 6. Zenith transmission vs OGS altitude, acc. to models.

The plots in Fig. 6 do not regard local topographic effects like e.g. an
elevated plane surrounding an OGS on a mountain top - such would
resemble a typical location for an OGS (as scenario A in [30]). The
first (better) values in the next table serve as a reference for this
scenario A, while the other values serve as a worse-case scenario B -
from sea-level and in humid tropical regions.

TABLE Il: TYPICAL ATMOSPHERIC ATTENUATION TO ZENITH
Air model

wavelength OGS height-nrofiles of fraction T,
/nm Altitude ght-p to zenith
molecules / aerosols

800 1km mldlat_ltude summer / 0.950
continental clean

800 sea level tropical / urban 0.705

1064 1km mldlatl_tude summer / 0977
continental clean

1064 sea level tropical / urban 0.814

1550 1km mldlat_ltude summer / 0986
continental clean

1550 sea level tropical / urban 0.891

The atmospheric attenuation loss in dB from values in Table II with
(16) over elevation are plotted in Figure 7.
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Fig. 7. Atmos. att, tion over elevation at different wavelengths, air qualities,
and GS-altitudes, using flat-Earth modelling. The minimum (5°) and typical
medium (15°) elevation for OLEODL are labeled as vertical lines.

1V.C. Dynamic Scintillation- and Pointing-Loss

In this representation we estimate the received power on a “mid-
term” average (in our case few seconds), i.e. after effects in the
millisecond domain like atmospheric scintillation or mechanical
pointing jitter, but before long-term effects from link elevation
changes. Additional loss stems from the nonlinear transition of
instantaneous received optical power into electrical signal amplitude,
which is often neglected in analysis (compare [31] and section V.B.
below). Unit-mean effects do not change mean received power (since
any fades are compensated by according surges at other times), but
will deteriorate reception quality depending on specific
implementation conditions, due to the non-linear transition from Pgx
to BER.

One source for such dynamic effects is the scintillation caused by
atmospheric index-of-refraction turbulence (IRT), locally seized by its
parameter C,°. The IRT leads to phase-front distortions of the optical
beam and in the further process causes so-called “speckle-patterns” of
intensity by self-interference. These are quantified by the normalized
variance of intensity, or intensity-scintillation index (ISI) of. This
phenomenon is - among-others — related to wavelength, height-
structure of the C.%, and link distance travelled inside the turbulent
atmosphere. The timescales for intensity scintillation are given
through the orthogonal wind component driving the IRT-cells across
the link path. Its speed is again increased by the link’s angular slew
rate, prominent in OLEODLSs. As the intensity’s coherence width is
typically some centimeters, changes in intensity are in the
milliseconds range [6].

Received optical power Prx(?) is the signal intensity /(x,?) integrated
over the receiver-aperture. Power scintillation strength as well as its
bandwidth do reduce versus intensity through the aperture averaging
effect, which again depends on intensity structure size correlation with
the aperture size. The effects of IRT on signal field quality, aperture
averaging, and received signal instability are assessed in numerous
publications and shall not be repeated here [44][56].

Assuming lognormal-like power distribution (which is confirmed
even at low elevation angles by according measurements [31]), in [57]
a threshold-based loss calculation is given. This approach can
however not regard the effects of bit-interleaving and is limited to
scintillation only. For a multiplication of atmospheric scintillation
with pointing jitter, a joint probability density function (PDF) has been
derived and verified in [58][59]. Additionally, the increase of
scintillation strength with off-axis pointing of a gaussian beam up to a

maximum needs to be regarded [60], and no joined treatment for a
combined PDF together with scintillation and pointing jitter is used so
far.
When assuming an infinitely long bit inter leaver (ILV), the long fades
in this stream (and its according bit error clusters) become distributed
evenly, allowing the application of standard FEC-techniques to
recover bit errors, before de-interleaving the bit stream. Once a unit-
mean distribution for received power p(Prs) has been defined, the
unconditional long term mean error ratio (BER) is derived from its
product with the BER-dependency (compare section V.B), according
to (ch. 11.4.3 of [44]):

(BER) = [;” p(Pgy) * BER(Pgy) dPpy (17
As a realistic assumption, the ILV should have a length of more than
twenty times the channel coherence length (which is typically 5
milliseconds) to come sufficiently close to the asymptotic domain.
Depending on data rate, this might require a memory of several
Gigabits.
In the further run of this paper, we concentrate on the mean received
power (wWhere mean refers to the average of some seconds), neglecting
the influence of the fast unit-mean variations from beam jitter and
atmospheric scintillation.

1V.D. Turbulent Beam-Spread and -Wander

Atmospheric turbulence will also lead to short-term spreading of the
spot radius Wsr in the downlink, as well as to beam-wander of the
centroid movement 7. of this spread beam - with its standard deviation
\/(r_cz). The latter effect will cause an additional loss in mean intensity
if not tracked, similar to residual beam wander as described in section
111.B.. Both effects are assumed to have long-term gaussian intensity
profiles and sum up geometrically, and so the long-term beam radius
W,r becomes /W2 + (r2) . The amount of these effects depends on
the weighted integral of IRT along the atmospheric link-fraction (thus,
on elevation angle, wavelength, and strength of the C, profile). The
beam-wander loss, i.e. the axial intensity of the atmospherically
wandering beam vs its diffraction limited intensity, also depends on
the initial beam divergence, meaning that a larger beam is less affected
than a narrow one.

With the theoretical background as in [44] and [61], in satellite-
downlinks we find additional IRT spreading angles of only few
microradians even at low elevations / long atmospheric path fractions.
This means that with a beam divergence of larger than 100urad (as
often found in OLEODL-scenarios), the effect becomes negligible.
However, for even smaller divergence angles (as with large space
transmitter apertures), it should be considered. Also, in optical up-
links with small divergence the situation changes since the IRT-effects
happen at the beginning of the link, and the turbulent beam-spread and
-wander must be included in link budget calculations.

IV.E. Background Light

Optical power from sky background radiation through excited
atmospheric molecules and aerosols (from sunlight) can impact the
receiver frontend sensitivity through additional shot-noise and DC
signal offset. Since a multitude of practical parameters can influence
such background (e.g. field-of-view of the detector, type of receiver,
spectral filtering, modulation format, sun-position, time-of-day, air-
quality, ...), we do not regard these effects here, but refer to the
according literature [32][62]. As an exemplary daytime-value we find



50nW of background light, leading to -3dB of loss in an APD-receiver
[14]. This value can be further controlled by denser chromatic filtering
and reduction of the detector’s field-of-view, as far as signal spectrum
and tracking system allow.

V. GROUND RECEIVER

V.A. Rx-Antenna Gain

The receiver antenna is typically a Cassegrain-type mirror
telescope, and for direct-detection receivers and with the assumption
Arx < signal spot size its gain can be calculated by the intensity-
collecting aperture area Ars:

(18)

9rx = 10logy, (4”;Rx)

with gry as a positive value in dB [63]. When calculating the area of
a Cassegrain-type telescope, the subtraction of the inner obscuration
must be regarded. For OLEODL we can assume a large enough
distance to the transmitter so the spot size is large and field amplitude
is regarded equal over the whole receiving aperture. The reference to
a photon-collecting direct detection receiver here implies that no
diffraction-limited field effects of the atmospherically distorted signal
wave front need to be regarded. Le., no heterodyning with a local
oscillator beam profile, or coupling into a single-mode fiber, is
required (both tasks would denote further losses). Instead, the
detector-size is assumed large enough to capture all light projected
into the focal spot of the receiver telescope.
Parameters of some established optical ground stations
Cassegrain-type telescopes) are listed in table I11.

(all

TABLE I11: OPTICAL GROUND STATION PARAMETERS

OGS-Name, Aperture- Aperture Rx-Antenna Gain

Organization Diameter Area @ 1550nm
|zana-OGS, ESA 100 cm 0.79m?2 126.3dB
OGSOP_old, DLR 40 cm 0.13m? 118.2dB
OGSOP-NG, DLR 80 cm 0.50m? 124.2dB
TOGS, DLR 60 cm 0.25m? 121.2dB
GSOC-0GS-1, DLR 30cm 0.05m? 114.2dB
OGS-Almeria, DLR 60 cm 0.28m? 121.7dB
Nemea-OGS, KSAT 50 cm 0.20m?2 120.1dB
1ZN-1-lzana, ESA 80 cm 0.50m?2 124.2dB
Nyukasa, JAXA 60 cm 0.25m2 121.2dB
Tokyo, NICT 100 cm 0.79m2 126.3dB
TMF, JPL 100 cm 0.79m? 126.3dB

IM/DD optical downlinks are governed by the ability of the receiver
telescope to collect enough signal power in front of the OGS and track
the received focal spot on the detector. The optical power collected by
Are (When neglecting any atmospheric and systematic effects) can be
estimated from the three link parameters grv, arsc, and gry, in one term,
where the wavelength-dependency cancels:

4-In2 ARx
n (L'Opwum)?

) (19

Pag, = Prx + 9rx + Apsy + Grx = Prx + 1010gy, (

V.B. Data Receiver Sensitivity and Forward Error Correction

Optical On/Off-Keying (O3K) RFEs are often based on APDs due to
their relatively simple operation while still showing ~10dB sensitivity gain
compared to standard thermal-limited positive-intrinsic-negative
semiconductor (PIN) receivers [64]. The simple Pp» parameter-model
Q(Pry) = 2+ (Pgy/ 13Q=2)n allows calculation of any required data-
signal power from a reference value at quality-factor O=2 (or a BER of
0.023) and regarding the exponent of the sensitivity-run [38]. Relation

between Q and BER in an O3K-receiver is BER = 0.5 erfc(Q/v2).
Table IV summarizes various measured RFE sensitivities, stating
necessary mean signal power values for P> and also for BER=107. The
latter BER-value would be sufficient together with a standard Forward
Error Correction (FEC) code (here using the Reed-Solomon code
RS(255,223) as described in [65] [66]), to achieve near-errorless data
reception quality as shown in Fig. 8: Here the uncoded BER-run of the
bare “APD-RFE300M” from Table IV with white-gaussian-noise (no
fading) is used exemplarily, and compared with the according FEC-word-
error-rate (WER) after decoding. Independent of this specific RFE’s
sensitivity run, we acknowledge the connection of a channel-BER=10-
sufficient to provide a practically error-free bit stream after decoding
(WER<107'%). The WER-curve accounts all uncorrectable FEC words as
100% erroneous bits. This proceeding is rather conservative when
recognizing that also uncorrectable packets still hold useful information
that might be retrieved with alternative algorithms.

The introduction of a so-called “coding gain” is not necessary with our
approach. Such a value would anyway be ambiguous since its magnitude
depends on a target BER of a particular transmission system, and cannot
be generalized.

A rather small throughput-loss has to be accepted with RS(255,223) since
the code requires a parity overhead of 1 —223/255 £ 12.5% . Other
FEC-codes do offer more error-correction capability, however require
more parity and thus throughput-loss. Here we assume this type of FEC
exemplarily since it will also be standardized in the “CCSDS Blue Book
on Optical On-Off-Keying - Synchronization and Coding” (to be
published). A detailed treatment of error-correction techniques can be
found in various literature.
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Fig. 8. Channel-BER and FEC-WER: after decoding with RS(255,223) the
WER reaches 107", when the uncoded reception is only BER=10".

Besides the rather simple but efficient APD-technology, RFEs might
also be based on photon-counting superconducting nanowire detectors
[67], or coherent receivers with preamplification. Such, however, pose
much higher technological challenges than APD-RFEs and are not
considered here.

From the required power P;z.3 for BER=107 (i.e. Q=3.1) (compare
Table IV second-last column), we derive the value in dBm according
to (3), for use in the link budget estimation Table V. While Table IV
states measurements of real-world RFE-implementations, for
optimized APD-RFE designs a typical sensitivity is 250 Photons/bit
at signal wavelength A=1550nm and for any data rate R. The required
signal power is

Pig_3 = 250/ bit - R-% (20)

with ¢= 2.998E8 my/s, h=6.626E-34 Ws?.



TABLE IV: SENSITIVITY OF FREE-SPACE INGAAS-APD DATA RECEIVERS

detect. test data model Phot

RFE diam. rate Paz exponent n Pies Ibit
APD-RFE100M 200 pm 125 Mbps 5.1nW 0.69 9.6 nW 596
APD-RFE300M 200 pum 300 Mbps 5.0 nW 0.70 9.3nW 241
APD-RFE1G 200 pm 1.25 Gbps 28 nW 0.57 60 nW 374

Tested with InGaAs-APDs at 1550 nm wavelength; all measured without background light.
Last column is mean photons per bit for BER=102 as necessary before applying
RS(255,223)-decoding [38][14].

VI. LINKBUDGET CALCULATION AND MEASUREMENT

As an example, for a type a) terminal OLEODL we demonstrate the
total link budget by employing the foregoing formulas and concepts
in table V [68]. The signal is received by the 30cm aperture of GSOC-
OGS, with a SOFA attached (Small Optical ground station Focal-
optics Assembly) [69]. Further technical attenuation inside the OGS
to the APD-detector, by surface reflections, absorption, and power
splitting for a tracking sensor, are accounted for by “Rx-internal losses
-4.1dB”.
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Satellite

Transmitter | Collimator H

Satellite
AOCS

Gyro
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Fig. 9. Setup of OGS-telescope and SOFA as in the signal reception from
OSIRISv1. After system losses and splitting to Tracking- and Power-Sensor the
RFE sees -4.1dB of all received light at 1550nm signal wavelength.

Ground Station

Tracking Sensor
L

Power Sensor
]

Following Table V, the link margin can be calculated for any other
downlink elevation. Loss from imperfect attitude control is accounted
here as “pointing loss”. No loss from atmospheric scintillation is
assumed since the averaging time-window of 100ms equalized all
short-term unit-mean power variations from IRT.

TABLE V: EXEMPLARY LINK BUDGET

OSIRISv1 on Flying Laptop satellite:
595km polar orbit, 1.0 mrad FWHM Tx-div., 1 W
Tx-power of 2=1550 nm, 39 Mbps on/off keying,
into “GSOC-OGS-1”
Parameter (formula) 30° elevation zenith
mean source power Prx +30dBm
Tx internal losses arx -1dB
Tx antenna gain grx (10) +70.4 dB
pointing loss asw (12) -3dB
distance L (14) 1065 km 595 km
freespace loss ars. (13) -258.7 dB -253.7 dB
for senith wansmisson s 0.9 1048 050dB
scintillation loss asi NA NA
Rx antenna gain grx (18) +114.2 dB
Power into Rx aperture parx -49.1 dBm -43.5dBm
e one a1ce
prx onto OOK data detector -53.2dBm -47.6 dBm
250Pph@BER=107%, 39Mbps (20) -59.0 dBm / 1.25 nW
Link margin for communication +5.9dB +11.4 dB

The results are compared in Fig. 10 with the signal power onto a data
RFE, as was back-calculated from a separate power measurement
(part of the received signal was split onto a power meter). These data
were measured on 20" Oct 2021 with the signal from OSIRISvI on
Flying Laptop satellite to the 30cm OGS of GSOC, placed at DLR-
Oberpfaffenhofen near Munich. Fast and unit-mean power variations
from atmospheric scintillations are cancelled in these measured data
by an averaging window of 100 ms. The theoretical plot of signal
power onto the RFE (solid line) does not include a mean pointing loss,
while the dashed line regards a mean pointing loss of -3dB and the
measured data shows strong variations and mean losses stemming
from imperfect and unstable pointing from the satellite. The OGS was
never illuminated axially during this downlink, as was also verified in
[70], rather a pointing offset at the FWHM-diameter of the beam was
observed. Such errors are mostly due to the high rotation speed
requirements for the satellite during the downlink, which can become
up to 1%s in zenith, challenging the conventional star-cameras and
attitude control. Fast pointing-jitter due to vibrations - on the other
hand - is negligible since the signal divergence (with 1.0 mrad
FWHM) was much broader than any fast mechanical jitter.
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Fig. 10. Link budget of OSIRISv1 on Flying-Laptop downlinks to GSOC-OGS-
1: Power onto RFE assuming perfect axial pointing (solid line), measured
RFE-power showing additional loss from mis-pointing (dotted line), and power
when assuming -3dB pointing loss (dashed).

From the analytical plots of Fig. 10 we read a typical mean range of
the received intensity from 5° elevation (0.7 nW) to zenith (35 nW)
by a factor of 17 dB, without regarding further loss from scintillation.
Comparing with Fig. 5, we understand the importance to also serve
very low link angles for enabling a suitable overall satellite access
fraction. Such elevations however require a much lower symbol rate
to work at similar energy per bit. Therefore, techniques of variable
coding and modulation, or just symbol rate adaptation (variable data
rate, VDR), are required [71]. Such proceeding can already be found
in according standardization approaches [12].

VII. CONCLUSIONS

With optical Direct-to-Earth communication progressing towards
becoming a standard transmission technique for remote sensing and
reconnaissance space missions, the benefit of a uniform method for
link budget calculation is getting obvious. Here, we have summarized
all essential factors influencing free-space optical communications
from low Earth orbiting spacecraft to ground-based receiving stations,
and have presented a recipe for the assessment of the received power
from the transmitter power. Considering the relevant literature of the
past decades, we have based this link budget calculation specification
on practical experience and verified our theoretical assessment with
measured data from a real mission.

Pointing jitter from mechanical vibrations proved a rather irrelevant
loss parameter in our exemplary scenario of OSIRIS-v1 downlinks,
because the beam divergence was much larger than such vibration
amplitudes. This should be different with future smaller-divergence
terminals. However, the orbital miss-pointing of the satellite here
could be interpreted as pointing jitter, and an according loss can be
estimated.

A systematic loss from atmospheric scintillations depends on the
complete OGS-setup including aperture-size, receiver-type, and data
processing like interleaving with error correction. With ample
telescope-size and perfect FEC-processing it might be negligible, for
realistic scenarios it includes unit-mean elevation-dependent
influences and requires according parameter distributions for its
assessment.

Our survey will not only help newcomers to the field of free-space
optical satellite communications to get started quickly, but also make

the design of laser-based space-to-ground transmission systems easier
for experienced engineers. As commercial products for free-space
optical downlinks are booming in the market, this technology is
supposed to bring a worldwide telecommunication revolution. Hence,
the formulas reviewed here will contribute to standard measures for
assuring comparability between different free-space optical
transmission systems.
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SYMBOLS AND ABBREVIATIONS

Age receiver telescope aperture area

ary .. gy see below formula (1)
Drwav  FWHM intensity beam diameter

lo axial beam intensity

L link distance from satellite to OGS
Prx received power onto the data-detector
Po emitted power from satellite antenna
Po=2 Received power where Q=2

P,g_; opt. power onto RFE detector where BER=10"
data rate
r radial coordinate
rc beam centroid wander
Q Quality factor of data-reception
T, linear atmospheric transmission to zenith
Wsr short term beam radius
p scaling parameter of beta-distribution of beam wander
A wavelength
Orwun FWHM intensity divergence angle
6,2 full divergence angle at e intensity from axial maximum
W, gaussian beam radius where Intensity dropped to e of axial value
APD  Avalanche Photo Diode
BER  Bit-Error Ratio

CCSDS Consultative Committee on Space Data Systems
DLR  German Aerospace Center

FWHM Full-Width at Half of the (axial) Maximum

GSOC German Space Operations Center

IKN Institute of Communications and Navigation
IM/DD Intensity Modulation Direct Detection

InGaAs Indium Gallium Arsenide — semiconductor material

IRT Index-of-Refraction Turbulence
1SI Intensity-Scintillation Index
LEO  Low Earth Orbit

OGS  Optical Ground Station

OLEODL Optical LEO Data Downlinks

O3K  Optical On/Off-Keying Modulation
Ppb Photons per bit

RFE  Receiver Front End

SOFA Small OGS Focal-optics Assembly
VDR  Variable Data Rate
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