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Moon exploration and colonization will strongly rely upon high-speed optical wireless communications over a
huge distance (around 400,000 km). Here, we introduce a holistic model, including the propagation issues as well
as the realistic communication limitations and the expected practical limitations. We focus on the communica-
tion issues in a link connecting a GEO satellite to a fixed Moon optical station: here, we consider the challenging
10 Gbit/s transmission rate, and we assume an optical pre-amplified receiver, which is today the only option for
high speed; we then select three different modulation formats, with corresponding implementations and increas-
ing complexity and performance. Under these assumptions, we estimate the common operating conditions at the
forward error correction threshold and point out the role of the transmitter and receiver telescopes: for practical
size (e.g., 1 m), relevant limitations arise, which we combine with the typical photons-per-bit sensitivity values in
an optical link. We find that all considered modulation formats can be used at 10 Gbit/s, although with different
margins and hardware requirements, particularly considering the size of the optical antennas. We then extend
the analysis to higher rates, up to 40 Gbit/s. This work can open the way to the realization of optical wireless
communication systems to/from the future Moon Village. © 2023 Optica Publishing Group under the terms of the

Optica Open Access Publishing Agreement
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1. INTRODUCTION

Today we see a fast rising interest in the deep exploration of
the Moon, leading to stable installments [1–5]. Various initia-
tives are being promoted by the USA, the EU, Canada, Japan,
China, and India. As key non-limiting examples, the Moon
Village concept envisions the deployment of robotic (first)
and human (later) explorers [6], while Artemis I was recently
launched [2]. Today, the lander of the Chandrayaan-3 mission
is currently approaching the Moon [7].

However, it is widely recognized that, to reach these goals,
we shall provide continuous high-speed data communication
to the users on the Moon, likely through a Lunar Orbiting
Platform-Gateway or a Lunar Ground Station. Among the
supported applications, it should be considered that a sin-
gle 8K-120 Hz camera would ask for hundreds of Mbit/s, if
compressed (the uncompressed 8K format requires more than
20 Gbit/s) [8]. Other vital necessities may come from high-
definition scanning for telemedicine, digital-twin applications,
etc.

Therefore, for future-proof applications, high-speed wireless
connectivity would target a minimum bit rate of 10 Gbit/s: this
can be only achieved by using optical wireless communication
(OWC) [9]. Indeed, the huge distance involves a beam spread-
ing of electro-magnetic waves that is much lower in the optical
region, thus strongly favoring optical against radio/microwave

frequencies, especially at high bit rates [9–11]. Yet, optical links
are not yet very common for space applications: the only real
demonstration over interplanetary distances was the Lunar
Laser Communication Demonstration (LLCD) by NASA in
2014, which demonstrated up to 622 Mbit/s downlink from
the Moon surface to the Earth Optical Ground Station (OGS)
using highly innovative optical technology and a photon-
efficient modulation format: however, the link was not stable
and had asymmetric capacity (uplink limited to a few tens of
Mbit/s) [12].

It is worth recalling that, in any direct-to-Earth link, the
Earth atmosphere determines a key limitation: in down-
link, this can produce random fading on the optical received
intensity; since optical loss is high, the fading can be often
unmanageable [13–15]. The atmosphere has an even worse
impact in uplink: this can result in much deeper fading.
Therefore, a direct-to-Earth link could have the downlink
randomly disappearing and the uplink very seriously limited in
capacity. Hence, if we want to establish stable and reliable con-
nections, those must require a two-hop link, i.e., using a GEO
relay [16], as the one presented in Fig. 1. Unfortunately, a
single GEO relay satellite would not provide 24 h connectivity
to/from a fixed Moon station; however, it can be simply seen
that at least two GEO satellites could be enough to provide a
100% reliable link to/from the Moon.
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Fig. 1. Considered scenario: pictorial view of a GEO satellite com-
municating to the Moon by means of an optical signal.

In the Moon-to-GEO link, the attenuation would be mostly
determined by the distance between the Moon Station and the
GEO (around 400,000 km), thus practically constant. Loss
would also be symmetric for both transmission directions:
the propagation effects would be the same in both uplink and
downlink and this would result in a link with similar design as
in conventional fiber communications.

In order to realize this type of link in the required short
time-frame, we should welcome that consolidated technologies
could be used, as they need no special technological devel-
opment. Indeed, our key assumption is to leverage upon the
devices and techniques developed for fiber communications in
the wavelength region of 1550 nm, which are the result of the
huge R&D activity of the past 40 years [17].

This is possible only thanks to new types of OWC systems,
which were recently introduced and are indicated as trans-
parent systems [18,19]: indeed, they transparently combine
the free-space path with existing fiber-based systems. This is
achieved by optimized telescopes that, on one side, allow light
to be transmitted from the transmitter fiber pigtail while, on
the receiver side, they effectively couple the collected light into
a single-mode fiber. Clearly, very precise optimization of the
point alignment and tracking (PAT) is required, to make these
systems work properly [20]. Various techniques able to achieve
this goal were demonstrated in the past [21], and they were
indeed successfully demonstrated in the LLCD experiments
[12]. However, even for excellent PAT, the performance is
affected by (minor) pointing errors, which are unavoidable and
derive from different sources, including micro-vibrations of the
telescopes. Pointing errors can be strongly reduced by various
techniques, but typically remain on the order of 1 µrad.

In the following, we introduce a holistic approach to the
optical communication design. We assume that an optimized
PAT is implemented, and the telescope tracking is optimized to
maintain a stable alignment during the communication, when
the two extreme points move on their own orbits around Earth
in free space. Then we study the communication system and
combine the consolidated design methodology of optical fiber
communications with the specific features of a long free-space
optical link. We demonstrate that fiber-based components
and techniques can be successfully exploited to achieve OWC
Moon-to-GEO links at 10 Gbit/s.

The paper is structured as follows. In Section 2, we intro-
duce the communication model and the technology that we
are proposing to exploit: here, we first present the modeling
assumption, then we motivate our choice of three alterna-
tive modulation formats and define their features in terms of

photons-per-bit (PPB) sensitivities; finally, we present and
discuss the impact of losses in the link budget. In Section 3,
we then introduce symmetric and asymmetric link types, and
thus provide the design of a Moon-to-GEO link at 10 Gbit/s,
from a communication point of view. Finally, we evaluate the
possibility of further upgrading these links to higher bit rates.

2. MODEL

A. Selected Modulation Formats and Their PPB
Values

We highlight that in this type of OWC link, the transmission
regime of the link is characterized by huge losses; the distance
is the primary parameter determining these losses (assuming
a stable alignment of the transmitter and receiver telescopes).
In this case, the Moon-to-GEO distance depends on Earth–
Moon distance, which is on average 385,000 km, and the exact
position of the GEO, which has an almost circular orbit with
42,000 km radius (from the Earth’s center). If we consider
a specific GEO satellite, variations of free-space distance to
a fixed point on the Moon should be calculated. However,
considering direct visibility, we should restrict only to positions
of the Moon and GEO on the same side of the rotation axis of
the Earth; it can be easily seen that these variations of distance
have a negligible impact on the total loss (around 0.5 dB).
Therefore, in the following we assume the worst-case value
(i.e., longest distance between Moon and GEO) is around
400,000 km. Actually, the distance can be a bit shorter because,
mechanical constraints limit the field of regard of the telescope
on the GEO, thus likely requiring three GEO satellites to
provide a continuous connectivity. In this configuration, each
GEO could be used for around 8 h/day.

It can be expected that the above losses can be partly bal-
anced by means of high-sensitivity modulation formats and
proper dimensioning of optical antennas. The trade-off
may depend on different performance parameters, as well as
engineering choices.

As said, in the following, we will assume that the transmitter
(TX) and the receiver (RX) are optimally aligned and that the
received light is directly coupled into an optical fiber: this is
a very effective means to detect high-speed signals, because
they can be hardly received using free-space bulky receivers
(high-bandwidth photodiodes have small sizes and typically
come with fiber pigtails). However, fiber coupling introduces a
(limited) loss of around 3 dB.

To design the link, we then selected three system options
that are described in the following and whose main features
are summarized in Table 1. In all cases, we assume the use of a
common forward error correction (FEC), able to correct errors
with high efficiency [22]; thus all the values reported in Table 1
refer to the target pre-FEC bit error ratio (BER) of 10−3, which
is a value commonly achieved by commercial Reed Solomon
implementations.

Among the three modulation formats considered, the first
is optical non-return-to-zero on–off keying (NRZ-OOK): it is
based on intensity modulation; thus it is the simplest format
and has the simplest RX, based on a high-bandwidth photodi-
ode (PD). Although its quantum-limited sensitivity is around
10 PPB at BER= 10−3, in real systems NRZ-OOK is well
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known to have a far poorer sensitivity (>100 PPB) whenever
detected by a common PD [17]. However, we will assume
that the RX includes a low-noise erbium doped fiber amplifier
(EDFA), as a pre-amplifier; in this case, it is well known that
the system performance is set by the optical signal to noise
ratio (OSNR) at the EDFA output; as the EDFA is operated
in the small-signal regime, the OSNR is determined by the
signal power (Pin) at the input of the pre-amplifier [17]: from
there, we derive a PPB sensitivity for a pre-amplified RX. This
is much better than for a single PD, although a bit higher than
the quantum limit. This value is practically independent on
the chosen PD, because the system performance is practically
determined by the optical noise in this regime [17].

We used numerical simulations to estimate the pre-FEC
BER value as a function of OSNR. Those are not detailed for
simplicity; however, they show that an optimized optically
pre-amplified NRZ-OOK RX, with a narrow optical filter at
the EDFA output, requires a minimum OSNR (defined over
the 0.1 nm bandwidth typical of fiber communications [17])
of around 8.4 dB at 10 Gbit/s, which gives the pre-FEC BER
value of 10−3. Thus, if we assume that the pre-amplifier EDFA
has the realistic 4 dB noise figure, the above OSNR value is
obtained at around −45.5 dBm input power. The above input
power can be easily converted to 22 PPB value, as reported in
Table 1.

As the second option, we consider the NRZ differential
phase shift keying (DPSK): it is a well-studied format that can
require a Mach–Zehnder modulator at the TX and a Mach–
Zehnder delay interferometer (MZDI) and balanced detection
at the RX. Again, in this case, we assume a pre-amplified RX:
here, the intrinsic features of DPSK, allow the target perform-
ance to be attained at a lower optical signal to noise ratio,
i.e., at around 3 dB lower received power (OSNR= 5.5 dB,
Pin =−48.5 dBm) than in OOK [23]. Therefore, the required
PPB value would be around 11.1 PPB. We note that the
implementation issues of DPSK would be quite like OOK: all
components are commercially available and depend on mature
industrial processes.

Finally, we selected pulse position modulation (PPM). M-
ary pulse position modulation (PPM-M) was proposed and
is carefully considered for photon-starved links thanks to the
fact that it has the best photon efficiency [9,24]. As side effects,
the signal spectral width is much larger; thus the required
components (e.g., photodetectors) should have much wider
bands than in OOK or DPSK at the same bit rate. Moreover,
both TX and RX of PPM shall implement a specific electronic
processing to convert a binary data stream to/from a PPM

Table 1. PPB and Corresponding Input Power Pin of
the Three Modulation Formats to Reach the Pre-FEC
BER of 10−3

Format PPB
Pin (dBm) at

10 Gb/s Comments and References

OOK 22 −45.5 Pre-amplified, NRZ
format [23]

DPSK 11 −48.5 Pre-amplified, NRZ-DPSK
with MZDI detection [23]

PPM-16 7.0 −50.4 Pre-amplified, PPM-16 [30]

signal. In the following, we will thus make an assumption
of PPM-16, which represents a good compromise between
hardware complexity and sensitivity.

The PPM RX is a critical issue: in order to achieve the best
performance, PDs made of superconducting nanowires were
specifically developed [25,26], where the only relevant noise
source is shot noise [17]. This detector must be cooled down to
enable superconductivity, and a light signal is conveyed on it by
an optical fiber, so that the light coupling issue is still present.
Furthermore, deadtimes prevented their use at Gbit/s rates
[27,28]. Although recent improvements allowed for higher
operation rates [29], there is not yet proof that this RX could
be scaled up operate at 10 Gbit/s rates. For all these reasons, we
will consider an optically pre-amplified RX with a conventional
PD also for PPM.

We recall that in all cases the RX should have an optical fil-
ter after the pre-amplifier EDFA, to reduce the ASE-ASE beat-
ing noise [17]. The chosen filter bandwidth should be around
30 GHz, for OOK and DPSK, but much higher for PPM-16
(around 120 GHz). Furthermore, we note that in the working
time window, the Doppler shift is up to around ±1.3 GHz, so
that the filter width provides a tolerance wide enough and the
effect of Doppler can be neglected.

Let us further discuss the specific case of PPM: here, we
see that 7 PPB is the measured value for PPM-16 [30]. This
figure gives a benefit of around 2 dB compared to DPSK: this
is indeed consistent with the higher sensitivity of PPM-M [9],
which makes PPP-M frequently proposed for space links, at
low speed and with huge loss [9]. The higher the value of M,
the higher the sensitivity of PPM-M [9].

However, this advantage is achieved thanks to the much
lower spectral efficiency and the high complexity in cod-
ing/decoding. Both these features will have a major impact in
the implementation at Gbit/s speeds: the poor spectral effi-
ciency requires modulators, electronics, and photodiodes with
higher bandwidth (around 40 GHz for PPM-16 at 10 Gbit/s)
than OOK or DPSK. In addition, the TX and RX electronics
must implement sophisticated electronic processing [29],
which can be very challenging at 10 Gbit/s and beyond. At
these speed values, the practical issues become much harder
when large M values (M ≥ 32) are considered; on the other
side, low-order PPMs (e.g., PPM-4 and PPM-8) would have
minor implementation issues, but they give quite limited
improvements in the required OSNR (PPB) values from
DPSK [9,31]. Therefore, PPM-16 was assumed to be a good
compromise option between sensitivity and implementation
issues, as in [30].

We also note that the OSNR values reported in Table 1 are
realistic: they are confirmed by experimental measurements of
the OSNR tolerance of the various formats (references given in
the fourth column). In fiber links with optical amplifiers, it is
well known that any given combination of bit rate and modu-
lation format has a minimum required OSNR value, which is
routinely measured [23].

In our OWC link, we have two amplifiers. The booster
amplifier is saturated and thus gives no significant noise con-
tribution; on the other hand the OWC loss is huge. Therefore
the OSNR at the pre-amplifier output is simply proportional
to the optical power at pre-amplifier input, hence to the input
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PPB value (see last column in Table 1). Actually, the PPB val-
ues of NRZ and DPSK were derived from the data of OSNR
tolerance given in [23], while the PPB of PPM-16 was derived
from the measurements reported in [30]. Finally, while the
required OSNR values scale with the bit rate, it is well known
that the PPB values do not change when increasing the bit
rate, e.g., to 40 Gbit/s: this is attained, of course, provided
that the RX is consistently realized (e.g., it is not affected by
hardware limitations, such as a suboptimal bandwidth of the
electro-optic components).

B. Losses

As the signal to/from a GEO does not travel through the Earth
atmosphere, the optical power at the RX (PRX) at given dis-
tance (L) can be calculated by the well-known equation that
accounts for the beam diffraction and the other sources of loss.
Namely, PRX is given by

PRX = PTXLTXGTXLOWCGRXLpeL f LRX, (1)

where PTX is the TX output power, GTX and GRX are the
antenna gain of the TX and of the RX telescope given by
GTX = (πDTX/λ)

2g T and GRX = (πDRX/λ)
2, where

DTX and DTX are the telescope diameters at TX and RX,
respectively, g T = 0.81 is the telescope truncation factor
[32,33], LOWC = (λ/4πL)2 is the propagation loss, Lpe =

exp(−2v2
pe/ϑ

2
d ) is the loss due to the pointing error ϑpe(PE),

ϑd (DTX) is the beam divergence angle, and L fc is the loss due
to the fiber coupling at the RX.
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We note that various contributions in Eq. (2) depend on the
initial beam waist ω0, which is set to ω0 =DT X /(2α), where α
is the optimal truncation factor (α ∼= 1.21); hence they depend
on DTX [32].

Furthermore, LTX and LRX indicate the optical losses of the
telescopes at TX and RX sides, respectively (typical assumed
value is LTX + LRX = 6 dB) [16]. In all the following analy-
ses, we do not consider obscuration of the telescopes [33],
which strictly depends on the specific implementation and
that has only a very limited impact on the overall link budgets
computation.

These above assumptions eventually allow PRX to be esti-
mated as a function of DTX and DTX, which determine GTX

and GRX, respectively. Clearly, the size values of the TX and
RX telescopes set another relevant practical limit. As an exam-
ple, we cannot expect to host a telescope with diameter larger
than 1 m on a satellite, because of practical issues. This is also
a strong constraint for a transmitting/receiving station on
the Moon, where a sophisticated telescope would have to be
transferred, mounted, operated, and maintained.

Using the above equations, in a future GEO–Moon link we
can thus estimate a significant loss between the TX and RX.

Fig. 2. Link loss (in dB) as a function of the telescope diameter of
the TX and the RX at 1550 nm: (a) without pointing errors, (b) with
pointing error.

The most relevant parameters affecting this loss are DRX and
DTX. This can be seen in Fig. 2, where we report the contour
plot of the loss (in dB) as a function of these two diameter val-
ues, assuming the 1550 nm wavelength (negligible changes are
observed if the wavelength is 1530 or 1565 nm, extreme values
of the C-band). In Fig. 2(a), we show the geometrical loss,
i.e., the loss assuming perfectly aligned telescopes (L p = 0 dB).
We see that if we have two medium-sized OWC telescopes with
20 cm diameter, the overall loss of power is around 100 dB,
which is a very high value.

We outline that, as an example, in the above figure we
neglected the pointing error (PE); however, this is a well-
known unavoidable effect, mostly due to external vibrations
[34–36].

Although specific mechanical stabilizations can be adopted
to strongly reduce them, PEs are well known to set a funda-
mental limit to practical OW communications. In carefully
optimized systems, an excellent ϑpe value of 2 µrad (= 3σ )
is expected. As indicated above, this ϑpe value produces an
effect that depends on the asymptotic divergence of the light
beam: the lower the divergence, the higher the effect of the
PE. Indeed, this limits strongly the freedom to choose the TX
telescope diameter: when considering only geometrical loss,
we could propose to use huge telescopes, i.e., narrow beams,
which would give higher intensity at the RX. However, the
impact of pointing errors increases strongly with narrow beams
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Fig. 3. Required TX optical power versus telescope diameters,
assuming that the TX size is optimized to 40 cm, according to
Fig. 2(b).

[34] Thus, if we include this effect, a different estimation of the
practical loss is obtained, as we report in Fig. 2(b). As expected,
the most notable effect of the pointing error is that the total
loss is not monotonically decreasing when increasing the DTX

value. Indeed, increasing the beam waist, we obtain a lower
divergence: in principle this allows for higher intensity at the
RX, but it makes the whole system by far more sensitive to PEs.
On the other hand, we highlight that, as known, the pointing
error is not much affected by the RX diameter (the received
beam width is typically much larger than DRX).

Indeed, unlike what we obtained for the TX, when increas-
ing the size of the telescope at RX, we obtain a monotonic
improvement of RX power. These results are reported in Fig. 3.
Here, we present the minimum required PTX for an optimized
TX telescope, with DTX = 40 cm, as derived from Fig. 2(b).
For comparison, in Fig. 4 we report the corresponding results
taken for the symmetric case DTX = DRX. As a result of this
optimization, we see that the required power values, for all
three formats, can be quite lower than in the previous case,
and they can be further reduced by very large communication
telescopes.

While astronomical telescopes are quite large, today, a 1 m
telescope seems to be the largest one that we can consider for
communication applications. Indeed, large OWC telescopes
have some major practical issues: they are more difficult to be
realized and have stronger issues related to stability and main-
tenance. We can therefore expect that the maximum size of
these telescopes would be 1 m. Assuming this value, comparing
Figs. 3 and 4, we observe an improvement of around 5 dB in
the power budget for each format if we fix DTX = 40 cm and
then optimize DRX.

3. RESULTS

A. 10 Gbit/s Link

As a consequence of Figs. 3 and 4, we see that two alternative
system architectures can be envisaged to design and realize a
bidirectional optical GEO–Moon link. As the first option, we
can adopt a single telescope with the same diameter for TX
and RX, at both ends (DTX = DRX). Thus, the same telescope

Fig. 4. Required TX optical power versus telescope diame-
ters, assuming that both TX and RX telescopes have the same
size (DRX=DTX). Pointing errors dominate when the telescope
diameter is larger than 60 cm.

would transmit and receive optical wireless signals, simultane-
ously. This option is clearly the most compact and could allow
for simple solutions: indeed, it can exploit the same optics for
the two transmission directions.

On the other side, we can also foresee a second option,
i.e., having two separate telescopes for transmitting and
receiving at each end of the link. This can offer a significant
optimization, although it would be more demanding in terms
of optics, then also in terms of required space and weight.
However, the key benefit of this second approach is that it
can result in a large reduction of PTX power, thus decreasing
the requirement of power supply and EDFA output power.
Equivalently, this degree of freedom can be used to provide
higher data rates at fixed output power.

To this aim, we note that at the signal wavelength of
1550 nm, the highest power reachable by an optical (fiber)
amplifier is obtained by erbium–ytterbium doped fibers [37].
For these amplifiers, the output saturation power is today
not higher than 43 dBm [38]. Although higher power values
might be achieved in the future, this seems a consolidated value
for such an extreme environment as the Moon and, to lower
extent, the GEO satellite.

Therefore, we then fix PTX = 43 dBm, and we can then esti-
mate the corresponding PRX. Clearly, because of the practical
limitations of PTX, the second system option, i.e., different
telescope sizes, is preferrable for high-speed data.

Thus, if we fix the DRX value to be 1 m, we can then cal-
culate the PPB values that could be achieved at 10 Gbit/s,
for different DTX values and variable PTX values: these are
presented in Fig. 5, where we explicitly indicate the contour
levels corresponding to the PPB values given in Table 1 for the
three formats. We also highlight the limiting value of 43 dBm
TX power (dashed black vertical line). As can be seen, when
limiting the optical power, the OOK format can successfully
operate over a very small region. Namely, it would require a
large telescope at RX and quite different sizes of telescopes
(the best combination would be 40 cm at TX and 100 cm at
RX). Clearly, the different modulation formats can provide
different margins having different PPB values at pre-FEC level.
Alternatively, they give a different level of flexibility in the
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Fig. 5. PPB values at the RX, for 10 Gbit/s signals, when assuming
a RX telescope with 1 m diameter (labels indicate the minimum PPB
values for the three modulation formats). The value of the maximum
PTX (43 dBm) is indicated by the dashed vertical line.

Fig. 6. System margin of 10 Gbit/s signals for the three formats.
We assume a RX telescope with 1 m diameter and exactly the maxi-
mum TX power (PTX = 43 dBm).

choice of the DTX value: as an example, in Fig. 6, we report the
calculated system margin values for the three formats fixing
DRX = 1 m at RX and exactly PTX = 43 dBm. As we see, for
OOK a very limited range of DTX values can allow an effective
link to be realized, i.e., those values giving a positive margin. In
particular, a minimum DTX value of around 22 cm is required.
DPSK has a wider operational range than OOK. PPM-16 can
have even lower DTX values, although the improvement from
DPSK is not very high.

We can also try to design the link assuming symmetric tele-
scopes (i.e., assuming DTX = DRX); in that case, we expect that
the OOK format cannot work, based on the results showed in
Fig. 4.

This is indeed confirmed by our calculations, which are not
reported explicitly here: they indeed show that a symmetric
link cannot work for the other two formats either. In the sym-
metric configuration, none of the three modulation formats
can reach the minimum power level required for the effective
transmission. The symmetric configuration should then be
considered only for signals at lower rates.

The above conclusion about symmetric telescopes is deter-
mined by various elements, namely, the PPB sensitivity values,
which is a feature of the modulation format, the optical loss,
and the maximum TX power. Both telescope sizes have a rel-
evant impact on the loss, as one can expect from diffraction
theory (or equivalent antenna gain for the telescopes). Without
PE, the impact of two diameters is the same. However, when
the impact of PE cannot be neglected, the role of the two tele-
scopes is quite different: this is a consequence of the fact that
Lpe loss depends on the beam divergence, which is propor-
tional to the inverse of the TX diameter. In this case, the role of
the two telescopes becomes asymmetric, because only the TX
diameter affects the PE (as shown in [34]).

Therefore, when we consider PE, we should prefer a smaller
TX telescope, as it has slightly wider divergence: this can effec-
tively mitigate the impact of the PE. On the other hand, this
leads to a lower received intensity. Hence, in order to com-
pensate for that and to increase the collected power, we should
then prefer a slightly wider RX telescope.

Unfortunately, if we want to use symmetric telescopes, the
chosen limit of transmitter power is not high enough for any of
the considered formats at 10 Gbit/s. Indeed, this configuration
lacks the flexibility of an additional degree of freedom, which
strongly limits the power budget. In that configuration, the
only solution would be to introduce significant modifications
of our basic assumptions: these can involve much stronger FEC
codes and/or a booster amplifier having much higher power
than what we assumed so far.

4. FUTURE UPGRADES

After 10 Gbit/s links will be realized, we will likely need to
scale up the total capacity. Thus, it is important to estimate the
opportunities of future upgrades for the different modulation
formats.

As we have seen that 10 Gbit/s links already imply asym-
metric systems, we performed the analysis assuming this last
configuration only. The obtained results are presented in
Fig. 7, where we report the level curves corresponding to the
minimum achievable capacity for the three modulation for-
mats, i.e., OOK, DPSK, and PPM-16 from top to bottom.
We present here the level curves corresponding to different
bit rate values, including 20 and 40 Gbit/s. For the sake of
completeness, we include also capacity values lower than
10 Gbit/s.

From the reported results, we can see that the OOK format
cannot be upgraded to 20 Gbit/s, as indeed we had a quite
small operating region even at 10 Gbit/s. The DPSK format,
on the other side, has clearly a potential to be upgradable
to 20 Gbit/s and even to 40 Gbit/s. A similar condition is
observed for PPM-16. In both last cases, the 40 Gbit/s working
region is, however, quite limited: as a result, under current
assumptions, we cannot expect to reach the 80 Gbit/s capac-
ity. To this aim, we should indeed include the deployment of
amplifiers with higher output power (greater than 46 dBm, at
least), or assume even wider telescopes.

Finally, we expect that speed values higher than 40 Gbit/s
can be hardly achieved, unless new optical technologies could
be introduced.
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Fig. 7. Level curves indicating the maximum bit rate (labels, in
Gbit/s) attainable at maximum power PTX = 43 dBm, and different
TX and RX telescope diameter values, for the three modulation
formats.

5. CONCLUSION

By means of a comprehensive analysis, we demonstrated for the
first time that a 10 Gbit/s wireless link connecting Earth to the

Moon can be realized by using existing fiber communication
technologies combined with optimized, yet realistic, telescopes
and common FEC. We proposed that the link be established
by means of a GEO satellite orbiting around Earth. One of the
most relevant issues over the considered propagation distance
is due to beam spreading, intrinsic in the wave nature of light.
This strongly limits the received intensity, and thus the final
received photon/bit values. Our analysis also showed that
another key limitation is the residual pointing error, which
has a strong impact on the choice of TX beam width. This last
effect makes strongly preferable a system where the TX and RX
telescope sizes are different.

We have thus derived a practical size of telescopes that could
be realistically used to transmit and collect the signal, and then
combined the propagation features with the sensitivity of the
most likely choices for modulation format and signal detection.
We saw that current optical fiber communication technology
can be exploited to realize 10 Gbit/s GEO-to-Moon links.
It could also be used to upgrade to 40 Gbit/s transmission,
although with lower margins and tolerances: in that case,
specific space-graded transceivers suitable for high-sensitivity
formats (e.g., DPSK or PPM-16) should be developed, based
on existing devices. This can be possible thanks to the intrinsic
feature of a lower PPB value required by DPSK or PPM (see
Table 1).

Finally, we would like to outline a significant difference
in the implementation of DPSK and PPM formats. While
a DPSK RX could be realized using existing technology, a
10 Gbit/s PPM RX will need a dedicated development, due to
the intrinsic complexity of its hardware architecture; indeed
PPM requires modulators, drivers, and detectors with much
higher bandwidth than OOK (or DPSK) at the same bit rate,
e.g., around 40 GHz for a 10 Gbit/s PPM-16. Furthermore,
the electronics of any PPM RX should realize complex func-
tionalities (as shown in [30]): those can be demonstrated in the
lab, e.g., by offline processing, but they still require a significant
effort to be integrated into a commercial chipset.

Moreover, in a future upgrade to 40 Gbit/s, PPM-16 would
need modulators, electronic amplifiers, and detectors with
around 160 GHz bandwidth. Also, the electronic processing
should be scaled accordingly. This can have a non-negligible
impact on deployment times.
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