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Highest-Speed Modulators Enabling
High-Capacity Free Space Optical
Communications at low SNR

Laurenz Kulmer, Yannik Horst, Bertold Ian Bitachon, Marcel Destraz, Tobias Blatter, Matthieu
Rimlinger, Aurélie Montmerle-Bonnefois, Joseph Montri, Caroline B. Lim, Jean-Marc Conan,
Beatrice Sorrente, Nicolas Védrenne, Loann Pommarel, Daniel Matter, Benedikt Bacuerle,
Juerg Leuthold, Fellow, [EEE

(Top-Scored Paper of OFC’2023)

Abstract—Free-space optical satellite-earth links often operate
at the SNR limit. We show that under low SNR conditions it is
more favorable to operate at higher speeds with lower order
modulation formats. This follows from the Shannon capacity limit
formula where the transmission bandwidth has a linear impact,
whereas the SNR has a logarithmic effect. In practice, bandwidth
limitations from the hardware need to be considered making
capacity maximization a joint optimization. Here we
experimentally substantiate these findings by e.g., comparing two
128 Gbit/s signals - encoded either as DP 64 GBd 2 PAM or a DP
32 GBd 4 PAM signal. It is found that the 64 GBd 2 PAM
performs better for the same bit-error rate. To facilitate highest
speed operation we employ a packaged plasmonic modulator with
a 3dB bandwidth > 110 GHz. The plasmonic modulator also
enabled us to send up to 160 GBd 2 PAM signals, achieving to the
best of our knowledge the highest symbol rate in any free-space
optical communication link. Reaching an achievable information
rate of 276 Gbit/s. Even higher rates of 424 Gbit/s were achieved
by employing a DP 128 GBd 4 PAM signal. This shows that once
hardware bandwidth limitations come in place it is more favorable
to increase the modulation complexity. Furthermore, we have
shown that plasmonic organic hybrid modulators can withstand
space radiation with only minor degradations. Lastly, the
conditions during the experiment have been investigated and have
been shown to constitute a worst-case scenario for earth-GEO
feeder links.

Index Terms—Free-space optical communication, turbulent
atmospheric optical channel, adaptive optics, plasmonics, silicon
photonics, earth-satellite communication, Electrooptic modulators
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1. INTRODUCTION

ARTH-satellite links are promising candidates in many

applications ranging from enabling internet access to rural

areas as well as providing highest speed interconnects for
satellites [1, 2]. In recent years, optical systems in earth-
satellite-like links have been shown to offer higher capacity per
second than RF links [1-5]. It may be envisioned that free-
space-optical (FSO) networks linking space with terrestrial
communication are the logical next step, see Fig. 1(a). Due to
the maturity of fiber optical communication technologies,
developing costs as well as time for future space systems should
be low [2, 4]. This includes size, weight, and power
consumption (SWAP) which is one of the scarcest resources in
space. As those links are neither limited by dispersion nor suffer
from the nonlinear Shannon limit, they are an ideal candidate
for operation at highest speeds, only being limited by existing
equipment [6].

Over the past years many different FSO transmission links
have already demonstrated single carrier line rates of 10 Gbit/s
and above in different transmission scenarios [4, 5, 7-15].
Single carrier line rates of 800 Gbit/s were demonstrated at
distances of 42 m. Similarly, for Intra-datacenter scenarios a
link of up to 1 Tbit/s over a distance of 3m was shown.
Furthermore deploying 54 channels with an average line rate of
243 Gbit/s [11] demonstrated a 13.16 Tbit/s link over a distance
of 10.45 km. Recently parts of this consortium, for the first
time, demonstrated Tbit/s single carrier line rates over a link
distance of 53.42 km [5]. Emulating worst-case GEO feeder
links with highest capacity.
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Fig. 1. (a) Schematic drawing of a free-space optical (FSO) communication system interconnecting earth and satellites. The terrestrial WDM network is shown
in rainbow colors. Earth-to-satellite links are shown in red and satellite-to-satellite links are depicted in green. Atmospheric turbulences which affect the earth-
to-satellite links are shown as blue spirals around the globe. (b) Spectral efficiency (SE) as a function of SNR for different modulation formats. Transitioning
from one modulation format to another along the dashed line, the SE is increased by the same amount as the SNR requirement increase. Transitioning to
modulation formats to the right of the dashed line comes at the price of a net SNR penalty. Transitioning to the left comes with a net SNR gain.

Yet, some main challenges remain in satellite-satellite and
earth-satellite FSO communication channels. First, high link
losses have to be overcome which is in part due to the long
distances of around ~38°000 km between satellite and ground
station [16]. To overcome these losses and improve the signal-
to-noise ratio (SNR), telescopes in the order of a few tens of
centimeters are currently deployed [3, 16]. Due to the small size
of the optical wavelength a couple of centimeters seem to be
small, but they still offer better gain compared to their bigger
RF counterparts [17, 18]. Current development on higher power
amplifiers as well as interleaving also reduces the burden on
telescope size requirements [19, 20]. Second, earth-satellite
links face another challenge in atmospheric turbulences which
distort the wavefront and induce power fluctuations. This
hinders operation at a constant signal quality [19], although this
problem can be in part mitigated by different techniques such
as multi aperture reception [14, 19, 21, 22], adaptive optics
(AO) [5, 18, 19, 23-26], or highest FEC codings [19, 27-29].
Nonetheless, there will still be time-dependent power variations
on the signal leading to low SNR values [25]. Hence, despite all
these efforts earth-satellite links will always operate at the
lower SNR limit — particularly when aiming at highest capacity.

One solution to improve the SNR issue can be derived from
Fig. 1(b). The plot shows spectral efficiency versus the SNR.
There is a trend to increase the capacity by transitioning to
modulation formats with a higher spectral efficiency [30]. For
instance, the community is moving from the simple BPSK
modulation format with 1 bit/s/polarization to QPSK with 2
bit/s/polarization. This way the capacity indeed increases by a
factor of 2 per transmitted symbol. Yet, the plot also shows that
there is an SNR penalty of 3 dB to be paid. In essence, one has
a factor of 3 dB in capacity but loses a factor 3 dB in SNR. Thus
there is no net gain. The plot then shows the capacity gain
versus the SNR penalty for each modulation format. It becomes
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clear that transitioning to the right of the dashed line is a
solution to increase the capacity per symbol — yet it always
comes at an SNR penalty. Transitioning to the modulation
formats to the left of the dashed line will result in a net SNR
gain. It should be stressed that unlike in fiber-based systems,
this SNR gain can be realized as there is no nonlinear-Shannon
limit (and therefore no peak-power constraint) in free space.
Nonetheless, there will still be external power limitations in
FSO systems such as eye safety regulations and availability of
high-power amplifiers. Lastly, taking advantage of the SNR
gain while keeping the capacity high comes at the price of
components operating at higher bandwidth (as the spectral
efficiency tends to be lower).

In this paper we show that there is a power advantage for
operating space communications systems at higher symbol rates
over applying higher order modulation formats — provided that
higher speed components are available. Here we therefore
employ plasmonic components for data encoding as they offer
bandwidths in excess of 110 GHz [31]. We successfully
demonstrate FSO transmission over a 53 km turbulent link with
up to 160 GBd. As a key result we show a 1.8 dB advantage in
received optical power when transmitting 128 Gbit/s with DP
64 GBd 2 PAM rather than transmitting at DP 32 GBd 4 PAM.
Likewise, we show that a 128 GBd dual-polarized (DP) 4 PAM
signal achieving an achievable information rate of 424 Gbit/s
outperforms a 64 GBd DP 8 PAM signal with a net data rate of
338 Gbit/s. Yet, 4 PAM is superior to 2 PAM as our transmitter
would need to operate beyond its bandwidth limits. In addition
it is shown that the plasmonic modulators can withstand space
radiation with only minor degradation. This makes them an
ideal candidate for future space missions due to the low SWAP.

The paper is organized as follows. Section II details the setup
of the used system and describes the terrain of the outdoor
demonstration. Section III presents the obtained results in terms
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Fig. 2.(a) The location of the outdoor demonstration with important landmarks. The terrain is shown in different colors, glaciers, forests, lakes, cities as well as
the relief are distinguishable. (b) Altitude over distance is shown. Map data as well as elevation profile was obtained from swisstopo.

of rate per power as well as the highest achieved rates. Section
IV focuses on the conclusion of the obtained results.

The content of the paper is an extended version of results first
presented at the Optical Fiber Communications (OFC)
conference 2023 [32].

II. EXPERIMENTAL CONFIGURATION

Fig. 3 shows the experimental setup of the used system in
detail. While Fig. 2 details the geographical location of the
outdoor demonstration. The bandwidths of some of the
important system elements are shown in Fig. 4.

The FSO link spanned a distance of 53.42 km starting at the
optical-ground-station (OGS) at the Jungfraujoch East Ridge in
the Swiss Alps (approximately 3700 m above sea-level) to the
space-terminal (ST) located at the Zimmerwald Observatory of
the University of Bern, Switzerland (895 m above sea-level).
The altitude difference results in an elevation loss of 2805 m.
Due to the fact that the optical beam stays within the first
turbulent atmospheric layer, this constitutes a worst-case
scenario for an earth-satellite link [23]. This can also be seen in
Fig. 2 as the depicted red beam, not just stays low to the ground
but also propagates over cities, mountains, lakes, and glaciers
causing all different thermal situations.

/ — Electrical
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Fig. 3. Details the used setup. The setup is split into 5 parts, the transmitter, the space terminal (ST), the channel, the optical ground station (OGS), and the
receiver. First, the signal waveform is generated by an offline transmitter digital-signal processing software (Tx-DSP). A tunable laser source (TLS) at 1550 nm
is directly fed to the packaged plasmonic Mach-Zehnder-modulator (MZM) where the modulated signal which was generated by an arbitrary waveform generator
(AWG) and amplified by a driving amplifier (DA). After the data is encoded into the optical domain, the signal is amplified by an erbium-doped-fiber amplifier
(EDFA) before being filtered by an optical bandpass filter (BPF) and then polarization multiplexed (PDM). The signal is then amplified by a high-power-optical
amplifier (HPOA) and transmitted through the free space link. The beam-sizes at the ST and OGS after/before the telescopes (red cones) are also indicated in the
figure. The optical signal is received by a deformable mirror (DFM) which is controlled by a real-time-computer which is processing the feedback from a
wavefront sensor (WFS). The optical signal is then coupled to a fiber where it is amplified in two stages, filtered, and then passed to an optical Hybrid (O-Hybrid)
where the signal is mixed with a local oscillator (LO) and consequently downmixed by balanced photodetectors (BPD). The electrical signal is sampled by a
digital-storage-oscilloscope (DSO) before being evaluated by the offline receiver DSP (Rx-DSP).
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@_15_ balanced photodetectors (BPD) for optical-to-electrical
2 conversion. The electrical signal was then sampled by a digital
£-20' storage oscilloscope (DSO). The DSO records a sequence
.25} lasting ~15 ps. As this is roughly two orders of magnitude
N slower compared to the atmospheric turbulences, the
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S 350 | e EIF?S' Mod. one measurement. The digital signal is then processed by an
ok AWG offline DSP consisting of a matched filter, timing recovery, a
. . . . . 2x2 blind polarization demultiplexer, a carrier recovery
20 ,_fl 0 60 80 100 followed by a 2x2 T/2-spaced feedforward least-mean square
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Fig. 4 Measured bandwidth of individual components of the communication
system. Driving amplifier (DA), plasmonic modulator (Plas. Mod.), balanced
photodetectors (BPD) as well as arbitrary waveform generator (AWG) are
shown. The packaged Plasmonic modulator exhibits a 3 dB bandwidth in
excess of 110 GHz.

The experimental setup with the transmitter, ST, FSO
channel, OGS, and the receiver are shown in detail in Fig. 3.

The key enablers of this link are the high-speed plasmonic
Mach-Zehnder-modulator (MZM), the AO system as well as
the low-noise-amplifier (LNA) optical coherent receiver front-
end. At the transmitter an offline digital signal processing
(DSP) unit generates the digital waveform which is sent to a
256 GSa/s arbitrary-waveform generator (AWG) with an
analog bandwidth of 70 GHz. The digital signal consists of bi-
polar M-PAM signals for M = 2, 4, or 8. This is further
amplified by a driving amplifier (DA) with a bandwidth of 65
GHz. The frequency response of the AWG and DA can
individually be seen in Fig. 4. The electrical signal then
propagates to a packaged plasmonic MZM, see bandwidth in
Fig. 4. The plasmonic modulator is being fed by a laser at 1550
nm. The MZM is operated in the null point leading to a bipolar-
amplitude modulation (PAM). After the first amplification
stage the out-of-band noise of the signal is filtered by a 2 nm
bandpass filter. The signal is then sent to a polarization division
multiplexer (PDM) emulated by a split-and-delay architecture
before being sent to a high-power-optical amplifier (HPOA).
After amplification of the signal to output powers of up to 27
dBm it is transmitted to the ST with a sub-aperture of 4.2 cm
for propagation in free space.

After the transmission through the 53.42 km link, which is
detailed in Fig. 2, the optical beam is received by an OGS
consisting of a telescope with an aperture of 35 cm and an AO
system. The AO system consists of a deformable mirror (DFM)
which is controlled by a real-time computer (RTC). The RTC is
operated by a wavefront sensor (WFS) and the frequency of the
control loop is 1.5 kHz. The WFS consists of an 8x8 Shack
Hartmann sensor. The coherence time of the 53 km channel was
measured to be in the order of milliseconds. The signal is then
coupled back into a standard single-mode fiber. 95 % of the
incoming light is then brought to a low-noise amplifier. The
remaining portion is sent to an optical power meter (OPM) in
order to record the power fluctuations of the coupled power.
The amplified signal is then filtered by an optical-bandpass
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algorithm as well as a Volterra equalizer followed by a one
sample per symbol-based feedforward least-mean square
algorithm and symbol decision.

III. EXPERIMENTAL RESULTS

In this section we describe the achieved information rates using
the plasmonic modulator. First, keeping the line rate fixed at
128 Gbit/s but alternating the symbol rates, a comparison
between a 64 GBd 2 PAM signal and a 32 GBd 4 PAM signal
is done. Then, the highest performance of the presented link is
investigated. We further show that plasmonic modulators can
withstand space radiation. Lastly, the scintillation profile of the
time horizon of the measurements is shown.

A. Low order modulation format at highest speed to transmit
at highest capacity: 128 Gbit/s — 2 PAM outperforms 4 PAM.

Keeping the line rate fixed at 128 Gbit/s a comparison between
a DP 64 GBd 2 PAM signal and a DP 32 GBd 4 PAM signal
was performed. Line rates were obtained by multiplying the
number of polarizations with the symbol rate as well as
log, (M), where M represents the order of the amplitude
modulation. These points are also visualized in Fig. 6 (al-a2).
The corresponding bit error rate (BER) over received optical
power (ROP) can be seen in Fig. 5 (a). One can clearly see that
the 64 GBd signal has better performance compared to the 32
GBd signal. For a fixed BER the 64 GBd signal needs ~1.8 dB
less received optical power (ROP) compared to the 32 GBd
signal. This is in agreement with the plot in Fig. 1(b) where we
would also predict an SNR advantage (an SNR advantage of
~3dB). Due to the low ROP the first amplifier will add more
noise by amplified spontaneous emission to the system, leading
to an overall worse SNR.

The advantage of lower order modulation formats becomes
even more evident when looking at the effective net data rates.
Effective net data rates are obtained by multiplying the line rate
times FEC code rate times the outage probability. Outage
probabilities can be calculated by dividing the number of
occurrences where the normalized general mutual information
(NGMI) drops below the needed NGMI threshold over the
given measurement time. As in this case both signals are
operated close to an NGMI of 1, a FEC overhead of 5.8 % with
an NGMI threshold of 0.987 [33] was chosen. This results in an
outage probability of 2 % for the 64 GBd 2 PAM signal and
12 % for the 32 GBd 4 PAM signal. This then yields an



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2024.3382629

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5
(a) 10° : . : . : ; thresholds were multiplied by the line rate of 128 Gbit/s and are
B 64 GBd 2 PAM also shown in Fig. 5 (b). The achievable information rate (AIR)
1071k W 32CGBd4PAM| was calculated by multiplying the symbol rate with the
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Fig. 5. (a) Comparison of BER as a function of received optical power (ROP) at
a fixed line rate of 128 Gbit/s, points (al, a2) in Fig. 6. The 64 GBd 2 PAM signal
outperforms the 32 GBd 4 PAM signal. It can be seen that at low ROP (leading
to lower SNR values), the 64 GBd signal outperforms the 32 GBd signal by
around 1.8 dB. (b) Achievable information rates over 170 traces are given for the
two 128 Gbit/s signals. One can see that the 2 PAM signal led to less outage time
compared to the 4 PAM signal. Two FEC overheads corresponding to an
overhead of 5.8 % and 25 % are visualized. (c) Comparison of BER as a function
of ROP at a fixed line rate of 384 Gbit/s, points (a3, a4) in Fig. 6. Due to system
limitations both signals operate at high BER and no fair point for comparison in
terms of ROP can be reached. (OH. - overhead)

-10

effective net data rate of 123.8 Gbit/s for the 2 PAM signal and
111 Gbit/s for the 4 PAM signal. Using the same FEC threshold
as discussed in section III.B the outage probabilities for the
2 PAM signal become 0 % and 3.5 % for the 4 PAM signal
during this measurement. Resulting in an effective net data rate
0f 96.2 Gbit/s and 92.9 Gbit/s respectively. This is visualized in
Fig. 5 (b) where the achievable information rate (AIR) for the
two 128 Gbit/s is plotted over 170 traces. As offline DSP was
used, 170 traces were recorded over a timeframe of 255 s. In
this time window the scintillation index was 1.6 and the Fried’s
coherence length was 5.8 cm on average, constituting a worst-
case scenario as stated in section III.D. The two NGMI
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comparison. In our setup we would find ROP advantages for
symbol rates of up to 96 GBd. Beyond the bandwidth
limitations of the used AWG, DA, and BPD start degrading the
system performance. This is evident by looking at Fig. 6 and
comparing the points with a line rate of 320 Gbit/s — namely the
160 GBd 2 PAM and the 80 GBd 4 PAM. As of this point it is
beneficial to lower the symbol rate in order to transmit more
data by increasing the modulation format.

B. Higher order modulation format under system bandwidth
limitations — 4 PAM outperforms 8 PAM and 2 PAM

Fig. 6 plots the highest achieved information rate as well as line
rates as a function of symbol rates and used modulation format.
These values represent best-case data rates for each modulation
format. While all measurements were taken on the same day,
received optical power values ranged between -50 to -13 dBm.
The highest rate within the 25 % FEC overhead [33] was
achieved by employing a DP 128 GBd 4 PAM signal reaching
an AIR of 424 Gbit/s, see point (bl) in Fig. 6. Operating the
transmitter at a lower data rate with a DP 64 GBd 8 PAM signal
we achieved an AIR of 338 Gbit/s, see point (a3).

It should be noted, that while the 8 PAM results with symbol
rates higher than 64 GBd show a higher AIR, their NGMI
dropped below the chosen 25% FEC threshold and no
comparison for those points is therefore carried out.

500+
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< 300}
©
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© 200}
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fat

100+ ——\|R

= O~ Line-Rate 8 PAM
0 I L I
0 50 100 150 200

Symbol Rate [GBaud]

Fig. 6 Achievable information rates (AIR) as well as line rates for dual-
polarized 2 PAM, 4 PAM, and 8 PAM signals as a function of the symbol rate.
The data points reaching highest AIR for the respective modulation format
while staying within a 25 % FEC limit, are highlighted with (a3, b1, and b2).
The points marked with (al and a2 as well as a3 and a4) both share the same
line rate and are used for a fixed line rate comparison in section III.A. Point
(b3) highlights the overall highest achieved information rate, however, its
NGMI does not stay below the 25 % FEC limit and is used for discussion in
section IIL.B.



This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2024.3382629

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6
a b c
()0.9. : ; ()400 o o e ()0.1 ; :
— 128GBd PAM4
0.8 WS’ o §%% ® m‘b' ¢ 64GBd PAMS
¢ 380 (b1) 0.08} *
00 -
0.7 I
06 8 . 360 »
. (o] 006 b
s % g:ggﬁﬂ a o T
¢ 0.5 o Gmm (b3) 0 340 [}
z z a
0.4 0.04}
' 320
0.3 ¢ 128GBd PAM4 (@3)  gmm o o
128GBd PAM8 300 el - —
0.2{® = 64GBd PAMS =8 °T§ ™ 128GBd PAMA )
0 25% FEC Threshold @ a 64GBd PAM8 -
0.1b ' - 280 - - 0— - s ‘ ,
0 10 20 30 15 20 25 80 50 -40 -30 -20
PPB [dB] PPB [dB] Received Optical Power [dBm]

Fig. 7 (a) Normalized general mutual information (NGMI) over photons per bit (PPB) for points (al), (b1), and (b3) of Fig. 6. As the shown signals, exhibit
different line rates, PPB was chosen as a metric rather than received optical power (ROP). (b) Net-data rate (NDR) as a function of PPB. NDR was calculated by
taking the calculated NGMI values from (a) combined with the FEC limits stated in [33] to calculate the NDR dependent on the achieved NGMI. The Two vertical
lines correspond to the threshold where no points above the 25 % threshold were measured. (c) The probability distribution function of the ROP. The ROP limits
for the stated 25 % FEC are again plotted for the two signals. Due to the lower line rate, the 64 GBd 8 PAM signal can communicate at lower power levels.

the received power of -18.5 dBm for the 128 GBd 4 PAM
signal. The difference stems from the time varying FSO channel
with slightly better conditions during the recording of the
8 PAM signal. The NGMI over photons per bit (PPB) for points
(a3), (bl) and (b3) is shown in Fig. 7 (a). To adjust for the
different line rates present in these points, PPB was chosen
instead of ROP. PPB can be calculated by taking the number of
incoming photons and dividing it by the line rate of the
corresponding signal. In Fig. 7 (b) net-data rates for the points
above the 25 %FEC threshold were calculated. Two vertical
lines are also shown to indicate the points below which no
points above the threshold were recorded anymore. In Fig. 7 (c)
the probability density function of the ROP is shown together
with the observed power levels below which no point was
above the FEC limit. From Fig. 7 (¢) it becomes evident that the
64 GBd 8 PAM signal can communicate more reliably
compared to the 128 GBd 4 PAM signal. From this, one can
again calculate an effective net-data rate. The outage
probability for the 4 PAM signals lies at 44 % while the outage
probability of the 8 PAM  signals comes out at 18 %.
Multiplying this with the respective line rates of 512 Gbit/s and
384 Gbit/s yields effective net-data rates of 237 Gbit/s and
216 Gbit/s respectively. The better reliability of the 384 Gbit/s
8 PAM signal compared to the 512 Gbit/s 4 PAM signal stems
from the difference in line rate. As has already been shown in
II1LA, 4 PAM offers better reliability when the line rate is fixed.
This shows that while highest AIR is wanted from a
performance side, outage probabilities of employed system
have to be accounted for.

When using a DP 160 GBd 2 PAM signal an AIR of 276 Gbit/s
was achieved, see point (b2). The lower AIR is due to the fact
that our transmitter was bandwidth limited — as outlined in Fig.
4. The eye diagrams of the three mentioned highest AIR are
shown in Fig. 8.

(b1)

s B s T e — e _
Fig. 8 Recorded eye diagrams for (b2) DP 160 GBd 2 PAM signal (bl) DP
128 GBd 4 PAM signal and (a3) DP 64 GBd 8 PAM signal. The two
polarizations are shown independently and are labeled by X and Y.

This although the received optical power for the 128 GBd
8 PAM at -13.6 dBm is significantly higher, when compared to

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/
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C. Space Qualification Tests

Some of the most important space qualification tests include
vibration & shock tests, radiation tests, heat cycling, vacuum
test as well as acoustic tests. In order to take a first step to assess
the suitability of plasmonic organic hybrid (POH) [34]
modulators for space applications radiation hardness tests with
total ionization doses (TID) of up to 50 krad (Si) were
performed. The tests were performed on unpackaged,
unpassivated devices. These dose values are representative for
typical LEO and GEO orbits, as investigated in satellite mission
simulations with 10-year duration and Al shielding thicknesses
below 5 mm using the AE-8, AP-8 and SHIELDOSE-2 models
[35, 36] in SPENVIS [37]. Dose-independent, low changes in
the order of 0.5 dB V; (in line with results from [38]) were
observed over the considered bandwidth of 70 GHz, see Fig.
3(c). This value represents a maximum degradation due to
space radiation as the samples were not passivated and part of
the effect might be due to ambient exposure.

Recently plasmonic modulators have also been shown to work
at different temperatures, hence no heat cycling tests are shown
here [39, 40].

D. Investigation of Atmospheric Turbulences

The presented measurements were conducted in a time period
of 6 hours. During this measurement time, different
atmospheric conditions were observed. Here, the measured
Scintillation index (SI) and the Fried coherence length (also
called the Fried parameter) 1, are investigated as figure of
merits to assess the encountered atmospheric turbulence
conditions [41].

The SI is defined as the ratio of the standard deviation of the
intensity o, to the average intensity of the beam (I). These
values were calculated based on the beam’s intensity I(x,y, t)
in the pupil plane measured by the Shack-Hartmann WFS. The
calculated values can be seen in Fig. 10(a). During this
measurement timeframe the SI ranged between 1 and 2.2. This
represents above average bad conditions, as SI-values in GEO-
earth links are typically << 1 [18]. Even under very high
turbulent conditions the SI typically does not exceed 1. The
Fried’s coherence length 7, describes the phase spatial

0
-0.2¢ T
%-0.4.. J
53
> -
<-0.6}
-0.81 -
——F—— 20 krad (Si)
————— 50 krad (Si)
-1 1 1 1 1 1 1
20 30 40 50 60 70

Frequency [GHz]
Fig. 9. Change in V; over frequency after different TID. Unpackaged and
unpassivated plasmonic modulators were exposed to a TID of 20 or 50 krad (SI).
Later the difference in electro optic modulation efficiency was measured. A dose
independent reduction around 0.5 dB was measured.
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Fig. 10. Measured Scintillation Index as well as Fried’s coherence length 7 over
the measurement time horizon.

correlation of the EM wave [41]. Therefore, strong turbulence-
induced phase variations result in a small r,. It is estimated
through post-processing of AO data (Shack-Hartmann data and
DFM commands) [18, 42]. For earth-GEO transmission
scenarios, values in the order of 1, ~ 4 cm are expected[18]. As
can be seen in Fig. 10(b) estimated values range in the order
between 2 and 8 and are therefore comparable to the values that
would be observed in an actual earth-GEO transmission
scenario.

IV. CONCLUSION

Free-space optical links often operate under low SNR
conditions. We have shown that for free-space communications
it is favorable to use lower order modulation formats at higher
speeds rather than lower-speed communications with higher
order modulation formats. This holds for systems that are not
hardware bandwidth limited. The result is supported by a
transmission experiment over a 53 km turbulent link. When
comparing two signals each with a line rate of 128 Gbit/s, a DP
64 GBd 2 PAM signal provides a 1.8 dB advantage in received-
optical power over a DP 32 GBd 4 PAM signal.

Once hardware bandwidth limitations come into effect, it is
preferable to sacrifice speed in order to increase the AIR. With
this, AIR of up to 424 Gbit/s employing a DP 128 GBd 4 PAM
signal has been achieved. While the DP 160 GBd 2 PAM signal
offered AIR of 276 Gbit/s, the DP 64 GBd 8 PAM signal
achieves AIR of 338 Gbit/s. However, these correspond to best
case rates. For reliable implementations one has to consider
outage rates. There it has been shown that it is more effective
to operate at a higher system margin to increase effective data
rates. This constitutes to the best of our knowledge the highest
achieved symbol rate in an FSO communication link. These
highest symbol rates have been enabled by a packaged
plasmonic modulator offering a 3-dB bandwidth > 110 GHz.
Radiation tests for total ionized doses of 20 and 50 krad (Si) are
presented and only minor dose-independent degradations were
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observed - making plasmonic modulators a future contender for
FSO in space.

Lastly, the atmospheric conditions during the measurement
timeframe were assessed on-site and are described. It can be
seen that the conditions represent a worst-case scenario for
GEO-feeder links. High link performance could still be
achieved with real-time turbulence mitigation provided by an
AO system, which greatly improved the performance during the
measurement timeframe.
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