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We present the design and performance of a low-cost, reciprocal, compact free-space terminal employing tip/tilt
pointing compensation that enables optical two-way time-frequency transfer over free-space links across the tur-
bulent atmosphere. The insertion loss of the terminals is∼1.5 dB with total link losses of 15 dB, 24 dB, and 50 dB
across horizontal, turbulent 2-km, 4-km, and 12-km links, respectively. The effects of turbulence on pointing
control and aperture size, and their influence on the terminal design, are discussed.
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1. INTRODUCTION

Optical clockfree-spacenetworkscouldenablesignificant improve-
ments in time distribution and precision navigation, contribute to
the prospect of relativistic geodesy, as well as enable fundamental
tests of physics [1–9]. To be successful, these networks need both
precise optical clocks and high performance links between the
clocks. Time/frequency transfer and clock comparisons have
been successfully demonstrated in several fiber-based campaigns
[1,4,7,10–15]. Free-space links can extend the range of clock net-
works toterrestrial locationswhereaccess toa fiber linkisdifficult,as
well as tomobile and space-borne platforms. Combining fiber and
free-space techniques could potentially result in a fully integrated
time transfer system providing full global coverage. Indeed, pro-
grams such as theTimeTransfer byLaser Linkproject [16] explore
the prospect of free-space time transfer over global distances at the
picosecond level.Other free-space time transfer efforts [17–23] ex-
plore transfer acrossa rangeofdistances.Acommonthreadthrough
these efforts is the presence of atmospheric optical turbulence,
which places constraints on the free-space optical (FSO) terminals
at the link ends. These FSO terminals must be capable of support-
ing picosecond-to-femtosecond-level time-frequency transfer.
Correction of turbulence-induced distortion of the received optical
signal has been addressed in optical communications efforts using
adaptive optics [24,25] as well as simpler tip/tilt control as used in
[26]. In this paper, a pair of optical terminals optimized for fre-
quency-comb-based optical two-way time-frequency transfer
(O-TWTFT), using simple tip/tilt control, is presented.

Frequency-comb-based O-TWTFT [18,21–23] relies on
the assumption that light will have the same time-of-flight

as it travels in both directions between two transceivers, regard-
less of platform motion or turbulence. With this assumption,
the difference in pulse arrival times at the two sites returns the
clock offset between the sites independent of the time-of-flight
variations for the pulse propagation. In O-TWTFT the mea-
surement of this difference is achieved via a coherent two-
way exchange of frequency comb pulses. We have explored
O-TWTFT with several different measurement campaigns over
optical links spanning between 2 and 12 km, shown in Fig. 1.
We find the reciprocity in the time-of-flight, even over strongly
turbulent air paths, is sufficient to allow frequency comparisons
at the 10−19 level and synchronization at the sub-femtosecond
level [21–23]. However, this level of time-frequency compari-
son is only possible if the transceivers, and particularly the FSO
terminals, are designed to also maintain a high degree of reci-
procity themselves. Indeed, the reciprocity requirements of
O-TWTFT separate the design of the O-TWTFT FSO termi-
nals from the myriad of free-space optical communications ter-
minals designs presently in use. While the O-TWTFT
terminals are compatible with high-speed free-space optical
communications, the opposite is not true—all free-space opti-
cal communication terminals are not compatible with high-
performance O-TWTFT, as it imposes additional requirements
in terms of reciprocity and efficiency.

We emphasize that the reciprocity in the time-of-flight is
true only for a single spatial mode and not for a multi-mode
free-space link. Time-of-flight reciprocity is a consequence of
the general reciprocity for a single spatial-mode propagation of
light across a fixed turbulent atmosphere [27]. Atmospheric
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scintillation and fading also show reciprocal behavior [28,29],
which can be exploited in free-space optical communication as
well as providing convenient “markers” for coarse millisecond-
level synchronization between sites for O-TWTFT. In addi-
tion, turbulence-induced beam pointing is identical for the
received and transmitted modes at a given terminal; this is
exploited, here as elsewhere, in a tip-tilt compensation for im-
proved link availability by preferentially launching the trans-
mitted power on the coupled mode. We first discuss the
general requirements of FSO terminals for O-TWTFT, then
the specific design of the terminals, and finally their per-
formance. The design presented here is driven both by the
fundamental requirements of O-TWTFT as well as practical
considerations, such as cost, robustness, and size. The terminals
are predominately constructed from commercial off-the-shelf
components while simple custom-machined component mounts
contribute to compactness and ruggedness of the design; as
presented they are constructed at a cost of approximately
US$12,000 per terminal at the time of publication. This cost-
ing includes all terminal optics, and the tip/tilt mirror control
electronics, but excludes the gimbal, and the frequency comb
and beacon lasers. As optical networks expand beyond simple
demonstrations of point-to-point links, the practical consi-
derations will take on a greater importance as each optical
network node will require at least one free-space optical
terminal if not more, depending on the network topology.
Furthermore, the simple design and low cost of the terminals,
combined with the decreasing cost of frequency comb sources,
should expand the exploration of O-TWTFT and other trans-
fer techniques.

2. BASIC REQUIREMENTS

A. Terminal Reciprocity
As stated, O-TWTFT can support femtosecond (fs)-level per-
formance only if the measurement path is single-mode over
its entire length, including through the terminals. This places
several demands on the terminal design. First, as is obvious

from above, multi-mode fiber cannot be used to couple signals
into and out of the terminals. Second, in preserving reciprocity,
the terminals must be bi-directional, meaning they must avoid
the use of circulators or other non-reciprocal fiber-optic devices
that separate the outgoing and return paths. Third, they should
be fully polarization-maintaining (including the single-mode
fiber), thus avoiding birefringence that can lead to non-
reciprocal time-of-flight.

Fortunately, this choice of single-mode polarization-
maintaining fiber is not only compatible but also required by
the heterodyne signal detection used in O-TWTFT. Direct
detection, as is used in many free-space optical communication
systems, cannot support the fs-level timing precision available
from state-of-the-art optical clocks. Instead, the timing signals
are provided by optical frequency combs, locked to their respec-
tive local clocks, and detection is performed through linear
optical sampling (heterodyne detection) of the received signal
against the local comb [18,21].

B. Terminal Insertion Loss
In addition to reciprocity, the FSO terminals must support
efficient detection of the frequency comb pulses. Our present
detection requires ∼100 photons per pulse. At our 200-MHz
comb repetition rate, this corresponds to an average power of
2.5 nW. With additional signal processing (to reject noise or
ghost signals), the detection limit might drop to ∼10 photons
per pulse. Because of atmospheric scintillation, the actual re-
ceived power will fluctuate strongly across a single-mode link
and the required power level then acts as a threshold. Received
power below this threshold results in a “fade” where no timing
information is retrieved. In contrast to most optical communi-
cations systems where such fades require data buffering and
retransmission, O-TWTFT can easily ride over such fades [22].
Nevertheless, for the highest performance, one would like the
most power margin—i.e., the maximum received power, which
leads to additional constraints on the terminal design.

Clearly, to maximize the power margin, the insertion loss
of the terminals due to reflections, absorption, or occlusions

Fig. 1. Optical links over the city of Boulder. The launch/receive terminals reside in a rooftop laboratory at NIST, and the link intermediate
points consist of remotely steered mirrors that return the signal to NIST. The Kohler Mesa path is 1-km long, for a 2-km round trip. This is doubled
to 4 km via a second fold mirror in the rooftop laboratory. The Valmont Butte path is 6 km for a 12-km round trip. Image from Google Earth.
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should be minimized. This requirement is also true in free-
space communications, but in that case loss is more easily
compensated by use of an erbium-doped fiber amplifier.
Penalty-free amplification of the comb pulse train in O-TWTFT
is more problematic. Bi-directional amplification can preserve
reciprocity but an amplifier designed for maximum power of
the outgoing comb light will not perform well as a low-noise
signal amplifier for the weak incoming comb light (and vice
versa). Use of separate amplifiers for outgoing and incoming
signals leads to a breakdown in reciprocity, requiring exacting
compensation of the separate amplifier path lengths to main-
tain femtosecond timing. To further constrain the power
requirements, the emitted light may be limited to the “eye-safe”
regime of 100 mW∕cm2, especially for ground-level horizon-
tal links.

Here, we take the approach of designing the terminals for
low insertion loss. Our terminals have an insertion loss of only
∼1.5 dB, making maximum use of the available comb power.
This avoids the need for amplification of the ∼5-mW comb
light for link distances of up to 12 km, although longer dis-
tances will require incorporation of power amplifiers for the
outgoing signal. For optimum performance, these low-loss ter-
minals must nevertheless incorporate correction for atmos-
pheric pointing by (at a minimum) angular tip/tilt control of
the beams to compensate for turbulence, which leads to the use
of a separate beacon laser, as discussed later.

C. Compensation for Atmospheric Turbulence
Atmospheric turbulence perturbs both the amplitude and phase
of the beam projected between two FSO terminals. The zeroth-
order phase perturbation, i.e., the “piston” noise, which appears
as a timing delay, is identically compensated for by the two-way
transfer and is invisible to the coupling of light through the
terminals. The first-order phase perturbation, the angle-of-
arrival noise, significantly impacts the beam coupling through
the terminal and into the single-mode fiber, and as such needs
active compensation. For typical turbulence conditions over
near-ground optical links, the atmospheric refractive index
structure constant C2

n varies from ∼10−13 to 10−16 m−2∕3, with
a typical value of 10−14 m−2∕3 near the ground in Boulder,
Colorado [30,31]. This translates to an angle of arrival jitter
α on the received beam given by α ∼ 2.9L C2

n∕D1∕3, where
D is the terminal’s aperture diameter, L is the path length, and
C2

n is assumed uniform over the path [32]. Over a ∼12-km
link and our aperture diameter of 48 mm, this translates to
α varying between 3 and 100 μrad. The jitter frequency spec-
trum cuts off sharply at frequencies above V ∕2πD, where V is
the wind speed; for V < 10 m∕s the jitter remains primarily
below 340 Hz [32]. The upper limits in these values in turn
set a lower limit on the performance of the terminal’s angle
of arrival compensation control, which is implemented using
a quadrant detector and tip/tilt mirror, as discussed below.
Removing the received signal’s angle of arrival jitter also pre-
compensates the angle of the emitted light, in effect establishing
the single-mode reciprocity of the entire link.

In addition to angle of arrival jitter, turbulence adds an
overall “waviness” to the received phase fronts, which in turn
defines the terminal’s aperture size. The extent over which a
phase front varies by less than ∼1 rad is referred to as the

coherence size or Fried parameter r0 [33], and sets an upper
limit on the size of the collection aperture for which received
light can be efficiently coupled into a single-mode fiber (or used
directly for heterodyne detection). Figure 2 shows r0 for both
horizontal paths and slant paths, as would be used between
a ground station and an aerial platform [30]. Based on these
plots, in constructing the FSO terminals, an aperture size of
48 mm is chosen, allowing efficient collection over 2- to
20-km paths having a path averaged C2

n between 10−14 and
10−15 m−2∕3. Choosing a 48-mm aperture also allows for a wide
selection of off-the-shelf commercial optics. Adaptive optics
(AO) can in principle be used to increase the aperture size by
compensating for higher-order turbulence effects [30,34] and
in fact have been used in free-space optical communications
settings [24,25,35,36] as well as for time transfer [23,37].
However, such systems require that a significant amount of
the signal power be used for the AO phase front sensor.
Furthermore, AO systems tend to be expensive and complex.

3. FREE-SPACE OPTICAL TERMINAL DESIGN

A. Optical Layout
The bi-directional FSO terminal design is shown in Fig. 3, and
is loosely based on the design presented in [38]. The trans-
mitted frequency comb signal light enters the terminal via a
polarization-maintaining single-mode fiber, where it is
collimated into a ∼3-mm diameter beam, directed to a

Fig. 2. Contour plot of the Fried parameter (maximum useful
aperture diameter) in centimeters for a single-mode optical link as
a function of turbulence strength, measured on the ground, and the
horizontal distance along the ground. The path itself is assumed to be
either (a) along the ground or (b) to slant vertically upward to an Aerial
(or mountaintop) platform at 1-km elevation. These calculations
assume a standard Hufnagel-Valley profile [17] and an upper atmos-
phere wind speed of 21 m/s.
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commercially available tip/tilt galvo mirror, and then to a 14∶1
Keplerian beam expander (defined by having a positive focus
secondary lens) with a 48-mm aperture. The Keplerian design
is chosen so that the secondary lens conjugate point lies outside
the expander; placing the galvo mirror at this point eliminates
the conversion of tip/tilt to displacement jitter. Should cost-
effective AO systems of sufficient performance in the 1550-nm
band become available, the AO system’s deformable mirror
would be placed at this location. The Gaussian primary beam
exiting the expander aperture has a 1∕e2 intensity radius of
20 mm. The narrow wavelength range over which the system
operates (∼1530–1570 nm) allows for use of refractive optics,
negating problems associated with reflective optics including
alignment complications with off-axis parabolic mirrors and
signal loss due to the central occlusion of Cassegrain-type
receivers common in optical communications systems. As a
receiver, the terminal acts “in reverse”; light entering the aper-
ture is directed off the galvo mirror and to the fiber, which itself
is bi-directional, acting to both transmit and receive the timing
signals.

With this simple design, the insertion loss for the signal light
is only 1.5 dB per terminal, given by the transmission through
the optics and coupling into the fiber. The theoretical Strehl
ratio is 0.8, as defined by the aperture radius, rA � 24 mm,
backpropagated to the fiber core and overlapped with the fiber

mode [39]. This, of course, drops with turbulence and a cor-
responding decrease in the Fried parameter, and the Strehl ratio
is measured to be between 0.3 and 0.6 depending on the tur-
bulence strength. To explore link behavior versus aperture size
in the face of varying coherence size, the terminal apertures are
fitted with irises that can be varied in size from a few milli-
meters to the full aperture of 48 mm. (It is noted that the
terminal’s nominal 5-cm [2-in.] commercially available lenses
have their aperture reduced to 48 mm by the lens mounting
hardware.)

A separate beacon laser, which provides the error signal for
the tip/tilt control, is similarly collimated into a 3-mm diameter
beam and polarization-multiplexed with the signal beam through
a Glan-laser polarization combiner. This beacon beam is carefully
co-aligned and co-collimated with the signal beam so that the
two beams sample the same atmospheric mode volume across
the link. To prevent cross talk, the beacons at each terminal
have wavelengths distinct from each other and from the signal
light. Our system uses beacons at 1532 nm and 1542 nm, and
the signal comb light lies in a ∼10-nm band between 1550 and
1560 nm. The small separation between these wavelengths is
not expected to have any effect on the system performance,
based on the following argument. The coherence size r0 is
given, for example, by Eq. 38 in [32]; taking the derivative of
this with respect to k��2π∕λ� and solving for Δλ ∼ 25 nm
between the comb signal and beacons, reveals a change in
r0 of <2% across this wavelength span. This small difference
is not expected to have any differential effect on the coupling of
the beacon versus the comb signal into the terminal. Angle of
arrival jitter and other turbulence-driven effects are expected to
scale similarly. However, these wavelengths are far enough apart
to be easily separated with narrowband filters. The received
beacon is de-multiplexed from the signal, passes through a
narrowband interference filter, and is focused through a lens
onto a quadrant detector. This focusing lens is necessary so that
the detection is sensitive only to angle of arrival jitter and
insensitive to lateral offsets. By using a telephoto design, this
lens provides a relatively large ∼100-μm focused spot on the
3-mm diameter detector surface, giving the quadrant detection
reasonable linearity. In setting up the terminals, the received
beacon is adjusted so that it is centered on the quadrant detec-
tor commensurate with the received signal being centered on
its fiber.

B. Feedback Control
A digital feedback loop keeps the received beacon centered on
the quadrant detector by controlling the tip-tilt galvo mirror.
The control system comprises an inexpensive, commercially
available field-programmable gate array controller running a
proportional-integral loop for each of the X and Y quadrant
detector error signals. The loop halts operation when the signal
fades, preventing the galvo from railing, and restores operation
when the signal returns. Configuration settings, as well as dis-
plays of received beacon power, error signal, and control effort,
are all displayed on a PC interface. The system performs well
with only integral gain. The servo bandwidth is limited to
∼1.2 kHz by the galvo mirror, above the bandwidth necessary
for angle of arrival jitter compensation but below the band-
width of the controller.

Fig. 3. FSO terminal (a) design and (b) photo. The signal (comb
light) path is fully bi-directional; the transmitted and received comb
signals pass through the same fiber entering the terminal. The beacons
are bi-directional (and co-collimated with the signal) up to the filter,
where the received beacon is separated and directed onto a quadrant
detector. The quadrant detector signal acts on the galvo mirror to
center the received beacon onto the detector. The received comb signal
is then efficiently passively coupled into its fiber.
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The terminals are mounted on a pair of gimbals for coarse
pointing and occasional alignment optimization. The galvo
mirrors provide enough dynamic range to compensate for milli-
radian-scale pointing drifts. However, the gimbals do require
occasional manual alignment (which can be done while mea-
surements were running) for continuous days-long measure-
ment runs, although this function could be included in the
feedback loop as a high dynamic range, slow response outer
loop. Presently, initial acquisition between the link ends is es-
tablished using a visible-wavelength camera having a 500-mm
focal length lens co-aligned with the terminal optics. The same
camera image with image recognition software, along with a
second, visible wavelength beacon, could be used for acquisi-
tion and gimbal tracking under demanding dynamic situations,
as is done in [40].

4. PERFORMANCE OF FREE-SPACE OPTICAL
TERMINALS

A. Measurement Paths and Return Power
The FSO terminals were used in several measurement cam-
paigns demonstrating O-TWTFT over horizontal paths of
2–12 km. Typical launched signal power is between 3 and
5 mW. The received power is at or below ∼8 μW, depending
on path length and turbulence, and shows significant effects
of turbulence-induced scintillation, often dropping to zero for
short durations, as seen in Fig. 4(c) for the 4-km path. In all
cases a folded beam path geometry is used, consisting of a fold

mirror at the intermediate point of the path [see Figs. 1 and
4(a)]. This places the terminals next to one another, enabling
out-of-loop “truth” measurements of the time transfer across
the link [21–23]. The doubly folded 4-km Kohler Mesa link,
also shown in Fig. 1, has two 50-cm diameter mirrors, which
allows switching between 2 and 4 km. The height above
ground varies smoothly between 15 m and 30 m over most
of this link. The 12-km link to Valmont Butte has a single
40-cm diameter remote mirror; the height above ground varies
between 30 and 45 m over most of this link. The mirrors for
both links reside on tops of steep inclines, and the rooftop lab-
oratory from which both links emanate is at a height of roughly
15 m. Atmospheric turbulence is monitored by an independent
scintillometer which returned a value for C2

n. However, in some
cases the received power is significantly less than predicted by
the ratio r0∕rs, where rs is the turbulence-induced beam spread
derived from the scintillometer reading [32]. The disagreement
is likely associated with an underrepresentation of C2

n, as the
scintillometer does not account for turbulence concentrated
at the path ends, as might be driven by solar heating of the
structures housing the terminals and mirror, or the air exchange
across the laboratory window openings through which the sig-
nals are launched and received. In other cases, the received
power agrees with that predicted by using the value of rs derived
from the scintillometer reading, indicating uniform turbulence
along the path.

The effect of turbulence becomes obvious by examining the
structure of the received signal light. Figure 4(b) shows images,

Fig. 4. Left panel: results for a 2-km link to Kohler mesa under low turbulence. Right panel: results for a 4-km link to Kohler mesa under
moderate turbulence. (a) Folded link geometry (see also Fig. 1). (b) Received beam spot viewed directly in front of the terminals, on a 5-cm grid.
The dark circles are holes through which the beams exit and enter the terminals. (c) Received power (left axis) and percentage link transmittance
(right axis) versus time. Received power in both terminals is shown in red and orange, though the traces lie on top of one another, as expected for a
single-mode link because of reciprocity.
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on a 5-cm grid, of the received beams for the 2- and 4-km
paths, under low and moderate turbulence, respectively. The
2-km path shows a single, concentrated spot centered on the
receive terminal whereas the 4-km path shows significant scin-
tillation. Figure 4(c) shows the received signal power and link
transmittance for a launched power of 1.16 mW. For the low
turbulence 2-km link, the average received power is 0.033 mW,
giving a link transmittance of 2.8%. For the moderate turbu-
lence 4-km link the average received power and transmittance
are 0.0043 mW and 0.37%, respectively.

B. Signal and Beacon Co-Collimation
A measurement campaign to synchronize clocks over a 12-km
horizontal path [23] dramatically illustrates the need for proper
co-collimation of the beacon and signal light in the presence of
strong path-averaged turbulence strengths. Figure 5 shows the
effect of a divergent versus co-collimated beacon, where a
remarkable ∼10-fold increase in received power and sixfold
reduction in timing jitter are seen by co-collimating the signal
and beacon beams. We explain this behavior as follows. With a
divergent beacon and collimated signal beam, the beacon and
signal beams sample different atmospheric turbulence volumes.
As such, the resulting turbulence-induced phase perturbations,
which include the angle of arrival, for the signal and beacon
beams entering a terminal are uncorrelated. The feedback cor-
rects for the angle of arrival of the beacon, which may not
properly correct for the signal’s angle of arrival. This lack of
correlation between the (corrected) beacon and the signal re-
sults in a signal that only randomly couples into the signal fiber,
leading to lower average coupled power and a higher rate of
fades, in turn resulting in higher timing noise, as seen in
Fig. 5(a). This is different from the situation in sub-kilometer-
scale optical communications links where the integrated turbu-
lence is not strong enough to reduce the Fried parameter to the
beam diameters. Here, divergent beacon beams are used quite
successfully, even for heterodyne detection configurations [38],
as well as in situations where multi-mode direct detection
is used.

C. Beacon Correlation Versus Aperture Size
As mentioned earlier, at high turbulence, the signal comb light
effectively sees a receive aperture set by the Fried parameter r0
that is smaller than the physical aperture sampled by the beacon
laser. To explore this behavior, we can stop down the receive
aperture via an iris. Figure 6 shows received beacon and signal
intensities versus aperture iris size over the 4-km link. In
Fig. 6(a), the aperture is open fully to 48 mm and poor corre-
lation is seen between the two beacons and the signal. C2

n is
estimated to be ∼1.5 × 10−14 for these data, giving a Fried co-
herence size r0 of ∼22 mm; only signal light covering a region
of this size couples into the signal fiber. On the other hand, all
the beacon light entering the terminal couples to the quadrant
detector, leading to the lack of correlation between the signal
and beacons in Fig. 6(a). As the aperture is reduced to roughly
r0 [Fig. 6(b)] only a single coherence region enters the terminal.
The feedback centers the beacon onto the quadrant detector,
and because the signal and beacon occupy the same mode,
and due to the a priori alignment of the quadrant detector and
signal collimator axes, the signal comb light is centered on the
fiber core. Full reciprocity for both the beacons and signals is
now established, as seen in the high degree of correlation be-
tween the signals and beacons in Fig. 6(b). Note that in both
cases the signal itself is correlated at the two link ends; this is a
consequence of the fundamental reciprocity of the single-mode
coupling between the single-mode signal fibers at the two link
ends, which is independent of the beacons.

This behavior has important implications in the single-
mode detection of the signal. With the aperture matched to (or
smaller than) r0, single-mode behavior is expected. In strong
turbulence, when r0 is significantly smaller than the aperture
the situation is more complicated. The fiber coupling is still
single mode; however, the frequency and duration over which
the signal couples into the fiber becomes more random, due to
the multi-mode nature of the beacons. One might expect an
increase in performance as the aperture is reduced to r0; how-
ever, reduction in aperture size will also decrease the detected
power because the launched beam is clipped by the aperture,

Fig. 5. Results at 12 km for a beacon beam which is (a) co-aligned but differentially divergent from the signal light and (b) co-aligned and co-
collimated with the signal light. The launched signal power is 3.5 mW and the turbulence strength is C2

n ∼ 10−14 m−2∕3. For a co-collimated beacon
as opposed to a divergent beacon, the link loss is reduced by a factor of 10 and the out-of-loop time offset correspondingly improves from 50 fs peak-
to-peak to 8 fs peak-to-peak.
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directly reducing its power as well as increasing its divergence.
This behavior is seen in Fig. 6(c), which displays both the cor-
relation between the beacons at the link ends and the “link
availability” (which is essentially a measure of the time the re-
ceived signal power is above detection threshold) versus aper-
ture size. These measurements were made at lower turbulence
than those of Figs. 6(a) and 6(b). As the aperture is decreased
from fully open to 40 mm, negligible change in the link avail-
ability is seen, but the correlation between the link ends
increases from 45% to 60%. As the aperture is reduced further
the correlation continues to increase but the received power
drops. The overall decrease in signal strength as the aperture
iris is closed is a consequence of the clipping of the transmitted
signal beam by the iris; this suggests a more evolved terminal
design where the beam expander itself can be “zoomed” to
where the output beam diameter is matched to r0, thus preserv-
ing launch power. However, the increased complexity of such a
design is outside the scope of this work. Another approach to
increasing efficiency is to have several single-mode receivers
within a terminal having a larger aperture, as described in [41],
or have multiple apertures, as in [28].

5. CONCLUSIONS

The free-space optical terminal design presented here supports
fs-level O-TWTFT with operation demonstrated over horizon-
tal air paths up to 12 km in length. The low-loss optical design
of these terminals allows for operation over horizontal, near-
ground paths under moderate-to-severe turbulence conditions
while emitting power at eye-safe levels at 1550 nm. They are
robust enough to allow for field operation, and are small and
light enough to be considered for airborne operation. This
design can support future efforts to perform time-transfer mea-
surements in a network configuration for which pairs of termi-
nals will be required at each node of the network. For instance,
this geometry could support long indirect links over slant paths
to an aerial platform repeater, where the lower turbulence at
higher altitudes reduces scintillation. From Fig. 2, slant paths
of ∼100 km should be achievable. Furthermore, operation of
the terminals in an environment where eye safety concerns can
be relaxed allows for the possible addition of amplification, at
some cost in reciprocity. Finally, the use of low-loss terminals in
a network configuration allows for ring and other path geom-
etries that could be used in tests of geodesy or special relativity.
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