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We report on the development of a system called velocimetry by actively stabilized coherent optical
transfer (VASCOT) that uses active optical phase tracking to measure the in-line velocity of retroreflect-
ing targets with narrow-band photodetection. VASCOT is experimentally demonstrated over a 584-m
atmospheric link to a corner-cube retroreflector (CCR) on an airborne drone. The in-line target-velocity
measurement achieves residual uncertainties below 2 nm s~! within 5 s of averaging. Cycle-slip-free phase
tracking over the full 3-min experiment allows the relative target range to be tracked with a one-standard-
deviation uncertainty of 39.5 nm. VASCOT also provides an absolute target-range measurement with
a statistical error of +13.7 mm, which agrees with an independent Global-Positioning-System- (GPS)
derived range measurement to within the GPS uncertainty.

DOL: 10.1103/PhysRevApplied.19.054018

I. INTRODUCTION

Modern laser-based technologies offer unparalleled per-
formance in position and velocity measurement. Laser
ranging, or light detection and ranging (LiDAR), deter-
mines the absolute distance to a target by measuring
the time of flight experienced by a reflected laser signal
[1-5]. Laser ranging can be performed on both uncoopera-
tive targets, which are useful for navigation applications
[6], and cooperative targets, which are useful for long-
distance applications such as satellite [7—9] and lunar
[10,11] laser ranging. Laser Doppler velocimetry uses the
Doppler shift on a reflected laser signal to determine the in-
line velocity, or range rate, of a target [2,12—15]. Typical
laser Doppler velocimetry applications, including vibrom-
etry [16], anemometry [17], and inertial navigation [3,18],
focus on measurements over short (meter-scale) [3,18] or
slow-moving [16,19] free-space links, often to noncoop-
erative targets. Some applications, particularly related to
satellite-orbit determination [20,21], require velocimetry
over longer distances to cooperative targets.

Long-distance laser Doppler velocimetry offers some
significant advantages but comes with correspondingly
significant challenges. First, the Doppler shift is propor-
tional to the carrier frequency and thus high laser frequen-
cies result in large shifts. For example, a low-Earth-orbit
satellite at an altitude of 500 km will produce Doppler
shifts up to approximately +10 GHz for a 1550-nm laser

“benjamin.dix-matthews@uwa.edu.au

2331-7019/23/19(5)/054018(10)

054018-1

[20]. While this enables high-precision velocity mea-
surements, it also introduces detection-bandwidth issues.
Microwave photodetectors may have sufficient bandwidth
to detect these frequency shifts but will suffer from signal-
to-noise ratio problems. Second, the high directionality
of laser-beam propagation enables efficient transmission
over long distances but introduces pointing challenges.
Atmospheric turbulence further complicates these point-
ing challenges, with active tracking of the target required
to maintain the correct pointing.

We report on the development of a system called
velocimetry by actively stabilized coherent optical transfer
(VASCOT) that is capable of overcoming these challenges.
VASCOT optically tracks the phase of a reflected signal
to allow for narrow-band photodetection, thus transfer-
ring the detection-bandwidth requirements to the phase-
tracking bandwidth. The pointing challenges are han-
dled by an active tracking terminal capable of suppress-
ing angular pointing errors to the moving target [22].
VASCOT is experimentally demonstrated over a 584-m
atmospheric link to a corner-cube retroreflector (CCR)
on an airborne drone, with cycle-slip-free phase tracking
achieved for the 3-min experiment and a one-standard-
deviation relative-range-measurement uncertainty of 39.5
nm. It is shown that the in-line target-velocity measure-
ment can achieve residual uncertainties below 2 nm s~!
within 5 s of averaging. VASCOT is also able to pro-
vide an absolute-range measurement with a statistical error
of £13.7 mm, which agrees with an independent Global-
Positioning-System- (GPS) derived range measurement to

© 2023 American Physical Society


https://orcid.org/0000-0003-4702-8919
https://orcid.org/0000-0001-8828-6469
https://orcid.org/0000-0002-4030-9366
https://orcid.org/0000-0002-5471-7635
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.054018&domain=pdf&date_stamp=2023-05-04
http://dx.doi.org/10.1103/PhysRevApplied.19.054018

BENJAMIN P. DIX-MATTHEWS et al.

PHYS. REV. APPLIED 19, 054018 (2023)

within the GPS uncertainty. In Sec. III D, atmospheric tur-
bulence is shown to impose an additional noise floor on the
physical accuracy of range and range-rate measurements.

II. METHODS

VASCOT is based on optical-metrology techniques ini-
tially developed for facilitating phase-stabilized coherent
optical frequency transfer over atmospheric links [23—29].
These techniques rely on active phase locking to mitigate
Doppler frequency shifts experienced during atmospheric
propagation, thereby enabling high-resolution frequency
measurements over long distances. VASCOT uses a sim-
ilar system architecture but retroreflects the transmitted
optical signal off the target and then uses the measured fre-
quency and actuated frequency to precisely determine the
Doppler shift experienced. The Doppler frequency shift is
then used to calculate the in-line velocity (or range rate) of
the target based on the speed of light.

The specific optical architecture used for VASCOT is
shown in Fig. 1. While the primary focus of VASCOT is to
accurately measure in-line target velocity, it is mathemat-
ically convenient to analyze the system in terms of range,
or link-length, measurements.

VASCOT is designed to make two target-range mea-
surements, partly as a byproduct of the active phase-
tracking design and partly as a way of analyzing the
measurement noise sources and verifying the measurement
precision and accuracy. As described in Sec. III B, taking
two range measurements also enables estimation of the
absolute range. The primary range measurement, 7 (?), is
based on the time of flight experienced when the laser sig-
nal is initially retroreflected off the target. The laser signal
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FIG. 1.

received after this initial retroreflection is then frequency
shifted by an acousto-optic modulator (AOM) and retrans-
mitted off the target. The secondary range measurement,
r2(f), is based on the time of flight experienced by this
retransmitted signal. Detailed derivations of these range
measurements are provided in Appendix A.

The resulting measurement equations are

Ay (1) — Preas(t

() ~ ro + % ¢tc(l)) +f) cas (D)
L tr

70 Awy () + Omeas (1)

b
2 wp + Wy

(1

and

¢ Ay (1) + Pmeas(?)
)~ —
ra(f) ~ro + 2n wp + oy + 20,

I"_() Awy (1) — Wmeas (1) )
2 w4 wp+ 2w

where w; = 193.2 THz is the seed-laser frequency, w, =
—85 MHz is the nominal frequency of the top acousto-
optic modulator (AOM), Aw,(?) is the tunable frequency
offset of the top AOM, A¢, (1) = [ Aw,(D)dt, ws =
+75 MHz is the nominal frequency of the bottom AOM,
c is the speed of light in a vacuum, » is the refractive
index, @meas(?) 1s the initial optical phase measurement,
and Wmeas(f) = dPmeas(?)/dt. The accuracy of these range
measurements is fundamentally limited by the knowledge
of the refractive index, n, as is always the case when
using time-of-flight measurements to determine distance
[1,21,30]. For this demonstration, it is assumed that n = 1.

Airborne
drone

A block diagram of the optical configuration used for VASCOT. The variables shown in blue text are the two specific

phases measured by VASCOT. The green lines represent optical-frequency signals and the blue lines represent electrical signals.
Abbreviations: AOM, acousto-optic modulator; Osc., electronic oscillator; PD, photodetector.
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III. RESULTS

VASCOT is demonstrated over a free-space link to a
?#50.8 mm CCR on an airborne drone. The optical termi-
nal is located at an altitude of 31 m above sea level and
transmits an approximately —1.4-dBm (0.72-mW) optical
beam with a 1/¢? radius and divergence of approximately
16.8 mm and 29 prad, respectively. Using a GPS module
with a nominal position accuracy of £3.0 m [31], the start-
ing altitude of the drone is measured to be 117 m above sea
level and the initial separation between the drone and the
optical terminal, 7y, is 584 m.

A continuous 3-min measurement of the drone posi-
tion is made as the drone flies backward and forward at
approximately 0.25 m s~!. Figure 2 shows time series of
the primary and secondary optically derived range and
range-rate measurements. The difference between the pri-
mary and secondary measurements of the range [Fig. 2(c)]
and the range rate [Fig. 2(f)] are shown in orange. After
removing the linear drift by thermal calibration, as dis-
cussed in Sec. I A, the difference between the primary
and secondary range measurements has a standard devi-
ation of 39.5 nm. Position readings from the drone GPS
are used to provide an independent course measurement of
the range at 1-s intervals, shown as a black dashed line
in Figs. 2(a)y-2(c). The difference between the optically
derived, r(¢), and GPS-derived, r“"S(¢), range measure-
ments is shown in Fig. 3. The measurements show good
agreement for the first 90 s and then, for the final 90 s,
there is an approximately 2-m offset, which is still within
the 3.0-m accuracy of the GPS used [31]. The macroscopic

step in Fig. 3 of the GPS-derived range measurements
suggests that the measured disagreement is dominated by
GPS inaccuracy.

A. Thermal sensitivity

The difference between the range measurements
obtained from the primary and secondary propagation,
shown as orange in Fig. 2(c), exhibits an approximately
linear drift over the measurement time that is likely caused
by thermal drift, as the experiment is located in an out-
door environment and not actively temperature stabilized.
Differential variations in the optical path length of non-
common fiber will result in variations between the primary
and secondary target-range measurements. Thermal drift
causes fiber expansion and a change in refractive index,
which lead to a change in the optical path length. Assuming
an out-of-loop fiber length of L, a temperature variation of
AT(f) will lead to a path-difference measurement of

AL (t) = ngy (o + n)AT(2) Lo, 3)

where nz, = 1.4515 is the refractive index of silica, o =
0.55 x 107® K~ is the coefficient of thermal expansion for
single-mode fiber, and n = 7 x 107® K~! is the thermo-
optic coefficient for single-mode fiber [32,33].

Thus, given a measurement of the thermally induced
residual length difference, dAL., /dt, the corresponding
temperature gradient would be

dAT() 1 dAL.,
dt  np(e+nly dt
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FIG. 2. Time-series results of the experimental demonstration to the airborne target at an initial separation of o = 584 m: (a)Hc)
target-range measurements; (d)—(f) in-line velocity measurements. Blue, measurements based on the primary time of flight; red, mea-
surements based on the secondary time of flight; orange, the difference between equivalent primary and secondary measurements
without the thermal calibration discussed in Sec. III A; black dashed, independent GPS-derived distance measurements.
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FIG. 3. The time-series difference between the optically and
GPS-derived range measurements. The optically derived range
measurement used, 7(¢), is the primary measurement, 7| (f). The
GPS-derived range, 7S (), is measured with a nominal accuracy
of 3.0 m [31].

A linear fit of the measured residual path-length differ-
ence in Fig. 2(c) gives rp(f) = —7.14 x 1072t 4+ 6.45 x
1077; thus dAL. /dt~ 7.14 nms~'. The approximate
length of noncommon fiber in the optical system is 2 m.
Thus, Eq. (4) shows that the path-length change would
correspond to a temperature gradient of dAT(¢)/dt =~
0326 mK s~ or .L17Kh™.

Figure 4 shows the air temperature in Perth on the
day of the experiment. These data were obtained from
the publicly available Integrated Surface Dataset (Global)
maintained by the National Oceanic and Atmospheric

0o 03 06 09 12 15 18 21 00
local time (h)

FIG. 4. The air temperature recorded in Perth on the day of
the experiment. The gray dashed line indicates the time when
the experiment took place. The red line shows the temperature
gradient that would correspond to the residual drift between the
range measurements obtained from the primary and secondary
propagation. The figure has been prepared using data at Perth
Airport from the NOAA National Centers for Environmental
Information [34].

Administration (NOAA) National Centers for Environ-
mental Information [34]. The gray dashed line indicates
when the experiment took place, at which time the tem-
perature was 26.3°C and the temperature gradient was
0.8 Kh™'. The red dashed line represents the predicted
temperature gradient of 1.17 K h™! that corresponds to
the observed residual drift. The similarity of the predicted
and measured temperature gradients indicates that thermal
drift is the cause of the primary and secondary range-
measurement drift. The approximately 0.4 K h™' differ-
ence between the measured and predicted temperature
gradients may be caused by a 2-h lag between the internal
temperature of the fibers and the external environmental
temperature.

B. Optical estimate of initial range

As VASCOT takes two range measurements, each
dependent on an initial target-range estimate, it is possible
to estimate the initial target range directly from the optical
phase measurements under the assumption that the primary
and secondary propagation distances are equal: (r(f) =
r2(#)). After thermal calibration, as discussed in Sec. IIT A,
this becomes 7 (f) = ro(t) — rr(f), where ry(f) = —7.14 x
10~%t 4 6.45 x 10~7. Thus, by using Egs. (1) and (2),

A¢tr(t) - ¢meas (t) Ad)tr(t) + ¢meas (t)
c — + 2r7(%)
oL + Wy oL + Wy + 2w
— [Awtr(t) + a)meas(t) Awtr(t) - a)meas(t)]
’ wr + wy wp + oy + 20 |

©)

As is shown in Fig. 5, a linear fit of f3(f) = rof,(#) can
be used to determine an estimate of the initial range,
where f¢ H=c [(A¢tr(t) - d’meas(t))/(a)L + wy) — (Ady
() + Pmeas (D) / (wr +wp+2w0,0)] +2r7(H)  and [, () =
[(Awy(8) + Omeas (D) / (0L + @) + (Awy (1) — Omeas(D))/
(o + wy + 2w,.)]. The blue trace shows the increased
spread when the thermal-drift term in Eq. (5) is not con-
sidered. The red trace shows the improvement made after
the thermal calibration. The orange trace shows the least-
squares line of best fit, which corresponds to an initial
link range of o = 581.5 m. This fitted r( estimate has a
one-standard-deviation statistical error of £13.7 mm but
has much higher systematic errors, largely due to uncer-
tainty in the calibration procedure, which is discussed in
Appendix B. The purple dashed line shows the equivalent
model for the initial link-range estimate obtained from the
GPS, 79 = 584 m. There is a 2.5-m discrepancy between
the initial range estimates obtained by the linear fit of
Eq. (5) and the GPS, within the uncertainty of the GPS
module. This suggests that VASCOT could effectively
determine a valid estimate of the absolute target range.
This would, however, require more accurate calibration of
the time delays discussed in Appendix B.

054018-4



EXPERIMENTAL DEMONSTRATION OF VELOCIMETRY...

PHYS. REV. APPLIED 19, 054018 (2023)

x107°
1.04 ©® Dbefore thermal calibration
® after thermal calibration
0.8 fitted 7o = 581.5 m
—= GPSry=>58m

= 0.6 - o
iy

0.4

0.2

0.0 T T T

0.0 0.5 1.0 1.5
fu(t) x1078
FIG. 5. Estimation of the initial range based on purely opti-

cal phase measurements. The scatter points are obtained from
raw phase measurements (blue) and phase measurements after
accounting for thermal drift (red). The orange line is a line of best
fit, which corresponds to a target range of o = 581.5 m and has a
one-standard-deviation statistical error of £13.7 mm. The dashed
purple line shows the modeled trend for the independently
GPS-derived initial target range of 7o = 584 m.

C. Velocity uncertainty results

The velocity uncertainty between the primary and sec-
ondary range-rate measurements, displayed in Fig. 2(f), is
shown as a modified Allan deviation in Fig. 6. The orange
trace is the uncertainty based on the optically derived esti-
mate of the initial target range. The purple trace is the
uncertainty assuming the initial target range derived from
the independent GPS measurement.

fitted ry = 581.5 m
—— GPSr;=584m

102 3

10t 3

velocity uncertainty (nm s™1)

100 3

LR | LR | LR | i e
1072 107! 10° 10! 10
averaging time (s)

FIG. 6. The in-line velocity uncertainty expressed as a modi-
fied Allan deviation. The orange and purple lines, respectively,
rely on the optically and GPS-derived initial target-range esti-
mates. The error bars on each averaged velocity uncertainty,
dv(t), correspond to 8v(t)/\/ﬁ, where N is the number of
velocity measurements taken at the averaging time <.

The 2.5-m difference between the estimates of the initial
target range does not lead to a significant change in the
velocity-uncertainty characteristics. Both achieve veloc-
ity uncertainties below 2 nm s~! within 5 s of averaging.
Using the optically derived estimate for the initial range
gives an optimum uncertainty of 1.4 nms~! after 9 s
of averaging and the GPS-derived initial range gives an
optimum uncertainty of 1.3 nm s~! after 38 s of averaging.

D. Atmospheric turbulence analysis

Variations in refractive index caused by atmospheric
turbulence will lead to time-of-flight fluctuations, thereby
placing a fundamental accuracy limit on the target-range
measurement made by VASCOT. For Kolmogorov tur-
bulence under Taylor’s theory of frozen turbulence, the
predicted phase fluctuations will have a power spectral
density of

Sy(f) = 0.016K*C2LV**f =8/ [rad*Hz '],  (6)
where k = 27/ is the wave number, C? is the turbulence
structure constant, L is the free-space propagation distance,
V is the wind speed, and f* is the temporal frequency [35].

Atmospherically induced phase changes, 3¢ (), will
lead to variations in the measured target range according
to ér(t) = %A /27 8¢ (f), where the % factor accounts for the
fact that the target range is determined from a retroreflected
signal. Thus the expected atmospheric contribution to the
range power spectral density is given by

2
S = [%] o) mPHZ' ()

The atmospherically induced fluctuations in the measured
target velocity will therefore have a power spectral den-
sity of

S/f) =47 2S5,(f) [m’sTHZ'L (®)
An additional measurement was made by VASCOT over
a 300-m link to a static CCR. This static measurement
was taken approximately 2 h prior to the moving-drone
measurement that is used in the rest of this paper. The
average wind speed was approximately 6 m s~! for both
measurements.

Figure 7 shows the power spectral density of the mea-
sured target range and velocity for both the moving drone
(blue) and the 300-m static target (red). Only the primary
range measurement is shown, as the difference between
primary and secondary is negligible in this context. The
black dashed line provides the expected atmospheric con-
tribution as modeled by Eq. (7), assuming a typical turbu-
lence structure constant of C2 =3 x 107! m™2/3, a link
length of L =2 x 300 m, a wind speed of V=6 ms™!,
and a wavelength of A = 1550 nm.
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The power spectral density of the measured target range (a) and velocity (b). Blue is for the moving drone and red is for

the static 300-m target measurement. The black dashed line is the predicted contribution of atmospheric turbulence, calculated using
Egs. (7) and (8) assuming C2 =3 x 107 m™?3,L =2 x 300 m, ¥ = 6 ms~!, and A = 1550 nm.

The static target measurement in red shows good agree-
ment with the modeled atmospheric contribution, indi-
cating that the measurement is dominated by turbulence.
Therefore, Eqgs. (7) and (8) provide a noise floor when
using VASCOT terrestrially. The moving-drone measure-
ment in blue is greater, especially < 10 Hz, indicating that
physical drone movements and vibrations are dominant.

IV. DISCUSSION AND CONCLUSIONS

These results demonstrate the efficacy of VASCOT at
precisely measuring the in-line velocity of a cooperative
airborne target. VASCOT uses active phase locking to con-
tinuously track the target range to submicrometer precision
over the full 3-min measurement window. The optically
and GPS-derived target-range measurements show good
agreement. After the thermal calibration, in Sec. IITA,
VASCOT is able to estimate the absolute target range
based purely on the optical phase measurements. The opti-
cally derived initial target-range estimate of 7o = 581.5 m,
with a standard deviation of £13.7 mm, agrees well with
the equivalent GPS range measurement of ) = 584 m.
VASCOT is able to achieve in-line velocity uncertainties
below 2 nm s~! within 5 s of averaging using either ini-
tial target-range estimate. Unfortunately, as discussed in
Sec. III D, atmospheric turbulence will impose an addi-
tional noise floor onto the practical range and range-rate
measurements achievable. This occurs because VASCOT
measures optical path length, as opposed to physical range.
The range and velocity measurements are, therefore, lim-
ited by knowledge of the propagation-medium refractive
index. Equations (7) and (8) give the noise floor imposed
by atmospheric turbulence on VASCOT. In a different
propagation media, such as a vacuum, this imposed noise
floor will change or disappear.

The impressive velocimetry performance achieved by
VASCOT is due to the high-precision optical phase mea-
surements enabled by active phase locking. However,
phase locking introduces challenges related to initial target
acquisition and servo actuation range. In this demonstra-
tion, the airborne target is approximately static during the
initial phase locking to ensure that the unknown initial
Doppler shift is low and the system can be locked without
difficulty. Acquiring a moving target is more complicated.
Initial target acquisition requires that the returned Doppler
signal has sufficient signal-to-noise ratio and is within the
detection bandwidth of the phase-locking system. Unfortu-
nately, a wide detection bandwidth will degrade the signal-
to-noise ratio [21]. The transmitted optical signal could be
swept in frequency to bring the returned frequency within
the detection bandwidth before phase locking, enabling
a wide detection range with a low detection bandwidth
at the expense of increased search time. Additionally, a
priori knowledge of the target velocity could be used to
narrow the spectral search window. An applicable case
is satellite orbitography, where velocity estimates can be
accurate to better than 1 cm s~! [21]. For airborne targets,
the uncertainty in initial velocity estimates may be higher,
necessitating a wider spectral search window. However, a
lower transmission range will allow for greater reflected
power, thereby enabling wider detection bandwidths to be
employed. The exact balance between the detection band-
width, the spectral search window, and the signal-to-noise
ratio will depend on the specific application of VASCOT.

Once locked, the actuation bandwidth of the stabiliza-
tion system will then set an upper limit on the measurable
target velocity. The achievable actuation bandwidth in this
demonstration is =1 MHz, set by the tuning range of the
transmission AOM, Awy,(¢), thereby limiting the in-line
target velocity to < 0.77 m s~!. To increase the measurable
target velocity, VASCOT would need to be redesigned
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with a wider tuning range. To track a low-Earth-orbit satel-
lite at an altitude of 500 m, a tuning range of £10 GHz
is required [20]. A system based on thermally tuning a
laser, as has been developed in Ref. [21], could achieve
the required tuning range.

ACKNOWLEDGMENTS

We would like to thank Peter Wolf for his assistance
with the noise analysis. This work has been supported by
the SmartSat CRC, whose activities are funded by the Aus-
tralian Government’s CRC Program. D.R.G. is supported
by a Forrest Research Foundation Fellowship. S.F.E.K. is
supported by a SmartSat CRC Ph.D. Scholarship.

APPENDIX A: RANGE-MEASUREMENT
DERIVATION

Expressions for the primary time of flight and the sec-
ondary time of flight are derived in Appendixes A 1 and
A 2. In Appendix A 3, expressions for the corresponding
link-length measurements are derived based on consider-
ation of the free-space link architecture. The final range
measurements given in Eqs. (A13) and (Al14) are then
derived in Appendix A 4. The system calibrations required
are discussed in Appendix B.

1. Primary time-of-flight measurement

In our demonstration, the primary optical carrier is pro-
duced by a seed laser of frequency w; = 193.2 THz. Dur-
ing transmission, this optical signal is frequency shifted by
Wy + Awy,(f) using an AOM, where w,, = —85 MHz is the
nominal frequency of the AOM and Aw,(f) is a tunable
offset. This tunable offset changes the phase of the outgo-
ing signal by A¢y,.(¢) = fot Awg (t)dt. This tunable offset is
used in a servo loop to precompensate for the frequency
shifts experienced over the free-space link.

The transmitted optical beam propagates a distance of
r(?) to the airborne target, where it is reflected by a corner-
cube retroreflector (CCR). The phase of this returned
optical signal is time delayed by the net optical time of
flight, T (¢). This reflected time-delayed signal is then fre-
quency shifted by w,. = +75 MHz using an AOM and
the phase is measured by optically beating the signal
against the seed laser of frequency w; and then electrically
down-converting by a frequency of w;, + w,., resulting in

Omeas (D) = [t — T1(O (w1 + wy) + Ay (t — T1 (1))
+ twrc - t(wrc + r, + a)tr) + ¢? (Al)
The static phase term ¢? accounts for the fact that this is

a relative phase measurement and only measures deviation
from some initial phase.

Thus, the optical primary time of flight is measured as

A¢tr(t - Tl (t)) - ¢meas(t) + ¢?

Ti(t) =
1() wr + Wy

(A2)

2. Secondary time-of-flight measurement

A second measurement of the optical time of flight is
made by frequency shifting a portion of the received opti-
cal signal by w,. and then retransmitting it back over the
atmospheric link via the retroreflecting target. The phase
of the signal launched back over the link is given by

Greturn () = Hwp + 0 + 204c) + Pmeas (D). (A3)

After passing back over the free-space link and through
the transmission AOM, this optical signal is mixed down
optically and then electrically to form an error signal of

d)err(t) = [t -1 (Z)] (a)L + wy + 2a)rc)
+ ¢meas(l - TZ(t))
+ Wyt + Ay (2)

— 1Qwye + wp + 20y) + ¢, (A4)

where qbg accounts for this being a relative phase measure-
ment.

The transmission AOM is driven by a control loop to
ensure that this error signal is suppressed (@Per(f) = 0).
Thus,

0= _TZ(t)[wL + wy + 2Cl)rc]

+ AQr(D) + Pmeas(t — Ta (1)) + ¢, (AS)

The secondary time of flight is therefore measured as

Aqﬁt}'(l() + ¢meas(l - T2(t)) + ¢§)

(1) =
2() wr +a)tr+2a)rc

(A6)

3. Free-space link description

The optical time of flight, 7(¢), in terms of the distance
between the transmitter and the retroreflecting target, »(¢),

1S
() = 22 |:r (z— —T(t))} ,
c 2

where ¢ is the speed of light in a vacuum and # is the
refractive index of the propagation medium.

Thus the primary, 7;(¢), and secondary, 7»(#), optical
time-of-flight measurements can be used to obtain two

(A7)
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measurements of the distance between the transmitter and
the retroreflecting target,

n( =31 <t+ TIT@>

c A(ptr (t - %) - ¢meas <t+ @) + d’?

2n w; + wp

(A8)

and

rn() = %Tz <l+ Tzz(t))

c A¢tr (t + @) + ¢meas (t - @) + ¢g

2n wr + oy + 2w,

(A9)

4. Linear approximations

These expressions can be approximated to allow for the
calculation of the target range based on the optical phase
measurements @meas(f) and Aw,-(f). Taking a first-order
Taylor expansion of the time-delayed terms yields

" (t) ~ i A¢tr(t) - ¢meas(t) + d)?
2n wp + Wy
cT1 () Awy (1) + Wmeas (1)
 dn oL + oy

(A10)

and

< Ady () + Pmeas(0) + ¢g
2n wr + wp + 2w,
CTZ(I) Aa)z‘r(t) - a)meas(t)
+ 5
dn o+ oy + 2w

r(f) ~

(All)

where Wmeas OES d¢meas (t)/dt and Awy(f) = dA(btr(t)/dt'
Next, the initial time of flight is approximated as

]—0 ~ C¢? ~ 2rgn
i =

2n(wp+wy) ~ e (A12)
T

~ C¢g ~ 2rgn
2n(wp+wir+2wrc) ¢’

where ry is an estimate of the initial link length.

Finally, we approximate the remaining time-of-flight
terms 7Ti(#) and T»(f) as 70 and 79. This approxima-
tion relies on the assumption that the initial link length
is significantly greater than any deviations during the
measurement.

Thus, the resulting measurement equations are

A 1) — f

r() ~ry+ % ¢trfo) — f)meas( )
L r

_h Awy (1) + Omeas (1)

2 o + w4

(A13)

and

-~ C Ad)tr(l) + ¢meas(t)
) ~rn+ —
2n wp 4 w4 + 20y

I"_() Awtr(t) - wmeas(t)
2 o+ o+ 2w,

(A14)

APPENDIX B: MEASUREMENT CALIBRATION

Independent optically and GPS-derived target-range
measurements are taken in this experiment. In order to
compare these measurements, they must each be refer-
enced to a common datum. In this work, the target range
is defined as the separation between the exit aperture of
the optical transmission terminal and the CCR. All range
measurements must take this definition into account.

The GPS-derived range measurements agree with this
target-range definition to within the uncertainty of the GPS
measurement. The optically derived range measurement
requires additional calibration to remove the time-of-flight
contributions made by the static optical fiber in the sys-
tem and leading to the exit aperture of the transmission
terminal.

1. GPS-derived range measurement

The GPS range measurement is based on the separation
of two measured locations. The first is the longitude, lati-
tude, and elevation measured by a stationary GPS module
placed within 10 cm of the exit aperture and averaged over
the entire measurement. As the optical terminal turns to
track the airborne drone, the location of the exit aperture
will change by a negligible amount compared to the uncer-
tainty of the GPS module. The second is the longitude,
latitude, and elevation measured by the GPS module on the
airborne drone, located next to the CCR to within 5 cm.
As the nominal position accuracy of the GPS is 3.0 m
[31], this uncertainty will dominate the GPS-derived range
measurement and thus no further measurement calibration
is necessary.

2. Time-of-flight contributions by optical fiber

Figure 8 details the fiber lengths that contribute to
the time-of-flight measurements made by VASCOT. The
lengths of these fibers must be taken into account when
calibrating the system, so that the measured target-range
distances correspond to the distance from the exit aperture
as discussed in Appendix B. To understand which fibers
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FIG. 8. A block diagram of the optical configuration used for VASCOT, with details of the lengths of fibers contributing to the time-
of-flight measurements. The variables shown in blue text are the two specific phases measured by VASCOT. The green lines represent
optical-frequency signals and the blue lines represent electrical signals. The red text contributes to both the primary and secondary time-
of-flight measurements. The purple text contributes to only the primary time-of-flight measurement. The light-blue text contributes to
only the secondary time-of-flight measurement. The gray text does not contribute to either time-of-flight measurement. Splitters a
and b indicate the ends of the Mach-Zehnder interferometer corresponding to the primary time-of-flight measurement. Splitters ¢ and
d indicate the ends of the Mach-Zehnder interferometer corresponding to the secondary time-of-flight measurement. Abbreviations:
AOM, acousto-optic modulator; EDFA, bidirectional erbium-doped fiber amplifier; Osc., electronic oscillator; PD, photodetector, Pol.,
polarization controller.

contribute to either the primary or secondary time-of-flight
measurements, it is important to identify the interferome-
ters making each of the measurements. The primary time
of flight is measured by the Mach-Zehnder interferome-
ter formed by splitters a and b in Fig. 8. The secondary
time of flight is measured by the Mach-Zehnder inter-
ferometer formed by splitters ¢ and d in Fig. 8. Each
interferometer effectively compares the length of a short
arm against a long arm that passes over the atmospheric
link, with the difference corresponding to the target-range
measurement. Gray text indicates fiber lengths that do not
contribute to either time-of-flight measurement, as they are
common between both arms of each interferometer. Red
text indicates the fiber lengths that contribute to both the
primary and secondary time-of-flight measurements. The
purple text corresponds to fiber lengths that only contribute
to the primary time-of-flight measurement. The light-blue
text indicates fiber lengths that only contribute to the sec-
ondary time-of-flight measurement. Thus, the net fiber
lengths contributing to the primary and secondary time-
of-flight measurements are both approximately 55 m. All
fiber is SMF-28 optical fiber, with a refractive index of n =
1.467. This contribution can be calibrated out of the range
measurement by letting rg"”“ted =7y — 55 x 1.467/2. The
factor of 2 accounts for the fact that the target range
corresponds to half the time of flight, as discussed in
Sec. A 3.

By making this calibration, the GPS-derived and the
optically derived range measurements can then be directly
compared. This calibration is made in all data presented
in this paper. In future experiments, this calibration could
be done with greater accuracy by directly measuring
the additional time-of-flight contributions over a well-
characterized static link.
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