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JPL Outline
OPALS Operations on ISS

OPALS Flight System Overview

Experiment Motivation & Design

Data Processing Approach

Results Summary
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JPL OPALS Operations on 1SS

California Institute of Technology

T+00 10:1

OPALS Mission:
Demonstrate the feasibility of space-to-ground

laser communications transmissions from ISS

Prime Mission Milestones:
(Dependent on ISS schedule and TMF Visibility)

Launched to ISS (April 14)
Commissioning Phase (May ‘14)

First Official Video Downlink (6/5/14)
First Daytime Video Downlink (6/12/14)
Low Elevation Transmissions (June ‘14)

Geometry/Pointing Sensitivity Tests (Jul-Aug‘14)

PN8 and Engineering Data Downlinks (Sep ‘14)

AR N N N NN

Foreign Ground Station Collaborations (Oct ‘14)

Extended Mission Milestones: P I TS S S
Adaptive Optics Tests with Boeing (Jan-May ‘15) Optical Link Validation
ISS Platform Vibration Experiment (Aug ‘15-Apr ‘16)
Transmissions to DLR (Oct-Dec ‘15)

Transmissions to ESA (Jan-Feb ‘16)
Transmissions to CNES (Mar ‘16-Jan ‘17)

Decommissioning:
SpaceX CRS-10 (Mar “17)

D N N N NN

Grey is ISS structure
White is the OPALS Laser

OPALS During A Downlink 2017 IEEE Aerospace Conference - Big Sky, MT ESA Signal Acquisition at Tenerife




JPL Typical Downlink Scenario

California Institute of Technology

(5) Active tracking of beacon 2 Th_e ISS rises above tree-line

continues and video data is looped elevation (approx. 25 degrees)

throughout the pass.

———————————————————— -e____—_—____-__— =~ %
-7
_ (4) Communication laser is
(6) Contact lasts approximately 100 modulated with the video data as
seconds soon as the pass starts.
(3) Flight System detects the beacon on

(7) Flight and Ground Systems e the camera and steers the gimbal to
commence their post-Demonstration A 0 center on it.
activities at a predetermined time -

- (1) Telescope points to the ISS
using orbital predictions (no active

tracking on the ground)
&3/ - A Demonstration

— the portion of a pass when there is bi-directional line of sight between the FS
and GS

— Lasts between 30 — 120 seconds; available ~ 1 every 2-3 days, on average
» Enabling a Demonstration
— FS is off ~80-90% of its on-orbit life

High-rate Downlink Ground

e I o — On-time negotiated with ISS months in advance; refined weeks-days before

— Up to 4 hours of on-time to prepare for, execute, and wrap-up a
demonstration

3/8/17 2017 IEEE Aerospace Conference - Big Sky, MT 4




JPL Flight System Highlights

California Institute of Technology

Optical Radiator

AO n

Gimbal Gimbal Sealed
(Az) (El) Container

Hermetic
(ExPA) Feedthroughs

3/8/17 2017 IEEE Aerospace Conference - Big Sky, MT 5



JPL OPALS on ISS

California Institute of Technology

ISS Frame

Starboard Y < "\. X Port
X Z ™

Nadir Edge zl_>
OPALS gimbal actuation in Azimuth ~maps to pitch about ISS +Y
OPALS gimbal actuation in Elevation ~maps to roll about ISS +X

3/8/17 2017 IEEE Aerospace Conference - Big Sky, MT



_lpl_ Vibration Experiment Overview

California Institute of Technolo:

« Can OPALS be repurposed to measure vibration properties from an external

payload site (ELC1 FRAMS8)? :
o \
i\
. :53\; ‘, o

ISS

7

 OPALS can capture angular

b

J’
2y

a ¥

a

measurements using: \J
— Wide FOV camera with N\ }j"}_’
100 Hz frame rate N L = - a A A "

. . . ) AP A
— Two-axis gimbal with azimuth \ 5 / o B Sr

=
'.\-

and elevation axes
— Ground-referenced laser beacon

X
<\

OPALS

« Motivation: Detailed understanding of the International Space Station vibration environment
has been of high interest to payload developers. The availability of such information,
however, especially measured data, has been scarce. Existing IMUs are not located at
external payload sites; OPALS measurements on ELC1 can serve as a complementary data
set

« Experiment: OPALS captures 100 Hz camera imagery of a ground reference beacon and
attempt to isolate the ISS contribution to the jitter detected by the camera

3/8/17 2017 IEEE Aerospace Conference - Big Sky, MT 7



SPL

Jet Propulsion Laboratory
California Institute of Technology

Integrated Truss Assembly

‘The truss assemblies provide attachment points for the solar amays, thermal control radiators, and
external payloads. Truss assemblies also contain electrical and oooling utility lines. as well as the mobile

P rails. The Integrated Truss S (ITS) is made up of 1x segments plus a separate com-
ponent called Zi. These segments, which are shown in the figure, will be installed on the Station so that
they extend symmetrically from the center of the ISS.

At full assembly, the truss reaches 108.5 meters (356 feet) in length across the extended solar amrays.
ITS segments are labeled in accordance with theirlocation. P stands for “pert,” S stands for “star-
board,” and Zstands for “Zenith.”

Initially, lhmugh btzge 8A, the first truss segment, Zenith 1 (Lﬂ was attached to the Unity Node
zenith berthi . Then truss seg; P6 was d on top of Z1 and its solar arrays and
radiator pannll deployed to support the carly ISS. Subsequently, SO wes mounted on top of the U.S.
Lab Destiny, and the horizontal truss members P1and S1 were then antachedo SO. As the remaining
members of the truss are added. P6 will be removed from its location on Zr Lfoved to the outer

,.dm.m.%. ol \\\ | P ot ' P3 Truss \"p;}_\

b
e

: . . A 4 ) ot 4
2003=06 configuration. a7 - 5 ! g ‘ ;
lwk{ngﬁomni‘du‘. '. . ‘ ; )

;o AN
Outbosrd L.-.-E-u-n N
) 20 PhotowoltsicRadiator S
Pump Fow Centiol Assambly \
\ 22 Pump Row Centrol Subsssenbly B

<m';-qh'udnbuuum.1$p-uwn-m Pump Nodule

Direct Current SwitchingUnit (DCSU) 24 PVRCentroller Unlt

BC-to-0E Convartar Unit(DDCU) 25 PVRGrapple Fixture Ber
Solar Arrey Alpha Rotery Joint Deploypd Thermel System Redlator 26 Rediator Beam Yalve Module
Ammnonta Tark Assembly Grapple Fixture 27 Ramots Pewer Cantrol Modules
AssamblyContisgancy Inbeard Lewse Camara 28 Rotarylaint Motor Costraller
BasebandSignal Processor Msla Das Swikching Urits 29 S-BundArtenne

Setiurine Mast Storage Canister 30 Sollrhr.yAlm Rotary Joint Drive
Battery Charge Discharge Unit Noblle TraneporterRaile Lock Assembi

Bets Gimbal Assembiits Multiplexer/De-Multiplexers k) SnlernIy\Tln]
37 Piowed Photovoltelc Radinter
33 Stuts
34 Thermal ControlSystem Radistor Beam
E 'ﬂnmalRadh:;ﬂnnrvhlnlvhhfln

Two Ring Laser Gyros & GPS Antennas el

37 Tronnios

Accelerometer Data e e st

40 Umbilicals
41 Corgo Corrler

42 Wireless Video Syster Antenns

The relatively low frequency cutoff and lack of direct angular measurements from ELC sites make it
challenging to assess the ISS contribution to jitter-induced effects on optical systems.

2017 IEEE Aerospace Conference - Big Sky, MT




SPL Total System Jitter

California Institute of Technology

160 CDF Jitter = 154.9 prads

. The Total System Jitter 10
. measured during a typical AN
- downlink includes: ~

* ¢ |SS Contributions
« OPALS Contributions Dlee 270820 |
2 — Gimbal vibrations

.
on
3

)

Pr (|X| > Ap)
=
o

— Centroid algorithm 10°
0 00 02 03 04 05 06 07
artlfaCtS/errOrS Centroid Deviation from Origin, Ap, in pixels (1 pixel = 261.8 prad)
. . . Data Jitter = 130.4 prads;
| Typical Azimuth Centroid Data Fit Jitter = 148.6 prads
ol Jitter Time Series. ! l I 300 Datalitter (30) = 117.2 wrad oy L ‘
04 " Fit Jitter (3c) = 137.1 prad
- € 200
: 3
O 100

-06 -04 -02 0 02 04 06
Centroid Deviation in Azimuth (pixels)

1 I I 1 L

L
o 20 20 ) = 100 120 120
Tirnaleaci

Typical Elevation Centroid Data

3001 Data Jitter (3c) = 57.3 prad
Fit Jitter (3c) =57.7 prad

12}
S 200
o
O 100
Jitter Time Series 0

r

| | | . 5 06 -04 -02 0 02 04 06
° “ “ e S 1 1 1 Centroid Deviation in Elevation (pixels)

Qaida, B.V.; et al “Impact of pointing performance on the optical downlink for the Optical PAyload
for Lasercomm Science (OPALS) system” Proc. ICSOS 2014, S3-1, Kobe, Japan, May 7-9 (2014).
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Jp'— Vibration Experiment Design

alifornia Institute of Technology

« For this experiment, the gimbal pointing must be fixed during
measurement periods
— Intended to isolate motor vibrations from platform vibrations
— Periodic repoints must be executed to retain the beacon in the camera FOV

« To isolate the ISS contributions, the following approach is taken:
— Propagate ISS state vector to over-flight segment and compute open loop pointing

— Modify the open loop pointing to have a step-stare profile, with multiple dwell periods
with no gimbal movement (beacon should move left to right across CCD)

— Uplink the step-stare pointing profile to OPALS for execution

— Following the pass, remove the slew periods, de-trend the orbital motion, remove
systematic errors, compute PSDs and jitter

Nominal Commanded Pointing Profile NEW Step Stare Approach

0 200
—~~ - I )ﬁfﬂ_ﬂﬂabe_ﬁ][ 'es_t'nggj;[a Tue bhoa ~—~ —— /110608 EEIahefQLIESIDDHBI e.boa
D 0o o o _ o .
s, S T — New Profile
e aul E 4.0 .
g . E 0k A N
E g Dwell K
8 e £ Repoint N
£ £ P
G} 40.0 ® 400

\Il

L | | | L | E0 O | | | | |
Jun-08-2011 Jun-08-2011 Jun-08-2011 Jun-08-2011 Jun-08-2011 Jun-08-2011 o0 Jun-08-2011 Jun-08-2011 Jun-08-2011 Jun-08-2011 Jun-08-2011 Jun-08-2011
13:56:50 13:57:20 13:57:50 135820 135850 13:59:20 13-56:50 13:57:20 135750 135820 13:58:50 13:59:20

&
=
=
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JPL  Computing the Step-Stare Profile

California Institute of Technology

* Assumptions:
— Begin observations at 10 deg rise above horizon
— Update pointing any time beacon is within 50 pixels of camera edge (0.75 deg)
— Look ahead in azimuth to compensate for orbital motion
— Re-center elevation coordinate
— Assume 5 seconds for pointing update slew

« Dwell characteristics: Longest dwell: 65 sec; shortest dwell: 5.8 sec
— Tradeoff: Longest dwells have more content, but lower SNR due to greater slant range
Predicted Beacon Motion
Bin: 3 - Frame: 6

Timestamp 1440696375.132s, Time Delta: 1.001, Time Since F éb:0 Local Gnmbal AZlmuth ISS to OCTL

0 Centroid X: 290.414, Y: 141.959, Flux: 117.53/ T ' C'_m

60.0 R e R O A Blee ik fes o &XA
40.0 \/ \/ - E : : E E
. Sl =SEEIN R
g.zoo Dwells | : | iSlews; : b o W |
00 ;o foad g - R FNLLE A 0
200 b S O T A8 7R
-20.0 : : |
-40.0 : l ; : ; ’
N 300 Repoint When Within 50 pixe|S Jurez:szzollﬁ ]u;‘az:az:?lw ,u{‘szs‘s?lls ’u?ausj':lw N?)?;u?zolls. N?ﬁoz:o?fxlb i N;‘Bzngo > an,ﬁzmi
+ | Beacon Puxel Locanons(Sample AZ\) : i:e : : i L )
450 T T } : T
i A | 4 ; 1 BT INEERT Y :
400 400 // /1 E / \ j".‘ " [g’\ ‘q Pl A |
350 Dwells / 1} 7| Y S | [ F Il' B 1/ S
\ /A /0 LA
¥  Beacon Motion Due to: Orbit 4250 e | A 1S A MR A& '\ \/ HEHE
——S 8200 Slews 1 / E ; s }t‘. “f ‘\}E “‘ E\i . g :\:, At E E '
150 " '/ Al / R | i‘\ o H . 'Y )
A Ll -ILJ. ; - ]

Y] S EAREEE NE—. T A== - -
Jun-24-201%  Jun-24-2015%  Jun-24-201%  un-24-2015  un-24-201%  un 2015 N -24-2 01“: N )4 2015
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SJPL Data Post-Processing

California Institute of Technology

[Step 1] Clean & Segment AZ data (into 12 segments)
[Step 2] Detrend data: Fit each segment separately with a 16" order polynomial and remove as trend
[Step 3] Compute PSD of detrended data

— Treat segments as independent and identically distributed realizations of the same stochastic
process

— Pad segments with zeros to accommodate non-commensurate data lengths and ensure fine
frequency sampling grid (nfft=2"14=16384)
[Step 4] Descurve data: Remove S-curve error from each segment using same-axis pixel period

— Reparametrize time in terms of pixel crossings (using 16™ order polynomial detrend), and
assume S-curve has a 1 pixel-per-pixel period

— Fit single tone S-curve model to data using least squares in pixel-pixel coordinates, and then
remove S-curve fit and replot on time axis (Higher harmonics are ignored)

[Step 5] Double-Descurve data: Repeat Step 4 by additionally removing S-curve error from each
segment using cross-axis pixel period

[Step 6] Compute PSDs of Descurved data and Double-Descurved data (after applying a linear
detrend to each segment) and compare results

[Step 7] Repeat for EL data

Nomenclature

« “Descurve” (De-S-Curve) verb: remove S-curve signature from data using same-axis pixel period
« “Descurved data” = data that has had its same-axis S-curve signature removed

*  “Double-Descurve”= remove both same-axis and cross-axis S-curve signatures

2017 IEEE Aerospace Conference - Big Sky, MT



JPL

Jet Propulsion Laboratory

California Institute of Technology

GMT 239

Raw Centroid Data: Elevation
500 - . . ]

Marginél

Raw Optical Centroid Data (EL Axis)

600 -

GMT 260

Raw Centroid Data: Elevation

1
1
450 R . . .
SNR . so0 jj Marginal Gimbal drive period
400 : SNR (removed)
350 ] 400
— 200 1 _
g 1 2 300 I
‘& 250 : =
200 : - 200
150 i Data prior to 71 seconds removed
. A
100
100 . Patched by interpolation
co . 'Ilsec _ ol . . . .
s0 100 150 200 250 /] 50 100 150 200 250
time {sec) time (sec)
Raw Centroid Data: Elevation Raw Centroid Data: Elevation
| . 700
600 [——26-Oct-2015]
Telescope s Marginal
500 b
keyhole S soo fffl | SNR
400 outage 400
@€ [5)
'E_S{]U N .E‘BOO ‘_/-\/\Nw.——/\/\/\/\/
200 | \ 200 L.
100 | Greater SNR 100 \
during night pass Patched by interpolation
0 Sl{j 1{5:{'} 1 5[‘} 2{;}{) OO 50 100 150 200 250
Demo Time (seconds) time (sec)
3/8/17
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JPL Step 1-3: Cleanup, Segmentation,

o wetiu of Tachwotory
Detrend & PSD
Cleanup “’° i S
o o\t + Segmented Az Data
« Each dropped data grouping is cleaned by - | | 10— J
replacing it with a linear interpolant to its soof N\ AL ]
good data points on either side of the 520 '
grOUpIng 'Ezun 4
- Because of the number of dropped data 160 1
points is low (typically less than 10 out of 100F T
10,000), the cleaning has minimal impact on I | | ; Detrended
subsequent time series analysis. % W w ( ;én w0 %0 Seamented Data
Segmentation S— MQ
« The data is segmented into Arcs |, Il and II. e
- For 1 Hz lowest frequency need data
segments of approximately 10 sec duration. L
- This gives a total of 12 data segments of A S S ot
approximately 10 secs each for further o
processing. HE i,
Detrending - e |
- Data must be detrended for ISS orbital T T Ty e
motion o PSD (AOS) after Detrend: 30.3 urad RNIS

— Use a 16th order polynomial fit to remove
orbital motion and attitude drift

PSD Generation

 PSDs are doubled in magnitude and plotted £

only over positive values of frequency - Power Spectral
Density of

Detrended Data

10"

10° 10 10

Hz
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JPL Step 4: De-S-Curve

California Institute of Technology

A systematic error is present each time a pixel boundary is crossed

— S-curve error is a pixelation effect associated with centroiding that occurs as the source image is
dragged over the periodic pixel boundaries of the detector.

— The “S-curve” artifact is removed by first plotting the detrended data in pixels-versus-pixels
coordinates, and then fitting and subtracting out the 1-pixel-per-pixel period sinusoid

S-curve systematic error is removed for both same-axis (see below) and cross-axis
pixel crossings (see Step 5)

Remove sinusoid (blue) having exactly a one-pixel-per-pixel period
Segment 8 / Descurved Seg# 8 (RMS=8.69 urad)
0.15 / I 30

0.1 ‘III‘ / 20k 1 ||, ) [ - |

0.05
o \ | 10
% 0 )
o =0
005 P
01 -10
015-RED = Detrended Data o \ - ) 20
BLUE — S_Curve F:|t sy :ax/ymn(_rny)«\»bx/y cos(2wijy)
0.2 f f f -30
324 326 328 330 332 334 336 338 340 194 195 196 197 198 199 200
pixe|s tima (<)
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JPL Step 4: De-S-Curve

California Institute of Technology

In frequency space, this error is spread across multiple frequencies since the
pixel rate is accelerating until zenith, then decelerating

Segment 5 Segment 6
0_2_’_ T T T T 0.3'.- T T T T T T T
oiN N A | A\ [ 1 02 A A l |
= N [ | , | 3 \ |/ ‘l
= i ’ , = 0.1 t A |
< o | 18VRY s | \ ' ‘
@ -0.1 | @ |
S » | - | ' g -0.1 J % \ \ | ' }] 1
0.2 -0.2 ‘ 1
39 39.5 40 405 498 50 502 504 506 508 51 51.2
Segment 7 Segment 8
0-3" T T T -T r T T T
0 0.2
- 0-1 4 A ‘ ' 'y = 0.1 l
% o1 ( Wl R ITITr Iy
5 ° ’ T 5 o |
= -0.1 | | 1 U | =
3 ' F VYV U Y ' ' 3
2 -0.2 RIS R R RARAR '[l
-0.3..
0.2
59 59.5 60 605 74.5 75 75.5 76 76.5
time (s) time (s)
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JPL Step 5: Double-DeSCurve

California Institute of Technology

« Pixel crossings in EL axis show strong coupling in AZ axis measurements
« GMT 096 AZ data segments 9-12, (red) showing fits to two separate tones, as associated

with same-axis (blue) and cross-axis ( ) S-curve signatures (1 pixel equals 262 urad).
DBL-S-Curvefit Seg# 9 DBL-S-Curvefit Seg# 10
r r r T 04 T T T T
x x 02| |
3 s * | || l | | ‘ l l |
= c
k) S ' 0 |
67 2 0 | | f l
g 8 l 111 “ ]Hl*y(hl
0.2 |
86 87 88 89 90 95 95.5 96 96.5 97
DBL-S-Curvefit Seg# 11 DBL-S-Curvefit Seg# 12
o 4‘ T 4 T r T T 4 4
0.3
0.3
= 0ol _ 02
E]
: 4 1 1 “l >
0.1.
g 0 1l | |I' | | s o o
.g I4|l ’ll ll“ ” ]lr| ,‘|“ g_o._' |
o _0_1 | | " ' l ' ‘ il B o -0 2
-0.2| Il
. . . . - -0-3 : " r r - I
109 109.5 110 110.5 111 117.5 118 118.5 119 1195
time (s) time (s)
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JPL Step 6: Recompute PSD

California Institute of Technology

* The corresponding estimate of GMT 300 AZ data
RMS jitter is reduced from 30.3 to

21.1 pyrad based on removing 10
systematic errors.

« The systematic error is removed 107 Erorns i el
frequencies (mostly 3 to 23 Hz),
even though only two pure tones
have been removed in the data

processing. G WG 34— W

— the tone frequencies removed
correspond to pixel-crossing rates

—Datraﬁdad: 30.3 uf'ad rms

which change as a function of time a[[TDouble Descurved: 21.Turadrms| & © @ -

PSD (AOS) Comparison

throughout the data set. 10’ 10’

— Hence they project over a wide Hz
range of frequencies when _
converted back into a time-domain

analysis. PSDs are doubled in magnitude
and plotted only over positive values of

frequency

3/8/17 2017 IEEE Aerospace Conference - Big Sky, MT
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SPL GMT-2015-260 Final PSD

California Institute of Technology

AZ EL

\ Final PSD (AOS) 26.8 urad RMS . Final PSD (AOS) 19.9 urad RMS
10° .- e e ——— 10° . e R -
£ £
F :
g g
= =
10° -
10'1F‘ e e e 10" S N N . A T N
10° 10’ 10° 10° 10’ 10°

Hz Hz
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SPL GMT-2015-300 Final PSD

California Institute of Technology

AZ EL

\ Final PSD (AOS) 21.1 urad RMS . Final PSD (AOS) 11.2 urad RMS
10° .- e e ——— 10° S S -
10° . 10
T T
g g
g g
= =
107 SN 10" S S S S .
10° 10' 10° 10° 10' 10°
Hz Hz
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SPL GMT-2016-096 Final PSD

California Institute of Technology

AZ EL

\ Final PSD (AOS) 29.1 urad RMS . Final PSD (AOS) 27.3 urad RMS
10° . A I — 10° . e S -
I I
N'U N'U
© o
5 5
10° 10°
107 . 10" S S S S .
10° 10' 10° 10° 10' 10°
Hz Hz
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JPL

Jet Propulsion Laboratory

California Institute of Technology

CONCLUSIONS
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JPL Jitter Sensitivity to SNR

California Institute of Technology

« The resulting PSDs are likely
not completely free of OPALS-
induced signatures

— i.e. centroid performance is 3% ' ot g%‘:;‘ ’
correlated to ground-beacon S ol ~ —1
SNR e |
e = 2 L e e
Q o
e = £
- There appears to be sensitivity = g
to background lighting o Y < 4 5 6 7 & 9 w0 n w
conditions and slant range, % R > Increasing SNR ——
which affect signal SNR © E —
— Consistent with results obtained & d GMT 300 (gt | |
during ground testing (next 8 & 4 e GMT 096 (day) |
slide) Q =
§ 204
« Early segment results may be g 1 A A e -
more conservative due to low | 8 : N

SNR - actual ISS contribution
may be lower than the lowest
values shown
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JBPL  SNR contribution to Pointing Jitter®

Califor Itll fThIgy

e Closed |00p Closed-loop ground testing*

pointing jitter of the
gimbal Is sensitive
to beacon intensity
— This likely extends

to open loop
pointing as well

-0.5 0 0.5
Centroid Deviation in Azimuth (pixels)

317 318 319 320 321 322 323 0 -0.4 -0.2 0 0.2 0.4
Centroid Deviation in Elevation (pixels)
 Ground testing
Beacon Detection Level Beacon Irradiance Exposure Gain Flux Jitter (~30)

S h Owe d I n C re aS I n g Acquisition Threshold (above) ~300 nW/m2 10 ms 500 750 155.1 nrad
b e aCO n by 4X Ove r Pixel Saturated (below) ~1200 nW/m2 10 ms 170 760 68.9 urad

Pixel Saturation

acquisition - S Y
threshold . m |
corresponds to 2x | = ..
I OW er Jltt er o ” iCentroidiDeviation in Azimutff (pixels) |
= i m |
*Unpublished results - O — 1

316 317 318 319 320 321 322 Centroid Deviation in Elevation (pixels)

24
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SPL Conclusions

California Institute of Technology

GMT Date (GMT) | Ground Station Lighting | Crew Activity | AZ RMS Jitter (urad) | EL RMS litter (urad) 0.012
260 | 9/17/1516:35 Day Crew Exercise* 26.8 19.9
300 | 10/26/15 00:59 Night Crew Sleep 21.1 11.2 0.01-
096 4/5/16 01:15 Day Crew Sleep 29.1 27.3

« Lacking knowledge of ISS jitter environment during design,
OPALS allocated 125 prad, 10, to total system jitter (and
150 prad to bias, 30) for a total pointing error of 525 prad,
30 (see graphs to right)

— Of the 125 prad, 10:

» ~50 prad was bookkept for ISS contributions
» ~40 prad was bookkept for centroiding errors

Probability of pointing-induced fades
o
o
o
o

00 O.r2 O.r4 Oi6 0i8 1
. . . . . Jitter fraction of total mispoint allocation
- The lowest measured jitter during this experiment is at least y e b |
a factor of 2 better than assumed during design, and as low ‘ ‘ [ 150
as 10-20 prad, 1. < \:333:123
o 7oL —— 525 prad
= O Design Point
e e . . g Expected Performance
* Could be ~10x better then initial assumption, depending on: S
— Assumptions about coupling between the various sources of 5 or ]
jitter 2
— How much of the calculated PSD contains remnants of OPALS 68
centr0|d|ng errors %
. o % 661 ]
*Subsequent to manuscript submission it was learned that the level 5
of crew exercise reported on GMT 260 is not representative of typical , , , ,
crew exercise periods; the environment experienced on GMT260 is % 11 12 13 14 15
more in line with the lack of crew exercise Beam divergence full angle [mrad]

Oaida, B.V.; Kokorowski, M.; Erkmen, B.l.; Andrews, K.S.; Wu, W.; Wilkerson, M., “Impact of
pointing performance on the optical downlink for the Optical PAyload for Lasercomm Science
(OPALS) system” Proc. ICSOS 2014, S3-1, Kobe, Japan, May 7-9 (2014).
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JPL OPALS Firsts

California Institute of Technology

* First JPL-built space-borne
lasercomm terminal

 First US lasercomm terminal on ISS

« First JPL design using forced
convection (to our knowledge)

* First JPL-built unpressurized ISS
payload
« First JPL cargo to launch on SpaceX

« First FRAM-based cargo to fly on
SpaceX (tie with HDEV)

« First flight of SpaceX Dragon v1.1 (tie
with HDEV)

« First FRAM-based cargo to undergo
robotic extraction from Dragon trunk
(tie with HDEV)

* First space lasercomm terminal to
downlink to 4 different optical ground
stations

« Decommissioned on the first SpaceX
launched from Pad 39A
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_lpl_ Downlink Animation

https://youtu.be/YOcS|Dmpv_g
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