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THE JPL OPTICAL COMMUNICATIONS TELESCOPE 
LABORATORY (OCTL) TEST BED FOR THE FUTURE 

OPTICAL DEEP SPACE NETWORK 
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Relative to RF, the lower power-consumption and lower mass of high 
bandwidth optical telecommunications make this technology extremely 
attractive for returning data from future NASNJPL deep space probes. JPL is 
building an R&D optical communications telescope laboratory (OCTL) at the 
Table Mountain facility in Southern California. The telescope, scheduled for 
delivery in spring 2003, will among its early experiments use retro-reflector 
bearing satellites to assess multiple-beam strategies to mitigate the effects of 
atmospheric scintillation on the uplink beam that will serve to transmit 
commands or to serve as a beacon for the optical downlink. Designed to be an 
optical antenna for both daytime and nighttime communications, OCTL will 
serve as a test bed to evaluate strategies to support communications at small 
Sun-Earth-probe angles. 

INTRODUCTION 

NASA has recently announced plans to demonstrate an optical communications link from 
Mars-to-Earth. The optical terminal will be launched on the Mars Telesat' that will be launched in 
2009'. Studies are currently underway to define the details of the demonstration, yet initial goals 
call for demonstrating data rates of 10 Mbps at conjunction (2.7 AU) and 100 Mbps at opposition 
(-0.37 AU), rates far in excess of any performed using RF techniques. 

To support the deep space optical link, JPL plans to perform a series of technology 
demonstrations. These will extend from the development of acquisition and tracking approaches 
using its deep space terminal concept2 to investigating the effects of cloud cover on the 
availability of the optical channel3. Historically, JPL has been responsible for technology 
development for NASA's Deep Space Network (DSN). With completion of the OCTL JPL will 
begin to develop technologies and operational strategies and procedures for the future Optical 
Deep Space Network (ODSN). Past research has shown that acquisition, tracking, and pointing of 
an optical terminal onboard a spacecraft at Mars can be accomplished by using a combination of 
uplink laser beacon and inertial sensors4. Strategies using multi-beam uplinks, with seeing- 
limited beam divergence to mitigate atmospheric scintillation, limit the applicability of the laser 
beacon approach out to a range of approximately 1.5 AU. Beyond this range, approaches that 
compensate for atmospheric turbulence can realize neardiffraction-limited (dl) beam divergences 
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from the uplink aperture and as much as a 
divergence. 

gain over atmospheric seeing-limited (sl) 

In this paper we describe some of the plans for future research to be done at the OCTL. In the 
following section we describe the design specifications of the OCTL telescope. Next, we discuss 
planned beam-propagation experiments and the optical train for high power laser beam- 
propagation from the OCTL. In the final section, we describe the definition and integration of a 
multi-tiered beam propagation zone along with strategies for safe laser beam propagation through 
these tiers. The process described in this final section is seen as an essential precursor to 
unattended autonomous laser beam propagation from remote sites. 

THE OCTL TELESCOPE 

The OCTL building is shown in Figure 1. The dome is equipped with an air handling system 
that controls the temperature in the dome to within 5 degrees of the external temperatures when 
the telescope is not in operation. The air handling system reduces the differential temperature 
between the dome and the outside air and mitigates dome seeing effects when the telescope is 
opened for operation. The telescope pier is an open structure that allows free air exchange within 
the coudC room. The optical path between the coudC room and the dome is thermally isolated by a 
transparent window of BK-7 glass, which is kept dust free by a continuous flow of dry nitrogen 
across the window. During operations, thermal effects in the telescope observation path are 
reduced by venting the heat generated by the coudC room laser and by personnel using a separate 
system approximately 60-m downwind of the telescope. 

Figure 1. OCTL Telescope Building and Dome at Table Mountain 
Facility, Wrightwood, CA. 

Figure 2 shows the telescope undergoing tests at the vendor's (Brashear-LP, Pittsburgh, PA) 
facility. The telescope has a 1-m aperture and an f/75.8 coudC focus to support high-power laser 
beam propagation. Specifications call for an optical figure of 0.05 h RMS wave front error at a 
test wavelength of 0.633 pm. The telescope is supported on an EVAz mount and will track objects 
from LEO (250-km) to deep space ranges. The tracking specifications are given in Table 1. 

Designed as an optical antenna, the telescope must be able to operate during the night and day 
to as close as 30" of the Sun, in winds up to 50-km per hour, and temperatures ranging from 
-10°C to 40°C. To meet the thermal requirements, all the telescope mirrors (M1 through M7) are 
made of zerodur, with MI through M3 enclosed in louvers with a system of fans that flow air 
across the primary. The telescope design calls for a RMS wave front error of 0.055 h, measured at 
633 nm. When operating at greater than 30" to the Sun, the design calls for a minimum of 65% of 
the received energy to be enclosed in the first Airy disk (1.54-pad diameter) and 83% to be 
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enclosed in the first Airy disk and first ring (2.81-prad diameter). Adding wider heat shields 
protects the secondary support spiders and allows operation between 10" and 30" of the Sun. In 
this operating condition the design calls for 61% and 80% of the received energy to be enclosed 
in the first Airy disk and in the first Airy disk plus first ring, respectively. 

Figure 2. OCTL Telescope Undergoing Test at Vendor's Facility. 
The louvered baffles, the 20-cm acquisition telescope, and the 
M4 and M5 coudC path tube are shown. 

Table 1. 

OCTL TELESCOPE TRACKING PERFORMANCE REQUIREMENTS 

Azimuth Elevation 
Travel, deg 335 -5 to 185 
Max. rate, deg/sec 20 5 
Max. acc., deg /sec2 10 5 
Required LOS jitter (prad) 
Tracking, rate deg/sec 0.1 HZ -20 HZ 20 Hz-1000 HZ 
0.007 <dO/dt<0.54 4 0  (2 desired) <1 
0.5< dO/dt<2 <lo <1 

Daytime operation will allow development of background rejection and scintillation- 
mitigation strategies for ground-to-space links. Located in the dry Southern California climate, all 
seven mirrors in the coude path are coated with the high reflectivity Denton FSS-99 protected 
silver coating for high optical transmission in the visible and near-IR. 

The performance specification for pointing at 30" to the Sun calls for scattered light in a 
100-pad square field-of-view of less than 20 pW/A over the 5,000-20,000 8, spectral range, with 
less than lOpW/A at 10,642 A. To meet this specification, the louvers are painted white on the 
outside to reduce heat loading on the structure and painted black on the inside to reduce the light 
scatter from mounting surfaces. 
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PLANNED OCTL EXPERIMENTS 

OCTL experiments planned over the next 5 years include: 
Multi-beam propagation experiments 
Development of strategies for safe laser beam propagation 
Development of autonomous telescope operation strategies 
Development of adaptive optics capability to reduce sky background noise 
Demonstration of air-to-ground optical links 
Demonstration of optical communications with other targets of opportunity. 

Experiments to reduce the field of view at the receiver when pointing close to the Sun are 
designed to mitigate the effects of atmospheric turbulence on the focused spot size of the 
downlink on the data detector and will require adaptive optics techniques. Experiments to 
mitigate the effects of atmospheric scintillation on the uplink beam will include multiple beam 
transmission and adaptive optics approaches. 

Earth-orbiting, retro-reflector-bearing target satellites ranging in altitude from 700 km to 
19,000 km will serve as targets for the beam propagation experiments, and will be illuminated 
using the pulsed Nd:YAG laser shown in Figure 3, with its operating characteristics given in 
Table 2. The laser operates in both the Q-switched and long-pulse modes at 1.064 pm emitting 
0.6 joules per pulse. The repetition rate of the laser has been modified from a fixed 50 Hz to a rate 
that is selectable between 1 and 50 Hz. This variable repetition rate allows us to use a 
combination of time division multiplexing and polarization isolation by achieving 
transmitlreceive isolation.To ensure that the beam quality and divergence is unchanged at the 
various repetition rates, the flash lamps are operated at a fixed 50 Hz while the Q-switch is 
triggered to open at a sub-multiple of the flash lamp repetition rates. This maintains the thermal 
loading of the cavity at the various pulse rates, and only the average output power of the laser 
varies while the peak power per pulse is maintained constant. 

Figure 3. Picture of Q-switched Nd:YAG Laser Beam. The laser 
operates at a variety of pulse repetition rates between 1 and 50 Hz. 

In the Q-switched mode, the 1.064 pm is frequency doubled (Type-I1 phase-matched 
frequency doubling) in a KD*P crystal external to the laser cavity. The laser generates 0.25 joules 
per pulse at 0.532 pm. Active satellite tracking experiments will be performed with selected 
satellites using both the visible and the infrared laser beams. This will allow a measurement of the 
wavelength dependence of atmospheric turbulence on laser beam propagation. 

Figure 4 is a diagram of the optical train that couples the high power Nd:YAG laser to the 
telescope. There are three channels in the optical train designed for active satellite tracking; these 
are the transmitter, the receiver, and the tracking channels. The laser transmitter channel starts at 
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the exit of a high power YAG laser with an approximately 11.5-mm diameter linear polarized 
beam. Exiting the laser, the beam passes through a half-wave plate which accurately orients the 
electric vector in the proper direction for the rest of the optical system. The beam then passes 
through a beamsplitter system that splits the single laser beam into four parallel beams of equal 
power. The four beams then enter a folded two-element refractive 2:l beam reducer, with the 
resulting four-beam pattern diameter approximately 13 mm and each beam approximately 5 mm 
in diameter. The half-wave plate located after the beam reducer accurately orients the electric 
vector of the laser beam before it is incident on the calcite polarizing beamsplitter that separates 
the transmit and receive beams. 

Table 2. 
OCTL Nd:YAG LASER BEAM CHARACTERISTICS 
- 

~ -~ 

Parameter Value Value 
Wavelength, pm 0.532 1.064 
Beam Diameter at exit 

Vertical (mm) 11.5 11.5 
Horizontal (mm) 7.4 7.4 

Mean Pulse width (nsec) 6.6 8 
Standard deviation (psec) 219.9 151.9 

Average power (W) 12.8 29.7 
Power stability (%) 1 s 5 6.5 

Pulse jitter (nsec) 2.7 2.1 

Beam Divergence (mrad) 0.49 1 .o 
Polarization extinction ratio 5.8E-03 3.3E-3 

5 X 8 FOOT OPTICAL TABLE 

Figure 4. Schematic of Active Satellite Tracking Optical Train Showing 
the Transmitter, Receiver, and Tracking Channels. 
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After passing through the polarizing beamsplitter and fold mirror, a spherical collimator/ 
imager mirror brings the four laser beams to a common focus at the coudC focal plane of the 1.0- 
m OCTL telescope. The beam is then folded four times before reaching the telescope coudC 
focus. At the coude focus, a spherical field mirror images the YAG laser beam waist at the 
telescope primary mirror. After reflecting from the field mirror, and three flat fold mirrors, a 
quarter-wave plate converts the four linearly polarized beams to circular polarization. The beams 
then pass through a two-element achromatic extender lens, which effectively increases the 
telescope focal length by a factor of ten. Beyond the extender lens, the collimated beams 
propagate through the seven mirrors of the telescope, with the four collimated laser beams 
equally spaced in the telescope aperture and approximately 320 mm in diameter. 

On the receive end, the laser radiation retro-reflected from the satellite corner cubes is 
received by the telescope and relayed through the same optics used by the transmit channel up to 
the polarizing beamsplitter. At this element, the state of circular polarization of the received beam 
is orthogonal to that of the transmitted beam. As a result, the return signal is reflected through the 
escape window of the calcite polarizing beamsplitter. The beam then passes through an 
anamorphic prism corrector, which compensates for the anamorphic beam distortion caused by 
the prism effect in the polarizing beamsplitter’s escape optical path, and then is reflected by a 
single fold mirror to a non-polarizing spectral beamsplitter. Here the laser radiation is reflected 
into the receiver channel and passes through a narrow-bandpass solar filter and onto an imager 
lens that focuses the retro-reflected laser radiation onto a high-speed avalanche photodiode 
detector. The broadband radiation reflected from the Sun-illuminated spacecraft is transmitted 
through the spectral beamsplitter and is directed into the tracking channel where a fold mirror 
reflects the beam onto an imager lens focusing the beam onto a CCD array detector. 

Advanced signal modulation techniques and spectral and spatial filters can reduce the SNR at 
the receiver during daytime operation. Higher-order pulse position modulation (PPM) formats 
(because of the narrower slot widths) result in a reduction in noise background in the signal slot. 
Yet, higher PPM formats can increase the complexity of both the transmitter and receiver, and 
their performance is susceptible to multi-path and other pulse stretching effects. Narrow band 
spectral filters are loss elements in the optical train and, for an optical downlink, will require 
higher transmitted power from the spacecraft to achieve the required link margin. Spatial filtering 
requires correcting wave front aberrations caused by atmospheric turbulence and uses adaptive 
optics techniques to achieve near diffraction-limited focused spots, thereby reducing the noise 
scattered into the receiver. 

An analysis of the performance of three adaptive optics systems (n=9,21,31) for three 
modulation formats (256-PPM, 64-PPM, and 16-PPM) at 10 Mbps is shown in Figure 5 for a 1-m 
aperture telescope. The analysis starts with a Fried coherence parameter, r0=7-cm at 1064-nm and 
actuator spacings of 10 cm (n=9), 5 cm (n=21), and 3 cm (n=31). Figure 5 shows the SNR gains 
achieved by using the three adaptive optics systems relative to the uncompensated system with no 
adaptive optics, as well as to the performance of a system that undergoes no wave front 
aberration. Results are shown for three background levels corresponding to clear sky seen from 
3-km altitude5, nominal sea level sky radiance6, and sunlight scattered from optics6. The figures 
show that the greatest improvement is realized for the PPM-16 format when the background noise 
is highest. The least benefit is realized with PPM-256 when the background noise is lowest. 
Planned OCTL experiments will validate the results of this and other models. 
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STRATEGIES FOR SAFE GROUND-TO-SPACE LASER BEAM PROPAGATION 

An autonomously operated deep space ground station network will reduce the cost of future 
deep space mission support. Yet, in the U S ,  laser beam propagation through the atmosphere is 
regulated by several government agencies and requires implementation of strategies to ensure that 
neither the flying public nor space assets are put at risk. To support future deep-space optical 
communications, OCTL researchers are developing the four-tier safety system to meet the safety 
requirements of these agencies7. The first tier, designated Tier 0, is internal to the Laboratory and 
is governed by OSHA with well-established and documented guidelines and procedures, which 
would be redundant to discuss further in this paper 

Figure 6 shows the three tiers corresponding to beam propagation outside the telescope. Tiers 
I and 2 are airspace controlled by the FAA. Tier I is designed to detect small and low-flying 
aircraft and covers the area ranging from the telescope dome out to a radius of 4 km. Tier 2 
defines an ellipsoidal area around the telescope reaching 20 km at zenith and 58 km at 20" 
elevation, a region that is traveled predominantly by commercial aircraft. Lastly, regulated by the 
Laser Clearinghouse of the U.S. Space Command at Cheyenne Mountain, Tier 3 extends from 
near Earth to the ranges of geo-stationary and high elliptical orbiting satellites. 

Figure 6. Three JPL-Defined Safety Tiers for Ground-to-Space 
Laser Beam Propagation. 
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The Laser Safety Monitoring (LSM) system under development at JPL is an integrated 
system that will receive and process inputs from Tiers I through 3 to command a beam-interrupt 
shutter located in the laser beam path. With the exception of Tier 3 (discussed below), the sensor 
for each tier is a packaged system equipped with instrumentation to scan its coverage area and its 
own electronics and processor to identify objects within its defined exclusion zone. When an 
object is detected within the exclusion zone of any one tier, the corresponding sensor is required 
to issue a signal that the shutter must be activated to block the path of the laser beam. In addition, 
since each tier operates independently, each is required to issue a signal that its detection system 
is running properly. 

The Tier 1 sensor, shown in Figure 7, developed by Image Labs International (ILI), consists 
of a pair of long-wave infrared (LWIR) cameras to detect low-flying aircraft and other small 
private aircraft during both daytime and nighttime operations. The ILI system, which operates at 
a rate of 30 Hz with its own control system and processing algorithms, issues two outputs: a 
+5 VDC signal when the system is running properly (+0 VDC otherwise) and a +O VDC signal 
when an object is detected in the exclusion zone (+5 VDC otherwise). 

Figure 7. Image Labs International LWIR Detection System 
for Tier I Aircraft Avoidance. 

The Tier 2 sensor, shown in Figure 8, uses a JPL-modified Honeywell Primus-40 weather 
radar system, which consists of a transmitterheceiver unit that operates at a rate of 121 Hz, a 
displaykontrol module, and JPLdesigned interface electronics to relay sensor status to the 
central data processing units. Similar to the ILI system, the modified radar system supplies two 
outputs, a +5 VDC signal when the system is running properly (+0 VDC otherwise) and a +5 
VDC signal when an object is detected (+0 VDC otherwise). Unlike the previous two tiers, Tier 
3 implements a predictive avoidance method rather than a sensor package. Laser propagation 
into space requires that the laser and its site be registered with the U.S. Space Command. Based 
on the information registered with the Laser Clearinghouse, coordination of all laser activity may 
be required. Should laser operation require such coordination, the operator must provide a list of 
experiment times and pointing directions to the Laser Clearinghouse for approval. If an asset is 
deemed to be at risk, the Clearinghouse will then respond with a listing of times that laser 
transmission is precluded. 



Figure 8. JPL-Modified Honeywell Primus-40 Weather Radar System 
for Tier 2 Aircraft Avoidance. 

Because the detection system for each tier operates independently and the sampling rates for 
the sensors are different, the shutter control command can be generated at different times and 
triggered and cleared by any or all of the three tiers. It is therefore crucial to monitor the sensor 
status of each tier and unify the shutter signal outputs before commanding the shutter. The JPL 
LSM application program not only addresses these issues but also (1) provides a unified user 
display for the multi-tier safety system, (2) processes supplied predictive avoidance information 
to evaluate whether Tier 3 object avoidance is in effect, (3) provides sole control over the shutter, 
and (4) records the activity of each tier to a file for future inspection. The application program is 
Windows@ based and uses an I/O board to output signals to activate the shutter and accept the 
state and shutter signals from Tiers I and 2 at 18,150 Hz, a rate derived by taking the least 
common multiple of the Tier I and Tier 2 operating rates. At the onset of operation, the program 
prompts the user for the file containing the predictive avoidance data. These data are processed 
internally and the program first determines whether the times listed for unapproved laser 
propagation are expired or valid. If the data is valid, it will be evaluated to issue Tier 3 shutter 
signals at the same rate used to accept the other tier signals. The program then applies a logical 
OR to all tier signals to determine whether the shutter should be activated to block the laser beam 
path, in which case all signals are time-stamped and recorded to file in addition to activating the 
shutter. The signals are recorded at a rate matching that of the tier system that was triggered (30 
Hz if Tier I ,  121 Hz if Tier 2, and once every 30 seconds for Tier 3). Only when each tier is 
running properly and no at-risk object is detected will the shutter open. Once the shutter is 
commanded to open, the data received from all tiers are time-stamped and recorded once every 30 
seconds. The user display is updated at 1 Hz to c o n f m  to the operator that the software is 
executing properly. Figure 9 shows a flowchart representation of the LSM application software. 
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Tier If: Disable Tier I 1  Enable 

Tier III: Disable 
Shuncr Flag 

* 
* IF Tier III Enable S h u m  Flag. THEN write to log once 
"cry 30 d$. 
IFlier  II E ~ ~ b l ~ S h " ~ ~ ~ l ~ ~ ~ E N ~ t ~ l " l ~ ~ ~  121 Hz. 
IF Tier 1 Enable Sbuttcr Flag, THEN write to log @ 30 Hz. 

10 Log am every 

Figure 9. LSM Application Software Flowchart. 

CONCLUSION 
JPL is building an R&D Optical Communications Telescope Laboratory at its Table 

Mountain Facility. The 1-m OCTL telescope is capable of precision tracking of satellites as low 
as 250-km. Originally expected to be installed on site around mid-year 2002, manufacturing 
delays have resulted in a schedule slip, and the telescope is expected to be installed in spring 
2003. We have described a series of near term experiments for the OCTL: principal among these 
are (1) developing strategies to mitigate the effects of atmospheric scintillation on the uplink, (2) 
using adaptive optics techniques to improve the SNR for daytime reception at angles close to the 
Sun, and (3) developing safe laser propagation procedures to enable autonomous operation from 
remote sites. Measuring the return signal strength and frequency from actively tracked retro- 
reflecting satellites will enable validation of models developed for the scintillation mitigation that 
would be achievable by multi-beam uplink transmission. The models developed from these early 
experiments will be further exercised in planned air-to-ground optical links. Follow-on adaptive 
optics experiments will allow assessment of the enhancement in receiver performance during 
daytime operation. 
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