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ABSTRACT 
 
The Edwards Air Force Base Clinic team at Harvey Mudd College designed, built, and tested a 
prototype for a laser-based telemetry system. The test data were encoded on a 500 mW 1550 nm 
laser aimed at a ground station by a computer-controlled gimbal. The system communicated 
from a terrestrial vehicle to a ground station over a distance of 900 m. The extrapolated results 
indicate a maximum range of greater than 3000 m. This project emphasized COTS parts to 
minimize cost. Suggestions for the next-generation design, with an air-to-ground link, higher 
throughput, and greater range, are presented. 
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INTRODUCTION 
 
Clinic is a projects-based course at Harvey Mudd College for juniors and seniors. The projects 
are real-world problems suggested by the sponsoring organization. A team of typically five stu-
dents works to design, build, and test a device or system with the assistance of a company liaison 
and a faculty advisor. This paper reports on the results of the 2005-2006 Clinic project for Ed-
wards Air Force Base (EAFB). 
 
Current air-to-ground telemetry systems use radio communication and maintain a communica-
tion link approximately 80% of the time. The increasing complexity of telemetry data has gener-
ated a demand for higher data-transfer rates, while the restriction on radio frequency allocations 
has created a limitation on bandwidth. The data-transfer bottleneck has influenced EAFB to ex-
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plore Laser-Communications Technology (LCT). LCT has the potential to increase the data rate 
and eliminates spectrum-allocation problems. LCT can increase resistance to jamming, may re-
duce the radar profile, and can decrease signal interference and the probability of unauthorized 
interception of telemetry data. 
 
In this first year of a two-year project, the student team designed and built a prototype of an opti-
cal-communication system using formal design methodology. The system objectives were to 
maximize link time and minimize cost. The system constraints were to transfer data from a 
moving vehicle to a stationary target up to a distance of at least 1.6 km and at a velocity of at 
least 50 kph, at a rate in excess of 100 kbps with a bit-error rate (BER) of 10–5 or better. The 
support equipment for the transmission system was restricted to a standard 19-inch rack, with the 
possibility of a remote transmitter. 
 
The necessary functions for the system are enumerated in Table 1 below. The table also contains 
the chosen means to realize these functions and the parts purchased for the system. 

 
 Function Components Parts 

1. Generate Light Fiber-coupled (pigtailed) 
laser diode 

Qphotonics QLDM-1550-
500 

2. Encode Data PRBS signal generator FireBERD 6000 
3. Modulate Beam Laser driver ILX Lightwave LCD-3744B 
4. Transmit Beam to 

Collimator 
Multimode optical fiber  

5. Collimate Beam Snap-on collimating lens OFR CFC-5 
6. Track Ground Posi-

tion 
GPS/INS Garmin GPS-18, XBOW 

IMU300 
7. Steer Beam Gimbal and LabVIEW: 

Kalman filter 
DPerception PTU-D47-70 

8. Track Moving Vehi-
cle 

Visual tracking with man-
ual control 

 

9. Collect Beam 10" Telescope Meade LX90 
10. Filter Beam Bandpass filter ThorLabs FB1550-12 
11. Prepare Beam for Re-

ception 
Optical train Meade Off Axis Guider 

12. Detect Beam InGaAs PIN photodiode Electo Optic Systems IGA – 
030 

13. Read Signal Oscilloscope LaCroy LC584AL 
14. Decode and Process 

Data 
Bit Syncronizer and BER 
test set 

FireBERD 6000  

Table 1 – Design Components 

 
 

SYSTEM DESIGN 
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Design decisions had to be made regarding laser wavelength, laser power, modulation method, 
beam divergence, steering accuracy and speed, tracking method, accuracy and speed, the receiv-
ing optics type and aperture, and the photodiode type, size and gain. The principal trade-off in 
the system design was between receiver power and tracking accuracy. A beam with a large di-
vergence would reduce the need for precise tracking, but increase the need for large collection 
optics and a sensitive receiver. Ultimately a beam divergence of 2.3° was chosen as a reasonable 
compromise. 
 
The system is divided into six main blocks: Communication, Auto-Tracking, Transmission, Re-
ception, Data Stream, and Visual Tracking. Each block in Figure 1 represents a subsystem. Each 
of these subsystems is described below. 

 

 
Figure 1 – Block Diagram of Basic System Design 

 
 

COMMUNICATION 
 
The output of the communication subsystem is a modulated laser beam in an optical fiber. The 
system consists of the signal generator, driver, laser, and isothermal mount (Figure 2). 

Signal Generator Driver Laser

Cooling Mount

To Transmission Block

 
Figure 2 – Block Diagram of Communication Subsystem 

 
The signal generator supplies the encoded data for the system to transmit. For testing purposes, a 
preprogrammed repeating BER test signal was transmitted and compared with the received sig-
nal to evaluate the quality of the data link. The signal is fed to the laser driver. 
 
The laser driver has a modulation input that controls the power output of the laser. It has a –3dB 
modulation bandwidth of 250 kHz and an output current range of 0 to 4000 mA. The driver also 
controls the thermoelectric cooler (TEC) which controls the laser temperature for wavelength 
and power stability. 
 
The laser is current-controlled by the driver and is pigtailed to a multimode fiber-optic cable. The 
chosen laser outputs 500 mW at 1557 nm. The 1550 nm band was chosen for eye safety, a large 
atmospheric window, and the availability of many common off-the-shelf (COTS) optical com-
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munications components at this wavelength. Most visible optics are also compatible with 1550 
nm. 500 mW was the highest power available in a pigtailed diode laser. Fiber lasers were too 
expensive for this project. The uncollimated output of the multimode fiber is spatially irregular 
and non-Gaussian. The collimator in the transmission subsystem at the end of the fiber improves 
the quality of the beam substantially. 
 
 

AUTO-TRACKING 
 
The Auto-Tracking subsystem contains the Inertial Navigation System (INS), the Global Posi-
tioning System (GPS), the computer and software, and the gimbal (Figure 3). 
 

INS

GPS

Computer:
LabView Gimbal To Transmission

 
Figure 3 – Block Diagram of Auto-Tracking Subsystem 

 
A GPS unit calculates its position and velocity using time-stamped signals sent from orbiting 
satellites. It outputs position in latitudinal and longitudinal coordinates of an ellipsoid reference 
frame. Velocity is output in meters per second in an East-North-Up (ENU) reference frame lo-
cated on the surface of the earth. The errors in the position and velocity are dependent upon the 
number of visible satellites. The selected GPS communicates with the computer via an RS-232 
serial port at 1 Hz, has a 9 ft positional error, and a 0.1 m/sec RMS velocity error. 
 
The INS unit consists of three mutually-orthogonal accelerometers and three mutually-orthogo-
nal rate gyros. Outputs from these components can be used to calculate position, velocity and 
attitude by integrating linear acceleration and angular velocity. This integration, however, intro-
duces error that can increase unboundedly over time if no correction method is applied. The se-
lected INS system has an approximate update rate of 200 Hz, a maximum measurable accelera-
tion of two g’s and a maximum measurable angular velocity of 90º per second. 
 
The control software for the auto-tracking subsystem was written in LabVIEW. Software was 
written to transform INS and GPS data into the correct frame of reference, combine the inputs of 
each unit to find the moving unit’s position and orientation, and calculate azimuth and elevation 
commands for the pan / tilt unit. A Kalman filter (which is based on recursive statistical error 
estimates) to combine the independent measurements of the GPS and INS was designed but was 
not completed. The uncertainty in the position and the orientation from the GPS-INS combina-
tion was calculated to have contributed 0.5° of uncertainty to the beam alignment if the Kalman 
filter had been completed. 
 
The laser collimator that terminates the optical fiber is mounted to an azimuth-elevation gimbal 
(Table 3, Function 7). The chosen gimbal has a resolution of 0.013º, a tilt range of 111º, a pan 
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range of 31 º, and a latency of 0.001 seconds. Overall, the gimbal contributes 0.12° of error to 
the beam alignment. 
 
 

TRANSMISSION 
 

The Transmission subsystem is where the beam passes through the collimating lens to free space 
(Table 3, Function 5). 
 

Collimating LensFrom Communications

From Auto-Tracking

Free Space Transmission

 
Figure 4 – Block Diagram of the Transmission subsystem 

 
The collimating lens controls the beam divergence, which determines the beam diameter at the 
target. The selected collimator is optimized for 1550 nm and can be adjusted to a divergence of 
between 1.7° and 2.3º. 
 
The combination of position/orientation uncertainty and gimbal inaccuracy is 0.62°. The chosen 
divergence was 2.3°, leaving 1.7° available for disturbances outside of the tracking system’s 
ability to respond. 
 
 

RECEPTION 
 
The Reception subsystem (Figure 5) consists of a telescope and optical train. 
 

Telescope Optical Train
From Free Space

Transmission

To Visual
Tracking

To Data
Stream

 
Figure 5 – Block Diagram of Reception Subsystem 

 
The telescope intercepts a portion of the free-space laser beam and focuses it onto a 3 mm di-
ameter photodiode (Table 3, Function 9). The chosen telescope has a 250 mm (10 inch) mirror 
and motorized manual steering. The 250 mm mirror was chosen to minimize scintillation effects 
(loss of signal due to destructive self-interference of the beam in turbulent or non-uniformly 
heated air) and maximize signal capture, while minimizing cost and weight. 
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The optical train directs the light from the telescope to both data reception and visual tracking. 
The beam splitter (a Meade off-axis guider) uses a right-angle mirror to split the light into the 
two paths: one to the camera for visual tracking, and the other to the photodiode. 
 
 

DATA STREAM 
 
The Data Stream subsystem (Figure 6) includes an optical bandpass filter, a photodiode and a 
demodulator. 
 

Filter Photodiode Demodulator

From Reception Signal Recovery

 
Figure 6 – Block Diagram of Data Stream Subsystem 

 
The optical bandpass filter removes the extraneous wavelengths of light and increases the signal-
to-noise ratio (Table 3, Function 10). The bandpass filter has a diameter of 2 inches and a band-
width of 12 nm (1544 to 1556 nm, ±2.4 nm). 
 
The photodiode is a 3 mm-diameter InGaAs photodiode with a responsitivity of 0.9 amp/watt, a 
selectable transimpedance gain of 10 kV/A (low gain) or 100 kV/A (high gain), and a bandwidth 
of 250 kHz at high gain. The gain-bandwidth combination was chosen to maximize the receiver 
gain while minimizing rounding or attenuation of the 100 kbps signal. 
 
The demodulator translates the voltage signal provided by the photodiode into a binary-data sig-
nal. In a production system where telemetry data are transmitted from an EAFB aircraft, the sig-
nal would contain the telemetry data. 
 
 

VISUAL TRACKING 
 
The Visual Tracking subsystem captures a small fraction of the original telescope output to dis-
play an image on a monitor. 
 

Camera MonitorFrom Reception

 
Figure 7 – Block Diagram of Visual Tracking Subsystem 

 
  
The video camera collects the light from the off-axis guider and converts it to a data signal that is 
sent through a Firewire (IEEE 1394) cable to the monitor. The monitor then displays the tele-
scope image for the operator. This image can be used by the operator to steer the telescope to-
wards the transmitting laser. The camera is a 640x480 pixel monochrome camera with a 30 
frame/sec refresh rate. The 1550 nm laser beam is not visible in the camera, which cuts off at 
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1000 nm, so the operator must be able to resolve the vehicle on which the system is mounted in 
order to aim the receiving telescope. 
 
 

LINK BUDGET 
 
The link budget for the system as designed is shown in Table 2. The link budget includes losses 
from lens and mirror reflection and absorption, atmospheric attenuation, and beam divergence. 
At a range of 900 meters with a divergence of 2.28° and a receiver diameter of 250 mm, there are 
43.9 dB of geometric losses, 0.25 dB of atmospheric loss, and 6 dB of losses in the optics. With a 
500 mW laser, approximately 4800 nW of power would be received by the ground system, pro-
viding a signal-to-noise ratio (SNR) of 33.8 dB. 
 

Divergence 2.28 degrees 
Range 900 m 
Photodiode Diameter 3 mm 
Beam Diameter 33 m 
Telescope Diameter 250 mm 
Laser Power 27 dBm 
  
Geometric Loss  –43.9 dB  
Atmospheric Loss  –0.25 dB 
Optical Loss  –6 dB 
   
Power at Photodiode –23.2 dBm 
 4800 nW 
   
Responsivity 0.9 V/W 
Transimpedence (High 
Gain) 100,000 Ω 
Output Signal (High Gain) 4.3 V 
  
Noise 180E–6 V 
SNR 24,000  
dB 33.8  

Table 2 – Link Budget 
 
The link-budget calculations determined that the signal could be received at distances over a 
mile. 
 
 

RESULTS AND CONCLUSIONS 
 
The nearly-completed system was tested on the PIRA at Edwards Air Force Base. A total of 
three sets of measurements were made at distances of 65 m, 300 m, and 900 m. Additional tests 
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at 1300 m, 1600 m, and 2100 m were planned, but operator errors and time constraints prevented 
them from being made. Because the Kalman filter was not completed, all measurements were 
made from the vehicle while it was stationary. 
 
Figure 8 shows the waveform at 900 meters. The noise amplitude is about one tenth of the signal 
amplitude for about a 20 dB SNR. The displayed noise level is about a factor of 10 higher than 
was observed during equipment qualification tests. The source of the increased noise during the 
field test was not determined, but if it could be found and removed the SNR would be around 40 
dB at 900 m. The horizontal line above the waveform is an unconnected channel on the oscillo-
scope. 
 

 
 

Figure 8 – Signal at 900 meters is 1.9 V peak-to-peak at high gain. 
 
The experimentally measured signal amplitudes, the link-budget calculations, and a data fit of 
the experimental results are plotted in Figure 9. Table 3 has the same data in tabular form. 
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Range (m) Peak-to-Peak 

Signal Strength (V)
Link Budget 
Result (V) 

65     4.8, Low Gain 110, Low Gain 

300     0.8, Low Gain    4.8, Low Gain

900     1.9, High Gain    5.2, High Gain

Table 3 – Experimental Results and Link Budget Predictions 
 
A best fit of the experimental data shows the power falling off as Distance–1.2 instead of the ex-
pected Distance–2 from geometric effects. The link-budget is slightly steeper than Distance–2 due 
to scatter and absorption. The reason for discrepancy between the measurements and the link 
budget is presently unexplained and may be the result of alignment issues or insufficient care in 
finding the maximum intensity in the beam. However, an extrapolation of either the link budget 
or the best fit combined with the SNR of 20 dB at 900 m shows that a distance of 3000 meters 
(two miles) is easily within the capabilities of the system. The bit error rates at 65, 300 and 900 
meters were below the measurement threshold, and substantially below the constraint of 10–5. 
 
To the extent that the system was completed and tested, it met all of the design constraints and 
satisfied the objectives. It is recommended that the existing system be further characterized and 
that beam profiles be measured at each of the testing distances. It is further recommended that 
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the Kalman filter be completed or that a commercial system be purchased and that the tracking 
be tested and characterized. 
 
Phase II of the project will attempt 10 Mbps communication between an aircraft and the ground 
station at distances up to 100 km. It will most likely require a fiber laser with a single-mode fiber 
coupled to an electro-optical modulator and a photodiode with a smaller active area and higher 
bandwidth to achieve 10 Mbps. A new gimbal with sub-arc-minute accuracy and repeatability, a 
new collimator with tighter collimation, and some sort of closed-loop position control will be 
necessary to achieve the required signal strength and angular resolution for the 100 km distance. 
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